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Abstract 
Minocycline is a second-generation semi-synthetic tetracycline antibiotic that 

displays additional immunomodulatory and anti-inflammatory properties. The 

benefit of these properties has proved to be clinically relevant, however, exact 

immunoregulatory mechanisms behind minocycline’s non-antibiotic effects 

remain unveiled. In the context of inflammatory bowel disease, data has 

previously shown that minocycline improves mucosal recovery in colitic mice, an 

effect related to a potentiation of the innate immune response and enhanced 

inflammatory resolution. Minocycline initially enhanced monocyte recruitment to 

the intestine, whilst simultaneously increasing the presence of Ly6C- MHCII+ 

macrophages. In vitro, minocycline was shown to both increase and decrease 

proinflammatory cytokine release which was crucially seen to be time-dependant. 

Whether these effects derived from a direct action of minocycline on 

macrophages or other mechanisms is unclear. Macrophages are essential in the 

regulation of inflammation and resolution and can switch between M1/pro-

inflammatory and M2/anti-inflammatory phenotypes, with disturbances in M1/M2 

homeostasis contributing to the development and maintenance of chronic 

inflammation. An improved understanding of minocycline’s immunoregulatory 

activity is key for future translational studies into human disease, thus the aim of 

this research was to evaluate the direct effects of minocycline on monocyte-

macrophage differentiation, polarisation, and activation. 

Three in vitro models were employed: THP-1, U-937 and human PBMCs. When 

differentiated in the presence of minocycline (10-50μM) with PMA (80nM) for 

48hr, minocycline interrupted cellular adhesion and significantly decreased the 

expression of CD14 and CD86, while increasing the percentage of CD163+ cells 

- an M2-associated marker. When administered to M0 macrophages polarised 

for 24hr to M1 (20ng/mL IFN-γ+10ng/mL LPS), or M2 (20ng/mL IL-4), minocycline 

significantly reduced the production of pro-inflammatory cytokines IL-1β, IL-6 and 

TNF-α, while in the M2 exclusively, reduced the expression of CD206 and IL-10, 

but increased IFN-γ and IL-12p70 production. The transcription factors stat2, 3 

and 6 were also reduced by minocycline following M1 polarization.  
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Conversely, when assessing the role of minocycline upon LPS-activated 

macrophages (100ng/mL for 24hr), minocycline-treated M1 PBMC-derived 

macrophages displayed maintained decreased production of IL-1β but increased 

TNF-α, IL-6 and IFN-y, with activated M2 macrophages also increasing and 

decreasing IL-12p70 and IL-10 respectively. 

This data has highlighted some key regulatory effects of minocycline regarding 

macrophage biology and have added to the collective knowledge on 

minocycline’s’ immunomodulatory effects that can help provide more detailed 

context to the anti-inflammatory effects seen in vivo. Consequently, this 

advancement in knowledge will ultimately aid the development of novel 

therapeutic strategies for those individuals that are burdened with diseases 

dominated by a dysregulated immune response as seen in IBD.  
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1. Introduction 

1.1. Minocycline: History & applications 

Tetracyclines are a family of chemical compounds derived from the tetracyclic 

naphthacene carboxamide ring first discovered in 1947 by Benjamin M. Duggar 

from a mix of natural antibiotic compounds produced by the genus Streptomyces, 

mainly composed by soil-dwelling bacteria (Duggar, 1948). The first tetracycline 

isolated and characterized was chlortetracycline, followed by tetracycline and 

other derivates. Tetracyclines can be divided into three groups based on their 

pharmacokinetic and antibacterial properties: 

- Group 1: older derivatives with reduced bioavailability and lipophilicity than 

those in group 2. Examples include tetracycline, oxytetracycline, 

chlortetracycline, demeclocycline, lymecycline, methacycline and 

rolitetracycline.  

- Group 2: derivatives which are almost completely absorbed and are 3–5 

times more lipophilic than those in group 1 which may improve their tissue 

distribution. Analogues include doxycycline and minocycline. 

- Group 3: new developmental compounds such as tigecycline and 

aminomethylcyclines. These antibiotics have been designed to target 

bacteria with acquired resistance to tetracyclines (Agwuh and MacGowan, 

2006). 

Tetracycline molecules comprise a linear fused tetracyclic skeleton made of 4 

tetracyclic naphthacene carboxamide rings designated A, B, C, and D to which a 

variety of functional groups are attached (Figure 1.1) (Ian Chopra and Roberts, 

2001; Agwuh and MacGowan, 2006). Features important for antibacterial activity 

among the tetracyclines require maintenance of the linear fused tetracycle, 

naturally occurring configurations at the A-B ring junction, and 4 dimethylamino 

group positions (I. Chopra and Roberts, 2001). Addition or removal of the 

dimethylamino group from C4 gives rise to several chemically modified 

tetracyclines (Golub, Suomalainen and Sorsa, 1992; Nelson, 1998a). Antibiotic 

and non-antibiotic characteristics of tetracyclines may be reduced by modifying 

the lower peripheral zone; on the other hand, modification in the upper peripheral 

zone enhances the attack on biological targets, particularly at positions C7 

through C9 of the D ring. Chemical modifications in the upper and lower regions 
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of the parent structure, with the aim of improving their antimicrobial spectrum or 

pharmacokinetic properties, produce variably active and inactive compounds of 

first and second generation (Nelson, 1998a). Of those, minocycline and 

doxycycline are two of the most commonly used in the clinic (Smith and Leyden, 

2005).  

Figure 1.1: Tetracycline derivatives and their associated chemical structures. Diagram 

includes first, second and third generation products, with the numbers within brackets 

representing the year each derivative was discovered (Chiwunze et al., 2016). 

Tetracyclines238 are broad-spectrum bacteriostatic antibiotics that inhibit 

bacterial protein synthesis through preventing the association of aminoacyl-tRNA 

with the bacterial ribosome, and are active against a wide range of aerobic and 

anaerobic bacteria, as well as other microorganisms (Schnappinger and Hillen, 

1996). However, the emergence, and increase prevalence of bacterial resistance 

have limited their current use to infections caused by Rickettisae, Chlamydiae, 

Mycoplasma pneumoniae, and Plasmodium spp., as well as to the treatment of 

acne, respiratory tract infections and other chronic conditions caused by atypical 
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microorganisms which display resistance to other antibiotics (Klein and Cunha, 

1995a; Sapadin and Fleischmajer, 2006a; Nelson and Levy, 2011; Falagas et al., 

2015; Cho et al., 2018; Heaney, Mahoney and Gallagher, 2019). Their activity, in 

combination to being well tolerated by patients and easily produced by 

fermentation, made them, and continues to make them, effective and 

economically valuable drugs (I. Chopra and Roberts, 2001; Zakeri and Wright, 

2008). 

Despite their success in the context of infection, extensive research, with 

particular focus on minocycline, has unveiled immunomodulatory, anti-apoptotic, 

and anti-proliferative properties for this family of antibiotics, as well as their ability 

to inhibit proteolysis, angiogenesis and tumour metastasis (Golub et al., 1991; 

Nelson, 1998b; Sapadin and Fleischmajer, 2006b; Webster and Del Rosso, 2007; 

Griffin et al., 2010; Griffin, Ceballos and Villarreal, 2011; Garrido-Mesa, Zarzuelo 

and Gálvez, 2013a, p. ; Di Cerbo et al., 2019). This has therefore rendered 

tetracyclines as a keen topic of interest for researchers globally to ascertain their 

use as immunomodulatory agents, which, in combination with their current 

application as antibiotics, may lend themselves as a novel treatment for 

pathologies dominated by immune dysregulation with or without microbial input. 

1.2. Minocycline & its non-antibiotic properties 

Minocycline is a second-generation, semi-synthetic antibiotic analogue of 

tetracycline with efficacy against both gram-positive and gram-negative bacterial 

strains through the inhibition of protein synthesis via attachment to the bacterial 

30S ribosomal subunit (Asadi et al., 2020).  Minocycline contains a dimethylamino 

group at position 7 without methyl and hydroxy groups at position 5; enabling 

improved lipophilicity than other tetracyclines, with optimal tissue penetration 

(Macdonald et al., 1973; Asadi et al., 2020). Minocycline has an improved 

pharmacokinetic profile than first-generation tetracyclines when used orally. It is 

rapidly and almost completely absorbed (95-100%) within the stomach and GI 

tract (Saivin and Houin, 1988), with a longer biological half-life (11-12 hr) (Tariq, 

Rizvi and Anwar, 2018). Moreover, minocycline has a good safety record when 

used chronically, with dosages of up to 200 mg·day−1 reported to be generally 

safe and well-tolerated in humans (Garrido-Mesa, Zarzuelo and Gálvez, 2013a). 

Regarding side effects, the most common include nausea, vertigo, and mild 
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dizziness, and occur mainly early after its administration, subsiding following 

therapy discontinuation. Although generally well tolerated, for treatments 

spanning over 6 months it is recommended to monitor for hepatotoxicity, 

pigmentation and systemic lupus erythematosus, with treatment advised to be 

discontinued if these develop in the minority of cases (Williams, Laughlin and 

Lee, 1974; Klein and Cunha, 1995a; Garrido-Mesa, Zarzuelo and Gálvez, 

2013a). 

Minocycline has been shown to exert multiple biological modifications such as 

anti-apoptotic, and anti-oxidant effects, mitochondrial adaptation, inhibition of 

matrix metalloproteinases, alongside various anti-inflammatory effects (Sapadin 

and Fleischmajer, 2006c; Garrido-Mesa, Zarzuelo and Gálvez, 2013b; Haghi-

Aminjan, 2017). In particular for minocycline, the therapeutic aspects beyond its 

function as an antibiotic have been well acknowledged within the literature, with 

both pre-clinical and clinical studies elucidating its anti-inflammatory and 

immunomodulatory properties (Sapadin and Fleischmajer, 2006c; Garrido-Mesa, 

Camuesco, et al., 2011a; Garrido-Mesa, Zarzuelo and Gálvez, 2013b). 

Minocycline has been verified to exert this immunomodulatory function via 

alteration of immune cell activation and the subsequent release of chemical 

compounds such as cytokines, chemokines, nitric oxide, and matrix 

metalloproteases, which successively augment both inflammatory cascades and 

downstream immune responses in a plethora of different pathologies (Stirling et 

al., 2005). The current literature has amounting research encompassing the 

beneficial effects of minocycline treatment of; acne, stroke, rheumatoid arthritis, 

cancers, and various neurological pathologies including Alzheimer’s and multiple 

sclerosis, as is discussed in more detail below (Burke et al., 2014; Haghi-Aminjan, 

2017; Harwani, 2018a; Zhou et al., 2018).   

1.2.1. Anti-inflammatory actions of minocycline 
Inflammation is relevant in a plethora of disease states, and several studies have 

already began exploring the inhibitory and stimulatory effect of minocycline with 

focus on the toll-like receptor (TLR)4- nuclear factor kappa B (NF-κB) 

inflammatory pathway. Ataie-Kachoie et al (2013) conducted a thorough 

investigation into the influence of minocycline upon constituents of the NF-κB 

signalling cascade, showing suppression of NF-κB in OVCAR-3 and SKOV-3 

ovarian carcinoma cells. This was attributed to attenuation of upstream inhibitor 
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protein IκBα activation, phosphorylation, and degradation, in addition to 

suppression of p65 phosphorylation and nuclear translocation – a crucial 

mechanism for inflammatory gene transcription. This process was also described 

to be resultant of inhibition of transforming growth factor-β-activated kinase 1 

(TAK-1) activation and dissociation from TAK1-binding protein 1 (TAB1), which 

are key constituents of the NF-κB signalling cascade (Ataie-Kachoie, P. et al., 

2013). More recently, Weiler and Dittmar (2019) also confirmed that minocycline 

abrogated IκBα and p65 phosphorylation leading to suppression of NF-κB and 

showed how treatment with minocycline inhibited the tumour necrosis factor 

receptor 1 (TNFR1)- tumour necrosis factor receptor-associated factor 2 (TRAF2) 

axis downstream of the TNFR1 in MDA-MB0435-pFDR1 cancer cells and 

M13SV1-Cre breast epithelial cells. They were also able to show that minocycline 

acted as a potent inhibitor of tumour necrosis factor alpha (TNF-α) via targeting 

of the NF-κB pathway, while differentially affecting all mitogen-activated protein 

kinases (MAPKs) (extracellular signal-regulated kinase - ERK1/2, p38 and c-Jun 

N-terminal protein kinase - JNK) (Weiler and Dittmar, 2019). A 2015 study 

conducted by Zhao and colleagues also demonstrated treatment with 

minocycline significantly upregulated the expression of cAMP response element-

binding protein (CREB) and phosphorylated CREB (pCREB) – a transcription 

factor that regulates diverse cellular responses, including proliferation, survival, 

and differentiation, within a model of cerebral ischemia in Wistar rats (Zhao et al., 

2015).  

In the context of neuroinflammation, it has also been observed that minocycline 

attenuates bacterial lipopolysaccharide (LPS)‐stimulated degradation of IκBα 

(Nikodemova, Duncan and Watters, 2006), providing justification towards the 

reported interference of tetracyclines with NF‐κB transcriptional activity and 

attenuation of the p38 MAPK cascade, which leads to the inhibition of microglia 

activation, inflammatory signalling, apoptosis and neurodegeneration 

(Yrjänheikki et al., 1998; Tikka and Koistinaho, 2001; Wu et al., 2002; Cui et al., 

2008; Defaux et al., 2011; Bahrami, Morris and Pourgholami, 2012; Garrido-

Mesa, Zarzuelo and Gálvez, 2013c; Santa-Cecília et al., 2016). Linked to the 

activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and 

NF-κB signalling pathways, retinoic acid receptor gamma (RARγ) also plays a 

role in the growth and differentiation of tumour cells, and it has  been suggested 

to mediate the inhibitory effects of minocycline on human prostate cancer cells, 
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through triggering RAR signalling (Clarke et al., 2004; Purton et al., 2006; Yan et 

al., 2010; Chen et al., 2014; Regen et al., 2014; Kadigamuwa et al., 2019). 

Both in vitro and in vivo studies have correlated the role of minocycline on poly-

ADP ribose polymerase 1 (PARP-1) inhibition and cardio-protection (Tao et al., 

2010; Shahzad et al., 2011). PARPs are a family of enzymes that share the ability 

to catalyse the transfer of ADP-ribose to target proteins (poly ADP-ribosylation), 

with PARP-1 best known for its involvement in DNA repair, cell proliferation and 

cell death (Morales et al., 2014). While PARP-1 has been reported to act as a 

DNA damage sensor and subsequently participate in DNA repair processes 

crucial for protection against cell death, hyper-activated PARP-1 is noted to be 

destructive (Jubin et al., 2017). In 2010 Tao et al concluded that PARP-1 

enzymatic activity was directly inhibited by minocycline and protected cardiac 

myocytes in a model of simulated ischemia/reperfusion injury, while in 2011 

Shahzad and colleagues were able to demonstrate a role of minocycline in 

reducing plaque size and stenosis in de novo atherogenesis in ApoE -/- 

(atherosclerosis-prone apolipoprotein E-deficient) mice receiving a high fat diet 

in part due to inhibition of PARP-1. 

Others, however, have ascribed minocycline’s role in cardio protection to 

interference with p38 MAPK (Sinha-Hikim et al., 2011), or a reduction in high 

mobility group box 1 (HMGB1) resulting in a remarkable decrease in infarct size 

and increased cell viability (Hu et al., 2010). Similar tissue protective effects of 

minocycline have also been observed in other organs under hypoxic conditions 

such as in kidneys and liver following cardio-pulmonary bypass surgery (Dhein et 

al., 2015).  

It has also been suggested that tetracyclines can interact and stabilize double 

stranded ribonucleic acid (dsRNA) which is involved in viral replication, and 

activates host defence mechanisms such as TLR3 activation of NF-κB and 

interferon production (Wei and Bechhofer, 2002; Ding and Voinnet, 2007; Dutta 

and Basu, 2011). Minocycline has also shown anti-apoptotic, anti-inflammatory, 

and antiviral activities in the context of human immune deficiency virus (HIV) 

infection which may also be mediated via interactions with dsRNAs leading to 

suppression of viral replication and activation of the immune response (Copeland 

and Brooks, 2010; Szeto et al., 2010). 
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1.2.2. MMP inhibition 
The application of tetracyclines in the field of cancer has been in continuous rise 

since the discovery of their potential to inhibit matrix metalloprotease (MMP) 

activity, in addition to reports of their antitumoral properties (Song et al., 2014; Ali 

et al., 2018; Defrancesco and Arcaini, 2018; Dong et al., 2019; Antoszczak et al., 

2020). Extracellular matrix (ECM) degradation by MMPs is a critical step in cancer 

metastasis, therefore, the ability of tetracyclines to suppress MMPs activity was 

quickly identified of therapeutic potential in cancer treatment (Masumori et al., 

1994; Lokeshwar, 1999; Hidalgo and Eckhardt, 2001; Duffy, McGowan and 

Gallagher, 2008; Jabłońska-Trypuć, Matejczyk and Rosochacki, 2016). 

Tetracyclines are noted to accumulate in bone, so considering their osteotropism, 

tetracyclines have been found to be effective in reducing MMPs release in bone 

tumours and bone metastasis (Saikali and Singh, 2003; Niu et al., 2008).  

Minocycline has also been found  to inhibit metastasis and invasion to other 

tissues, such as pulmonary metastasis of renal adenocarcinoma (Masumori et 

al., 1994).   

The benefit of MMP inhibition with minocycline has also been researched in the 

context of atherosclerosis and ischemic disease. There are reports linking 

minocycline use with substantial reduction of plaque MMP activity and 

histologically verified plaque stabilization via molecular imaging, in addition to 

reduced occurrence of heart infarction, and subsequent myocardial damage 

(Ohshima et al., 2010). Furthermore, blood reperfusion during cardiac ischemic 

events is known to cause intense oxidative stress which results in myocyte 

apoptosis and tissue injury and remodelling associated with MMP production. 

Thus, through its inhibitory action on MMP9, studies have shown the 

cardioprotective benefit of minocycline in ischemia-reperfusion injury models 

(Romero-Perez et al., 2008).  

The important role of nitric oxide (NO) and MMP in arthritis rendered tetracycline 

and its derivatives viable options in the treatment of Rheumatoid Arthritis (RA) 

given their inhibition of inducible NO (iNO) production by chondrocytes, synovial-

derived MMP, and synoviocyte invasion (Greenwald et al., 1987, 1992; 

Greenwald, 1994; Seftor et al., 1998; Sadowski and Steinmeyer, 2001). In 

addition to preclinical evidence, long-term oral minocycline in conjugation to their 

standard therapy has been studied in RA patients, reporting a statistical 
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improvement in laboratory parameters (Kloppenburg et al., 1994). Furthermore, 

a second study with active RA refractory to disease-modifying antirheumatic 

drugs (DMARDS) also showed statistically significant improvement with 

minocycline treatment, confirming its potential as an anti-arthritic agent (Tilley, 

1995).  

A central hallmark of neurodegenerative disorders is the accumulation of protein 

aggregates, such the intraneuronal (tau or α-synuclein), and extracellular amyloid 

beta (Aβ) peptide misfolded proteins found in Parkinson’s disease (PD) and 

Alzheimer’s disease (AD), respectively (Maiti et al., 2014). These can result in 

mitochondrial dysfunction, enhanced reactive oxygen species (ROS) production, 

and neurodegeneration (Brahmachari et al., 2016; Bortolanza et al., 2018). It has 

been recently described that minocycline can directly inhibit this protein amyloid 

aggregation (Socias et al., 2018), and accumulating evidence has associated 

MMPs with the pathogenesis of PD, given their involvement in dopaminergic 

neuronal death and neuroinflammation (Reglodi et al., 2017). Consequently, it 

has been remarked that minocycline can prevent dopaminergic 

neurodegeneration via MMP inhibition in rodent models of PD as well as in 

Drosophila models (Casarejos et al., 2006; Radad, Moldzio and Rausch, 2010; 

Cankaya et al., 2019). 

In the context of multiple sclerosis (MS), MMPs promote inflammatory cascades 

in the central nervous system (CNS) and instigate axonal loss (Newman et al., 

2001). Here, a phase 3 trial studied the efficacy of minocycline in the risk of 

conversion (disease progression) from clinically isolated syndrome to established 

MS. The trial showed a modest effect on inflammatory disease activity by 

reducing the number of new lesions, cumulative combined number of unique 

lesions, and lesion volume at six months. Moreover, risk of conversion at six 

months was also significantly lower in patients treated with minocycline, but which 

was no longer significant after 24 months of treatment (Metz et al., 2017).  

Minocycline likewise abrogates oxygen-glucose deprivation-induced cell 

cytotoxicity, down-regulates the production and activity of MMP2 and MMP9 in 

vitro, and inhibits enzymatic activity of MMPs in the context of cerebral ischemia, 

consequently preserving blood-brain barrier integrity in vivo (Machado et al., 

2006; Fagan, Cronic and Hess, 2011). A completed clinical trial further supports 
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the use of minocycline in the treatment of ischemic stroke and demonstrated that 

minocycline, in conjunction with tissue plasminogen activator (tPA), greatly 

decreased MMP9 plasma levels, extending the treatment window from 3h to 6h, 

and helping to ameliorate brain haemorrhage following ischemic stroke (Murata 

et al., 2008; Switzer et al., 2011; Blacker et al., 2013; Fan, Lo and Wang, 2013). 

1.2.3. Cell cycle, proliferation, and apoptosis 
Minocycline is able to regulate tumour proliferation both in vitro and in vivo by 

targeting cell cycle arrest and apoptosis (Warren, Wong-Brown and Bowden, 

2019). Cell growth and proliferation are regulated by growth factor receptor 

signalling via the ERK pathway (Samatar and Poulikakos, 2014). Different 

mechanisms have been linked to this effect, highlighting the inhibition of signalling 

molecules and pathways linked to cancer proliferation, such as ERK and PARP-

1, and increasing the susceptibility of cancerous cells to mitochondrial 

dysfunction, autophagy and apoptosis (Antoszczak et al., 2020). Specifically, 

minocycline, in combination with doxycycline, was shown to have dual effects on 

cell proliferation (Gomes and Fernandes, 2007). Minocycline has been shown to 

enhance mitomycin C-induced cytotoxicity in human non-small cell lung cancer 

cells through down-regulating ERK1/2-mediated DNA repair protein RAD51 

homolog 1  (RAD51) expression (Ko et al., 2015). Moreover, considering the 

regulatory effects of PARP-1 on cell cycle, its inhibition could be therapeutically 

viable in the treatment of cancer (Alano et al., 2006; Carbone et al., 2008), with 

this effect already reported in ovarian cancer cells treated with minocycline. In 

addition, minocycline suppressed DNA synthesis, and down-regulated cyclins A, 

B, and E, resulting in cell cycle arrest in the G0 cycle, ultimately preventing cell 

growth and development (Pourgholami et al., 2012). It has also been reported 

that minocycline reduces vascular smooth muscle cell proliferation by promoting 

an arrest in the G1 phase of the cell cycle, whilst also inhibiting smooth muscle 

cell (SMC) migration (Pinney et al., 2003; Yao et al., 2007; Shahzad et al., 2011; 

Higashi et al., 2019, 2019).   

Additionally, minocycline treatment can interfere with AMP-activated protein 

kinase (AMPK) and PI3K-AKT-mammalian target of rapamycin (mTOR) 

pathways, leading to autophagy, cell dysfunction and cell death in gastric cancer 

cells, multiple myeloma, and glioma (Zhu, Davis and Kung, 2009; Tang et al., 

2014; Lu et al., 2017; Wang et al., 2017; Ma et al., 2018; Hu and Guo, 2019). 
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Minocycline’s ability to suppress cell growth is mediated by autophagic cell death, 

and endoplasmic reticulum stress-induced apoptosis as shown in glioblastoma 

(GBM) cells (Liu et al., 2013), with additional reports also concluding an ability of 

minocycline to inhibit tumour growth in C6 glioma cell xenograft tumour models 

(Liu et al., 2011). As such, minocycline has become a candidate for adjuvant 

therapy against malignant GBM since it reduces GBM growth both in vitro and in 

experimental mouse models (Markovic et al., 2011). Minocycline was also able 

to activate cell autophagy through the beclin-1 signalling pathway and thus 

increases the antitumor activity of cisplatin in Hep-2 cells (Du et al., 2011). These 

reports highlight further mechanisms by which minocycline has effectiveness 

against tumor adaptation and progression (Kondo et al., 2005; Kondo and Kondo, 

2006; Mulcahy Levy, Towers and Thorburn, 2017). 

In leukemia cells, minocycline exerts cytotoxic effects and causes initiation of 

apoptosis through DNA damage, lysosomal degradation, and B-cell lymphoma-

extra-large (Bcl-xL) deamidation (Song et al., 2014; Fares et al., 2015). In 

research using acute lymphoblastic leukemia Jurkat cells, minocycline induced 

apoptosis through the H2O2-mediated signalling pathway, and due to the 

harmless effects noted of minocycline to healthy human peripheral blood 

lymphocyte cells, it has been suggested that minocycline may have additional 

unexplored effects against leukemia (Ruiz-Moreno, Velez-Pardo and Jimenez-

Del-Rio, 2018). Minocycline has also shown to be beneficial for treating vascular 

complications of diabetic syndrome, such as diabetic nephropathy, reducing 

apoptosis, renal arterial collagen and tubulointerstitial fibrosis, as well as diabetic 

retinopathy (Krady et al., 2005; Bhatt and Addepalli, 2011; Xia et al., 2011). 

Due to minocycline’s ability to cross the blood-brain barrier, its anti-apoptotic 

effect is well described in the context of neurodegenerative medicine (Chen et 

al., 2000; Zhu et al., 2002; Wang et al., 2003; Pi et al., 2004; Scarabelli et al., 

2004; Teng et al., 2004, 2004; Heo et al., 2006; Cui et al., 2008; Antonenko et 

al., 2010; Dumont et al., 2010). The numerous mechanisms involved in the cyto-

protection of minocycline are reviewed in depth by Garrido-Mesa et al. in 2013 

(Garrido-Mesa, Zarzuelo and Gálvez, 2013), and include inhibition of both 

caspase-dependent and caspase-independent cell death. 
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1.2.4. Angiogenesis 
The growth and metastasis of cancer are dependent on angiogenesis and 

lymphangiogenesis stimulated by chemical signals from tumour cells (Quintero-

Fabián et al., 2019). Minocycline has been shown to selectively inhibit endothelial 

cell growth, which constitutes a potential mechanism for its anti-angiogenic 

activity (Guerin et al., 1992). Minocycline has the capability to inhibit angiogenesis 

in vitro, and suppress endothelial cell neovasculogenic activity by reducing 

Vascular endothelial growth factor (VEGF) secretion from cancer cells 

(Neuvonen, 1976; Gilbertson-Beadling et al., 1995; Li et al., 2014). Moreover, 

minocycline exhibits anti-angiogenic properties through suppression of hypoxia-

inducible factor 1 alpha (HIF-1α) expression, which correlated with the 

modulation of p53 and the Akt/mTOR/p70S6K/4E-BP1 pathway in ovarian 

cancer, both in vitro and in vivo (Jung et al., 2014; Ataie-Kachoie et al., 2015).  

1.2.5. Mediator release 
Oral minocycline has been proven to be effective in suppressing malignant 

ascites in ovarian cancer cells through targeting cytokines and growth factors 

necessary for the development and formation of tumours (Pourgholami et al., 

2013). Minocycline suppressed interleukin (IL)-6, and inhibited the invasion, 

migration, and adhesion capacity of ovarian cancer cells, both in vitro and in vivo 

(Ataie-Kachoie, Morris and Pourgholami, 2013). In relation to asthma, a study in 

2002 found that minocycline and doxycycline inhibited immunoglobulin E (IgE) 

production mediated by PBMCs from asthmatic patients in vitro (Smith-Norowitz 

et al., 2002), with later studies also indicating an ability of minocycline and 

doxycycline to reduce peak IgE levels in vivo and inhibit memory IgE responses 

in vitro, mediated by targeting T cell pathways via MAPK p38 (Joks et al., 2010; 

Joks and Durkin, 2011). Similarly, in Japanese encephalitis virus (JEV)-infected 

mice, minocycline treatment led to reduced levels of IL-12 and monocyte 

chemoattractant protein 1 (MCP-)1, and subsequent brain immune activation 

(Dutta et al., 2010). 

1.2.6. Microbiota modulation 
One of the most common uses of minocycline is the treatment of acne vulgaris, 

where inflammation profoundly contributes to the pathophysiology of the disease, 

and where the combination of antibacterial and anti-inflammatory properties of 

minocycline is advantageous (Webster, McGinley and Leyden, 1981; Kurokawa 
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et al., 2009; Kircik, 2010; Maffeis and Veraldi, 2010; Ochsendorf, 2010). In 

particular, due to its great lipophilicity, minocycline is highly active in the 

pilosebaceous complex, inhibiting both the growth of Propionibacterium acnes 

and bacterial lipases, while targeting the associated inflammation (Webster, 

McGinley and Leyden, 1981; Maffeis and Veraldi, 2010). This added benefit also 

applies to other chronic inflammatory skin diseases, such as rosacea, which 

involves an abnormal host response including pathological collagenolysis, with 

phase 3 clinical studies in moderate to severe papulopustular rosacea 

highlighting the anti-inflammatory action of topically applied minocycline, resulting 

in a significant reduction of inflammatory lesions (Gold et al., 2020). Both the 

safety and efficacy of other tetracyclines in both dermatological diseases have 

also been demonstrated in several clinical trials (Lane and Williamson, 1969; 

Golub et al., 1991, 1998; Skidmore et al., 2003; Monk, Shalita and Siegel, 2011; 

Del Rosso, 2016). 

Through modulation of the microbiota and intestinal homeostasis as is discussed 

in more detail later, minocycline has also been shown to exert beneficial effect on 

pathological conditions that impact other organs, such as the cardiovascular 

system, with its anti-hypertensive effects associated with rebalanced gut 

microbiota composition (T. Yang et al., 2015). An ongoing Phase 2 clinical trial 

investigating the effect of minocycline treatment on drug-resistant hypertensive 

patients aims to support this potential application (University of Florida, 2020). 

1.2.7. Immune cell modulation 

1.2.7.1. Monocytes & macrophages 

Crucially for this project, many studies have disseminated the ability of 

tetracyclines to inhibit LPS-induced activation of macrophages, reducing 

inducible nitric oxide synthase (iNOS) activity and intracellular protein content, 

the production of cyclooxygenase 2 (COX-2) and MMPs, and the release of 

proinflammatory mediators such as interferon gamma (IFN-γ), TNF-α, IL-6 and 

IL-12 (D’Agostino et al., 1998; Patel et al., 1999). However,  an enhancement of 

pro-inflammatory cytokine secretion including IL-1β, TNF-α and IL-6 by 

monocytes and macrophages is also consistently reported (Ingham, Turnbull and 

Kearney, 1991; Kloppenburg et al., 1996; Garrido-Mesa, Rodríguez-Nogales, et 

al., 2018a). A proteomic analysis of J774 macrophages demonstrated some 

significant changes in the proteome following minocycline treatment, influencing 
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heat shock proteins 60 and 71 reversing the downregulation and upregulation by 

LPS respectively, and protecting vimentin (intermediate filament protein) 

cleavage by LPS. The study in its entirety suggested that minocycline does not 

completely inhibit LPS activation, but also modulates macrophage function in the 

absence of LPS stimulation (Dunston et al., 2011). Clear divergent results have 

also been obtained between peritoneal and alveolar macrophages, whereby in a 

model of pancreatitis-induced systemic inflammation  minocycline reduced IL-1β, 

mannose receptor, and IL-10 expression, in addition to NF-kB activation on 

peritoneal macrophages, but conversely increased their expression on alveolar 

macrophages, promoting lung inflammation (Bonjoch et al., 2015). This suggests 

the effect of minocycline in different macrophage subsets seems to be context 

dependent. Furthermore, minocycline treatment of whole-blood cultures or 

isolated peripheral blood mononuclear cells (PBMCs) stimulated with LPS, 

revealed a dose-dependent increase in TNF-α and IL-6 production, whilst dose-

dependently inhibiting TNF-α and IFN-γ production induced by 

phytohemagglutinin (PHA) stimulation (Kloppenburg et al., 1996). Due to the 

different leukocytes within PBMCs, this might represent disparate effects on 

various populations under different stimulus. 

To understand the role of minocycline on macrophage activation in the context of 

peripheral nerve adhesion, a recent study conducted in 2021 explored the effect 

of lone LPS stimulation or dual treatment with minocycline on the 

murine macrophage cell line RAW264.7. Results showed that LPS induced 

abundant iNOS expression, but minocycline administration blocked this LPS-

induced iNOS expression while promoting the expression of arginase-1 in a dose-

dependent manner. LPS administration also increased TAK1 phosphorylation, 

while the addition of minocycline inhibited this process. Furthermore, the effect of 

minocycline on the phosphorylation of p38, JNK, ERK1/2 and p65 (well-known 

downstream molecules of TAK1 in the MAPK and NF-κB pathways) was also 

assessed. Here the authors report minocycline reversed the effect of LPS, 

significantly suppressing the enhanced p-p38, p-JNK, p-ERK1/2 and p-c-Jun 

levels. They also showed that LPS enhanced p65 phosphorylation and nuclear 

translocation, but minocycline treatment suppressed NF-κB signal transduction 

via p65 phosphorylation and nuclear translocation inhibition (Li et al., 2021). Liu 

and Yang (2012) have also reported that 2% minocycline hydrochloride 
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nanoliposomes, 2% minocycline hydrochloride solution, and periocline all 

showed inhibition of macrophage proliferation, with all three preparations 

demonstrating dose- and time-dependent inhibition of proliferation of ANA-1 

murine macrophages (Liu and Yang, 2012).  

In the context of macrophage polarization further studies also showed that 

induction of an M2 microglia/macrophage phenotype by minocycline was 

effective in promoting blood-brain barrier remodelling and axonal regeneration, 

thus improving neurological functions in the context of ischemic stroke (Tao et 

al., 2013; Y. Yang et al., 2015). Additional evidence similarly indicates that 

macrophage phenotype switching from M1 to M2 will become a promising 

therapeutic strategy to protect the integrity of the blood-brain barrier after stroke, 

as evident in the ongoing clinical trial evaluating the safety and feasibility of 

autologous M2 macrophage transplantation in treatment of chronic stroke 

patients (NCT01845350). Despite the above observations, few studies have 

focused on the effect of minocycline on the TLR4-NF-κB pathway in 

macrophages. One paper, by Tai et al (2013), examined the effect of minocycline 

on cytokine and chemokine production in THP-1 monocytes when challenged 

with LPS. These authors observed that minocycline supressed TNF-α, IL-6, IFN-

γ, C-X-C motif chemokine ligand 10 (CXCL10 - also known as interferon gamma-

induced protein 10 (IP-10)), and MCP-1 production in a dose-dependent manner 

by inhibiting IκBα and IκB. They also concluded that in THP-1 monocytes 

minocycline did not affect the phosphorylation of ERK1/2, JNK, p38 or TAK1 (Tai 

et al., 2013).  

1.2.7.2. Dendritic cells 
In reference to other leukocytes, minocycline conditioned dendritic cells (DCs) 

have also been shown to be resistant to subsequent maturation stimuli, with 

impaired major histocompatibility complex (MHC) class II, restricted exogenous 

antigen presentation, and decreased cytokine secretion. Minocycline treated DCs 

showed decreased ability to prime allogeneic-specific T cells, while increasing 

the expansion of cluster of differentiation (CD)4+CD25+Forkhead box P3 

(FoxP3)+ T regulatory cells, a potential that was confirmed in vivo, and thus 

preventing clinical signs of experimental autoimmune encephalitis (Svajger, 

Obermajer and Jeras, 2010; Kim et al., 2016). In a subsequent in vivo study, the 

potential of minocycline in the generation of tolerogenic DCs was also observed, 
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as researchers found a synergic combination of minocycline and dexamethasone 

generated the highest numbers of tolerogenic DCs, which had the highest 

capacity to induce FoxP3+ T cells, while exerting the highest programmed death 

ligand 1 (PD-L1)/CD86 ratio, one of the hallmarks regarding tolerogenic DC 

potency (Lee et al., 2017; Thomson and Ezzelarab, 2018).  

1.2.7.3. T Cells 
The suppressive effects of tetracyclines on T-cell proliferation, activation and 

function have been long described (Thong and Ferrante, 1980; Kloppenburg, 

Verweij, A. M. Miltenburg, et al., 1995; Kloppenburg et al., 1996; Popovic et al., 

2002; Giuliani, Hader and Yong, 2005a). The influence of tetracyclines on T cell 

activation has been associated with an inhibitory effect on cytokine production, 

such as a decrease in IL–2, IFN-γ and TNF-α secretion, which could in turn 

reduce T cell proliferation and activation (Kloppenburg, Verweij, A. M. Miltenburg, 

et al., 1995; Kloppenburg et al., 1996). However, although no effect was observed 

for minocycline on T cell proliferation and IFN-γ production in rodents, more 

recent studies have suggested that minocycline acts to reduce T cell turnover 

after activation, with decreased levels of proliferating (Ki67+) and activated 

human leukocyte antigen DR isotype (HLA-DR+) cells, and increased levels of 

circulating naïve (CD45RA+) cells in the context of autoimmune encephalitis 

(Popovic et al., 2002; Szeto et al., 2010). Reduced expression of surface markers 

CD25, CD40L, and HLA-DR, as well as IL-2 production, also seen in these 

studies, may be responsible for mediating this effect (Giuliani, Hader and Yong, 

2005a; Szeto et al., 2010, 2011a). An additional proposed mechanism 

responsible for T cell modulation is suppression of transcription activation of 

nuclear factor of activated T cells 1 (NFAT1), whereby minocycline has been 

shown to reduce its nuclear translocation following activation (Szeto et al., 

2011a). Minocycline has shown the ability to decrease HIV viral expression in 

resting CD4+ T cells by reducing  IL-1, IL-6 and TNF-α cytokine secretion, the 

expression of chemokine receptor 5 (CCR5), as well as Ki67 expression and 

cellular proliferation, which may be related to inhibition of NFAT1 (Szeto et al., 

2010, 2011a). Another report also indicated that minocycline attenuates T helper 

cell (Th)1 activation and the expression of IFN-stimulated genes indoleamine 2,3-

dioxygenase 1 (IDO1) and tumour necrosis factor-related apoptosis-inducing 

ligand (TRAIL) in plasmacytoid dendritic cells and PBMCs exposed to both HIV 
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and influenza virus both in vivo and in vitro (Drewes et al., 2014). 

The role of minocycline in HIV-induced chronic immune activation has also been 

evaluated in vivo in NOD scid gamma (NSG) mice transplanted with human 

hematopoietic cells, which revealed a reduction in viral load and improved T-cell 

count with reduced expression of activation markers CD38, HLA-DR, CD69 and 

CCR5, and exhaustion markers programmed cell death 1 (PD-1) and cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) (Singh et al., 2014). Monocytes are 

also important HIV targets, and in vivo reports indicate that treatment with 

minocycline reduced monocyte activation, expansion and accumulation in lymph 

nodes upon viral infection, which correlated with neuronal protection in HIV and 

simian immune deficiency virus (SIV) infected mice (Campbell et al., 2011). 

1.2.7.4. Microglia 
Modulation of microglial activation and neuroinflammation are additional non-

antibiotic properties of minocycline, with reports describing how minocycline 

selectively inhibits M1 polarization of microglia, as shown by reduced ionized 

calcium-binding adapter molecule (Iba)-1 expression (Kobayashi et al., 2013; H.-

Y. Liu et al., 2018). This leads to amelioration of transcription, nuclear 

translocation, and consequent activation of downstream pro-inflammatory 

mediators including caspase-1, glial fibrillary acidic protein (GFAP), TNF-α, iNOS, 

COX2 and arachidonate 5-lipoxygenase (5-LOX, ALOX5 or 5-LO) which in turn 

decreased IL-1β, NO, and prostaglandin E2 (PGE2) production (Yrjänheikki et al., 

1999; Song et al., 2004, 2006a, 2006b; Chu et al., 2007; Cai, Yan and Chen, 

2010). In the context of ischemia, the literature also reports that minocycline 

impairs T cell-microglia interaction through targeting the CD40-CD40L pathway 

and diminishing the ability of T cells to interact with microglia, thus resulting in 

decreased TNF-α and increased IL-10 production in T cell–microglia co-cultures 

(Giuliani, Hader and Yong, 2005a). Moreover, minocycline has shown to be 

beneficial in other conditions which result in ocular inflammation through 

modulation of microglia, such as in a light-induced retinal degeneration model, 

glaucoma, and a model of branch retinal vein occlusion ischemia (Zhang et al., 

2004; Levkovitch-Verbin et al., 2006; Bosco et al., 2008; Sun et al., 2013; Yuan 

et al., 2019). 
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Amounting data also demonstrates that minocycline is able to suppress microglial 

production of IL-1β, IL-6, TNF-α, nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, and iNOS, as well as inhibit T cell egress into the brain, all of 

which attenuate neuropathological progression (Wu et al., 2002; Zhu et al., 2002; 

Seabrook et al., 2006; Henry et al., 2008). Furthermore, minocycline protection 

in experimental models of Alzheimer’s Disease (AD) has been linked to a 

reduction in COX-2 and PGE2 production, and inhibition of gliosis induced by Aβ 

peptide treatment in nerve growth factor (NGF)-differentiated PC-12 cells (rat 

pheochromocytoma cells which exhibit features of mature dopaminergic neurons) 

in Tg2576 mice (over express a mutant form of Aβ) (Sahoo et al., 2018). Through 

inhibition of microglial activation and simultaneous effect on Aβ deposition, 

minocycline achieved a neuroprotective effect that resulted in improved cognitive 

impairment (Seabrook et al., 2006; Sriram, Miller and O’Callaghan, 2006; Choi et 

al., 2007). 

In the context of widely recognised clinical co-morbidities chronic pain and 

depression, in a 2014 study Burke and colleagues investigated the association 

between depressive-like behaviour and mechanical allodynia. They were able to 

show that chronic minocycline intake reduced the expression of CD11b, a marker 

of microglial activation, and the M1 cytokine IL-1β in sham-SNL (L5-L6 spinal 

nerve ligation) rats – a model of peripheral nerve injury and neuropathic pain 

which also reduced neuropathic pain behaviour. On the other hand, they also 

demonstrated an increase in the expression of the M1 cytokines IL-1β and IL-6, 

the M2 microglial marker mannose receptor C-type 2 (MRC2), and the anti-

inflammatory cytokine IL-10 in olfactory bulbectomized (OB)-SNL rats – a model 

of depression, following chronic minocycline intake (Burke et al., 2014).  

1.2.7.5. Neutrophils 
Tetracyclines as early as the 1970s were shown to inhibit leukocyte chemotaxis 

using Sykes-Moore chambers and the double-filter technique. Esterly et al in 

1978 demonstrated this suppression of chemotaxis by tetracycline in addition to 

a reduction in random migration (Esterly, Furey and Flanagan, 1978). Later, in 

1984, Esterly and colleagues again demonstrated significant suppression of 

chemotaxis and random migration of autologous polymorphonuclear leukocytes 

from both healthy donors and those with acne receiving oral tetracycline 

treatment (Esterly et al., 1984). More recent to those initial reports, Wasserman 



30 
 

and Schlichter (2007) studied the effect of minocycline in the context of 

intracerebral haemorrhage (ICH) whereby using dual-antibody labelling showed 

that neutrophils were the predominant source of TNF-α, and that intraperitoneal 

injection of minocycline ameliorated ICH damage. Minocycline reduced micro-

vessel loss, extravasation of plasma proteins and oedema, decreased TNF-α and 

MMP12 expression, and reduced the number of neutrophils in the brain 

(Wasserman and Schlichter, 2007). In subsequent years, Walz and Cayabyab 

(2017) then used the modified pial vessel disruption rat model to elucidate the 

cellular and molecular mechanisms of cavitation in lacunar infarction. Both in the 

lung and cerebral cortex the migration of neutrophils across the endothelial 

barrier into the parenchyma plays a vital role and involves the release of MMP9. 

In these models, minocycline reduced MMP9 release by neutrophils and 

prevented cavitation (Walz and Cayabyab, 2017). 

1.3. Innate immunity & the macrophage 
1.3.1. Intestinal immune environment in IBD 

Inflammatory bowel disease (IBD) is an umbrella term for chronic inflammatory 

conditions of the gut encompassing two main entities: Crohn’s disease and 

ulcerative colitis. Both Crohn’s disease and ulcerative colitis are characterized by 

alternating phases of clinical relapse and remission, accompanied by symptoms 

such as moderate to severe abdominal pain, weight loss and prolonged diarrhea 

(Lennard-Jones, 1989; Rogler, 2015). IBD is widely considered a multifactorial 

disease with its exact etiology remaining somewhat elusive, however 

dysregulation of normal immune responses from both the innate and adaptive 

systems within the intestinal mucosa are recognized as vital components in the 

initiation and progression of IBD pathogenesis (Park et al., 2017).  

Throughout the body, and especially in the gastrointestinal tract, inflammation is 

a tightly coordinated process characterized by sequential stages starting from 

acute inflammation followed terminally by inflammatory resolution which results 

in tissue repair and the restoration of tissue integrity and anatomical function. 

During this acute phase of inflammation, the terminal differentiation of monocytes 

to mature macrophages is disrupted and differentiation preferences a pro-

inflammatory phenotype which act to promote downstream type 1 T helper (Th1) 

and Th17 immune responses (Elliott et al., 2009; Gordon and Plüddemann, 2018; 

Na et al., 2019a). Upon tissue damage to the epithelial lining of the gut wall, the 
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innate immune system detects DAMPs and PAMPs and begins to attract 

circulating neutrophils, which in turn infiltrate the area and recruit inflammatory 

monocytes from the bloodstream (Mantovani, Bonecchi and Locati, 2006). 

In the context of the intestinal mucosa, the innate immune system is aptly 

designed to coordinate efforts between the epithelial barrier and circulating or 

tissue-resident specialized leukocytes, such as macrophages, DCs and innate 

lymphoid cells (ILCs), to mediate the homeostasis between pathogenic stimulus 

and intestinal immune responses. Innate immune cells accomplish this function 

through the secretion of chemical compounds such as cytokines and 

inflammatory mediators, the process of phagocytosis, different tissue remodeling 

properties, and the recruitment and activation of the adaptive immune system, all 

in the mission to eliminate the pathogenic source and reinstate homeostasis 

(Nowarski et al., 2013).  

A peaceful coexistence between host defenses and commensal bacteria is vital 

for healthy function within the human intestinal tract. Intestinal macrophages in 

the lamina propria dynamically engage with the microbiota to assure tolerance, 

and prevent infection by exogenous pathogens, which will stimulate the 

inflammatory cascades amidst the constantly fluctuating landscape (Smythies et 

al., 2005). Coordinated efforts between the epithelial barrier and circulating or 

tissue-resident specialized leukocytes mediate the homeostasis between 

pathogenic stimulus and intestinal immune responses. These subsets of cells act 

in symbiosis to assess the intestinal microenvironment and mount appropriate 

inflammatory responses, as well as provide crucial cross-talk between the innate 

and adaptive systems (Geremia et al., 2014). Specialization to recognize the 

molecular patterns of microorganisms via pattern recognition receptors (PRR), 

which include TLRs, and nucleotide-binding oligomerization domains (NOD), 

allow this efficient function to occur (Borzutzky et al., 2010). Intimate cross-talk 

between the host and microbiome through commensal recognition via TLRs and 

antimicrobial peptide secretion is essential for the maintenance of symbiosis 

(Zigmond and Jung, 2013).  

Multifaceted characteristics of the innate immunity within the gut such as 

impermeable epithelium, bactericidal secretion (anti-microbial peptides - AMPs) 

and the phagocytic function of macrophages, efficiently protect the lamina propria 

from microbe invasion without adaptive immune response activation (Rogler, 
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2015). However, in genetically susceptible individuals, defects in these protective 

mechanisms allow for microbes to gain entry past the epithelial barrier into the 

lamina propria, instigating a classic inflammatory response. The exact genetics 

of IBD are complex and thought to be polygenic (Wallace et al., 2014), with 

genome-wide association studies suggesting dysregulated innate and adaptive 

immune systems contribute to the development and progression of IBD 

pathogenesis. Many susceptibility variants have been reported in genes 

associated with autophagy (ATG16L1), the IL-23/Th17 pathway (IL-12B), TGF-β 

pathway (SMAD3), and T-cell activation (TAGAP), among others (Duerr et al., 

2006; Hampe et al., 2007; Franke et al., 2010). 

IBD patients experience an exacerbated immune response against microbial 

antigens and defects in the regulation and resolution of the inflammation, 

promoting perpetuation of the inflammatory cycle (Kmieć, Cyman and Ślebioda, 

2017). In susceptible individuals, defects in the protective mechanisms allow for 

microbes to gain entry past the epithelial barrier into the lamina propria, 

instigating a classic inflammatory response. Modifications in autophagy (the 

process of self-removal of damaged cells) and antigen processing, in addition to 

the regulation of cellular signaling often results in a decline in pathogen clearance 

ultimately sponsoring the onset of an unchecked inflammatory cascade (de 

Mattos et al., 2015). 

The gastrointestinal (GI) tract is home to the largest quantity of macrophages in 

the body, providing crucial support in pathogen clearance, in addition to the 

regulation of other inflammatory responses, consequently influencing local 

homeostasis. This very nature means macrophages can also contribute to the 

development and maintenance of chronic inflammation following intestinal barrier 

dysfunction (C. Li et al., 2018). Previous reports by Smith et al (2009) and 

Campos et al (2011) have surmised the role of defective macrophage function in 

relation to the establishment of IBD through evidence linking innate immunity 

gene polymorphisms, decreased pro-inflammatory cytokine production in Crohn’s 

disease patient macrophages, and risk of developing Crohn’s disease. 

1.3.2. Macrophage origin & development 
Originally described in 1905 by Nobel Prize winner Elie Metchnikoff, 

macrophages were depicted through the identification of phagocytes and his 

phagocytosis theory (Hao et al., 2012). In the proceeding decades, the origin and 
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function of macrophages has become well established. Tissue macrophages are 

traditionally viewed as part of the mononuclear phagocyte system (MPS), with 

this concept first described in 1972 by van Furth et al, who proposed all tissue 

macrophages are the terminally differentiated progeny of blood monocytes, which 

constitutively enter tissues under steady state conditions, and are replaced by 

rapidly dividing precursors from the bone marrow (BM) (van Furth et al., 1972). A 

common macrophage and DC progenitor gives rise to both committed DC 

precursors and monocytes, with the development of the latter dependant on the 

transcription factor PU.1 and growth factors macrophage colony stimulating 

factor (M-CSF), granulocyte macrophage colony stimulating factor (GM-CSF), 

and IL-3 (Auffray et al., 2007; Hettinger et al., 2013; Calum C Bain and Mowat, 

2014).  

Their evolution begins with the differentiation of common myeloid progenitor cells 

in the BM. Following stimulus with M-CSF, the progenitors sequentially become 

macrophage colony-forming units (M-CFUs), monoblasts and pro-monocytes, 

which then move into the peripheral blood and differentiate into monocytes 

(Figure 1.2). Hematopoietic stem cells (HSCs) give continuous rise to the myeloid 

progenitors and consequent ephemeral lymphocyte antigen 6 complex (Ly6C)+ 

monocytes in the blood which are then recruited into a plethora of tissues to 

replenish tissue-specific macrophage populations such as colonic and alveolar, 

in response to inflammatory stimuli. Ly6C+ monocytes and their macrophage 

descendants are highly plastic and influence the promotion and resolution of 

inflammation (Gordon and Taylor, 2005; Zigmond and Jung, 2013). It is important 

to note however, that not all macrophages differentiate from monocytes, as it has 

been reported that radiation resistant Langerhans and microglial cells are 

seemingly maintained via local proliferation, with the most recent literature 

specifying initial development within the yolk sac of the developing embryo 

(Lawrence and Natoli, 2011). The literature also describes how major tissue-

resident macrophage populations such as those mentioned above are 

maintained via longevity and limited self-renewal independent of further 

monocyte contribution, contrasting to those residing in the gut and other tissues 

(Zigmond and Jung, 2013).  

In the context of the gastrointestinal tract, following entry into the mucosa, Ly6Chi 

monocytes undergo a process of local differentiation resulting in the generation 
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of mature macrophages, via a series of short-lived chemokine (C-X3-C motif) 

receptor 1 (CX3CR1)int intermediaries, which both acquire MHCII, and lose Ly6C 

expression. Within days the cells then acquire the 

F4/80hiCD64+MHCII+CD11c+CX3CR1hi phenotype typical of resident intestinal 

macrophages. This phenotypic differentiation of monocytes is also accompanied 

by acquisition of typical functions of resident intestinal macrophages, such as 

increased IL-10 production, enhanced phagocytic activity, acquisition of 

scavenger receptors and development of hypo-responsiveness to TLR ligation 

(Bain et al., 2013). The latter, Ly6Clow patrolling monocytes, can be independently 

regarded as the terminally differentiated resident phagocyte population from the 

blood stream (Ginhoux and Jung, 2014), and develop from Ly6Chi classical 

monocytes through nuclear receptor subfamily 4 group A member 1 (NR4A1)-

dependent (Hanna et al., 2011; Carlin et al., 2013); krüppel-like factor 2 (KLF2)-

dependent (Thomas et al., 2016), and CCAAT/enhancer binding protein β 

(C/EBPb)-dependent pathways, with this continuum between Ly6Chi and Ly6Clow 

monocytes recently mapped via single-cell RNA-sequencing (Mildner et al., 

2017). These processes appear to be unique to the intestine, with reports 

establishing that lung-associated Ly6Chi monocytes do not undergo the same 

phenotypic changes (Jakubzick et al., 2013).   

Steady-state intestinal macrophages customarily produce low levels of TNF upon 

TLR ligation, however macrophages recruited during dextran sodium sulphate 

(DSS)-induced colitis maintain their TNF production capacity (Bain et al., 2013). 

This may be attributable to the plasticity of macrophages, and their adaptation to 

an inflammatory environment. As such, it has been considered that monocytes 

recruited during colitis may consist of a particular subset of monocytes that has 

an increased capacity to produce TNF (Bonnardel and Guilliams, 2018). During 

intestinal inflammation, as associated with Crohn’s disease and ulcerative colitis, 

CD14hi monocyte-derived cells have also been shown to accumulate within the 

intestinal lamina propria (Kamada et al., 2008; Thiesen et al., 2014), which 

conversely to the Ly6Chi precursors, display enhanced production of 

inflammatory mediators TNF-α, IL-1β and IL-6 (Rugtveit et al., 1997). This 

population of CD14hi monocyte/macrophages has also been shown to produce 

chemokines that attract other effector leukocytes, such as eosinophils, through 

production of C-C motif chemokine ligand (CCL)11 (Lampinen et al., 2013). 

Where tissue resident macrophages traditionally express low levels of CD14, this 
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smaller population of CD14hi macrophages is also present in the healthy mucosa, 

and express MHCII, CD163, CD209, and CD11c, eluding to an origin of recent 

CD14hi monocyte emigrants (Bain et al., 2013).  

In a non-pathogenic state, human macrophages display an anergic signature 

through failure to produce pro-inflammatory cytokines, but retaining their 

phagocytic and bactericidal activity, all of which are compatible with their reported 

scavenger function (Smythies et al., 2005). However, in patients with Crohn’s 

disease,  CD14+ macrophages display both macrophage (CD14, CD33, CD68) 

and DC (CD205, CD209) markers, whilst also producing increased levels of IL-6, 

IL-23 and TNF, and contribute to IFN-γ production by neighbouring mononuclear 

cells (Kamada et al., 2008; de Souza and Fiocchi, 2016). 

 

Figure 1.2: The origin of tissue resident macrophages. Macrophages established before birth 

are referred to as ‘primitive macrophages’ or ‘fetal liver cells’ and include microglia and Kupffer 

cells. These populations are maintained via longevity and limited self-renewal. Those resident 

within the gut express the C-X-C motif chemokine receptor and derive from Ly6C+ circulating 

blood monocytes. These populations are continuously renewed throughout adulthood from 

hematopoietic stem cells (HSCs) and macrophage/dendritic cell precursors (MDPs) (Zigmond 

and Jung, 2013). 
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1.3.3. LPS-induced macrophage activation 
Leukocyte infiltration into sites of infection is a fundamental host defence against 

infection, whereby infiltrating leukocytes inactivate and clear the pathogens, 

rendering inflammation a primarily beneficial host response to noxious stimuli 

(Fearon and Locksley, 1996). However, inflammation, if excessive and prolonged 

can cause extensive tissue damage, contributing to the pathogenesis of many 

disease states (Bellingan, 2000). Therefore, as highlighted earlier, the 

inflammatory response must be under strict control via endogenous mechanisms 

(Matsukawa et al., 2005). The responsiveness of cells to external stimuli such as 

infectious pathogens rely on the transcriptional regulation of gene expression 

programmes, with a network of signalling pathways working to bridge the gap 

between stimulation and transcription. Initiation of these pathways results in the 

activation of transcription factors and their subsequent translocation into the 

nucleus and initiation of gene transcriptional programmes (Dorrington and Fraser, 

2019).  

Sensing of microbial antigens by innate immune cells, such as macrophages and 

DCs, is mediated by PRRs that recognize pathogen associated molecular 

patterns (PAMPs). The more well understood family of PRRs include trans-

membrane TLRs as well as intracytoplasmic NOD-like receptors (NLRs) 

(Geremia et al., 2014; Satoh and Akira, 2016). PRR signalling cascades result in 

NF-κB activation, with gene transcription and production of pro-inflammatory 

mediators ensuring an effective innate response against pathogens (Sica and 

Mantovani, 2012; Chen et al., 2020). The NF-κB signalling cascade regulates 

thousands of independent response genes encoding for cytokines, chemokines, 

and antimicrobial peptides, as well as additional downstream transcription 

factors. This pathway is vital for many crucial immunological programs including 

initiating inflammatory responses to pathogens by innate immune cells and the 

development and activation of cells responsible for adaptive immune responses 

(Dorrington and Fraser, 2019). PRR triggering also promotes antigen presenting 

cell maturation, observed by up-regulation of co-stimulatory molecules that are 

required for efficient antigen presentation and T cell activation, playing a crucial 

role in the crosstalk between innate and adaptive immune responses (Geremia 

et al., 2014). Upon bacterial infection, macrophages utilize their PRRs to identify 

PAMPs and endogenous danger signals - danger-associated molecular patterns 
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(DAMPs). This pathogen recognition by PRRs, such as TLR4, activates 

macrophages to produce pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, 

IL-12, and NO that kill invading pathogens (Atri, Guerfali and Laouini, 2018).  

TLR engagement, particularly TLR4, is stimulated by LPS- a component of Gram-

negative bacteria, in addition to other microbial ligands (Figure 1.3). TLR4 ligation 

by LPS, is preceded by binding of LPS to the CD14 protein anchored in 

cholesterol (Płóciennikowska et al., 2015). The innate immune system is poorly 

activated by LPS alone and thus requires LPS binding protein ready for transfer 

on CD14. In turn, LPS is chaperoned by CD14 to the LPS receptor complex 

comprised of TLR4 and myeloid differentiation factor 2 (MD2), which dimerizes 

and triggers the myeloid differentiation factor 88 (MyD88)- and adaptor toll–IL-1 

receptor domain-containing adaptor inducing IFN-β (TRIF)-dependent production 

of pro-inflammatory cytokines and type I interferons (Bode, Ehlting and 

Häussinger, 2012; Płóciennikowska et al., 2015). TLR4 signalling includes both 

MyD88-dependent and MyD88-independent pathways. In the former, TLR4 

recruits toll/interleukin-1 receptor (TIR) domain-containing adaptor-inducing IFN-

β, and TIR domain-containing adaptor molecule 2. Conversely, activation of the 

MyD88-indpendent pathway leads to the activation and translocation of IFN 

regulatory factor 3 (IRF3) in the nucleus, and the secretion of type I IFN (Chen et 

al., 2017). In the MyD88-dependent pathway, TLR4 recruits MyD88, MyD88 

adaptor-like, IL-1 receptor-associated kinase, and TNF receptor-associated 

factor 6, which induces the activation and translocation of NF-κB to the nucleus 

(Molteni, Gemma and Rossetti, 2016). NF-κB regulates the expression of a large 

number of inflammatory genes including TNF-α, IL-1β, COX2, and IL-6, but can 

also trigger a genetic program essential for resolution of inflammation and M2 

polarization of tumour associated macrophages (TAMs) (Sica and Mantovani, 

2012; Wang, Liang and Zen, 2014a; Chen et al., 2020). 
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Figure 1.3: TLR4 intracellular signalling pathways. TLR signalling is triggered by ligand-

induced dimerization of the receptors. TIR domains of TLR4 recruit adaptor proteins MyD88 and 

MAL (MyD88-dependent pathway) or TRIF and TRAM (MyD88- independent pathway). The 

MyD88-dependent pathway involves downstream recruitment and activation of IRAKs and 

TRAF6, which subsequently activate TAK1. This leads to MAP kinase kinase (MKK)-mediated 

activation of MAPKs and activation of the IKK complex. This complex induces activation of NF-

𝜅B and AP-1 and their translocation into the nucleus. As a result, proinflammatory cytokines are 

produced. The MyD88-independent pathway involves TRIF and TRAM adaptor proteins and the 

activation and nuclear translocation IRF3. Subsequently type I interferons are produced (Molteni, 

Gemma and Rossetti, 2016). 

Other receptors for endotoxins like LPS include receptor for advanced glycation 

end products (RAGE), triggering  receptor expressed by myeloid cells 2 (TREM2), 

and the macrophage scavenger receptors and the β2 integrins (CD11a/CD18, 

CD11b/CD18 and CD11c/CD18) (Hampton et al., 1991; Fenton and Golenbock, 

1998; Daws et al., 2003; Yamamoto et al., 2011). These PRRs function to clear 

LPS and bacteria from blood and tissues, but if unregulated may also promote 

neuroinflammation and LPS toxicity.  
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In the context of neurodegeneration, CD11b/CD18 or compliment receptor 3 

(CR3) mediate microglial ROS production, neurotoxicity and phagocytosis of 

neurons (Hong et al., 2016; Hou et al., 2017; Brown, 2019). The mechanisms of 

LPS-induced neurodegeneration are also mediated by the induced peripheral 

cytokines TNF-α and IL-1β, which induce inflammation within the brain (Skelly et 

al., 2013). This sustained brain inflammation in response to blood endotoxin 

requires membrane-bound TLR4 on microglia, endothelium, perivascular 

macrophages, meninges or circumventricular organs, which implies longer-term 

effect of blood endotoxin on the brain is not mediated by blood cytokines, but by 

direct activation of receptors by endotoxin on the above cells to produce cytokines 

within the brain (Chakravarty and Herkenham, 2005; Kinsner et al., 2006).  

This LPS stimulation of MAPK pathways and consequent increase in NF-κB 

activity has also been implicated in models of sepsis. In 2017, Hung et al showed 

suppression of LPS-induced production of pro-inflammatory cytokines and 

mediators via downregulation of MAPK pathways and NF-κB activity using in vitro 

murine macrophage models RAW 264.7 cells and murine peritoneal 

macrophages (Hung et al., 2017). Furthermore, in 2019, Wang and colleagues 

also demonstrated reduced inflammatory cytokines in the sera and 

bronchoalveolar lavage fluid (BALF) using a cecal ligation and puncture (CLP)-

induced septic mouse model attributed to attenuation of TLR4-NF-κB/p65 

activation both in the septic lung tissue and LPS-stimulated lung type II epithelial 

cell line A549 (Y.-M. Wang et al., 2019).  

In regard to IBD, there are many reported links between LPS signalling and 

disease instigation and progression (Candelli et al., 2021). TLR4, although 

expressed primarily on macrophages, is also expressed at an endothelial level, 

where it can activate apoptosis and trigger the expression of other inflammatory 

cytokines (Bannerman and Goldblum, 2003). In IBD patients TLR4 expression is 

reported to be elevated, thus LPS activity is significantly amplified in this context 

(Vaure and Liu, 2014). Crosstalk between LPS and the microbiota is also 

contributory in the context of IBD, with links between IBD and the development 

of endotoxemia (Matsuoka and Kanai, 2015). This LPS-induced, chronic, low-

grade systemic inflammation results in immune system dysregulation – a key 

mechanism in the disease pathogenesis. Furthermore, inflammatory activation of 

intestinal macrophages via LPS causes the cytokine production signatures shift 
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from anti-inflammatory (IL-10) to pro-inflammatory (IL-1, IL-6, IL-8, and TNF-α), 

which promotes  polarization to an inflammatory M1 phenotype and propagates 

downstream inflammatory cascades (Wang, Chen and Wang, 2020). 

On the other hand, studies have found impaired proinflammatory cytokine 

secretion and low levels of intracellular TNF in peripheral blood monocytes 

derived macrophages in Crohn’s disease patients in response to E. coli and 

subsequent TLR ligation, which would indicate an impaired acute inflammatory 

response by macrophages in Crohn’s disease that would ultimately lead to 

defective bacterial clearance (Smith et al., 2009a; de Souza and Fiocchi, 2016). 

It has also been observed that LPS can cross the gut barrier and enter the 

bloodstream in conditions of altered permeability, such as IBD, resulting in 

perpetuation of both immune cell activation and continued alteration of gut 

permeability, resulting in a vicious circle of self-promoted inflammation (Kiecolt-

Glaser et al., 2018; Jaworska et al., 2019). Some reports also suggest LPS may 

be important in stimulating autophagy in macrophages, which appears to play an 

important role in preventing IBD by reducing levels of ROS (Larabi, Barnich and 

Nguyen, 2019; Wang, Chen and Wang, 2020), while LPS is also described to 

promote the expression of faecal calprotectin as a direct consequence of 

intestinal inflammation (Førland et al., 2011; D’Amico et al., 2021). 

1.3.4. Macrophage polarization 
Macrophages are keystones in the immune population due to their phagocytic 

capacity and ability to adapt and adopt different phenotypes dependent on 

requirements dictated by their surrounding microenvironment. Recent articles 

have begun to establish mechanisms by which macrophages are functionally 

influenced by the gut (Grainger et al., 2017). In the past two decades work 

towards elucidating the paradigm of macrophage polarization has become ever 

clearer, with the general consensus being that once tissue resident, macrophage 

populations become either M1 or M2 phenotypes, but which are also widely 

accepted to be transient and plastic populations (Camille and Dealtry, 2018). M1 

or pro-inflammatory ‘classically-activated’ macrophages, act to eliminate noxious 

sources via cytokine and iNOS production, while M2 or anti-inflammatory 

‘alternatively-activated’ cells promote inflammatory resolution (Hotamisligil, 2006; 

C. Li et al., 2018). Polarization of tissue resident macrophages is determined by 

local external cues dictating phenotype commitment. M1 are induced by bacterial 
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antigens as well as IFN-γ and TNF-α, rendering the cells microbicidal and 

tumoricidal (Figure 1.4). M1 cells release NO and inflammatory cytokines that 

also promote the differentiation of Th1 and Th17 cells. On the other hand, M2 

cells are generated via IL-10, IL-13, IL-4 and IL-1RA, and function to metabolize 

arginine and polyamines, whilst releasing anti-inflammatory cytokines, such as 

IL-10, ultimately contributing and driving resolution, tissue remodeling, and 

building of immune tolerance (Hao et al., 2012; Yang et al., 2013).  

Much of the literature depicts this concept of dual purpose; advancing both 

inflammation and regeneration, however in many pathophysiological states, 

macrophages do not neatly ascribe to the M1/M2 paradigm. A balance between 

M1 and M2 phenotypic activity demonstrates a shift over time with M1 behaving 

as first responders, recruiting effective defense against invasion and 

angiogenesis, whereas M2 are essential for wound repair and tissue 

regeneration. The importance of M1/M2 homeostasis is further verified through 

evidence of delayed wound healing and fibrotic development when M1 or M2 

subpopulations become unrestrained respectively. Thus, the M1/M2 

nomenclature is a useful tool in describing macrophage population plasticity 

during inflammatory states, through correlation of observable changes in 

biomarkers in relation to inflammatory progression and healing (Smith et al., 

2017). Moreover, this classification might simply translate as different, but 

interchangeable functional cellular states depending on the microenvironment, 

an intriguing notion relevant to IBD pathogenesis (Martinez and Gordon, 2014; 

de Souza and Fiocchi, 2016). This “functional adaptivity” also enables 

macrophages to contribute to all phases of repair by promoting inflammation, 

removing harmful triggers, depositing extracellular matrix, stimulating cell 

proliferation, and releasing anti-inflammatory cues. However, when activated out 

of sequence, macrophages have the potential to interrupt all phases of repair, 

with persistent activation resulting in maladaptive chronic inflammation, and 

dysfunctional wound healing (Werdin et al., 2009; Nathan and Ding, 2010; Gensel 

and Zhang, 2015).  

Due to their transient nature, there are no clearly defined reliable surface markers 

for each macrophage population, however, some markers have been used in 

combinations to assign activation states. The most reliable biomarkers for these 

cells relate to their functional state of activation, characterized by their cytokines 
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production profiles. After priming with IFN-γ and LPS, or other TLR ligands, M1 

macrophages are noted to overexpress pro-inflammatory cytokines such as IL-

12, IL-6, IL-23, IL1-β, TNF and NO. Conversely, M2 macrophages have been 

identified by the overproduction of IL-10 and decreased production of said pro-

inflammatory cytokines (Mosser and Edwards, 2008; Mosser and Gonçalves, 

2015; Moreira Lopes, Mosser and Gonçalves, 2020). 

 

Figure 1.4: Key markers and functions of each macrophage polarization state. Different 

stimuli and signalling pathways induce M1 or M2 polarization, with pro-inflammatory and anti-

inflammatory potentiation associated to the common M1/M2 nomenclature. Stimulation with 

intracellular pathogens, lipoproteins, or pro-inflammatory cytokines results in polarization of M0 

macrophages to an M1 phenotype whereby they upregulate the expression of CD86, CD40, MHC-

II, ROS and INOS. M1 macrophages produce high levels of pro-inflammatory mediators such as 

IL-12, TNF-α, IL-6, IL-1β and MCP-1 in the aim to destroy exogenous pathogens. Conversely, 

stimulation by fungi, parasites, immune complexes, and anti-inflammatory cytokines results in M2 

polarization and upregulation of CD163, CD206, CD36 and arginase 1. M2 produce high levels 

of anti-inflammatory cytokines such as TGF-β and IL-10 in the goal to clear cellular debris and 

promote wound healing (Atri, Guerfali and Laouini, 2018). 
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The usual course of inflammation is traditionally described to begin with an acute 

phase followed by resolution, proliferation and finally tissue remodelling (Figure 

1.5). However, if unresolved and left to enter a state of persistent ‘chronic’ 

inflammation, the contribution of host inflammatory mechanisms, not exogenous 

pathogens, becomes chiefly responsible for resultant host pathophysiology 

(Nathan and Ding, 2010). Conceptually, these macrophage phenotypes seem 

appropriate when describing the evolving states of damage and repair. As 

depicted below, M1 macrophages attract neutrophils and boost the inflammatory 

response to facilitate removal of damaged tissues, both via the release of pro-

inflammatory mediators, and their enhanced phagocytic ability. Conversely, M2 

cells, specifically one of the M2 subsets - M2a, then initiate the proliferative phase 

of repair through release of anti-inflammatory cytokines, increase cell proliferation 

and migration via release of arginase and Ym1, while also promoting tissue 

formation through secretion of growth factors (Novak and Koh, 2013; Sindrilaru 

and Scharffetter-Kochanek, 2013). Furthermore, while macrophages during the 

remodelling phase have an identifiable M2c phenotype (another M2 subset), their 

roles are still not entirely well understood, with the current narrative predicting 

that macrophages likely play a greater role via inhibiting, rather than promoting, 

different aspects of the remodelling phase (Daley et al., 2010; Mirza and Koh, 

2011; Novak and Koh, 2013; Gensel and Zhang, 2015). 
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Figure 1.5: The role of macrophages and their subsets in inflammation and tissue repair. 
During the four key phases of tissue repair, macrophages dynamically switch their phenotype 

from M1 to M2. Within the acute phase, M1 macrophages produce pro-inflammatory mediators 

IL-6, TNF-α, IL-1, and NO, which stimulates additional innate immune cells such as neutrophils. 

During the second phase of resolving inflammation, macrophages initiate an M1 to M2 phenotype 

switch in which they acquire an anti-inflammatory phenotype and downregulate the production of 

inflammatory mediators, while increasing production of anti-inflammatory cytokines TGF-β and 

IL-10. They also initiate phagocytosis of apoptotic neutrophils and removal of damaged cells. In 

the third proliferation phase, M2 macrophages produce a variety of growth factors, such as EGF, 

FGF, and VEGF which induce the proliferation of various cell types involved in the healing 

process. In the final remodelling phase, macrophages contribute to the maturation of the 

regenerated tissue though reorganizing the extracellular matrix and vasculature architecture (Sica 

et al., 2015). 

1.3.4.1 M1 polarization 
Classically activated, M1 macrophages constitute the first line of defence against 

intracellular pathogens and promote the Th1 polarization of CD4+ T cells (Atri, 

Guerfali and Laouini, 2018). Microbial stimuli such as LPS, either alone or in 

concert with polarizing cytokines IFN-γ, TNF-α and GM-CSF, induce classically 

activated M1 macrophage polarization, with M1 macrophage activity and 

polarization dominated by TLR and IFN signalling (Sica et al., 2015; Atri, Guerfali 

and Laouini, 2018). Engagement of additional receptors such as phagocytic Fc 

receptors, is also required to support robust and prolonged production of ROS 

(Steevels and Meyaard, 2011). M1 macrophages exhibit increased phagocytic 

activity and are characterized by their high antigen presentation capacity, 

expression of the markers CD64 and CD80 (Tarique et al., 2015) and production 

of the pro-inflammatory cytokines IL-1β, IL-6, IL-12, IL-18, IL-23, TNF-α, and type 

I IFN; and several chemokines such as CXCL1, CXCL3, CXCL5, CXCL8, CXCL9, 

CXCL10, CXCL11, CXCL13, CXCL16; CCL2, CCL3, CCL4, CCL5, CCL8, 

CCL15, CCL11, CCL19, and CCL20; all of which induce downstream Th1 

response activation and facilitate type I inflammation (Beyer et al., 2012; Italiani 

et al., 2014; Vogel et al., 2014).  

M1 macrophages are generally considered responsible for resistance against 

intracellular pathogens, with association to acute infection with Listeria 

monocytogenes (Shaughnessy and Swanson, 2007), Salmonella typhi, 

Salmonella typhimurium (Jouanguy et al., 1999), Mycobacterium 

tuberculosis (Chacón-Salinas et al., 2005), Mycobacterium ulcerans (Kiszewski 
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et al., 2006) and Mycobacterium avium (Murphy et al., 2006). Moreover, 

uncontrolled M1 inflammation associated with acute infections with E. 

coli or Streptococcus sp. is reported to cause gastroenteritis, urinary tract 

infections, neonatal meningitis and sepsis (LeFebvre et al., 1991).  

1.3.4.2. M2 polarization 
Where M1 macrophages promote inflammation and the destruction of noxious 

sources, M2 polarized macrophages are responsible for recovering homeostasis,  

promote tissue healing (Moreira Lopes, Mosser and Gonçalves, 2020), and are 

particularly correlated with parasitic, helminthic, and fungal infection (Atri, 

Guerfali and Laouini, 2018). The cytokines IL-4 and IL-13, in addition to IL-10 and 

TGF-β, induce the polarization of alternatively activated M2 macrophages, which 

express a typical IL-12lowIL-1lowIL-10hi cytokine production signature (Durafourt et 

al., 2012; Xu et al., 2013; Tarique et al., 2015). These cells also possess poor 

antigen-presentation function but act to supress the Th1 response  whilst 

producing IL-13, CCL1, CCL2, CCL13, CCL14, CCL17, CCL18, CCL22, CCL23, 

CCL24, CCL26, and IL-1R production (Gordon, 2003; Martinez et al., 2006; 

Steevels and Meyaard, 2011; Tarique et al., 2015), IL-8, MCP-1, IP-10, 

macrophages inflammatory protein (MIP)-1β, and CCL5 (Regulated on 

Activation, Normal T Cell Expressed and Secreted - RANTES) in the aim to recruit 

neutrophils, monocytes, and T lymphocytes in an anti-inflammatory response 

(Verreck et al., 2006). Alongside their cytokine production attributes, M2-like 

macrophages can also be identified based on their pattern of surface marker 

expression, with CD64, CD163 and CD206 commonly noted in the literature 

(Barros et al., 2013; Tarique et al., 2015).  

Due to their diversity, alternatively activated M2 macrophages can be further 

classified into distinct subsets based upon different encountered stimuli: M2a, 

M2b and M2c (Vogel et al., 2014; Iqbal and Kumar, 2015; Funes et al., 2018). 

These groups are derived from different stimuli: IL‐4 and/or IL-13 (M2a); 

immunocomplex and Toll‐receptor agonist (M2b), and IL‐10, TGF‐β or 

glucocorticoid hormones (M2c) (Mantovani et al., 2004; Ferrante et al., 

2013). More recently, further phenotypes of M2 macrophages have been 

described and include haemorrhage‐associated macrophages (Mhem) (Boyle et 

al., 2009), macrophages generated via oxidized phospholipids (Mox) (Kadl et al., 

2010), and M4 macrophages induced by chemokine ligand 4 (Gleissner et al., 
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2010). Finally, tumour-associated macrophages (TAMs or M2d) stimulated by IL-

6 and M-CSF have also been categorized as a novel M2 macrophage subset, 

which can directly inhibit proinflammatory M1 macrophages. These cells are 

characterized by IL-10hiIL-12lowTGF-βlow cytokine production and decreased 

CXCL10, CXCL16, and CCL5 chemokine secretion (Duluc et al., 2007). Thus 

TAMs, as their name would imply, constitute the major inflammatory component 

of the tumoral tissue, contributing to angiogenesis and tumour metastasis (Wu et 

al., 2012; Sica et al., 2015; Sunakawa et al., 2015). 

All identified subsets have the ability to secrete high levels of IL-10 and low levels 

of proinflammatory cytokines such as IL-12, but equally possess variations in 

functional biomarker expression unique to each subset (Vogel et al., 2014; Iqbal 

and Kumar, 2015). M2a macrophages express high levels of CD86 and CD200R 

and low CD14 and TLR4, whilst inducing IL-10, CCL13, CCL17, and CCL22 

production. M2b are characterized by higher CD80 and CD14 expression; IL-10, 

CCL1 and proinflammatory cytokine production, and lower HLA-DR expression 

and IL-12 secretion. Meanwhile, M2c have decreased CD86 and HLA-DR 

expression, high CD163, and are involved in preventing tissue inflammation 

(Pannellini et al., 2004; Duluc et al., 2007; Iqbal and Kumar, 2015). Within the 

proliferative phase, M2 macrophages possess different phenotypic profiles than 

those in the inflammatory phase (Daley et al., 2010). IL-10 is abundant during the 

proliferative stage of repair that facilitates tissue remodelling and is a potent 

inhibitor of pro-inflammatory cytokines, chemokines and inflammasome 

components (Novak and Koh, 2013; Thompson et al., 2013; Zigmond et al., 

2014), with the secretion of IL-10 a hallmark of M2b macrophages rendering them 

essential in the central and latter proliferative phase centred around tissue 

remodelling (Edwards et al., 2006; Mosser and Edwards, 2008; Lech and Anders, 

2013; Gensel and Zhang, 2015).  

1.3.4.3. M1/M2-associated pathologies 
This macrophage adaptability between acquisition of M1 and M2 phenotypes 

underpins their role in a plethora of diseases such as cancer, aging, obesity, and 

obesity-associated diabetes mellitus, arthritis, and neurodegenerative 

pathologies.  
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- IBD 
In the context of IBD, an increased M1/M2 ratio has been reported, alongside a 

reduction in IL‐23, TNF-α and IL‐10 secretion. Correspondingly, transference of 

M2 macrophages has been shown to reduce colitis and increase IL‐10 production 

in the gut, given their potential to influence other cell responses, such as increase 

invariant regulatory T cell and Th17 generation (Zhu et al., 2014; Haribhai et al., 

2016). Reports have also correlated IL-10R-deficiency in IBD patients with 

defective macrophage function and patients possessing polymorphisms in the IL-

10 promoter show a reduction in IL-10 serum levels – a trait associated with IBD 

(Mantovani and Marchesi, 2014; Ip et al., 2017). Similarly, in vivo models using 

IL-10 or IL-10R deficient mice report spontaneous development of colitis (Kühn 

et al., 1993; Zigmond et al., 2014; Keubler et al., 2015). M2 macrophages have 

thus been shown to contribute to the resolution of colitis via angiogenesis 

promotion, debris scavenging, and tissue repair (Hunter et al., 2010; Weisser et 

al., 2011; Leung et al., 2013), and have therefore been frequently suggested as 

a possible collaborator in IBD immunotherapy for the re‐establishment of mucosal 

tolerance and repair of injured mucosa (Haribhai et al., 2016). 

Moreover, isolated macrophages from the lamina propria of IBD patients are 

reported to have a more M1-like phenotype and produce large amounts of pro-

inflammatory cytokines such as IL-12, IL-23, TNF and iNOS, and possess a 

strong response to bacterial stimuli (Reinecker et al., 1993). During colitis, Ly6Chi 

monocytes invade the colon and differentiate into pro-inflammatory M1 

macrophages. These findings testify to the capacity of Ly6Chi monocytes to 

differentiate into inflammatory cells within the gut (Rivollier et al., 2012; Moreira 

Lopes, Mosser and Gonçalves, 2020). M1 macrophages have thus been directly 

implicated in IBD with an in vitro study by Lissner et al (2015) showing how M1 

macrophages may contribute to the disruption of the intestinal epithelial barrier 

via enhanced production of TNF, which impairs the structure and function of tight 

junctions (Lissner et al., 2015). Furthermore, in cases of 

IBD, CD68+ macrophages are also reported to infiltrate the mucosa and 

submucosa, in addition to the muscular layer and submuscular adipose tissue in 

Crohn’s disease (Kredel et al., 2013; Kühl et al., 2015). These tissue-infiltrating 

macrophages show expression of TLRs, notably TLR2, TLR4 and TLR5. The 

existence of research correlating aberrant M1 macrophage presence within a 



48 
 

variety of pathologies including IBD renders them a continued therapeutically 

viable target. 

In IBD there are also marked changes to the macrophage compartment resulting 

from increased immigration of classical CD14hi monocytes, leading to the 

accumulation of proinflammatory CD11chi monocytes/macrophages in the 

inflamed colon (Kamada et al., 2008; Bain et al., 2013; Ogino et al., 2013; 

Bernardo et al., 2018). Targeting monocyte recruitment has been widely 

considered in IBD, with research reporting that CCR2 is the essential chemokine 

receptor that mediates the entry of monocytes into the circulation and subsequent 

recruitment into the site of the inflamed gut, and consequently genetic ablation 

and antibody-mediated blockade of CCR2 is protective against mouse 

experimental colitis (Serbina and Pamer, 2006; Platt et al., 2010; Waddell et al., 

2011; Neurath, 2019).  

- Cancer 
Macrophages have been noted as a major component of the leukocyte infiltrate 

present in varying amounts within all tumours (Noy and Pollard, 2014). As 

introduced previously, TAMs play a dominant role as orchestrators of cancer-

related inflammation, with the narrative now correlating TAMs to malignant 

metastatic tumours and the promotion of tumour growth and metastasis (Evans 

and Alexander, 1970; Mantovani and Allavena, 2015; Mantovani et al., 2017). For 

instance, high TAM content (characterized by increased CD64 expression) has 

been associated with unfavourable outcomes in patients with follicular lymphoma 

despite treatment with multiagent chemotherapy (Farinha et al., 2005; Alvaro et 

al., 2006). 

Given that macrophages are an essential component of remodelling of the 

extracellular matrix, reports have linked the accumulation of M2 cells in early 

pancreatic adenocarcinoma in situ (PanIN) to the promotion and progression of 

fibrosis  (Liou et al., 2017). Further evidence also implicates these cells in a 

spectrum of tumour evolution, from initiation to metastasis. In liver inflammation 

and carcinogenesis, single tumour-initiating cells were found to recruit polarized 

M2 macrophages which aided evasion from immune clearance (Guo et al., 2017). 

Furthermore, genetic instability is an understood hallmark of cancer, and recent 

evidence refers to myeloid cells as contributors to genetic instability via the 

production of ROS which subsequently interact with cancer stem cells (Canli et 
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al., 2017; Locati, Curtale and Mantovani, 2020). This data suggests that 

macrophages are involved in the early stages of carcinogenesis. Thus, the 

literature depicts a role by which macrophages promote invasion and metastasis 

and contribute to the various stages of progression, from initiation to formation of 

distant metastases (Doak, Schwertfeger and Wood, 2018).  

More recent evidence has further surmised the role of macrophage polarization 

in cancer progression and metastasis. A report by Lu et al published in 2020 in 

the context of lung cancer indicates a role for Oct4 expressed by lung cancer 

cells in the promotion of M2 macrophage polarization via upregulation of M-CSF 

secretion, which resulted in growth and metastasis (Lu et al., 2020). M2 

polarization was also implicated in gastric cancer whereby Zhang and Li (2020) 

noted lactic acid was able to skew macrophages toward an M2 phenotype using 

THP-1 and human monocytes treated with gastric cancer cell-derived 

conditioned media or lactic acid (Zhang and Li, 2020). Furthermore, aberrant 

overexpression of tumour-derived exosomal miR-934 in colorectal cancer has 

been shown to promote colorectal cancer liver metastasis via regulating the 

crosstalk between cancer cells and TAMs, promoting M2-like TAM 

immunosuppressant behaviour (Zhao et al., 2020). 

- Aging 
Aging has been shown by some studies to compromise macrophage recruitment, 

antigen presentation, phagocytosis, ROS production and cytokine production 

with a consensus that macrophage recruitment upon challenge is impaired in old 

human and murine subjects (Lloberas and Celada, 2002; Aprahamian et al., 

2008; Gomez et al., 2008). Immune complexes, elevated cytokines, 

hormones, free fatty acids, oxidized low-density lipoproteins and 

immunoglobulins are all reported to accumulate with aging and can subsequently 

activate macrophages (Sambrano and Steinberg, 1995; Franceschi et al., 2017). 

This may then promote the onset of tissue-specific low grade inflammation 

diminishing their ability to mount and promote an effective response during aging 

(Jackaman et al., 2017). In vitro studies suggest a reduced response by 

macrophages to pro-inflammatory stimuli, with peritoneal and splenic 

macrophages from elderly mice proving to be less responsive to pro-inflammatory 

stimuli using administration of LPS and IFN-γ compared to those from young mice 

controls (Yoon et al., 2004; Mahbub, Deburghgraeve and Kovacs, 2012). 
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Furthermore, in vitro production of NO, ROS, IL-6 and TNF-α by macrophages 

following their exposure to LPS and/or IFN-γ was shown to decrease with aging 

(Renshaw et al., 2002; Boehmer et al., 2004; Mahbub, Deburghgraeve and 

Kovacs, 2012). A report in 2006 by Chelvarajan et al, also showed genes 

encoding pro-inflammatory mediators such as IL-1β, IL-6, IL-12, CCL24, CCR3 

and CCR5 were downregulated in splenic macrophages from healthy elderly 

mice compared to their younger counterparts (Chelvarajan et al., 2006). On the 

other hand, pro-inflammatory M1-like macrophages have also been linked to 

aging through their high expression of the NAD-consuming enzyme CD38 and 

enhanced CD38-dependent NADase activity, which thereby reduces tissue NAD 

levels and in fact provides protection against cellular senescence (Covarrubias 

et al., 2020). More work is therefore required in this setting to delineate 

macrophage contribution. 

- Arthritis 
Synovial macrophages have similar phenotype to other tissue resident 

macrophages, including expression of CD11b, CD14, CD16, and CD68 

(Manferdini et al., 2016). In RA the synovial membrane becomes hypertrophic 

and exhibits hallmarks of a chronic inflammatory disease, including infiltration of 

macrophages, neutrophils, T cells, mast cells and B cells (Alivernini et al., 2016; 

Siouti and Andreakos, 2019). This inflammation results in pannus formation and 

the destruction of cartilage and bone (Firestein and McInnes, 2017). M1 

macrophages have been implicated in the inflammatory chronicity of RA due to 

their production of potent pro-inflammatory cytokines TNF, IL-1, IL-6, IL-10, IL-

12, IL-18 and TGF-β, and their stimulation of T cell response via antigen 

presentation (Cope et al., 1992; Szekanecz et al., 1995; Feldmann, Brennan and 

Maini, 1996; Gracie et al., 1999). 

Macrophage production of TNF specifically drives RA pathogenesis, with early 

findings using novel transgenic mouse models which contained a modified 

human TNF gene showing these mice developed chronic 

inflammatory polyarthritis, while in vivo administration of antibodies against 

human TNF effectively reversed the disease progression (Keffer et al., 1991). 

Furthermore, using a collagen-induced model of arthritis, neutralization of TNF 

using antibodies significantly decreased joint swelling, histological severity and 

clinical disease outcome when administered both before and after establishment 
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of RA (Williams, Feldmann and Maini, 1992). In 1999 using a model of 

human/murine SCID arthritis, blocking of TNF also reduced RA related signs of 

inflammation (Schädlich et al., 1999). 

M1 macrophages also affect osteoarthritis (OA) cartilage by inhibiting genes 

associated with matrix production and upregulation of matrix degenerating genes, 

with M1-associated cytokines IL-6, IL-1β, TNF-α and oncostatin M (OSM) 

inducing destructive processes in chondrocytes including down regulation of 

collagen type II and aggrecan synthesis (Fahy et al., 2014; Fernandes et al., 

2020). In 2017, O'Brien et al found that there were more macrophages in the early 

stages of synovial OA than when compared to late stages, and also demonstrated 

how synovial macrophages were decreased in pre-OA joints in comparison to 

normal (O’Brien et al., 2017). Synovial M1 macrophages have also been reported 

to upregulate MMP1, MMP3, MMP13, MMP9, aggrecanases (ADAMTS), and 

COX-2, all of which contribute to articular degeneration (Fahy et al., 2014; 

Manferdini et al., 2016; Haltmayer et al., 2019). 

In recent years the use of low-intensity pulsed ultrasound (LIPUS) has been 

widely used as a diagnostic and therapeutic tool for arthritis (Maylia and Nokes, 

1999), and in a 2019 report using a mouse model of destabilization of medial 

meniscus (DMM) arthritis, Zhang et al found that LIPUS significantly alleviated 

the OA symptoms via decreasing the proportion of M1 macrophages and 

simultaneously increasing M2 presence in the joint synovium (Zhang et al., 2019). 

In a 2020 study, bone marrow mesenchymal stem cell-derived exosomes were 

shown to delay the progression of osteoarthritis via alleviating cartilage damage, 

reducing osteophyte formation and synovial macrophage infiltration, inhibiting M1 

macrophage production and promoting M2 macrophage generation (Zhang et al., 

2020). 

- Neuropathology 
Inflammatory responses in the brain, demonstrated by changes in the functional 

properties of microglia - the brain-resident macrophages, are a common feature 

of human neurodegenerative diseases, and different macrophage/microglia 

phenotypes have been defined via changes in expression of cytokines, receptors 

and other markers as a response to different classes of stimuli (Walker and Lue, 

2015). Widespread expression of CD40 - a marker for M1 macrophage/microglia 

activation, has been reported within the brains of patients with AD (Togo et al., 



52 
 

2000). Microglia from white matter illustrated positive reactivity to the markers 

HLA-DR, CD16, CD32 and CD64 ex vivo, but not to CD14, CD80, CD163, CD200 

receptor (CD200R) or CD206 (Melief et al., 2012), while  microglia derived from 

the white matter of MS patients showed a similar profile, but with significantly 

increased expression of CD14, suggesting a higher proportion of M1-like cells 

(Melief et al., 2013). 

In regards to gliomas, previous studies have shown as many as 30-50% of cells 

are non-neoplastic macrophages/microglia, with many glioblastomas containing 

a considerably greater proportion at around 70% (Morantz et al., 1979; Rossi et 

al., 1987; Roggendorf, Strupp and Paulus, 1996). Furthermore, CD163+ and 

CD204+ TAMs have been linked to poor disease prognosis versus CD68+ TAMs, 

with other studies suggesting a correlation between M1-specific markers or 

associated pathways and glioma growth (Komohara et al., 2008, 2012; 

Hambardzumyan, Gutmann and Kettenmann, 2016). Specifically, IL-1β was 

shown to promote glioma growth, and was mainly localized within the 

macrophage populations (Sasaki et al., 1998). In 2020 Guo et al evaluated the 

polarization status of circulation-derived macrophages in patients with glioma, 

reporting fewer M1, and more M2 macrophages in the peripheral blood of glioma 

patients when compared with the healthy controls, with the number of M2a and 

M2b macrophages increased specifically (Guo et al., 2020). This may suggest 

that in the context of macrophages in gliomas, the M1/M2 classification system 

is potentially oversimplified with the existence of numerous activation states and 

overlapping function forming a continuum rather than two distinct states (Sasaki, 

2017). Despite these reports, the phenotype of TAMs in vivo has proven more 

complex, with the TAM gene expression profile partially overlapping with the M1 

and M2 phenotypes (Szulzewsky et al., 2015).  

- Obesity-associated pathology 
Obesity and hypertension, characterized by chronic, low-grade inflammation and 

adverse cardiac remodelling, often coexist and are major risk factors for heart 

failure. Given that macrophages play a key role in cardiac remodelling, a 

dysregulation of macrophage phenotype polarization can result in excessive 

inflammation and cardiac injury (Mouton et al., 2020). Clinical studies and 

experimental models of hypertension have shown abnormalities in NO synthesis 

and bioavailability of macrophages (Svendsen, 1977; Llorens, Jordán and Nava, 
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2002; Herrera and Garvin, 2005; Schiffrin, 2014). The mechanism underpinning 

this development of hypertension revolves around the decreased bioavailability 

of NO or interference in its regulation of natriuresis. M1 macrophage production 

of ROS acts to scavenge NO, thereby implicating it in reduced NO bioavailability 

and development of hypertension. More interesting still is the role of ROS in 

skewing the balance of polarization towards an M1 phenotype whilst also 

recruiting M2 macrophages (Hermann, Flammer and Lüscher, 2006; Zhang et 

al., 2013; Ramseyer et al., 2016; Harwani, 2018b). 

Metabolic shifting between glycolysis and mitochondrial oxidative 

phosphorylation (OXPHOS) has also been implicated in macrophage 

polarization, as M1 polarized macrophages primarily rely on glycolysis, while M2 

macrophages rely on the tricarboxylic acid (TCA) cycle and OXPHOS. This 

implies factors that affect macrophage metabolism may disrupt M1/M2 

homeostasis and exacerbate inflammation (Mouton et al., 2020). Obesity-

induced hypertension is associated with systemic and cardiac inflammation 

mediated in part by macrophages, which assume a pro-inflammatory M1 

phenotype, especially during heart failure (Berthiaume et al., 2012; Chen and 

Frangogiannis, 2018; Harwani, 2018b). Furthermore, clinical reports have 

correlated a greater number of circulating pro-inflammatory macrophages and 

macrophage-derived cytokines with worse clinical outcome in heart failure 

patients (Dick and Epelman, 2016; Andreadou et al., 2019).This interaction 

supports the premise that curbing inflammation via controlling macrophage 

polarization may be a promising therapeutic option for obesity-related heart 

failure. 

M1 macrophages are also found to be activated by lipids, lipoproteins, and 

cytokines within the microenvironment of white adipose tissue of obese 

individuals, and are shown to exacerbate inflammation in adipose tissue, trigger 

insulin resistance, and promote the development of obesity-associated metabolic 

syndromes (Osborn and Olefsky, 2012; Boutens and Stienstra, 2016). This again 

renders the regulation of macrophage polarization a potential therapeutic target 

for the prevention of obesity- or diabetes-associated pathology (Ren et al., 

2019). Here, exaggerated or prolonged M1 responses are involved with reports 

noting <10% of resident macrophages resemble M1 macrophages in white 

adipose tissue from lean mice, but 50% of all cells in the white adipose tissue of 
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obese mice possess an M1 phenotype (Weisberg et al., 2003; Olefsky and Glass, 

2010). The M1 macrophages subsequently produce inflammatory cytokines such 

as TNF-α, IL-1β, and IL-6 which counteract the insulin-sensitizing action of 

adiponectin and leptin, resulting in insulin resistance and development of 

metabolic syndrome (Kraakman et al., 2014; Castoldi et al., 2016). Thus, mice 

deficient in TNF-α, CCL2, or CCR2 are shown to have fewer M1 macrophages 

and higher insulin sensitivity when fed a high-fat diet compared with wild-type 

control mice (Hotamisligil, 2006; Bolus et al., 2015). 

At the molecular level, insulin resistance is promoted by a transition in 

macrophage polarization from an alternative M2 activation state, maintained by 

signal transducer and activator of transcription (STAT) 6 and peroxisome 

proliferator‐activated receptors (PPARs), to an M1 activation state driven by NF-

κB and AP-1 (Olefsky and Glass, 2010). Adipose tissue macrophages (ATMs) 

show highly heterogeneous characteristics, and mimic the classically activated 

M1, and alternatively activated M2 (Mantovani et al., 2004). In lean animals, more 

than 90% of ATMs are M2 in phenotype, however in obese individuals both the 

numbers of M1 and M2 ATMs are markedly increased, although recruitment of 

M1 ATMs appears greater, resulting in an increase in the M1/M2 ratio and an 

M1/M2 phenotypic switch to M1. Treatment with pioglitazone - an insulin-

sensitizing PPARγ agonist, or telmisartan - a PPARγ partial agonist, is shown to 

decrease number of both types of ATMs, but also the M1/M2 ratio, suggesting 

both the absolute numbers of M1 and M2 ATMs and the M1/M2 ratio are 

associated with the insulin sensitivity (Fujisaka et al., 2009, 2011, 2013). 

Resistin - an adipokine initially discovered to be secreted by mouse adipose 

tissue, is mainly elaborated by macrophages in humans (Savage et al., 2001; 

Patel et al., 2003). Resistin expression is induced by LPS in human 

macrophages, with experimental endotoxemia causing a dramatic rise in 

circulating resistin levels. Furthermore, patients with type 2 diabetes had 

increased serum resistin levels which were positively correlated with levels of 

soluble TNF-α receptor (Lehrke et al., 2004). These reports suggest an 

alternative mode of operation by macrophages in their contribution to insulin 

resistance, obesity, and other inflammatory states via induction of resistin 

(Olefsky and Glass, 2010). 
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1.3.4.4. Transcriptional regulation of polarization 
A network of signalling molecules, transcription factors, epigenetic mechanisms, 

and post-transcriptional regulators underlies the different forms of macrophage 

activation and polarization (Figure 1.6) (Sica and Mantovani, 2012). Key 

transcription factors directly associated with macrophage polarization include the 

Janus Kinase (JAK)/STAT family, PPARs, CREB-CCAAT/enhancer binding 

protein (C/EBP), NF‐κB and IFN regulatory factors (IRFs) (Lawrence and Natoli, 

2011; Xue et al., 2014; Funes et al., 2018). Canonical IRF/STAT signalling 

pathways are activated by IFNs and TLR ligation and skew macrophage 

polarization toward the M1 phenotype via STAT1 and STAT2, or can be activated 

by IL-4 and IL-13, skewing polarization toward the M2 phenotype via STAT6 (Sica 

and Bronte, 2007; Sica and Mantovani, 2012). 

The JAK/-STAT pathway is a key promoter of M1 macrophage polarization. 

Stimulation of the IFN-γ receptor triggers JAK-mediated tyrosine phosphorylation 

and subsequent dimerization of STAT1, which subsequently binds to the 

promoters of genes encoding NOS2, MHC class  II transactivator (CIITA) and IL-

12, among others which subsequently induces the transcription of M1-associated 

genes (Darnell, Kerr and Stark, 1994; Martinez, Helming and Gordon, 2009). 

Thus, it has been reported that STAT1 deficiency in mice abolishes macrophage 

responsiveness to IFN-γ and IFN-α stimulation (Meraz et al., 1996), with STAT1-

deficient mice also possessing severe defects in immunity to intracellular 

bacterial and viral pathogens, which is dependent on this IFN response 

(Lawrence and Natoli, 2011). More recently in 2017, Liang et al reported that 

downregulation of suppressor of cytokine signalling 1 (SOCS1) could promote 

M1 macrophage polarization via the JAK1/STAT1 pathway, while 2 years later in 

2019, Oh et al also found that asaronic acid could attenuate macrophage 

activation toward an M1 phenotype through inhibition of JAK/STAT1 signalling 

(Liang et al., 2017; Oh et al., 2019).  

LPS is another well-known inducer of M1 polarization and functions through 

induction of IFNβ, promoting the formation of STAT1-STAT2 heterodimers that 

mediate the induction of M1-associated genes by forming the IFN-stimulated 

gene factor 3 (ISGF3) complex (Wienerroither et al., 2015; C. Li et al., 2018). The 

activity of NF‐κB is also required for LPS‐mediated M1 polarization, with the NF‐

κB and AP-1 pathways overlapping in M1 macrophages, suggesting cooperative 
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transcription factor activity (Tugal Derin, Liao Xudong, and Jain Mukesh K., 

2013). However, in the LPS response specifically, induction of M1-associated 

genes depends on the autocrine production of IFNβ, which requires TRIF-

dependent signalling from TLR4 to IRF3, and cooperation of the  IFNα/β receptor 

(Toshchakov et al., 2002). IFNβ induces the STAT1–STAT2 heterodimer, which 

recruits IRF9 to form the ISGF3 complex. This complex binds to distinct cis 

elements found in M1 signature genes, such as nos2, ciita and il12β, highlighting 

a crucial role of STAT1 activity in M1 macrophage polarization (Lawrence and 

Natoli, 2011). However, NF-κB activation may also activate genetic programmes 

essential for inflammation resolution and M2 polarization of TAMs, with both in 

vitro and in vivo studies highlighting induction of p50 NF-κB homodimers as an 

essential step for M2 polarization (Lawrence and Gilroy, 2007; Hagemann et al., 

2008; Porta et al., 2009).  

There are nine IRFs that have been identified in mammals that bind to ISRF 

sequences overlapping that of ISGF3, but have specificity in the regulation of 

gene expression, as substantiated via research using specific phenotypes of 

mice with different IRF gene knockouts (Savitsky et al., 2009). IRF3, 4 and 5 are 

involved in macrophage polarization, with IRF5 recruited to promote the 

expression of M1‐related genes while simultaneously inhibiting M2 gene‐related 

expression. This upregulation of IRF5 is essential for the induction of typical pro-

inflammatory cytokines such as IL-12, IL-23 and TNF (Krausgruber et al., 2011; 

Tugal Derin, Liao Xudong, and Jain Mukesh K., 2013). IRF4 was also shown to 

specifically regulate M2 macrophage polarization in response to parasites or 

chitin - a fungal cell wall component, via the histone demethylase JMJD3 (De 

Santa et al., 2007; Satoh et al., 2010). JMJD3 is strongly induced by pro-

inflammatory stimuli, however the absence of JMJD3 has been noted to 

completely block the induction of M2 macrophages in mice challenged with 

helminths or chitin, indicating a greater role of JMJD3 in M2 than in M1 

macrophages. Moreover, murine macrophage knockout models of additional 

IRFs - IRF1 and IRF2, were shown to abolish pro-inflammatory responses in 

response to LPS or IFN-γ stimulation, while both have  been suggested to 

promote M1 polarization and inhibit M2-associated markers in human peripheral 

blood macrophages (Salkowski et al., 1999; Krausgruber et al., 2011). IRF6 has 

also been recently implicated in the negative regulation of M2 polarization of 
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murine bone-marrow-derived macrophages (BMDM) through inhibition of PPARγ 

(Li et al., 2017).  

The JNK signalling pathway -  belonging to the superfamily of MAPKs, has three 

distinct isoforms; JNK1, JNK2, and JNK3, and is also reported to be required for 

M1 polarization, M1-related inflammation, fibrosis, insulin resistance, 

macrophage infiltration and expression of M1-associated genes (M. S. Han et al., 

2013; Zhou et al., 2014; Mao et al., 2015; Yang et al., 2018). As such, previous 

studies have linked downregulation of phosphorylated JNK to polarization 

towards the M2 subset both in rat white adipose tissue macrophages and in the 

murine macrophage cell line RAW264.7 (Oliveira et al., 2013; Wan and Sun, 

2019).  

In conjunction with the IRF/STAT/SOCS pathways, a further panel of transcription 

factors is involved in macrophage polarization orchestration encompassing the 

nuclear receptors PPARγ and PPARδ, which control distinct subsets of genes 

associated with M2 macrophage activation and oxidative metabolism (Odegaard 

et al., 2007; Kang et al., 2008; Sica and Mantovani, 2012). Genes associated with 

M2 polarization such as arg1, cd206 and ym1 are regulated by STAT6 activation 

following stimulation with IL‐4/IL‐13 (Martinez, Helming and Gordon, 2009). 

STAT6 regulates and synergizes with both PPARγ and Krüppel-like factor 4 

(KLF4) to induce M2 genes whilst inhibiting M1 genes encoding for 

tnfa, cox2, ccl5, inos via sequestration of coactivators required for upstream NF-

κB activation (Szanto et al., 2010; Liao et al., 2011; C. Li et al., 2018).  

In the IL-4 and IL-13 pathway, receptor binding of IL-4 I and II receptors activates 

JAK1 and JAK3, leading to STAT6 activation and translocation, which in turn 

initiates transcription of genes typical of M2 polarization such as mannose 

receptor (mrc1), resistin-like α (retnla or fizz1) and chitinase 3–like 3 (chi3l3 

or ym1) (Pauleau et al., 2004; Junttila et al., 2008; Gordon and Martinez, 2010; 

Wan and Sun, 2019). On the other hand, IL-10 is responsible for the activation of 

STAT3-mediated expression of genes encoding il-10, tgfb1 and mrc1, which are 

also closely associated with an M2 phenotype (Lang et al., 2002; Gordon, 2003). 

Studies using mice with a myeloid cell-specific knockout of IL-4 receptor-α (IL4ra) 

have been found to lack M2 macrophage development in models of helminth 

infection during Th2 cell-mediated inflammation (Herbert et al., 2004).  
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This M2 phenotype is promoted in part by PPARγ and KLF4 (Bouhlel et al., 

2007a; Chawla, 2010; Liao et al., 2011), whereby myeloid-specific deficiency of 

either factor has been shown to result in suppressed M2 macrophage polarization 

(Babaev et al., 2005; Sharma et al., 2012). Murine myeloid cells deficient of 

PPARγ have been shown to reduce M2-like activation and subsequently induce 

susceptibility to obesity, insulin resistance, and glucose intolerance (Odegaard et 

al., 2007). Furthermore, interactions between PPARγ and STAT6, in which 

STAT6 acts as a cofactor, facilitating the induction of PPARγ-regulated genes, 

have been shown in cultured mouse primary macrophages (Szanto et al., 2010). 

In addition, studies using KLF4 knockout mice demonstrated the role of KLF4 in 

the regulation of M2 macrophage polarization, providing protection to mice from 

obesity-induced insulin resistance (Liao et al., 2011). Collectively, these findings 

suggest that STAT6, PPARγ and KLF-4 coordinate the M2 polarization of 

macrophages (Wang, Liang and Zen, 2014b). 

Several members of the C/EBP family also play important roles in macrophage 

activation with C/EBPβ reported to regulate many M2‐related genes and 

understood to be required for wound healing (Gordon and Martinez, 2010). 

C/EBPβ mediates TLR-induced expression of the M2-associated genes arg1 and 

mrc1 via the transcription factor CREB (C. Li et al., 2018). In this regard, deletion 

of CREB binding sites has been shown to impair muscle tissue repair and inhibit 

expression of M2 related genes macrophage scavenger receptor 1 (mrs1), il10, 

IL-13 receptor subunit receptor α1 (il13ra1), and arg1 within macrophages, whilst 

having no effect on the transcription of inflammatory, M1-associated genes 

(Ruffell et al., 2009).  

In summary, it is well established from the literature that polarization to an M1 or 

M2 phenotype is highly influenced by their respective transcriptional 

programming, and defects in these signalling cascades is directly correlated to 

the development of malignancies and pathogenesis.  
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Figure 1.6: Signal transduction pathways directing M1 and M2 macrophage polarization. 
An initial stimulus results in the activation of sequence-specific transcription factors that mediate 

downstream changes. For M1 polarization 3 main stimuli have been identified: IFNγ, GM-CSF 

and LPS and when encountered, each bind to their respective receptors and signal via STATs, 

IRFs, NF-κB and AP1 resulting in M1 gene transcription.  M2 polarization is dominated by IL-4/IL-

13 signalling via the IL-4Rα and PPARγ/STAT6 to induce M2 associated genes. Abbreviations: 

Arginase 1 (Arg1); CCAAT/enhancer-binding protein-β (C/EBPβ); chitinase 3-like 3 (Chi3l3); 

MHC class II transactivator (Ciita); cAMP-responsive element-binding protein (CREB); colony-

stimulating factor (CSF); interferon-γ (IFNγ); interleukin (IL); interferon-regulatory factor (IRF); 

Janus kinase (JAK); lipopolysaccharide (LPS); macrophage mannose receptor 1 (Mrc1); mitogen- 

and stress-activated kinase (MSK); nuclear factor-κB (NF-κB); nitric oxide synthase 2 (Nos2); 

phosphoinositide 3-kinase (PI3K); peroxisome proliferator-activated receptor-γ (PPARγ); resistin-

like-α (Retnla); signal transducer and activator of transcription (STAT); Toll-like receptor 4 (TLR4) 

(Lawrence and Natoli, 2011). 

1.3.5. Resolution of inflammation 
Resolution and repair following an acute inflammatory response is a process 

mediated by tissue-resident and recruited macrophages (Watanabe et al., 2019). 

There are three well defined mechanisms of resolution depicted in the literature 

which are common across different tissues and diseases and include; the 

cessation of neutrophil influx, neutrophil apoptosis and removal, and macrophage 

phenotype switch from M1 to M2 (Fullerton and Gilroy, 2016; Schett and Neurath, 

2018). Remodelling and repair occur dynamically during ontogenesis and 

inflammation, and these processes are orchestrated by macrophages (Caprara, 
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Allavena and Erreni, 2020). Macrophages undergo dynamic changes during 

different phases of wound healing. M1-polarized macrophages mediate tissue 

damage and initiate inflammatory responses, while during the early stages of the 

repair infiltrating macrophages have an M2 phenotype. Their depletion thus 

inhibits the formation of a highly vascularized tissue and cellular granulation, and 

the development of scar tissues (van Furth and Cohn, 1968; Calum C Bain and 

Mowat, 2014).  

Expression of Tim-4 – a phosphatidylserine  (PtdSer) recognition receptor, can 

be used to distinguish between tissue-resident and inflammatory macrophages, 

with macrophages lacking Tim-4 reported to have reduced apoptotic cell 

engulfment properties (Albacker et al., 2010). In a model of peritonitis, Schif-Zuck 

and colleagues show how monocyte-derived M1 macrophages undergo 

reprogramming, leading first to the acquisition of an M2-like phenotype 

characterized by high efferocytosis, and then to the concomitant expression of 

pro-inflammatory cytokines and IL-10 (Schif-Zuck et al., 2011). They report that 

when the engulfing activity is at maximum, the exhausted phagocytes are further 

reprogrammed, leading to the generation of deactivated pro-resolving 

macrophages which express TGF-β and IL-10, downregulate MHC class II, and 

exert immunosuppressive functions.  

A key event driving the resolution of inflammation is represented by the non-

phlogistic monocyte–macrophage recruitment at the site of inflammation (Figure 

1.7). Following the initial inflammatory influx of immune cells, macrophages 

scavenge apoptotic neutrophils and tissue debris via efferocytosis, thus 

progressively reducing pro-inflammatory stimuli  – a process which is also 

mediated by a switch in arachidonic acid metabolism (Onali, Favale and Fantini, 

2019). This macrophage clearance of neutrophils is induced by the expression of 

termed “find me” and “eat me” signals, such as CXCL1, sphingosine 1-phosphate, 

and lysophosphatidylcoline on the neutrophils themselves (Lauber et al., 2003; 

Gude et al., 2008; Truman et al., 2008). Clearance of apoptotic neutrophils is 

essential to prevent secondary necrosis and exacerbated inflammation, whereby 

necrosis typically involves the loss of cell membrane integrity, in addition to 

uncontrolled release of intracellular organelles and enzymes into the extracellular 

space (Fox et al., 2010). Mechanistically, neutrophil death is important to the 

resolution process (Wang, 2018). Neutrophil death via apoptosis prevents the 
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release of their toxic contents and is the first step to turning off inflammation (Ho 

et al., 2020). Efferocytosis of apoptotic neutrophils initiates a feed-forward pro-

resolution program characterized by the release of anti-inflammatory cytokines 

TGF-β and IL-10 from macrophages, which counteract activated proinflammatory 

pathways (Serhan and Savill, 2005; Watanabe et al., 2019).  

During the early phases of inflammation, mediators involved in the recruitment of 

neutrophils such as cyclooxygenase-derived PGE2 and PGD2 induce the 

expression of 15-lipoxigenase (15-LOX) in macrophages, switching to lipoxin 

production which marks the passage to the resolution phase (Godson et al., 

2000). Lipoxins act to limit the further recruitment of neutrophils to the site of 

inflammation, while also stimulating macrophage efferocytosis (Levy et al., 2001). 

This process is also controlled by a variety of other agents, including, specialized 

pro-resolving lipid mediators (SPMs) or annexin A1 (ANXA1) (Fullerton and 

Gilroy, 2016; Sugimoto et al., 2016). It has been demonstrated that SPMs such 

as maresin (MaR) 1 and 2 play pivotal roles in neutrophil recruitment inhibition 

with reports linking them to a decrease in neutrophil infiltration in a model of 

mouse zymosan-induced peritonitis (Deng et al., 2014). Furthermore, ANXA1, 

another major protein component of the resolution cascade, and its role on 

neutrophil infiltration blockade has also been extensively studied in acute models 

of inflammation, such as DSS-induced colitis, which reveal a prominent role on 

neutrophil infiltration, via inhibition of neutrophil-endothelium adhesion and 

impairment of extravasation to sites of inflammation (Babbin et al., 2008; 

Pederzoli-Ribeil et al., 2010; Drechsler et al., 2015; Hughes et al., 2017). In 

addition, ANXA1 interacts with G-protein–coupled receptor formyl peptide 

receptor 2 (FPR2) to attenuate chemokine-triggered activation of integrins, 

thereby reducing further inflammatory cell recruitment, with ANXA1/FPR2 

interaction also promoting macrophage efferocytosis (Perretti and Flower, 2004; 

Scannell et al., 2007; Drechsler et al., 2015). Cytokines and growth factors also 

contribute to active resolution of inflammation. IL-10 and IL-22 are among the key 

cytokines that limit inflammation, with genetic variants in the IL-10 receptor 

reported to cause early-onset Crohn’s disease (Glocker et al., 2009). 

Mucosal healing is a widely recognized treatment goal in the management of 

complex IBD patients. However, remission is achieved in only a proportion of 

patients, many of whom lose response over time and require surgical 
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management (Hine and Loke, 2019). Neutrophils constitute 60% to 70% of 

circulating leukocytes in human blood, and in the context of IBD are recruited in 

abundance to the intestinal mucosa, releasing an arsenal of proteases and 

oxidants to execute host defence duties during the onset of inflammation 

(Bressenot et al., 2013; Park et al., 2016). Although key effectors in acute 

inflammation, neutrophils have been increasingly recognized to contribute to 

chronic inflammation via deposition of granule proteins such as α-defensins and 

CXCL12 that recruit monocytes to inflammatory sites (Soehnlein et al., 2008, 

2017). Unsurprisingly, the IBD mucosa is thus associated with prolonged 

neutrophil survival, with additional reports also highlighting defective neutrophil 

migration at the site of inflammation whereby patients affected by Crohn’s 

disease were found to have reduced accumulation of neutrophils in the colonic 

mucosa at sites where the mucosal barrier was mechanically broken (Marks et 

al., 2006). A 2011 study in which the mucosal barrier function was mechanically 

broken revealed a diminished infiltration of neutrophils in Crohn’s disease 

patients, suggesting that missing sensor signals, in combination to diminished 

migration of neutrophils, might have an impact on the recruitment of phagocytic 

cells and therefore contribute to the perpetuation of inflammation in Crohn’s 

disease (Geremia et al., 2011). Conversely, in Crohn’s disease,  a defect in acute 

inflammation has also been suggested, whereby it is proposed that neutrophils in 

this setting fail to migrate to the inflammatory site, resulting in impaired bacterial 

clearance, which subsequently sustains a chronic inflammatory response (Marks 

et al., 2006; Fournier and Parkos, 2012).  

A number of additional macrophage-derived pro-resolving mediators such as 

eicosanoids (prostaglandins and leukotrienes), small molecules, proteins, and 

peptides have also been identified in relation to IBD (Caprara, Allavena and 

Erreni, 2020). For instance, PGD2 and its receptor DP have been detected in 

long-term remission ulcerative colitis patients, with studies using DP ablation in 

myeloid cells reporting a decrease in the proportion of pro-resolving 

macrophages and worsening of the disease in both DSS-induced and 2,4,6-

trinitrobenzenesulfonic acid (TNBS)-induced colitis (Vong et al., 2010; Kong et 

al., 2016). This indicates a role of PGD2 in the resolution of mucosal inflammation. 

Furthermore, PGE2 has also been associated with intestinal resolution of 

inflammation, with a 2011 report by Chinen et al demonstrating enhancement of 

macrophage anti-inflammatory activity by the  PGE2-EP4-cAMP axis (Chinen et 
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al., 2011). Genome-wide association studies have also identified a single-

nucleotide polymorphism in the PGE2 receptor gene in patients with Crohn’s 

disease  (Libioulle et al., 2007).  

Engulfment of apoptotic cells via phagocytosis signals the end of the 

inflammatory process to phagocytosing macrophages and alters macrophage 

mediator production from a pro-inflammatory M1, to an anti-inflammatory M2 

phenotype (Barnig et al., 2019). This further enhances phagocytosis of apoptotic 

cells and promotes the return to tissue homeostasis, thus suggesting that 

macrophage phenotype switching between M1 and M2 is essential for proper 

resolution of inflammation (Wynn, Chawla and Pollard, 2013; Dalli and Serhan, 

2017; Smith et al., 2017). 

Current evidence also suggests a causal link between defects in the resolution of 

intestinal inflammation and altered monocyte–macrophage differentiation which 

results in impaired bacterial clearance and excessive IL-23 and TNF cytokine 

secretion in patients with IBD (Kamada et al., 2008; Smith et al., 2009b; Schwerd 

et al., 2017; Bernardo et al., 2018). Increased numbers of M2 macrophages, with 

tolerogenic and inflammation-resolving properties, are found in healthy mucosa, 

but by contrast, in the mucosa of IBD patients, M1 macrophages with pro-

inflammatory properties are predominant (Zhu et al., 2014; Lissner et al., 2015). 

Differentiation of infiltrating monocytes to intestinal macrophages is impaired by 

factors such as MCP-1 during acute mucosal inflammation associated with IBD, 

which might contribute to impaired resolution of inflammation (Spoettl et al., 

2006). Moreover, resolvin and other mediators can also direct macrophage 

differentiation towards an M2 phenotype, further supporting a potential 

therapeutic role of this mucosal innate immune cell population (Titos et al., 2011; 

Croasdell et al., 2015). In patients who demonstrate a clinical response to 

infliximab - a chimeric monoclonal antibody against TNF-α, a distinct subset of 

macrophages expressing CD206 is induced and expanded compared to patients 

who failed to respond (Vos et al., 2012). Furthermore, tofacitinib, a small molecule 

JAK inhibitor developed for the treatment of IBD, has been shown to affect 

macrophage polarization and function, increase transcription of M2 macrophage 

markers and increase levels of IL-10 secretion while inhibiting IFN-γ signalling 

(Zhang et al., 2017; De Vries et al., 2019).  
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Figure 1.7: Macrophages in intestinal inflammation and resolution. [A] During intestinal 

inflammation neutrophils and inflammatory monocytes are recruited to mount an appropriate 

immune response. The differentiation of Ly6Chi monocytes to mature intestinal macrophages is 

disrupted leading to an accumulation of Ly6Chi monocytes and Ly6CintMHC II+CX3C1int immature 

macrophages. When activated by PAMPs these cells produce inflammatory cytokines that 

promote Th1 and Th17 responses which potentiate epithelial damage. [B] In the resolution phase, 

efferocytosis of apoptotic neutrophils and epithelial cells induces phenotype switching of 

macrophages from M1 to M2. Several pro-resolving mediators, such as PGD2, PGE2 and lipoxin 

A4 (LXA4) and SPMs direct macrophage differentiation towards this M2 phenotype. Consequently 

the Th1 and Th17 responses are suppressed, and the epithelial barrier is re-established (Na et 

al., 2019a). 

The uptake of apoptotic cells and induction of TGF-β, IL-10, and retinoic acid also 

promote the development of Tregs (Liu and Cao, 2015). In models of acute 

inflammation such as acute peritonitis, in which decreased Tregs and defective 

efferocytosis drive disease progression, the accumulation of Tregs at the site of 

inflammation was required to enhance efferocytosis in an IL-13-dependent 

manner. This production of IL-13 subsequently induced IL-10 expression in 

macrophages, enhancing neutrophil efferocytosis and macrophage 

reprogramming (Proto et al., 2018). Tregs derived from progenitor CD4+ naive T 

cells and promote tissue repair and regeneration via suppressing the activation 

and function of inflammatory macrophages through further release of anti-

inflammatory cytokines IL-10 and TGF-β (van Herk and Te Velde, 2016; Lu, Barbi 

and Pan, 2017; J. Li et al., 2018). The mechanism by which colonic macrophages 

signal expansion of Tregs has been described by Mortha and colleagues (Mortha 

et al., 2014). Sensing of the microflora by TLRs on the surface of macrophages 

results in activation of MyD88 and secretion of IL-1β. IL-1β subsequently 

activates MyD88 on GM-CSF-producing RORγt+ type 3 innate lymphoid cells 
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(ILC3) resulting in GM-CSF signalling to macrophages and dendritic cells to 

produce IL-10 and retinoic acid. These mediators ultimately promote the 

conversion of helper T cells to Tregs and their subsequent expansion (Isidro and 

Appleyard, 2016). However under steady state conditions, intestinal 

macrophages cannot activate naïve CD4+ T cells in vitro and do not migrate to 

the mesenteric lymph nodes (mLN), with naïve CD4+ T cells appearing essentially 

absent from the normal mucosa (MacDonald and Pender, 1998; Schulz et al., 

2009). Thus, it is unlikely that macrophages can be involved in the initial priming 

of Tregs. Instead IL-10 production by gut resident macrophages may facilitate the 

secondary expansion and maintenance of FoxP3+ Treg that have migrated there 

after initial priming in the mLN (Murai et al., 2009; Hadis et al., 2011; Calum C. 

Bain and Mowat, 2014).  

Reports have linked acute Treg cell deficiency to exacerbated inflammatory 

immune response toward commensal intestinal bacteria which resulted in chronic 

inflammation as characteristic in IBD (Bollrath and Powrie, 2013; Schiering et al., 

2014). Retinoic acid produced by IL-4-activated macrophages acts synergistically 

with TGF-β to promote Treg differentiation. Hence, intestinal macrophages 

represent a key link between the combination of immune regulatory responses 

as well as type-2 responses in the process of resolving tissue inflammation and 

promoting mucosal healing (Broadhurst et al., 2012; Hine and Loke, 2019). 

Elevated levels of IL-10 and diminished IL-17A and RORγt levels can also 

influence the differentiation of pro-inflammatory Th17 into anti-inflammatory Tr1 

cells and therefore have an impact on the resolution of inflammation cascade 

(Gagliani et al., 2015; Schett and Neurath, 2018).  

1.4. Project rationale & aim 
The use of tetracyclines as immunomodulatory antibiotics has attracted particular 

interest in pathologies with both a dysregulated immune response and a 

confirmed or suspected microbial component. Their approved use for 

periodontitis and acne are clear examples of the potential of this synergistic 

combination. Furthermore, other classes of antibiotics such as macrolides have 

had their immunomodulatory properties elucidated in the recent decades and 

have been proven beneficial in non-infectious diseases particularly in the lungs 

such as asthma, chronic obstructive pulmonary disease (COPD) and cystic 

fibrosis (Labro and Abdelghaffar, 2001; Zimmermann et al., 2018; Reijnders et 
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al., 2020). Given the role of the microbiota in intestinal inflammation, tetracyclines 

have been studied extensively in experimental models of colitis. This synergy 

between antibiotic function and immunomodulation has proven effective in this 

setting, with preclinical studies reporting that minocycline treatment ameliorates 

experimental colitis by modulating both the microbiota and the intestinal immune 

response (Garrido-Mesa, Camuesco, et al., 2011; Garrido-Mesa, Utrilla, et al., 

2011).  

This anti-inflammatory effect of minocycline has been confirmed in different 

models of intestinal inflammation, as well as in comparison with other members 

of the tetracycline family, such as tetracycline, doxycycline and tigecycline, which 

highlighted the superiority of 2nd and 3rd generation tetracycline analogues 

regarding their non-antibiotic pharmacological potential (Garrido-Mesa, 

Camuesco, et al., 2011b; Garrido-Mesa, Utrilla, et al., 2011a; Garrido-Mesa, 

Algieri, Rodriguez-Nogales, Maria Pilar Utrilla, et al., 2015; Garrido-Mesa, Algieri, 

et al., 2018). Minocycline specifically has shown beneficial effects in this regard, 

initially ascribed to the reduction of iNOS and MMP expression, as well as PARP-

1 inhibition in murine models of acute and chronic colitis induced by treatment 

with DSS or TNBS (Huang et al., 2009).  

Minocycline’s beneficial effects have been further elucidated using the same 

murine models of chemically induced colitis in which minocycline treatment was 

proven to significantly reduce the disease activity index and histological damage 

to the colonic tissue when compared to the untreated colitic mice. This effect was 

accompanied by a significant reduction in expression of pro-inflammatory 

cytokines such as TNF-α and IL-1β, and a reduction in colonic MPO activity (a 

marker for neutrophil infiltration) and iNOS expression. In addition, a reversal of 

the decline in mucus thickening which occurs during colitis was observed, via 

upregulation of MUC-2 (mucin-2) and TFF-3 (trefoil factor-3) expression (Garrido-

Mesa, Camuesco, et al., 2011a). In the same year, Garrido-Mesa and colleagues 

then assessed the effect of minocycline in combination with the probiotic 

Escherichia coli Nissle 1917 again using the DSS-induced colitis model. Here 

they reported a reduction in histological score and improved colon length, in 

addition to a reduction of tnf-α, il-1β, il-2, mip-2, mcp-1, icam-1, inos and mmp9 

mRNA expression, but an increase in muc-3 and zo-1 (Garrido-Mesa, Utrilla, et 

al., 2011a). Importantly, minocycline performed on par, or better in respect to the 
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markers evaluated when administered alone or in combination with Escherichia 

coli Nissle 1917. Later in 2015, a study conducted by Garrido-Mesa et al 

corroborated this data, again showing an anti-inflammatory action of minocycline 

when compared to doxycycline (Garrido-Mesa, Rodríguez-Nogales, et al., 

2018b). These findings encourage the application of current, or novel chemically 

modified tetracyclines (CMTs) to manage the inflammatory relapses that 

characterise IBD pathology, in combination with maintenance therapies devoid of 

adverse effect, a strategy that has proven effective in chronic models of colitis 

(Garrido-Mesa, Utrilla, et al., 2011a; Garrido-Mesa, Algieri, Rodriguez-Nogales, 

Maria Pilar Utrilla, et al., 2015). 

The most recent work published in 2018 focused then on understanding how 

minocycline may specifically influence the immune cell populations both 

circulating in the blood as well as those present in the lamina propria in the colon 

during intestinal inflammation. Using the mouse model of DSS-induced colitis, the 

effects of minocycline were observed at 2- and 4-days post treatment. Here, there 

appeared to be a time-dependant influence of minocycline whereby at 2 days 

post treatment minocycline increased the colon mRNA expression of il-2, il-10, 

ccl2 and ccl11, in addition to increasing the cytokine concentration of IL-1β, IL-6, 

IL-4, IL-22 and GM-CSF in colonic explants. Conversely, at 4 days post 

treatment, contradictory data was obtained, whereby minocycline elicited a 

decrease in IL-1β and IL-6 cytokine production, while not effecting IL-4 (Garrido-

Mesa, Rodríguez-Nogales, et al., 2018b). Furthermore, this study also attributed 

minocycline’s intestinal anti-inflammatory effect to a possible potentiation of the 

innate immune response in the intestine, leading to an earlier resolution of the 

inflammatory process. This was due to them reporting a higher number of pro-

inflammatory Ly6C+MHC II+ macrophages located in the gut at initial stages of 

the inflammatory process, which then differentiated into a pro-resolving Ly6C-

MHCII+ phenotype. This was also accompanied by an earlier and enhanced 

resolution of the inflammatory process and expression of the resolving enzyme 

ALOX15 in the intestine of minocycline treated mice, which also showed 

increased IL-22 production, a cytokine that it’s key in epithelial regeneration 

(Garrido-Mesa, Rodríguez-Nogales, et al., 2018b). Of note, the latter ascribed the 

immediate effect observed with minocycline to the potentiation of innate immune 

protection driven by macrophages, rather than an immunosuppressive effect, 
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which results in the potentiation of mucosal healing (Garrido-Mesa, Rodríguez-

Nogales, et al., 2018a). 

When studied in vitro, minocycline elicited similar modification of biomarkers, with 

separate experiments conducted by Garrido Mesa et al assessing the effect of 

minocycline using RAW264.7 (murine macrophages). Using this model, the 

researchers reported a reduction in the production of pro-inflammatory cytokines 

such as IL-8 and the production of nitrite, two contributors to inflammation when 

challenged with LPS (Garrido-Mesa, Utrilla, et al., 2011b). Then, when applied to 

in vitro murine BMDMs, minocycline resulted in conflicting data, whereby an 

increase in proinflammatory cytokines IL-1β, TNF-α, and IL-6 was observed 

following LPS challenge (Garrido-Mesa, Rodríguez-Nogales, et al., 2018b). 

However, despite these reports and extensive research into minocycline within 

the perspective of colitis, there remains no definitive data on the specific 

mechanism of action minocycline has upon macrophage development, function, 

and phenotype especially in the context of IBD. The data summarized above 

indicate that minocycline causes an increased presence of pro-inflammatory 

macrophages within the gut at initial stages of the inflammatory process, which 

then change into pro-resolving M2 macrophages later. On the other hand, in vitro 

studies using BMDM and the RAW264.7 cell line indicate conflicting data 

whereby minocycline caused both a decrease and increase in pro-inflammatory 

markers in each cell model respectively following 24hr LPS stimulation. So, while 

minocycline’s actions within the immune system are generally deemed anti‐

inflammatory, as depicted throughout this chapter, there is controversy when 

assessed in vitro and at different durations post treatment regarding the effect of 

minocycline in macrophages specifically.  

Therefore, the aim of this project is to: 

‘Characterize the direct effects of minocycline on macrophage biology, with 
primary focus on macrophage differentiation, phenotype and function, and 
to subsequently investigate the mechanisms mediating these effects.’ 

To achieve this aim, the project was sub-divided into 4 key objectives represented 

by the 4 results chapters (3-6). 



69 
 

1. Study the effects of minocycline on monocyte-macrophage differentiation 

(Chapter 3) 

2. Study the effects of minocycline on macrophage activation with LPS 

(Chapter 4) 

3. Study the effects of minocycline on macrophage polarization to M1 and 

M2 subsets (Chapter 5) 

4. Study the effects of minocycline on LPS activation of M1 and M2 pre-

polarized subsets (Chapter 6) 

It is expected that the data obtained within this project will add to the collective 

knowledge regarding minocycline’s’ immunomodulatory effects and provide more 

detail as to the mechanism by which minocycline elicits its anti-inflammatory 

effects previously seen when administered in vivo and in vitro. Furthermore, data 

disseminated within this thesis is expected to highlight the direct influence of 

minocycline on macrophage biology specifically, understanding how it may alter 

macrophage phenotype acquisition and response to inflammatory stimulus.  

This novel insight will support future exploration and innovation of further modified 

minocycline derivatives through identification of biological pathways responsible 

for any changes observed in macrophage biology, consequently allowing for new 

targeting moieties. Novel derivatives such as chemically modified tetracyclines 

(CMTs) could, in future, not only be tailored to suit distinct immunomodulatory 

mechanisms, but designed to also lack antibiotic function thus removing the ever-

growing issue of antibiotic resistance. The data housed within this project could 

also support drug repurposing of minocycline, in addition to other 

immunomodulatory tetracyclines for conditions with both a microbial and 

inflammatory basis. Exploration and identification of new applications for drugs 

such as minocycline that are already certified safe and in general circulation with 

society will ultimately allow for rapid drug development and the proposition of new 

therapeutic alternatives, especially in developing countries where the cost of drug 

development is a barrier. 

Consequently, this advancement in knowledge and understanding of how 

minocycline directly influences macrophage function will ultimately aid those 

individuals that are burdened with diseases that are dominated by a dysregulated 

immune response such as IBD, RA and neuropathologies like MS, and thus 

provide relief to present and future patients.
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2. Materials & methodology 
All product and source details can be found in Appendix A1 unless otherwise 

mentioned. Drugs were obtained in powder form and prepared following 

manufacturer instructions. Minocycline and dexamethasone were prepared by 

reconstitution in dimethyl sulfoxide (DMSO) to a concentration of 50mM ready for 

subsequent serial dilution using RPMI 1640 prior to use in assays. Final DMSO 

dilutions ranged from 0.1%-0.02% when minocycline and dexamethasone were 

added at 10µM-50µM respectively. Dexamethasone was included as a positive 

control given its established use as an immunosuppressant at a final 

concentration of 50µM as to provide direct comparison to the top concentration 

of minocycline used. For THP-1 and U-937 experiments, an independent vehicle 

control of DMSO was included at a final dilution of 1:1000 (0.1%) which was equal 

to the final concentration within the top concentrations of minocycline used at 

50µM (Chapter 3 and 4), and then later at 25µM (DMSO at 0.05% final dilution) 

(Chapter 5 and 6). During all experimentation with peripheral blood mononuclear 

cells (PBMCs), DMSO was incorporated at the same final concentration of 1:1000 

in all conditions to equalise the DMSO concentration across all samples. This 

was done due to limited cellular material available and thus inability to include an 

independent DMSO vehicle control. In the PBMC experiments both minocycline 

at 50µM, and dexamethasone were not tested, again due to limited cellular 

material and prior identification of cellular toxicity of minocycline at this 

concentration.  

When selecting the drug concentrations used in this study is important to note 

that the concentration of a compound cells are exposed to in vivo depends on 

factors such as the pharmacokinetic and pharmacodynamic properties of the 

compound, whereas under in vitro conditions, drug concentration is considered 

constant (Checkley et al., 2015). Therefore, direct comparisons can be difficult to 

make meaning selection of concentrations to use for in vitro assays are often 

determined empirically. The recommended dose of minocycline in adults is 100-

200 milligrams (mg) which may be divided into multiple doses in a 24-hour period, 

with no more than 400mg per day to be prescribed. In children the dose is 

calculated based on body weight with an initial dose usually 4mg per kilogram 

(kg) of body weight followed by 2 mg/kg every 12 hours but with the maximal 

dose equating to no more than an adult (Minocycline Advanced Patient 
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Information, 2022; Minocycline Dosage (Dynacin, Minocin), 2022). In contrast 

dexamethasone is advised to be dosed between 0.5-9mg per day if being used 

as an immunosuppressant or anti-inflammatory agent (Dexamethasone Dosage 

Guide + Max Dose, Adjustments, 2021). Conversely, in experimental models of 

colitis minocycline is often reported to be administered between 20 and 50 mg/kg, 

likely due to the differences in metabolism and pharmacokinetics in small rodent 

models (Huang et al., 2009; Garrido-Mesa, Camuesco, et al., 2011; Garrido-

Mesa, Utrilla, et al., 2011; Garrido-Mesa et al., 2018). Loosely converted to 

molarity minocycline would therefore be approximately 200-400µM/mL, while 

dexamethasone is much lower around 0.1-20µM/mL. When consulted, the 

literature displayed many reports of minocycline being used at a wide range of 

concentrations between 0.2-40µM (0.1µg/mL-0.4mg/mL) in in vitro assays 

(Smith-Norowitz et al., 2002; Kalish and Koujak, 2004; Tai et al., 2013; Garrido-

Mesa et al., 2015; Sun et al., 2020), while dexamethasone is generally lower 

between 0.01-10µM when used for immortalized cell lines (Sporstøl et al., 2007; 

Kim et al., 2017), but comparatively higher when used on primary cells such as 

PBMCs between 1nM-1mM (De et al., 2002; Falchi et al., 2015; de Almeida et 

al., 2019). With all evidence considered it was decided to use minocycline at 3 

ascending concentrations, 10µM, 25µM and 50µM which both allowed for 

comparisons with previous in vitro data and remained below usual therapeutic 

dosing. For dexamethasone 50uM was selected to guarantee an effect in both 

immortalised cell lines and primary cells even though this exceeded usual dose 

recommendations. From these concentrations it would be possible to understand 

any effect of minocycline administered at a sub-optimal dose in the context of a 

well-known immunosuppressant administered to excess which may allow for 

more robust conclusions to be drawn.  

Lipopolysaccharides from Escherichia coli O55:B5 (LPS) was obtained in powder 

form and reconstituted in RPMI 1640 at 1mg/mL ready for later dilution using 

RPMI 1640 to working concentrations of 100ng/mL or 10ng/mL as indicated. LPS 

is a component of the cell wall of the gram-negative bacteria, E. coli which 

induces an immune response and promotes the secretion of pro-inflammatory 

cytokines (Maldonado, Sá-Correia and Valvano, 2016; Liu et al., 2018). LPS 

O55:B5 has been derived from a serotype of E. coli O55:B5, which is part of a 

subdivision based on its O-antigen component often regarded as the virulence 

factor (Orskov and Orskov, 1992). This serotype was selected in part due to its 



72 
 

reported absence from a healthy biome, but also given the work conducted within 

this thesis aimed to study innate immune responses in vitro and as such LPS-

serotype was not important considering serotype is defined by surface antigen 

and therefore would be more relevant for in vivo experimentation or if using co-

culture systems (Fratamico et al., 2016). Phorbol 12-myristate 13-acetate (PMA) 

was obtained in powder form and reconstituted to 1mg/mL in DMSO and 

aliquoted for later use. All reconstituted aliquots were stored at -20°c and 

protected from light. 

2.1. In vitro cell culture and macrophage differentiation 

2.1.1. THP-1 & U-937 cell lines 
THP-1 (human monocytes derived from acute monocytic leukaemia) and U-937 

(human monocytes derived from histiocytic lymphoma) cell lines were obtained 

from frozen aliquots provided by colleagues both at the University of East London 

(UK) and University of Roehampton (UK). Cells had been tested for mycoplasma 

contamination prior to acquisition and long-term storage in liquid nitrogen. Unless 

otherwise stated all cells were cultured in RPMI 1640 cell culture media 

formulated with L-glutamine and no HEPES, and externally supplemented with 

10% heat deactivated foetal bovine serum (FBS) – hereto referred to as complete 

media. Parallel cultures were also maintained in the same media externally 

supplemented with additional 1% penicillin and streptomycin in case of 

contamination to main cultures. If required to be used, these cells were removed 

from antibiotic-supplemented media and further cultured in antibiotic-free 

complete media for at least 1 passage cycle prior to use. This was employed to 

ensure minocycline was the only antibiotic agent present in the experimental 

cultures as to not interfere with any biological function of minocycline. Cell lines 

were maintained in accordance with American Type Culture Collection (ATCC) 

guidance, and stored in 5% CO2 humidity at 37°c. For experimentation, cells were 

utilised between passages 5 and 25, at which time cultures were discarded and 

a new aliquot was thawed. To validate the cultures, cells were first checked for 

homogeneity and consistency regarding forward and side scatter profiles before 

being characterized via multicolour flow cytometry by assessing the surface 

marker expression of CD14 and CD11b. This was conducted following thawing 

of new aliquots, and within every flow cytometry experiment to allow consistent 

monitoring of cultures. 
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For differentiation to macrophages, on day 1 cells were plated at a density of 

8x105cells/mL in 24 well plates in 500µL complete media (antibiotic-free) – a final 

total of 4x105 cells/well. PMA at 80nM was added to each well, and plates were 

left to incubate at 37°c and 5% CO2 humidity for 48hr. All experimental 

parameters inclusive of seeding density, well size, PMA concentration and 

incubation times were pre-optimized based on review of the literature (data 

shown in chapter 3.1.1). On day 3, supernatant containing PMA and un-

differentiated non-adherent cells were carefully aspirated and discarded, and 

wells were replenished with 500µL fresh complete media. Plates were returned 

to the incubator for a further 72hr to allow for macrophage maturation, and on day 

6 differentiated macrophages were ready for collection or further 

experimentation. Cell morphology, plate adhesion, clustering and elongation was 

first assessed via captured images using the EVOS™ XL transmitted light digital 

inverted microscope (AMG – Advanced Microscopy Group, USA). Cell purity and 

assessment of successful differentiation was then characterised via multicolour 

flow cytometry by evaluating the surface marker expression of CD14 and CD86. 

As before, this characterisation was checked within all flow cytometry analysis to 

ensure homogeneity and reproducibility. 

2.1.2. Peripheral blood mononuclear cells 
PBMCs were obtained from 4 consenting donors at Queen Mary University 

London (UK) as a kind gift from Dr Jose Garrido Mesa and colleagues. To comply 

with all Human Tissue Act (HTA) regulations and ethics, cells were not personally 

handled or used until PBMCs were terminally differentiated into macrophages 

and no longer within the confines of ethical or HTA licensing.  To summarize how 

the macrophages were generated the following protocol was used. Venous blood 

was collected with 10% v/v sodium citrate to avoid clotting and spun at 240xg for 

20min. Most of the platelet-rich plasma was then discarded and replaced with an 

equal volume of RMPI 1640 media. The blood was carefully layered into tubes 

containing Histopaque 1119 and Histopaque 1077 and spun at 400xg for 30min. 

PBMCs were collected and transferred to a separate tube and washed with sterile 

phosphate buffered saline (PBS). Red blood cells were lysed by adding ice cold 

ultrapure water and gently pipetting for 30sec, before the addition of 3.6% NaCl 

to recover the osmotic balance. Samples were spun at 350xg for 10min. Isolated 

PBMCs were finally plated at 2x105 cells per 10cm plate in 10mL RPMI 1640 
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containing 20% FBS and human M-CSF (hM-CSF) at 50ng/mL, with 20% FBS 

utilized for increased nutrient support throughout the differentiation process. Cells 

were kept in the incubator at 37°c and 5% CO2 humidity for 6 days to differentiate. 

On day 3 or 4, 5mL of media was removed and discarded from each plate with 

care taken not to disturb the cells attached at the bottom, and each plate was 

refreshed with 5mL of RPMI 1640 + 20% FBS + hM-CSF (50ng/mL). Plates were 

returned to the incubator until day 6. On day 6, all culture media was gentle 

aspirated and kept to one side while the differentiated macrophages were 

collected via the addition of Accutase® for 10min. Cells were then washed twice 

using sterile PBS, before being re-plated in the same aspirated media at 2.5x104 

cells/well in 96 well plates and returned to the incubator for 24hr ready to begin 

experimentation on day 7. On day 6, an aliquot of cells was taken for 

differentiation characterisation via multicolour flow cytometry. Here, cells were 

assessed for upregulation of surface markers CD14, CD16, CD11b and CD86, in 

addition to visual assessment of cellular morphology.  

Experiments were conducted in 96 well plates for flow cytometric analysis and 

cytokine determination to keep well volume low and subsequently maintain high 

cytokine concentration for downstream detection. To provide enough or sufficient 

cellular material for genetic analysis, cells were plated at 4.5x105 cells/well in 6 

well plates but followed the same experimental protocols in preparation for 

downstream lysis and RNA isolation.  

2.2. Experimental design 

2.2.1. Effect of minocycline on THP-1 & U-937 PMA-induced 
macrophage differentiation  

When studying the effect of minocycline on PMA-induced differentiation (Figure 

2.1), monocyte cultures were pre-treated with minocycline at 10µM, 25µM or 

50µM, dexamethasone at 50µM, or DMSO at a final concentration of 1:1000 for 

2hr prior to the addition of 80nM PMA. PMA concentration was determined by 

optimisation experiments which were conducted and outlined in chapter 3 section 

3.1.1. Cells were incubated for a further 48hr, at which time supernatant was 

removed and discarded alongside the un-differentiated non-adherent cells before 

wells were replenished with fresh complete media for the final 72hr incubation. 

An untreated PMA-only control was included, in addition to undifferentiated 

monocytes to provide intra-experimental proof of differentiation. For analysis on 
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day 6, first, images were captured from a representative well for each condition 

using the system outlined in section 2.1.1. to allow for morphological comparison. 

Next, supernatant was aspirated and stored at -70°c for future cytokine 

determination using enzyme-linked immunosorbent assays (ELISA). Next, 500µL 

of ice-cold PBS was added to each well and the adherent macrophages were 

detached via gentle scraping with a sterile 1mL syringe plunger. Cells were 

collected and stored for downstream viability and surface marker analysis using 

multicolour flow cytometry, or genetic analysis using RT-qPCR. An aliquot of cells 

from each well were also retained to calculate absolute cell counts using a light 

microscope, haemocytometer, and trypan blue.  

 

Figure 2.1: Schematic representation of the standard protocol followed to study the effect 
of minocycline on PMA-induced differentiation of THP-1 and U-937 monocytes. The 

designation of ‘treatment’ refers to minocycline (MINO) at 10µM, 25µM or 50µM, dexamethasone 

(DEX) at 50µM, or DMSO at a final concentration of 1:1000. PMA = phorbol 12-myristate 13-

acetate; SN = supernatant; NonAd cells = non-adherent cells; ELISA = enzyme-linked 

immunosorbent assay; FC = Flow cytometry; RTqPCR = reverse transcriptase quantitative 

polymerase chain reaction. 

2.2.2. Effect of minocycline on LPS-induced macrophage 
activation 

2.2.2.1. THP-1 & U-937 
To generate ‘activated’ macrophages, first, monocytes were differentiated into 

‘resting’ M0 macrophages following the protocol outlined in section 2.1.1. Once 

fully transformed at the completion of the differentiation protocol on day 6, LPS 

at 100ng/mL was added to each well and plates were returned to the incubator 
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for a further 24hr. This concentration of LPS was frequently used in the literature 

(Bode, Ehlting and Häussinger, 2012; Ti et al., 2015; Liu et al., 2020). After 24hr 

(day 7), supernatants were aspirated and stored at -70°c for future cytokine 

determination by ELISA, and cells were collected following the same procedure 

outlined in section 2.2.1. ready for flow cytometric or RT-qPCR analysis. 

To study the effect of minocycline on LPS-induced activation of M0 macrophage 

populations, mature M0 macrophages were pre-treated with minocycline at 

10µM, 25µM or 50µM, dexamethasone at 50µM, or DMSO at a final concentration 

of 1:1000 for 2hr prior to the addition of LPS at 100ng/mL. Three independent 

control wells were included; one containing LPS only to assess the effect of each 

pre-treatment, one untreated M0 macrophage to characterize activated 

populations, and an un-differentiated monocyte sample taken from culture for 

continued determination of successful monocyte-macrophage differentiation. 

Cultures were returned to the incubator for a further 24hr, whereby on day 7, 

supernatants were collected and stored at -70°c for future cytokine determination, 

and cells were processed as outlined in section 2.1.1 above. This protocol is 

depicted below in Figure 2.2. 

 

Figure 2.2: Schematic representation of the standard protocol followed to study the effect 
of minocycline on LPS-induced activation of M0 macrophages. The designation of ‘treatment’ 

refers to minocycline (MINO) at 10µM, 25µM or 50µM, dexamethasone (DEX) at 50µM, or DMSO 

at a final concentration of 1:1000. PMA = phorbol 12-myristate 13-acetate; M-CSF = macrophage 

colony stimulating factor; LPS = lipopolysaccharides from Escherichia coli O55:B5; SN = 
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supernatant; ELISA = enzyme-linked immunosorbent assay; FC = Flow cytometry; RTqPCR = 

reverse transcriptase quantitative polymerase chain reaction. 

2.2.2.2. PBMC-derived macrophages 
To assess LPS-activation of PBMC-derived macrophages, PBMC’s were first 

differentiated to mature ‘resting’ M0 macrophages following the 7-day protocol 

outlined in section 2.1.2.  M0 macrophages were pre-treated for 2h with 

minocycline at 10µM or 25µM, before the administration of LPS at 100ng/mL for 

a further 24hr. In this instance all wells contained DMSO at a final dilution of 

1:1000 to normalise the vehicle exposure across all treatments. An untreated M0, 

and LPS-only control was also included. On day 8, supernatant was removed and 

stored at -70°c for future cytokine determination, and cells were detached via 

incubation with Accutase® for 10 minutes at room temperature, before being 

washed twice with sterile PBS and collected for surface marker analysis via flow 

cytometry and gene analysis using RT-qPCR.  

2.2.3. Effect of minocycline on cytokine-induced 
macrophage polarization 

To polarize ‘resting’ M0 macrophages to distinct M1 and M2 populations, 

macrophages were first generated following protocols previously outlined in 

sections 2.1.1. and 2.1.2. for THP-1 and PBMCs respectively. Once 

differentiated, M0 macrophages were treated with IFN-γ (20ng/mL) + LPS 

(10ng/mL) for M1 macrophage polarization, or IL-4 (20ng/mL) for M2 

macrophage polarization. Agents and concentrations were determined from 

literary review (Genin et al., 2015; Bertani, Mozetic, Fioramonti, Luliani, et al., 

2017). Plates were incubated at 37°c at 5% humidity for 24hr, at which point 

supernatant was aspirated and stored for cytokine determination, and cells were 

collected following the relevant collection procedures highlighted in sections 

2.1.1. and 2.1.2. ready for flow cytometric and RT-qPCR analysis. 

Then, to study the effect of minocycline on macrophage polarization (Figure 2.3.), 

cultures were pre-treated with minocycline at 10µM or 25µM, for 2hr before the 

addition of the polarizing agents. Macrophage cultures were returned to the 

incubator for 24hr, at which time supernatant and cells were again collected and 

processed for ELISA, flow cytometry and RT-qPCR as described before. For all 

experiments an unpolarized M0 control was included, in addition to an untreated 

M1 or M2 polarized control. For the PBMC experiments DMSO was again 
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included in all conditions at a final concentration of 1:1000. For THP-1 an 

individual DMSO control was included. 

 

 
Figure 2.3: Schematic representation of the standard protocol followed to study the effect 
of minocycline on M1/M2 macrophage polarisation. The designation of ‘treatment’ refers to 

minocycline at 10µM or 25µM, or DMSO at a final concentration of 1:1000 (THP-1 only. The 

designation ‘polarising cytokines’ refers to interferon gamma (IFN-γ) (20ng/mL) + 

lipopolysaccharides from Escherichia coli O55:B5 (LPS) (10ng/mL) for M1 polarisation, or 

interleukin 4 (IL-4) (20ng/mL) for M2 polarisation. PMA = phorbol 12-myristate 13-acetate; M-CSF 

= macrophage colony stimulating factor; SN = supernatant; ELISA = enzyme-linked 

immunosorbent assay; FC = Flow cytometry; RTqPCR = reverse transcriptase quantitative 

polymerase chain reaction.SN = supernatant; ELISA = enzyme-linked immunosorbent assay; FC 

= Flow cytometry; RTqPCR = reverse transcriptase quantitative polymerase chain reaction. 

2.2.4. Effect of minocycline on LPS-induced M1/M2 
macrophage activation 

To assess the effect of LPS-activation of M1 and M2 polarized macrophages and 

the subsequent influence of minocycline upon this, THP-1 and PBMC-derived 

macrophages were first generated as described before (sections 2.1.1. and 2.1.2. 

respectively), and M0 cultures were then polarised to M1 or M2 subsets following 

a 24h incubation with IFN-γ (20ng/mL) + LPS (10ng/mL) for M1, or IL-4 (20ng/mL) 

for M2 as outlined in section 2.2.3. After 24hr, supernatant was gently removed 

and discarded, and cultures were replenished with 500µL fresh complete media. 

LPS at 100ng/mL was then added to each well, and plates were again returned 

to the incubator for a further 24hr, at which point supernatant and cells were 
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collected for ELISA, flow cytometry and RT-qPCR following the previously 

outlined procedures. 

To assess the effect of minocycline upon this process (Figure 2.4.), the polarized 

macrophages were pre-treated with minocycline at 10µM or 25µM for 2hr prior to 

the addition of LPS at 100ng/mL. Cultures were returned to the incubator for a 

further 24hr after which they were processed as previously described. Here, an 

LPS only control was included, in addition to a non-activated sample for each 

phenotype. For THP-1 a separate vehicle control was included, and for PBMC 

DMSO was administered to all conditions at a final concentration of 1:1000. 

 

Figure 2.4: Schematic representation of the standard protocol followed to study the effect 
of minocycline on LPS-induced activation of M1/M2 macrophage subsets. The designation 

of ‘treatment’ refers to MINO (10µM and 25µM) and DMSO (1:1000). The designation ‘polarising 

cytokines’ refers to interferon gamma (IFN-γ) (20ng/mL) + lipopolysaccharides from Escherichia 

coli O55:B5 (LPS) (10ng/mL) for M1 polarisation, or interleukin 4 (IL-4) (20ng/mL) for M2 

polarisation. PMA = phorbol 12-myristate 13-acetate; M-CSF = macrophage colony stimulating 

factor; SN = supernatant; ELISA = enzyme-linked immunosorbent assay; FC = Flow cytometry; 

RTqPCR = reverse transcriptase quantitative polymerase chain reaction.SN = supernatant; 

ELISA = enzyme-linked immunosorbent assay; FC = Flow cytometry; RTqPCR = reverse 

transcriptase quantitative polymerase chain reaction.
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2.3. Multicolour flow cytometry 

2.3.1. Cell collection & staining 
At the completion of each experimental protocol, cells were collected as 

previously outlined, stained, and analysed by multicolour flow cytometry. For cell 

staining, cells were first pelleted via centrifugation at 400xg for 5min, 

resuspended in 100µL 1X PBS containing Zombie Aqua™ Fixable Viability stain 

(1:200) and kept in the dark for 15min at 4°c. Cells were then pelleted again 

following the same centrifugation step, washed with 200µL 1X PBS, re-pelleted, 

and resuspended in 100µL staining buffer containing (1X PBS + 2% FBS) and 

Human TruStain FcX™ (1:100). This was left to incubate in the dark for 10min at 

4°c. Samples were again pelleted and washed with staining buffer, before 

incubation with a surface staining antibody cocktail as detailed in Table 2.1. 

below. Cell pellets were resuspended in 100µL staining buffer, and antibodies 

were added directly into each well at a final dilution of 1:100. Samples were left 

to incubate in the dark for 30min at 4°c, at which time cells were pelleted and 

washed 3 times using cell staining buffer before a final resuspension in 300µL 

staining buffer. Individual FMO (fluorescence minus 1) controls were included for 

each fluorochrome used, following the same staining procedure. 

Table 2.1: Flow cytometry antibody panels.  
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2.3.2. Flow cytometry analysis gating strategy 
Samples were acquired using a BD FACSCelesta™ flow cytometer (Beckton, 

Dickinson & Company, USA) with a 3-laser configuration, and data was analysed 

using the FlowJo™ LLC software (Beckton, Dickinson & Company, USA). The 

gating strategy followed is illustrated below in Figure 2.5. First, all acquired cells 

were selected based on FSC and SSC properties relating to cellular size and 

granularity before the exclusion of duplets. Next, live cells were selected based 

on negative fluorescence of the viability marker used. From here, all subsequent 

surface marker analysis was performed on this live, single-cell population. Data 

was expressed as a percentage (%) of the parent population, or as the density of 

expression presented as mean fluorescence intensity (MFI). 

 

Figure 2.5: Representative gating strategy used for all flow cytometry data analysis. Cells 

are sequentially isolated by size and granularity, excluded for duplets, , and those negative for 

the viability dye – live cells (left to right). All subsequent analysis was performed on this defined 

live, singlet cell population.  
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2.4. Cytokine production determination 

2.4.1. Multiplex assay 
 To obtain a preliminary cytokine production profile a 13-plex LEGENDplex™ 

(Biolegend®, UK) assay was performed which included the analytes indicated 

below in Table 2.2. The assay uses beads that can be differentiated by size and 

fluorescence intensities, with each bead set conjugated with a specific antibody. 

These then serve as the capture beads for a particular analyte. Since the beads 

are differentiated by size (forward versus side scatter) and PE fluorescence 

intensity via flow cytometry, analyte-specific populations can then be segregated 

and fluorescent signal quantified. The concentration of each analyte is then 

determined using a standard curve generated within the same assay. 

Table 2.2: Target cytokines included in the 13-plex human macrophage/microglia 
LEGENDplex™ panel. 

The assay was performed following the manufacturer protocol without alteration. 

Briefly, collected, and stored supernatants were thawed on ice, spun at 400xg for 

5min to pellet cellular material. Once prepared 25µL of each experimental 

supernatant or the supplied standards were added to each of the wells within a 

96-well, V bottom plate, in parallel to the supplied assay buffer and conjugated 

beads. Each bead set served as the capture antibody for each of the 13 analytes. 

This was left to incubate for 2hr in the dark at room temperature with continuous 

shaking at 800rpm on an orbital shaker (all subsequent shaking was performed 

at this speed). After 2hr the plate was spun at 300xg for 5min, the supernatant 

was discarded, and bead pellet washed with 200µL/well of supplied wash buffer. 

Bead pellets were then resuspended in 25µL/well of supplied detection 

Cytokine M1 Macrophage M2 Macrophage 
IL-10  ✓ 
IL-6 ✓ ✓ 
IL-4  ✓ 

IL-1RA  ✓ 
IL-23 ✓  
IL-1β ✓  

IL-12p40 ✓  
IL-12p70 ✓  

IP-10 (CXCL10) ✓  
TNF-α ✓  
IFN-y ✓  

TARC (CCL17)  ✓ 
Arginase  ✓ 
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antibodies, and left to incubate at room temperature, in the dark for 1hr with 

continuous shaking. After 1hr, 25µL/well of Streptavidin-phycoerythrin (SA-PE) 

was added and returned to the shaker for 30min in the dark at room temperature. 

The plate was then spun to pellet the beads, washed with 200µL/well of supplied 

wash buffer before a final centrifugation and resuspension in 150µL/well wash 

buffer. Samples were analysed using the BD LSRFortessa™ flow cytometer 

(Beckton, Dickinson & Company, USA). The concentration of each analyte was 

determined using the LEGENDplex™ Data Analysis Software (Version 8) 

provided. Figure 2.6. below outlines the gating strategy followed to analyse the 

multiplex data. First, each of the 2 bead sets were gated, before each individual 

target bead population was identified using the APC versus PE scatter plots 

automatically by the software.  

 

Figure 2.6: LEGENDplex™ gating strategy using the LEGENDplex™ Data Analysis 
Software (Version 8). Forward and side scatter parameters are used to first identify A and B 

bead populations. All 13 sub-populations are then gated based on their PE versus APC 

fluorescence to define each analyte within the A and B bead clusters. From here subsequent 

standard curves can be generated by the software using plated standards, of which unknown 

sample cytokine concentrations can be determined.  
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The internal standard curves were then applied and used to determine cytokine 

concentration within the ‘unknown’ experimental samples. As this assay served 

as a preliminary screen for cytokine selection for downstream validation, only 2 

PBMC donor samples were included in the assay, in addition to 2 different THP-

1 experiments. This was due to only having 1 96-well plate worth of reagents 

within the kit. The cytokines deemed necessary for corroboration based on the 

preliminary data from the multiplex assay were validated using an ELISA in which 

all biological replicates were measured. 

2.4.2. Sandwich enzyme-linked immunosorbent assay 
(ELISA) 

Collected and stored supernatant samples were thawed on ice and spun at 400xg 

for 5min. The concentration of the cytokines IL-10, IL-4, IL-12(p70), IL-12/IL-

23(p40) and IFN-γ was then measured using the human ELISA MAX™ Deluxe 

Sets from Biolegend® (UK), while TNF-α, IL-1β and IL-6 concentrations were 

determined using the human uncoated ELISA kits from Thermo Fisher Scientific 

(UK). Cytokine concentration was assessed following manufacturer instructions. 

Briefly, Nunc Immuno Maxisorp 96-well plates were coated with capture antibody 

(1X) diluted in coating buffer and left to incubate overnight at 4°c. On day 2, plates 

were washed 4 times with wash buffer (1X PBS + 0.05% Tween®-20), before 

standards and experimental supernatant was added and left to incubate with 

shaking for 2hr at room temperature. Standards were diluted according to 

manufacturer instructions. Assay diluent was included as the negative control. 

Experimental supernatant was diluted to fall within the detection range of each 

assay used as indicated in Tables 2.3 and 2.4 below and was estimated based 

on the preliminary raw data obtained from the multiplex assay.
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Table 2.3: THP-1 supernatant dilutions for enzyme-linked immunosorbent assay cytokine 
determination. ND = no dilution; M0 + LPS = supernatant samples from: M0 macrophage + LPS 

(100ng/mL); M1 + LPS = M1 polarized macrophage + LPS (100ng/mL); M1 Pol = M1 macrophage 

polarization. 

Table 2.4: PBMC supernatant dilutions for enzyme-linked immunosorbent assay cytokine 
determination. ND = no dilution; M0 + LPS = supernatant samples from: M0 macrophage + LPS 

(100ng/mL); M1 + LPS = M1 polarized macrophage + LPS (100ng/mL); M2 + LPS = M2 polarized 

macrophage + LPs (100ng/mL); M1 Pol = M1 macrophage polarization; M2 Pol = M2 macrophage 

polarization. 

Plates were washed 4 times with wash buffer and incubated with 1X detection 

antibody for a further 1hr at room temperature. Plates were washed 4 times 

before a final incubation with 1X Avidin-HRP for 30min at room temperature with 

shaking. Wells were washed 5 times before incubation with 3,3′,5,5′-

Tetramethylbenzidine TMB substrate (1:1 solution of substrate A and B) for 15-

30min in the dark. The reaction was then stopped with the addition of stop 
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solution (for Biolegend® assays) or 2N H2SO4 (for Invitrogen assays) and the 

absorbance was read at 450nm and 570nm using the Synergy HTX multi-mode 

reader (Agilent, BioTek, UK) running the Gen5 software. Experimental samples 

were run in duplicate, and unknown concentrations were determined through 

comparison with the generated standard curve within each assay. The 

absorbance of the unknown samples was then used to calculate the cytokine 

concentration based on the known absorbance and concentration values of the 

standards. 

2.5. Evaluation of gene expression 

2.5.1. RNA extraction 
For the analysis of gene expression, cells were collected using the same 

procedures previously detailed in sections 2.1.1. and 2.1.2. for THP-1 and 

PBMCs respectively and stored in Monarch DNA/RNA Protection Reagent at -

70°c until needed. Samples were then thawed on ice and total RNA was isolated 

using the Monarch Total RNA Miniprep Kit according to manufacturer’s 

instructions. Briefly, cells were lysed via addition of an equal volume of RNA lysis 

buffer (500µL) and the sample was transferred to a gDNA removal column fitted 

with a collection tube. Samples were spun at 13000rpm for 30sec (all consequent 

centrifugation steps were performed at the same settings) and the flow through 

collected. An equal volume of ≥95% ethanol was then mixed with the flow through 

before being transferred to an RNA purification column. Samples were spun for 

another 30sec. For on-column DNase 1 treatment, columns were first washed 

with 500µL RNA wash buffer before being spun and treated with diluted DNase 

1 in DNase 1 reaction buffer. Samples were left at room temperature for 15min. 

Columns were washed with 500µL RNA priming buffer, spun, and washed twice 

with RNA wash buffer. For the final wash samples were spun for 2min. To elute 

the isolated RNA, 50µL of nuclease-free water was added directly onto the 

column matrix and spun one last time into a RNase-free microcentrifuge tube. 

RNA concentration was quantified using the Thermo Scientific NanoDrop™ 1000 

Spectrophotometer (Thermo Fisher Scientific, USA) and stored at -70°c prior to 

downstream application. RNA concentrations from THP-1 samples ranged from 

200-1200ng/µL, and samples were deemed ‘pure’ with 260/280 and 260/230 

absorbance ratios above 1.8, with most samples ≥2. RNA was extracted from 
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PBMC donors 3 and 4, and concentrations ranged from 5-60ng/µL, with purity 

over 1.8 for both ratios. 

2.5.2. RT-qPCR 
To evaluate mRNA expression, ≤1µg of RNA was reverse transcribed into cDNA 

using the LunaScript® RT SuperMix Kit according to manufacturer’s instructions, 

assuming a 1:1 conversion of RNA - cDNA. Samples were generated using the 

Bio-Rad T100™ Thermal Cycler (UK). Real-time quantitative polymerase chain 

reaction (RT-qPCR) amplification and detection was then performed using the 

AriaMX Real-time PCR System (Agilent, USA) and their specified optical-grade 

tube strips. Each reaction was composed of 1ng cDNA, 4µL Luna® Universal 

qPCR Master Mix, 10µM specific forward and reverse KicqStart® SYBR® Green 

Primer, and nuclease-free water for a final reaction volume of 20µL. The exact 

primer sequences and thermocycling protocol are detailed below in Tables 2.5. 

and 2.6. respectively.  

Gene Annealing T 
(°c) Sequence (5’-3’) 

Beta-actin 
 60 Fw     GACGACATGGAGAAAATCTG 

Rv     ACCCAATCCAGATGTCTATG 

TLR4 60 Fw     GATTTATCCAGGTGTGAAATCC 
Rv     TATTAAGGTAGAGAGGTGGC 

SOCS3 
 60 Fw     CCTATTACATCTACTCCGGG 

Rv     ACTTTCTCATAGGAGTCCAG 
STAT1 

 60 Fw     ACCCAATCCAGATGTCTATG 
Rv     GAGCCTGATTAAATCTCTGG 

STAT2 
 60 Fw     ATATAAGATCCAGGCCAAAGG 

Rv     CAGTAGCTCGATTAGGGTAG 
STAT3 

 60 Fw     GGTACATCATGGGCTTTATC 
Rv     TTTGCTGCTTTCACTGAATC 

STAT6 
 60 Fw     CACAGCTTGATAGAAACTCC 

Rv     GTTTCCAAATCTGGATCCTC 
IRF5 

 60 Fw     CTCAGCCCTACAAGATCTAC 
Rv     CTGCACCAAAAGAGTAATCC 

PPARγ 
 60 Fw     AAAGAAGCCAACACTAAACC 

Rv     TGGTCATTTCGTTAAAGGC 
 Table 2.5: KicqStart® SYBR® Green Primer sequences used in real-time PCR.  

 

Cycle Step Temperature (°c) Time (sec) Cycles 
Initial Denaturation 95 60 1 

Denaturation 95 15 
40 

Extension 60 30 

Table 2.6: Thermocycling protocol used for real-time PCR analysis. 
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Data was analysed using the Agilent AriaMX software. Samples were run in 

triplicate, with a no-RT (RNA samples reverse transcribed with buffer not 

containing active reverse transcriptase enzyme) and no-template control 

(samples containing no cDNA) also included in each experiment to assess for 

potential contaminations. To normalise mRNA expression, the expression of the 

housekeeping gene beta-actin (ACTB) was measured within all samples. In 

addition, pre-calculated primer efficiencies using known concentrations of cDNA 

for each gene were incorporated into the analysis, with RNA relative 

quantification calculated using the Pfaffl method detailed below, where ‘E’ refers 

to the primer efficiency, GOI to the Gene of interest and HKG to the housekeeping 

gene. Data was subsequently reported as gene expression ratio. 

 

 

 

2.6. Phospho-protein intracellular staining & 
assessment 

To evaluate the activation of STAT3, phosphorylation of the tyrosine705 residue 

was determined by intracellular staining and flow cytometric analysis. Prior to the 

addition of minocycline, protocol optimization occurred to determine both optimal 

incubation times and LPS concentration. THP-1 cells were prepared as described 

in section 2.1.1., however in this instance cultures were activated with LPS at 

100ng/mL or 1µg/mL for 8 different incubation durations: 30sec, 1min, 10min, 

15min, 30min, 2hr, 6hr and 24hr, with or without sodium vanadate (a competitive 

inhibitor for protein phosphotyrosyl phosphatases) at 0.1%. At the completion of 

each time point the reaction was stopped by removing and discarding the 

supernatant and immediately fixing the cells using 300µL pre-warmed Fixation 

Buffer (BioLegend®). Cells were suspended by gentle pipetting and incubated for 

15min at 37°c. Cells were spun at 350xg for 5min. The supernatant was then 

discarded, and pellets washed twice with Cell Staining Buffer (BioLegend®). With 

gentle vortexing, cells were then permeabilised by adding pre-chilled True-

Phos™ Perm Buffer (BioLegend®) and left to incubate at -20°c overnight. Cells 

were spun at 500xg for 5min and resuspended in cell staining buffer. 
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An antibody cocktail containing human anti-STAT3 Phospho (Tyr705) (FITC) and 

anti-STAT3 (PE) was added to the samples and left to incubate in the dark for 

30min at room temperature. Cells were finally washed twice and resuspended in 

cell staining buffer ready for flow cytometry analysis. Mouse IgG1, κ isotype 

controls conjugated with PE and FITC were included in separate tubes, in 

addition to an unstained sample. Samples were acquired using the BD 

FACSCelesta™ flow cytometer (Beckton, Dickinson & Company, USA) and 

analysed using the FlowJo™ LLC software (Beckton, Dickinson & Company, 

USA).  

For analysis, a similar gating strategy was utilised as the one depicted in section 

2.3.2, Figure 2.5, whereby cells were first selected based upon FSC and SSC 

profile, and isolated for singlets, with all subsequent analysis performed on this 

single cell homogenous population. No viability dye was included in these 

experiments. As these experiments were for preliminary selection of appropriate 

LPS incubation periods prior to the addition of minocycline and confirmation of 

assay success, samples were run in duplicate, with each experiment performed 

only once. This was to allow assessment of various independent variables such 

as time, LPS concentration and inclusion of sodium vanadate. 

2.7. Data analysis 
For THP-1 experimentation, all conditions were run in triplicate, and each 

experiment was conducted 3 times. For PBMC experiments each condition was 

run in duplicate using 4 independent donors. Data was analysed and represented 

as mean +/- SD within each individual experiment, or if biological replicates were 

pooled, data was presented as mean ± SEM. This is indicated within the 

corresponding figure legends. Differences between means were tested for 

significance using one-way or two-way analysis of variance (ANOVA) with the 

appropriate post hoc least significance test – Dunnett’s or Bonferroni. For cell line 

experiments with only one variable, a one-way ANOVA was performed with post 

hoc Dunnett’s versus the control. For PBMC experiments in which multiple donors 

are plotted together a two-way ANOVA was utilised with post hoc Bonferroni. All 

statistical analyses were performed using the Prism GraphPad software (USA), 

with a level of significance (alpha) of 0.05. 
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For presented data, all replicated experiments were pooled and shown in the 

main body of the thesis. Data corresponding to supplemental data can be found 

in the appendix and is indicated in each relevant chapter and figure legend. 

Figures throughout the main body of the thesis are showing a representative flow 

cytometry plot for each condition (corresponding to the median value within each 

triplicate), and histogram overlays again selected from one representative 

experiment displaying the matched plot frequency data.
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3. Results: Effect of minocycline on monocyte-
macrophage differentiation 

As outlined earlier in chapter 1 section 1.3, previous reports have highlighted the 

increased proportion of macrophages within the colon of colitis-induced murine 

models when treated with minocycline (Garrido-Mesa, Rodríguez-Nogales, et al., 

2018b). This begins to suggest a potential role of minocycline within the 

differentiation process of monocytes to macrophages given that circulating 

monocytes are the key cell population for replenishing intestinal macrophage 

populations (Smythies et al., 2006; Bain et al., 2013). Therefore, this chapter aims 

to assess the effect of minocycline when added during this differentiation process 

using a reproducible and reliable protocol for THP-1 and U-937 monocyte-

macrophage differentiation with PMA. 

3.1. Characterizing PMA-induced monocyte-
macrophage differentiation  

3.1.1. Protocol optimization 
To study the effects of minocycline on monocyte-macrophage differentiation, it 

was essential to establish a reproducible and reliable protocol for in vitro 

differentiation of human monocytic cell lines THP-1 and U-937 into macrophages. 

This protocol was also used to generate the macrophages for all subsequent 

experimentation with minocycline. When added to monocytic cells in vitro PMA 

drives the differentiation of monocytes to macrophages, at which point the cells 

change morphology - becoming granular and elongated, and transform from 

suspension to adherent thus affixing to the surface of the flask or culture plate 

(Chanput, Mes and Wichers, 2014; Starr et al., 2018). The cells also alter their 

surface marker expression profiles, through upregulation of surface markers such 

as CD14 and CD11b, as well as a litany of other surface proteins such as CD80, 

CD86, CD13, CD11c, CD35 and TIM-3 (Zamani et al., 2013; Forrester et al., 

2018; Schmid et al., 2018). It is worth noting that assessment of CD11b 

expression throughout all proceeding THP-1 and U937 analysis was performed 

using the clone CBRM1/5. The CBRM1/5 antibody recognises the activated form 

of CD11b rather than total protein, which is also referred to as Mac-1, CR3 and 

C3biR within the literature (Zhou et al., 2013). CBRM1/5 binds to an activation-

specific epitope of human Mac-1 on the surface of monocytes following 
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stimulation with phorbol esters such as PMA but does not recognise its 

inactivated counterpart. Given the role of the CD11b integrin in numerous cell-

cell interactions such as leukocyte activation, adhesion and migration (Ho and 

Springer, 1982; Solovjov, Pluskota and Plow, 2005), using the antibody CBRM1/5 

allowed the assessment of minocycline on these processes.     

Monocyte-macrophage differentiation using PMA is a well-documented technique 

(Chanput, Mes and Wichers, 2014; Gatto et al., 2017), but the literature, although 

plentiful on this topic, is also widely varying with no universally established 

baseline protocol. To establish a reliable and reproducible protocol for the 

generation of PMA-differentiated macrophages, experiments were initially 

conducted which explored variables such as cell density (1-6x105cells/well), and 

PMA concentration (8-200nM). Successful generation of mature macrophages 

was determined first via adherent cell counts with microscopic images also 

captured to demonstrate morphological change and cellular adherence, then by 

assessing cell viability, and CD14 and CD11b surface marker expression (Camilli 

et al., 2016; Lund et al., 2016; Gatto et al., 2017). This optimization work was 

carried out in both cell lines – THP-1 and U-937, with THP-1 data shown here in 

Figures 3.1 – 3.5 and the U-937 data located in Appendix A2. 

The first set of experiments explored 4 different PMA titrations (8nM – 200nM) in 

combination with 4 different cell seeding densities (1x105 – 6x105 cells/well) in a 

final volume of 500µL/well using 24 well plates. 24 well plates were selected to 

keep subsequent cytokine concentrations high to allow for accurate detection and 

measurement by ELISA. This reasoning also dictated the total well volume of 

500µL. This initial experiment was assessed by adherent cell counts taken after 

48hr PMA treatment and 72hr resting. Figure 3.1. below shows no significant 

change in the total number of adherent cells when plated at 1x105 cells/well 

amongst any of the PMA titrations tested (Figure 3.1A). There were also 

comparatively less cells collected at the cessation of the protocol with this cell 

density versus the other seeding densities. Although cellular morphology 

changed in accordance with the literary reports, with cells elongating (Figure 

3.1E), no significant change in adherence values was reported. When assessing 

cells seeded at 2x105 cells/well, PMA at 80nM resulted in the greatest number of 

adherent cells collected, with a significant increase in total adherent cells 

compared to the untreated control, increasing by an average of 400,000 cells 
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(p<0.0001) (Figure 3.1B). Although the other titrations also resulted in significant 

increases in the number of adherent cells, increasing the total by an average of 

74,700, 245,000, and 220,000 cells for 8nM, 162nM and 200nM respectively, 

PMA at 80nM resulted in significantly greater total adherent cell numbers versus 

these titrations (p<0.0001). When compared with the cellular morphology 

characteristics (Figure 3.1F) this increase in cell total can be seen across all 

concentrations tested, although the elongation is comparable between variables. 

Superiority of 80nM PMA was also reported in the seeding density at 4x105 

cells/well (Figure 3.1C and G), whereby 80nM was the only titration to exert any 

significant increase in total adherent cells. Here, 80nM resulted in an average of 

570,000 more adherent cells versus the untreated control (p=0.0064). 

Meanwhile, cell morphology continued to show successful differentiation through 

elongation and increased confluency. The final seeding density at 6x105 cells/well 

saw 163nM PMA as the only concentration to elicit a change in total number of 

adherent cells, with an increase of 390,000 cells versus the untreated control 

(p=0.0041) (Figure 3.1D). 163nM also increased the total number of adherent 

cells significantly more than 80nM, up from 415,000 to 685,000 (p=0.0474). 

Despite 162nM seeming to result in better clustering of the cells (Figure 3.1H) 

versus the other conditions, at this seeding density many more cells were 

becoming adherent in the untreated well, and in general total number of cells 

recovered were similar to those at 4x105 cells/well (Figure 3.1C and D).  
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Figure 3.1: Optimization 1 - Assessment of total adherent cell counts with different cell 
seeding densities and PMA titrations. Data obtained after 48hr PMA treatment at either 8nM, 

80nM, 162nM or 200nM, followed by 72hr resting in replenished media. Bar graphs showing the 

total number of adherent cells recovered from wells seeded at; [A] 1x105 cells/well. [B] 2x105 

cells/well. [C] 4x105 cells/well. [D] 6x105 cells/well. Cell counts obtained via counting with trypan 

blue and haematocytometer. Microscopic images taken at x20 magnification for cells seeded at; 

[E] 1x105 cells/well. [F] 2x105 cells/well. [G] 4x105 cells/well. [H] 6x105 cells/well. Data represents 

1 experiment comprising triplicate values. Data presented as Mean ± SD. Images present 1 

representative well from each condition. One-way ANOVA with post hoc Bonferroni. *p<0.05; 

**p<0.01; ****p<0.0001. 
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The second set of experiments continued to assess seeding densities at 2x105 – 

6x105 cells/well, while incorporating an intermediate PMA concentration of 

120nM, alongside 80nM, 162nM and 200nM. For these experiments the lowest 

seeding density of 1x105 cells was discontinued due to very low numbers of 

adherent cells obtained previously, and 8nM was also removed from the panel 

due to limited effect of this concentration in the previous experiments. 120nM was 

included to assess whether an intermediate concentration between 80nM and 

162nM had better influence on cell adherence given these 2 concentrations had 

both previously been demonstrated to produce superior differentiation.  

Figure 3.2A below shows no significant effect of any of the PMA titrations when 

administered to cells seeded at 2x105 cells/well. Although the previous 

experiment reported a significant increase by 80nM, here only a slight increase 

is observed. Regarding morphological changes, all PMA titrations transformed 

the cells from spherical to elongated versus the untreated control (Figure 3.2D). 

Figure 3.2B shows the results for the seeding density of 4x105 cells/well and 

highlights a significant increase in adherent cells elicited by all PMA titrations. 

Here, all concentrations resulted in significantly higher average numbers of 

adherent cells versus the untreated control; 80nM (p=0.0011), 120nM 

(p=0.0063), 162nM (p=0.0009), and 200nM (p=0.0232). This similar influence 

was also observed in morphology, with all titrations resulting in cellular elongation 

and clustering (Figure 3.2E).  

The final seeding density of 6x105 cells/well saw 80nM perform the best, with a 

significant increase in the average number of adherent cells up by 1.1x106 

(p=0.0014) versus the untreated control (Figure 3.2C). PMA at 120nM and 162nM 

also resulted in significant increases in total adherent cells, up from 124,000 to 

870,000 (p=0.0251) and 806,000 (p=0.0431) respectively versus the untreated 

group. Once again, all PMA titrations seemed to perform equally regarding 

changing cellular morphology (Figure 3.2F). Despite total number of adherent 

cells recovered, the density of 6x105 cells generated more pronounced 

differentiation characteristics with cells appearing clustered and highly confluent 

which could potentially have detrimental effect on cellular viability. This potential 

decline in culture viability may then affect downstream protocols in which cells 

would remain in culture for a further 48hr and influence acquired live cells, and 

both surface marker expression and cytokine production analysis. Therefore, 
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given that the 4x105 seeding density resulted in the next highest total of adherent 

cells recovered, this was selected for continued experimentation. 80nM was also 

selected for continued assessment given its superior influence on cellular 

adherence. 
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Figure 3.2: Optimization 2 - Assessment of total adherent cell counts with different cell 
seeding densities and PMA titrations.  Data obtained after 48hr PMA treatment at either 80nM, 

120nM, 162nM or 200nM, followed by 72hr resting in replenished media. Bar graphs showing the 

total number of adherent cells recovered from wells seeded at; [A] 2x105 cells/well. [B] 4x105 

cells/well. [C] 6x105 cells/well. Cell counts obtained via counting with trypan blue and 

haematocytometer. Microscopic images taken at x20 magnification for cells seeded at; [D] 2x105 

cells/well. [E] 4x105 cells/well. [F] 6x105 cells/well. Data represents 1 experiment comprising 

triplicate values. Data presented as Mean ± SD. Images present 1 representative well from each 

condition. One-way ANOVA with post hoc Bonferroni. *p<0.05; **p<0.01; ***p<0.001. 
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The final set of experiments next explored a lower titration of PMA at 40nM to 

assess whether a similar outcome could be produced with a lower concentration 

versus 80nM as PMA is known to be toxic to cells at high concentrations, and 

may induce an activated phenotype (S. Han et al., 2013; Lund et al., 2016). Here 

cells were plated at the previously selected density of 4x105 cells/well in 24 well 

plates and treated with 40nM and 80nM before being assessed via adherent cell 

counts, as well as viability and surface marker expression of CD14 and CD11b 

using flow cytometry. Figure 3.3. below shows once again 80nM as the more 

potent concentration in increasing cellular adherence, significantly increasing the 

total number of adherent cells by 330’000 (p=0.0018) and 176’000 (p=0.0383) 

versus the untreated control and 40nM respectively (Figure 3.3A). A visible 

difference in these adherent cell numbers can also be seen in the microscopic 

images whereby 80nM resulted in greater confluency (Figure 3.3B). 

Figure 3.3: Optimization 3 - Assessment of total adherent cell counts when seeded at 4x105 
cells/well and treated with 40nm or 80nM PMA.  Data obtained after 48hr PMA treatment at 

either 40nM or 80nM, followed by 72hr resting in replenished media. [A] Bar graph showing the 

total number of adherent cells recovered. Cell counts obtained via counting with trypan blue and 

haematocytometer. [B] Microscopic images taken at x20 magnification for PMA at 40nM or 80nM.  
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Data represents 1 experiment comprising triplicate values. Data presented as Mean ± SD. Images 

present 1 representative well from each condition. One-way ANOVA with post hoc Bonferroni. 

*p<0.05; **p<0.01. 

Once counted, the cells were stained using the Zombie Aqua viability dye 

(BioLegend®). In Figure 3.4., there is no alteration in viability seen with either 

concentration of PMA, with both 40nM and 80nM remaining directly comparable 

to the untreated control. 

Figure 3.4: Optimization 3 - Assessment of cell viability following treatment with 40nM or 
80nM PMA. Data obtained after 48hr PMA treatment at either 40nM or 80nM followed by 72hr 

resting in replenished media. [A] Bar graph showing the percentage of live cells (%) (Zombie 

Aquaneg). [B] Representative dot plots showing the percentage of live cells (%) (Zombie Aquaneg). 

Data represenats 1 experiment comprising of triplicate values and is presented as mean ± SD. 

One-way ANOVA with post hoc Bonferroni applied.  
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Finally, cells were assessed for surface marker expression of CD14 and CD11b. 

Figure 3.5A, C and E show with 80nM resulting in a 36% increase in the 

percentage of CD14+ cells versus the untreated control (p<0.0001), and 27% 

increase versus 40nM (p<0.0001). Moreover, this change in expression was also 

noted for the density of CD14 expression, in which 80nM significantly increased 

the CD14 MFI by 2.7-fold versus the untreated control (p=0.0054) and 1.2-fold 

versus 40nM (p=0.0231) (Figure 3.5B and D). A similar trend was also seen when 

assessing CD11b expression, whereby 80nM increased the percentage of 

CD11b+ cells from 13% to 29% versus the untreated control (p=0.0006), and from 

22% to 29% versus the 40nM group (p=0.0404). This was not, however, seen in 

the density of CD11b expression where no significant change was noted for either 

concentration versus the untreated group (Figure 3.5B and F). Overall, this data 

confirmed 80nM as the optimal concentration to induce monocyte-macrophage 

differentiation using THP-1 cells, resulting in increased cell adherence, 

upregulation of CD14 and activated CD11b, while having no detrimental effect on 

cell viability. 
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Figure 3.5: Optimization 3: CD14/CD11b expression profile of cells treated with 40nM or 
80nM PMA. Data obtained from adherent cells after 48hr PMA treatment at either 40nM or 80nM, 

and 72hr resting. [A] Representative dot plots showing the percentage of CD14+ (top) and CD11b+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 

(left) and CD11b (right). Numbers indicate MFI of live gated population. [C—F] Bar graphs 

showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and 

CD11b [F] displayed as fold change versus the untreated control. Plots and histograms illustrate 

one representative experiment. Bar graphs represent 1 experiment comprising of triplicate values. 

Data presented as mean ± SD. One-way ANOVA with post hoc Bonferroni applied. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 

The final verified monocyte-macrophage differentiation protocol was selected 

based upon the optimization results and used cells seeded at 4x105cells/well in 

24 well plates, with the addition of 80nM PMA for 48hr. Then, non-adherent cells 

were removed, the media replenished, and cells rested for a further 72hr. This 

protocol was followed for all subsequent experimentation with both the THP-1 

and U-937 cell lines. 

3.1.2. Macrophage characterization: Surface marker 
evaluation 

To further characterise the PMA-induced differentiation model, 4 additional 

surface proteins were evaluated: CD80, CD86, CD206 and CD163, in addition to 

CD14 and activated CD11b epitope. The expression of pan macrophage markers 

CD14 and CD11b (Mahnke et al., 1997; Schlereth et al., 2016), pro-inflammatory 

M1-associated markers CD80 and CD86 (Tarique et al., 2015), and pro-resolving 

M2-associated markers CD206 and CD163 (Rőszer, 2015) were selected based 

upon literary reports. As discussed in chapter 2, section 2.2.1., marker expression 

was determined at cessation of the protocol at 72hr via multicolour flow 

cytometry.   

When compared to the unstimulated THP-1 monocytes, PMA significantly 

increased the expression of the LPS receptor CD14, as shown by an increase in 

both the percentage of CD14+ cells (4.1-fold), and the density of CD14 expression 

(MFI) (4.5-fold) versus the monocyte control (Figure 3.6). Despite the literature 

reporting an increase in CD11b following monocyte-macrophage differentiation 

(Schwende et al., 1996; Starr et al., 2018), in this study PMA treatment resulted 

in a reduction of CD11b expression, both in percentage of CD11b+ cells (0.8-fold) 



105 
 

and CD11b mean fluorescence intensity (MFI) (0.5-fold) versus the monocyte 

control (Figure 3.6A, B, E and F).  

The pro-inflammatory M1-associated markers CD80 and CD86 were also 

consistently upregulated within the PMA-derived macrophage cultures (M0) 

although failed to reach statistical significance in some instances (Figure 3.7). 

Here, PMA resulted in a 3.2-fold increase in the percentage of CD80+ cells, and 

a 2.7-fold increase in CD86+ cells. The density of expression (MFI) of these 

markers were also increased with a fold change of 1.5 for CD80, and 4 for CD86.  

Conversely, data regarding expression of M2 markers was inconsistent across 

the replicates (Figure 3.8). When assessing the percentage of CD163+ and 

CD206+ cells, there was a range of between 0.9-1.7-fold change witnessed for 

CD163 expression, and 0.2-1 for CD206 (Figure 3.8A, C and E). However, this 

pattern was not so pronounced in the density of expression (Figure 3.8B, D and 

F). Therefore, it was concluded that the level of expression of these markers was 

largely unchanged by PMA, possibly explaining the low reproducibility of the data 

amongst replicates. 
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Figure 3.6: CD14 and CD11b expression profile of PMA- differentiated THP-1 macrophages. 
Data obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr resting. [A] 

Representative contour plots showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 (left) and 

CD11b (right). Numbers indicate MFI of live gated population. [C—F] Bar graphs showing the 

percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F] both 

displayed as fold change versus the THP-1 monocyte control. Data compares THP-1 monocytes 

from culture and PMA-differentiated M0 macrophages. Plots and histograms illustrate one 

representative experiment. Data for U-937 can be found in Appendix A3.1. Graphs represent 3 

independent experiments each comprised of triplicate values. Data presented as mean ± SEM. 

One-way ANOVA with post hoc Dunnett’s applied versus the unstimulated THP-1 monocyte 

indicated at 1. *p<0.05; **p<0.01;. 
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Figure 3.7: CD80 and CD86 expression profile of PMA- differentiated THP-1 macrophages. 
Data obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr resting. [A] 

Representative contour plots showing the percentage of CD80+ (top) and CD86+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 (left) and CD86 

(right). Numbers indicate MFI of live gated population. [C—F] Bar graphs showing the percentage 

of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F] both displayed as 

fold change versus the THP-1 monocyte control. Data compares THP-1 monocytes from culture 

and PMA-differentiated M0 macrophages. Plots and histograms illustrate one representative 

experiment. Data for U-937 can be found in Appendix A3.2. Graphs represent 3 independent 

experiments each comprised of triplicate values. Data presented as mean ± SEM. One-way 

ANOVA with post hoc Dunnett’s applied versus the unstimulated THP-1 monocyte indicated at 1. 

*p<0.05. 
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Figure 3.8: CD163 and CD206 expression profile of PMA- differentiated THP-1 
macrophages. Data obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr 

resting. [A] Representative contour plots showing the percentage of CD163+ (top) and CD206+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for 

CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C—F] Bar graphs 

showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and 

CD206 [F] both displayed as fold change versus the THP-1 monocyte control. Data compares 

THP-1 monocytes from culture and PMA-differentiated M0 macrophages. Plots and histograms 

illustrate one representative experiment. Data for U-937 can be found in Appendix A3.3. Graphs 

represent 3 independent experiments each comprised of triplicate values. Data presented as 

mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the unstimulated THP-1 

monocyte indicated at 1. 

3.2. Characterising the effect of minocycline on 
monocyte-macrophage differentiation 
3.2.1. Cellular Viability  

It was first crucial to ascertain whether the different concentrations of minocycline 

tested were having a detrimental effect on culture viability. This was important as 

a decline in cellular viability may directly influence the total number of adherent 

cells, the surface marker expression profile, in addition to rendering minocycline 

at the chosen concentrations unsuitable as a therapeutic. To do this, cells were 

pre-treated with either minocycline (10µM, 25µM or 50µM), alongside the 

controls, prior to the addition of PMA (80nM), and both adherent and non-

adherent cells were collected after the 48hr and 72hr incubation periods. These 

3 titrations of minocycline were selected based upon previous reports whereby 

concentrations were calculated from effective in vivo dosing regimens (Garrido-

Mesa, Camuesco, et al., 2011a) and to allow identification of any concentration 

dependant changes. Dexamethasone (50µM) was included as a positive control 

within the experiment given its known immunosuppressant action (Giles et al., 

2018), alongside dimethyl sulfoxide (DMSO – 1:1000) as the vehicle control. Both 

adherent and non-adherent cell populations were stained using a viability dye 

(Zombie Aqua – BioLegend®) and analysed via flow cytometry. The Zombie 

Aqua reagent is an amine-reactive fluorescent dye that is non-permeant to live 

cells but permeant to cells with compromised membranes. This enables the 

discrimination between viable ‘live’ versus dead cells within the sample.  
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In this set of experiments, a significant decline in the percentage of live cells was 

noted with 50µM minocycline reducing the viability by 0.8-fold in the adherent 

population (p=0.0133) which was not witnessed in the non-adherent counterpart 

(Figure 3.9A-B). Conversely, no reduction in viability was noted with the lower 

concentrations of minocycline at 10µM and 25µM, or with the vehicle or 

dexamethasone controls when compared to the untreated PMA-induced 

macrophage group. In summary, although minocycline was shown to have 

toxicity to the cultures at 50µM, there was no considerable change in viability at 

48hr with the lower doses of minocycline, in either the adherent or non-adherent 

populations when compared to the untreated PMA-induced macrophage group.  
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Figure 3.9: Effect of minocycline on cell viability during PMA-induced THP-1 differentiation. 

[A] Bar graph showing the percentage of live cells (%) (Zombie Aquaneg) following 48hr of 80nM 

PMA treatment for both the adherent and non-adherent populations. [B] Representative contour 

plots showing the percentage of live cells (%) (Zombie Aquaneg) at 48hr for adherent (AD) and 

non-adherent (N-AD) populations. [C] Bar graph showing the percentage of live cells (%) (Zombie 

Aquaneg) after 48hr 80nM PMA treatment and 72hr resting.  
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[D] Representative contour plots showing the percentage of live adherent cells (%) (Zombie 

Aquaneg) after 48hr 80nM PMA treatment and 72hr resting. NT = untreated PMA-induced 

macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = 

Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Data 

represents 3 independant experiments each comprised of triplicate values and is presented as 

mean ± SEM. Data for U-937 can be found in Appendix A4. One-way ANOVA with post hoc 

Dunnett’s applied versus the NT group. *p<0.05.  

When cells were collected at 72hr, a reduction in cell viability of adherent cells 

was seen in groups treated with minocycline at 25µM and 50µM (Figure 3.9C & 

D) with an 11.1% and 30.3% decrease in the percentage of live cells respectively 

versus the untreated PMA-induced macrophage (NT) control group. These 

observations, although below the range of statistical significance suggest that 

minocycline may exhibit a low level of toxicity at higher concentrations in relation 

to a decrease in cellular viability. The data obtained from the 48hr time point also 

indicated a reduction of adherent cells numbers, thus the reduced number of 

adherent cells seen at 72hr may be attributable both to a direct effect of 

minocycline on cell adherence via direct alteration in differentiation or as a 

consequence of cell death. 

3.2.2. Cellular morphology & adherence  
Following the initial investigation which explored if minocycline would have any 

effect upon the cellular viability, the next study explored adherence properties 

indicative of successful monocyte-macrophage differentiation. Previous in vivo 

reports have indicated an influx of macrophages within the colon of colitic mice 

following treatment with minocycline (Garrido-Mesa, Rodríguez-Nogales, et al., 

2018b), therefore, it was of interest to establish whether this phenomenon was 

attributable to a direct effect of minocycline on the process of monocyte-

macrophage differentiation. To do that, cells were again pre-treated with 

minocycline (10µM, 25µM or 50µM), two hours prior to the addition of PMA 

(80nM) to allow a small time-window in which minocycline or the control 

treatments could exert any action in the absence of PMA. A monocyte control 

group containing THP-1 monocytes was also included to compare the 

characteristics of PMA-differentiated cells. After 48hr, supernatant containing 

non-adherent thus undifferentiated cells were removed, and adherent cultures 

were replenished with fresh media and left to mature for a further 72hr.  
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After 72hr, adherent cells were imaged, collected, and counted before surface 

marker expression and cell viability was assessed via flow cytometry. Figure 

3.10B below illustrates the morphological change of the cells with the addition of 

PMA whereby the cells become clustered and elongated in nature. However, with 

the pre-treatment of minocycline, cultures seem to lack these features and 

instead resemble cells in the monocyte control group. This may suggest an 

interference of minocycline within the differentiation process, inhibiting the 

monocytes from fully acquiring macrophage-like properties (Figure 3.10B).  

When differentiated, monocytes transform from suspension to adherent cells, 

therefore cell counts of adherent cells provided an initial data set relating a 

potential influence of minocycline on the macrophage differentiation process 

using THP-1cells shown below in Figure 3.10. The results gained from these 

counts revealed firstly a 10-fold increase in the number of adherent cells within 

the PMA-treated group when compared with the undifferentiated monocyte 

control. This was then reduced by 7.7-fold, 9-fold and 8.6-fold following treatment 

with minocycline (MINO) at 10µM, 25µM and 50µM respectively (p>0.05). A 

decline in adherence was also noted within the dexamethasone (DEX) treated 

group but to a lesser degree with a 0.7-fold reduction versus the PMA only 

condition. There were no significant changes in cellular adherence elicited by the 

DMSO vehicle (Veh) control (Figure 3.10A). This experiment was replicated using 

the U-937 cell line following the same protocol, yielding like-for-like results 

(Appendix A5). Here minocycline at all concentrations tested reduced the total 

number of adherent cells when compared with the PMA-differentiated group. 

These cell counts provide further support that a reduction in adherent cells is a 

real effect of minocycline and not simply a result of drug toxicity. It must also be 

noted that, although without PMA treatment, monocytes may still partially 

differentiate and adhere due to the hydrophilic plate surface which may help 

explain the existence of a small number of adherent cells in the monocyte control 

group. This adherence did not however alter phenotype as will be shown later in 

section 3.2.3. 
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Figure 3.10: Effect of minocycline on cellular adherence and morphology during PMA-
induced THP1 monocyte differentiation. [A] Bar graph showing the total number of adherent 

cells after 48h of 80nM PMA treatment and 72hr resting. Data showed as fold change versus the 

untreated THP-1 monocyte control indicated at 1. [B] Representative microscopic images at x20 

magnification. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Data represents 3 independent experiments each comprised of triplicate values and is 

presented as mean ± SEM. Data for U-937 can be found in Appendix A5. One-way ANOVA with 

post hoc Dunnett’s applied versus the NT group. 
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3.2.3. Surface marker expression 
With a reproducible surface marker profile generated for the baseline M0 

macrophages outlined in section 3.1.2., the effect of minocycline treatment on the 

expression of CD14, CD11b, CD80, CD86, CD163 and CD206 was assessed as 

before, to assess if minocycline has any effect on the differentiation process. 

Although 50µM was previously noted to have adverse effect on culture viability it 

was included in this set of analysis as a maximum concentration to aid 

identification of any dose responses. Nevertheless, results from this value were, 

and should be considered with caution.  

Firstly, the expression of CD14 was reduced in samples pre-treated with 

minocycline (MINO), with 10µM, 25µM and 50µM reducing the percentage of 

CD14+ cells by 39%, 39.2% and 38.9% respectively when compared with the 

PMA-differentiated group (p>0.05) (Figure 3.11A-D). This was further reflected in 

the density of expression (MFI) with all concentrations of minocycline reducing 

the MFI for CD14 by a fold change of 2.6-3 times (p<0.05) (Figure 3.11A-D). 

Notably, no clear changes were observed in dexamethasone treated samples 

when compared with the PMA-differentiated group (NT).  

Regarding CD11b expression in its active form, minocycline exerted no 

significant effect on the percentage of CD11b+ cells or on the density of CD11b 

expression (Figure 3.11A-F). However, whereas dexamethasone (DEX) had little 

effect on CD14 expression, Figure 3.11B & F highlights a significant influence of 

dexamethasone on CD11b expression, causing a 1.2-fold increase in CD11b MFI 

(p=0.0017).  

Regarding the M1-associated markers CD80 and CD86, minocycline treatment 

did not have any statistically significant impact on the percentage of CD80+ cells, 

whereas minocycline at the lowest concentration of 10µM resulted in a visual 

decrease in the density of CD80 expression, reducing the MFI by 0.4-fold versus 

the PMA-differentiated group (NT) (Figure 3.12A-D). Minocycline did however 

influence CD86 expression, where it reversed the initial up-regulation caused by 

PMA differentiation, visually lowering the percentage of CD86+ cells between 

10.2%-13.6% (p>0.05), and MFI between 2.6 and 2.8-fold (p<0.01) (Figure 

3.12A, B-F). In relation to dexamethasone, which increased the percentage of 

CD80+ cells (p=0.0099) and MFI (p=0.0814) (Figure 3.12A-C & D), minocycline 
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was able to reduce CD80 expression to a greater degree than dexamethasone. 

Furthermore, minocycline appeared to be able to reduce the percentage of CD86+ 

cells to a greater degree than dexamethasone, while remaining comparable in its 

effect on the density of CD86 expression (Figure 3.12A, B, E and F). 

When assessing the effect of minocycline on the M2-associated markers CD163 

and CD206 a consistent effect was witnessed with 50µM minocycline treatment 

which caused a subtle increase in expression across both markers (Figure 3.13). 

Here 50µM minocycline resulted in a 4.5% increase in the percentage of CD163+ 

cells, and a 2.4% increase in CD206+ cells when compared to the PMA-

differentiated group (NT) (Figure 3.13A, C-D). Similarly, the density of CD163 and 

CD206 expression was increased by 50µM minocycline by 0.3 and 0.2-fold 

versus the PMA-differentiated group respectively (Figure 3.13B, E and F). 

Although the effect of dexamethasone was of greater magnitude in this regard, 

eliciting a 56.3% increase, and 26.9-fold increase in the percentage of CD163+ 

cells and density of expression respectively, and an 16% increase and 1.6-fold 

increase in CD206 percentage and density. 

Finally, amongst all variables tested no changes were observed with the DMSO 

vehicle control (Veh). The fact that DMSO had no effect on surface marker 

expression provided confidence when analysing the direct effect of minocycline 

on these proteins. 
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Figure 3.11 Effect of minocycline on CD14 and CD11b expression of PMA-differentiated 
THP-1 macrophages. Data obtained from adherent cells after 48hr of 80nM PMA treatment and 

72hr resting. [A] Representative contour plots showing the percentage of CD14+ (top) and CD11b+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) of CD14 

(left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F] 

displayed as fold change versus the THP-1 monocyte indicated at 1. NT = untreated PMA-

differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Plots and histograms illustrate one representative experiment. Graphs represent 3 

independent experiments each comprised of triplicate values. Data for U-937 can be found in 

Appendix A6. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied 

versus the unstimulated THP-1 monocyte. *p<0.05; **p<0.01. 
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Figure 3.12: Effect of minocycline on CD80 and CD86 expression of PMA-differentiated 
THP-1 macrophages. Data obtained from adherent cells after 48hr of 80nM PMA treatment and 

72hr resting. [A] Representative contour plots showing the percentage of CD80+ (top) and CD86+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) of CD80 

(left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F] 

displayed as fold change versus the THP-1 monocyte indicated at 1. NT = untreated PMA-

differentiated macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 

50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Plots 

and histograms illustrate one representative experiment. Graphs represent 3 independent 

experiments each comprised of triplicate values. Data for U-937 can be found in Appendix A6. 

Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the 

unstimulated THP-1 monocyte. *p<0.05; **p<0.01. 
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Figure 3.13: Effect of minocycline on CD163 and CD206 expression of PMA-differentiated 
THP-1 macrophages. Data obtained from adherent cells after 48hr of 80nM PMA treatment and 

72hr resting. [A] Representative contour plots showing the percentage of CD163+ (top) and 

CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

of CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar 

graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 

[D] and CD206 [F] displayed as fold change versus the THP-1 monocyte indicated at 1. NT = 

untreated PMA-differentiated macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 

25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Plots and histograms illustrate one representative experiment. Graphs represent 3 

independent experiments each comprised of triplicate values. Data for U-937 can be found in 

Appendix A6. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied 

versus the unstimulated THP-1 monocyte. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

3.3. Discussion 
The data shown in this chapter highlights a few key things; first, minocycline 

seems to inhibit the differentiation of monocytes to macrophages when 

administered during PMA-driven differentiation. This was evident by the reduction 

in total number of adherent cells recovered in cells treated with minocycline 

versus the untreated PMA-only control. Second, minocycline was shown to have 

influence on the terminal phenotype of the differentiated macrophages, reducing 

CD14 and CD86 expression, while subtly upregulating the expression of M2-

associated markers CD163 and CD206. 

Macrophages play a central role in this process as they clear and phagocytose 

bacteria, bacterial wall components and apoptotic cells (Fullerton and Gilroy, 

2016; Na et al., 2019a). The literature provides multiple avenues of evidence that 

support the premise of monocyte recruitment being the key mechanism of 

replenishment for intestinal macrophage populations (Smythies et al., 2006; Bain 

et al., 2013). This hypothesis is supported by the fact that mature macrophages 

in the adult mucosa have poor proliferative capacity, further suggesting an 

unlikely role of in situ self-renewal in macrophage replenishment (Calum C. Bain 

and Mowat, 2014). Although it is not completely understood why the mucosa 

would require continuous recruitment and differentiation of monocytes, a feasible 

explanation could be the repeated exposure of this region to commensal 

microbiota and thus the requirement to monitor this interaction closely which is 

especially poignant in IBD (Jones et al., 2018). This is supported by data 

highlighting a greater proportion of macrophages in the gut of IBD patients as well 
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as colitic mouse models (Garrido-Mesa, Rodríguez-Nogales, et al., 2018b; Liu et 

al., 2019; Mitsialis et al., 2020).    

Monocytes are heterogeneous populations with most murine blood monocytes 

expressing high levels of surface protein Ly6C (Ly6Chi) (Auffray et al., 2007), and 

although historically deemed inflammatory, in recent years their designation has 

shifted and are now often categorised as ‘classical’ monocytes due to their 

fulfilment of roles previously attributed to generic monocytes (Geissmann, Jung 

and Littman, 2003). The second subset of murine monocytes are termed 

‘resident’ as they are located in both resting and inflamed tissue, and are defined 

by low Ly6C (Ly6Clow) expression, as well as increased expression of chemokine 

receptor CX3CR1 and LFA-1 integrin (Sunderkotter et al., 2004). In humans, 

equivalent populations of these monocytes exist with CD14hi CD16- resembling 

the inflammatory monocytes in mice, and CD14lowCD16+ similar in phenotype to 

the resident populations (Ingersoll et al., 2010). The primary function of Ly6Clow 

monocytes has recently been elucidated to behave more like phagocytes in the 

bloodstream,  patrolling and maintaining the vascular integrity, and as a result are 

sometimes referred to as ‘patrolling’ monocytes (Auffray et al., 2007). Their 

human equivalent CD14lowCD16+ monocytes share many parallel gene 

expression pattens, so although yet to be fully confirmed, it is likely these subsets 

of cells behave in a similar fashion, acting to patrol the bloodstream and 

phagocytose pathogens (Ingersoll et al., 2010).  

During development, embryonic-derived macrophages are the key population in 

the colon; however, throughout adulthood monocyte-derived macrophages 

(MDMs) gradually replace these macrophages and become the predominant 

population, with studies agreeing that, both during homeostasis and 

inflammation, colonic macrophages originate from circulating monocytes 

(Rivollier et al., 2012; Zigmond et al., 2012; Bain et al., 2013, 2014). Monocytes 

are initially recruited to the colon in a CCR2-dependent manner, in addition to 

increased secretion of CCL2, CCL7 and CCL8 from intestinal epithelial cells in 

response to gram-positive bacterial sensing and are proinflammatory in nature. 

After entering the colon, the monocytes begin differentiation into macrophages, 

manifesting in the acquisition of MHC II expression in addition to upregulation of 

CD11b, CD14, CD16 and CD64 (Spöttl et al., 2001; Boyette et al., 2017; Jones 

et al., 2018).  
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In IBD, monocytes recruited to sites of inflammation differentiate into 

macrophages that maintain their pro-inflammatory M1 phenotype, expressing 

high levels of CD80 and CD86, instead of transitioning to the characteristic anti-

inflammatory M2 phenotype which express greater levels of CD163 and CD206 

(Tarique et al., 2015; Mily et al., 2020; Veloso et al., 2020). Although these 

mechanisms remain poorly understood, speculation suggests a role of the 

proinflammatory milieu (Isidro and Appleyard, 2016). The work published by 

Garrido-Mesa et al in 2018 reported a role of minocycline with possible 

potentiation of the innate immune response in the intestine, which lead to an 

earlier resolution of the inflammatory process. This was deduced by data 

highlighting a higher number of pro-inflammatory Ly6C+MHC II+ macrophages 

located in the gut of colitic mice at initial stages of the inflammatory process, 

which then differentiated into a pro-resolving Ly6C-MHCII+ phenotype (Garrido-

Mesa, Rodríguez-Nogales, et al., 2018b). The data shown here in this chapter 

partially coincided with these observations in which minocycline was shown to 

influence the latter phenotype of M0 macrophage populations from that which 

displays an initial inflammatory signature to that which is more anti-inflammatory. 

On the other hand, contradictory evidence was also reported whereby 

minocycline does not in fact directly promote monocyte-macrophage 

differentiation, but instead inhibits this process as seen by the reduction in 

adherent cells following minocycline treatment. This was also accompanied by 

an earlier and enhanced resolution of the inflammatory process and expression 

of the resolving enzyme ALOX15 in the intestine of minocycline treated mice, 

which also showed increased IL-22 production, a cytokine that it’s key in epithelial 

regeneration (Garrido-Mesa, Rodríguez-Nogales, et al., 2018b). The second 

finding of this chapter indicates that minocycline has influence on the terminal 

phenotype of the differentiated macrophages. Given that CD14 plays a crucial 

role in antigen recognition and immune cell activation, LPS binding, synthesis 

and release of proinflammatory mediators, alongside its role in phagocytic 

clearance and cellular apoptosis (Zamani et al., 2013), a consistent reduction in 

the expression of CD14 as a result of minocycline may highlight an inhibitory role 

of minocycline in suppressing proinflammatory stimuli in response to bacterial 

antigen. Thus, a significant reduction in CD14 could suggest a role of minocycline 

in decreasing macrophage sensitivity to pathogenic stimulus, potentially 
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suggesting a key role of minocycline in dampening the ability of macrophages to 

respond to invading bacteria. This may, in part, help explain why mice treated 

with minocycline showed earlier inflammatory resolution compared to untreated 

controls, and why an initial influx in inflammatory macrophages had no 

detrimental effect on downstream resolution.  

Moreover, Zigmond and colleagues in 2012 demonstrated that daily 

administration of a depleting CCR2 antibody commencing 2 days after colitis 

induction with DSS in mice reduced monocyte-derived cell infiltration in the colon, 

weight loss, and colonic damage (Zigmond et al., 2012). Here treatment with 

minocycline resulted in a decrease in monocyte-macrophage differentiation 

independent of CCR2 signalling. Given that these data are in different in vivo and 

in vitro systems, it remains possible that minocycline may alleviate inflammation 

through inhibition of monocyte differentiation, whilst not influencing monocyte 

infiltration and thus differentiation to other cell types such as dendritic cells. 

Similarly, CD86 was significantly downregulated upon minocycline treatment. 

CD80/86 are the main co-stimulatory molecules expressed on the surface of 

macrophages and other antigen-presenting cells. Although macrophages 

function to internalize antigens ready for presentation to T-cells via the MHC-II 

molecules, CD86 and CD80 are required for complete T-cell activation. CD86 

and CD80 interact with the T-cell co-receptor CD28 which results in the induction 

of various signalling pathways within the T cell including those controlled by NF-

κB, MAPK, PI3K and AKT (Jimenez-Uribe et al., 2019; Parker, 2019). A 

downregulation of this marker could again suggest a role of minocycline treatment 

with desensitization of macrophages to later stimulus as well as their ability to 

recruit additional immune cell populations, and ability to further stimulate T-cell 

activation or the induction of tolerance. Although minocycline has previously been 

reported to directly alter T cell activation and function through downregulation of 

the CD40 ligand (CD40L), inhibition of TNF-α production, suppression of 

activation via the T cell receptor (TCR)/CD3 complex, and impairment of nuclear 

factor of activated T cells (NFAT)-mediated transcriptional activation 

(Kloppenburg, Verweij, A. M. M. Miltenburg, et al., 1995; Giuliani, Hader and 

Yong, 2005b; Szeto et al., 2011b), no data currently exists linking an alteration in 

macrophage phenotype due to minocycline treatment and downstream T cell 

activation via CD80/CD80 binding. The data here showing a reduction in CD80 
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and CD86 suggests that minocycline could potentially alter T cell function via 

macrophage interaction, however further studies would be required to confirm 

this. 

Although the effect of minocycline on the expression of the CD163 and CD206 

was not statistically significant, there still appears to be a concentration 

dependant change in the percentage of CD206+ and CD163+ cells. Despite being 

statistically non-significant the presence of slight increases in expression may still 

yield promising avenues of investigation considering these scavenger receptors 

bind a litany of ligands and promote the removal of non-self targets via processes 

such as endocytosis and phagocytosis, and promote bacteria-induced pro-

inflammatory cytokine production (Fabriek et al., 2009; PrabhuDas et al., 2017; 

Nielson et al., 2020). Furthermore, this data may indicate a role of minocycline in 

the induction of an M2 pro-resolving phenotype.  

It was also interesting to compare the effect of minocycline with the known 

immunosuppressant dexamethasone. Although dexamethasone was able to 

upregulate the pro-resolving proteins CD163 and CD206 significantly more than 

minocycline, here minocycline had greater inhibitory action on the expression of 

CD14 and CD86, while also altering the expression of CD163 and CD206 in a 

similar manner to dexamethasone. With the literature providing a mechanism of 

action of dexamethasone on macrophage apoptosis, suppression of antitumoral 

activity and inhibiting naïve T cell proliferation and differentiation (Giles et al., 

2018; Ai et al., 2020), the ability of minocycline to provide greater or comparable 

influence on macrophage surface marker expression without inducing cell 

apoptosis may render minocycline a viable therapeutic candidate in limiting 

inflammation and possible T cell activation through modification of macrophage 

phenotype as opposed to inducing cell death. Furthermore, given its designation 

as an immunosuppressant, dexamethasone may result in systemic immune 

suppression, an unwanted side effect. This may therefore render minocycline a 

potential competitive candidate within the setting of monocyte-macrophage 

differentiation.  

Taken into consideration alongside the current literature, the data described in 

this chapter seems contradictory to previously reported monocyte infiltration into 

the colon lamina propria in vivo to a direct effect of minocycline upon monocyte-

macrophage differentiation (Garrido-Mesa, Rodríguez-Nogales, et al., 2018b). 
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Data in this chapter in fact suggest that minocycline negatively influences 

monocyte-macrophage differentiation, thus, while earlier reported monocyte 

infiltration may remain true, it may not be correlated necessarily to an abundance 

of macrophages. Additionally, through modification of macrophage phenotype, 

the data in this chapter suggest minocycline may also cause desensitisation of 

macrophages to ongoing endogenous stimulus such as invading pathogen while 

increasing their function as phagocytes.
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4. Results: Effect of minocycline on the response of 
M0 macrophages to LPS activation 

Chapter 3 explored and discussed the potential effects of minocycline on PMA-

induced monocyte-macrophage differentiation in vitro using the THP-1 and U-937 

cell lines. This data highlighted a potential role of minocycline in inhibiting full 

differentiation of ‘patrolling’ monocytes, while simultaneously altering the terminal 

phenotype of the macrophages to that which may render them desensitized to 

inflammatory stimulus. The second objective of the project was to assess whether 

minocycline may also modify macrophage phenotype and function when resting 

‘M0’ macrophages were challenged with the inflammatory stimulus 

lipopolysaccharides from Escherichia coli O55:B5 (LPS) as would happen in the 

inflamed colon of IBD sufferers due to bacteria influx because of epithelial barrier 

dysfunction. 

To test this hypothesis, both THP-1 and U-937 were first fully differentiated using 

the previously described protocol using PMA (Figure 2.1). At 72hr, and the 

termination of differentiation, the now mature ‘M0’ macrophages were pre-treated 

with minocycline at 10µM, 25µM and 50µM, 50µM dexamethasone, or the DMSO 

vehicle control at a final dilution of 1:1000 for 2hr before the addition of 100ng/mL 

LPS. After 24hr supernatant was carefully removed and stored for cytokine 

determination, and adherent cells were harvested for downstream surface marker 

evaluation. The full protocol can be found in chapter 2 Figure 2.2. These 

investigations were also replicated in U-937 whose data is within the appendix, 

indicated within the relevant figure legends. 

4.1. THP-1 

4.1.1. Characterising LPS activation of M0 THP-1 
macrophages 

It was imperative to first assess the influence of LPS on the resting ‘M0’ 

macrophages prior to introducing minocycline, dexamethasone and DMSO to 

provide a reliable and replicable model for comparison. Figures 4.1, 4.2 and 4.3 

below illustrate the effect of LPS activation on the pattern of expression of CD14, 

CD11b, CD80, CD86, CD163 and CD206 on the differentiated THP-1 

macrophages. This antibody panel was kept consistent from the previous 
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objective with the purpose of monitoring key proteins across the M1/M2 subsets, 

and functional macrophage markers under a different biological stimulus. It must 

be noted however that the antibody clones used for cell line versus PBMC 

analysis are different. Clone CBRM1/5 which binds to the active conformation of 

CD11b was used for THP-1 and U937 analysis, consistent with the pervious 

chapter, however clone ICRF44 which recognises total protein was used for all 

PBMC experiments meaning these data sets should be viewed and scrutinised 

independently. Here, it is important to note that although the experiment was 

performed 3 independent times, this LPS characterisation was only applied to 

replicates; 2 and 3, as the first experiment did not include a PMA only control and 

thus the data could not be normalised in this instance.   

Data obtained from this characterisation highlights first, a down-regulation of the 

LPS chaperone molecule CD14 (Figure 4.1A-D), reflected in the density of CD14 

expression (MFI) when compared to the un-activated M0 macrophage control. 

Similarly, the percentage of activated CD11b+ cells did not change significantly 

following LPS stimulation, while a decrease in MFI versus the un-activated M0 

control can be seen but failed to reach significance (Figure 4.1A, B, E and F). 

Regarding the pro-inflammatory markers CD80 and CD86, LPS appeared to have 

opposing influence. Firstly, activation with LPS resulted in a 1.4-fold increase in 

the percentage of CD80+ cells when compared to the un-activated control (Figure 

4.2A and C), while no discernible change was noted in the density of expression 

(Figure 4.2B and D). On the other hand, the percentage of CD86+ was largely 

unchanged following LPS simulation (Figure 4.2 A and E), whereas the density 

of CD86 significantly declined across all replicates versus the control group 

(p=0.0141) (Figure 4.2 B and F). Finally, both M2-associated proteins CD163 and 

CD206 significantly decreased following 24hr incubation with LPS with the 

exception of CD206 density of expression (Figure 4.3), although it must be 

observed that the baseline expression of both proteins even prior to activation 

was distinctly low, especially for CD206 expression. 

Although the literature clearly identifies CD14 as a key molecule in chaperoning 

LPS on the cell membrane (Bode, Ehlting and Häussinger, 2012; 

Płóciennikowska et al., 2015), a downregulation of CD14 upon LPS activation 

reported here was not necessarily unpredicted and could be attributed to 

proteolysis of the membrane bound CD14 on the cell surface. This ‘shedding’, 
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which may also occur intracellularly, manifests following LPS exposure and 

phagocytosis of bacteria (Delgado et al., 1999; Ciesielska, Matyjek and 

Kwiatkowska, 2021).  

As for CD80 and CD86, it has previously been validated that macrophages 

express low levels of CD80 and CD86 at basal level, with both molecules being 

induced by LPS or IFN-γ (Lim et al., 2005), with other reports also indicating the 

ability of LPS to activate APCs via TLR-4 which increases CD80/CD86 

expression in monocytes (Rivellese et al., 2014; Taddio et al., 2021). While the 

CD80 and CD86 monomers work in tandem with MHC and CD28 to induce 

activation of CD4+ T cells, CD80 has been reported to have more potent binding 

affinity to both CD28 and the T-cell negative regulator cytotoxic T-lymphocyte 

antigen 4 (CTLA-4), with slower disassociation and faster binding kinetics than 

CD86. This could go some way to explaining why CD80 is seen to be consistently 

increased in this THP-1 macrophage model while CD86 is reduced, with the 

hypothesis that LPS in this model is promoting a phenotype that preferences a 

more potent CD80 effector molecule. Although these reports provide rationale, 

there remains little evidence on the regulation of CD80 and CD86 in response to 

LPS specifically in macrophages, meaning this data should be used as a baseline 

to provide direct comparison with minocycline treated cultures in the interim, until 

further signalling studies have been conducted.  
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Figure 4.1: CD14 and CD11b expression profile of LPS-activated M0 THP-1 macrophages. 
Data obtained after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] 

Representative contour plots showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 (left) and 

CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the 

percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. Data 

normalised and displayed as fold change versus the un-activated M0 macrophage indicated at 1. 

Graphs represents 2 independent experiments each comprised of triplicate values. Data for U-

937 found in appendix A7. Data presented as mean ± SEM. Unpaired t test performed versus the 

un-activated M0 macrophage. *p<0.05. 
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Figure 4.2: CD80 and CD86 expression profile of LPS-activated M0 THP-1 macrophages. 
Data obtained after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] 

Representative contour plots showing the percentage of CD80+ (top) and CD86+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 (left) and CD86 

(right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the percentage 

of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. Data normalised 

and displayed as fold change versus the un-activated M0 macrophage indicated at 1. Graphs 

represent 2 independent experiments each comprised of triplicate values. Data for U-937 found 

in appendix A7. Data presented as mean ± SEM. Unpaired t test performed versus the un-

activated M0 macrophage. *p<0.05. 
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Figure 4.3: CD163 and CD206 expression profile of LPS-activated M0 THP-1 macrophages. 
Data obtained after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] 

Representative contour plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD163 (left) and 

CD206 (right). Numbers indicate MFI of live gated population. [C-F] Nested bar graphs showing 

the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 

[F]. Data normalised and displayed as fold change versus the un-activated M0 macrophage 

indicated at 1. Graphs represent 2 independent experiments each comprised of triplicate values. 

Data for U-937 found in appendix A7. Data presented as mean ± SEM. Unpaired t test performed 

versus the un-activated M0 macrophage. *p<0.05; **p<0.01. 

4.1.2. Effect of minocycline on LPS-activation of M0 THP-1 
macrophages 

Having established the effect of LPS activation on M0 macrophages, the next 

step was to assess the effect of minocycline on this process when introduced 2hr 

prior to, and throughout stimulation with LPS. Data displayed below in Figure 4.4A 

and C shows a reduction in the percentage of CD14+ cells, with a 14.2% reduction 

exerted by 25µM (p=0.0591) and 36.7% by 50µM (p<0.0001) minocycline, which 

also displayed a correlation between the concentration of minocycline and the 

degree of reduction when compared to the LPS-activated control. This outcome 

was further reflected in the density of CD14 expression (Figure 4.4B and D) with 

both 25µM (p=0.9679) and 50µM (p<0.2186) minocycline causing a significant 

decrease in MFI by a fold change of 0.9 and 0.6 respectively versus the LPS 

control. When compared to the positive control dexamethasone, in this instance 

minocycline demonstrated superior effect.  

When assessing the effect of minocycline on CD11b expression in its active state, 

an 11.5% reduction in the percentage of CD11b+ cells was exerted by 25µM 

minocycline (p=0.9194) versus the LPS only group (Figure 4.4A and E). Here, 

however, minocycline at 50µM resulted in a significant increase in the density of 

CD11b expressed (p=0.0421), while 10µM and 25µM displayed no change. This 

influence of 50µM minocycline should be interpreted with caution however, given 

the evidence presented in the previous chapter regarding the toxicity of 

minocycline at this concentration (Figure 4.4B and F). 

When analysing the data obtained from the M1-associated surface markers 

CD80 and CD86 opposing consequences of minocycline were observed. First, 

the expression of CD80 was unanimously modified by treatment with 
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minocycline, with all concentrations resulting in significant upregulation of both 

the percentage of CD80+ cells, as well as the density of CD80 expression (Figure 

4.5A-D). Minocycline at 25µM was the most potent modifier in the instance of the 

percentage of CD80+ cells, causing a significant increase in CD80+ cells by 74.7% 

(p<0.0001). However, minocycline at 50µM more potently increased the density 

of CD80 expression with a 9.2-fold increase in MFI (p<0.0001) versus the LPS 

treatment group. The inverse however was seen when analysing CD86, which 

appears to consolidate the negative effect of LPS versus the un-activated 

macrophage control as noted previously. Here a correlation between minocycline 

concentration and the degree of reduction in the percentage of CD86+ cells 

(Figure 4.5A and E) was noted. Minocycline at 25µM and 50µM reduced the 

percentage of CD86+ cells by 7% (p=0.9285) and 18.5% (p=0.2826) respectively 

versus the LPS only control. Data obtained for the density of CD86 expression 

also indicated a reduction elicited by 50µM minocycline, in which the MFI was 

decreased by 0.86-fold (p=0.9487) (Figure 4.5B and F). With CD80, minocycline 

exceeded the response seen by dexamethasone, providing far better marker 

modification, however in the case of CD86 it acted to counter dexamethasone’s 

effect, which itself seems to behave in a way that restores the negative effect of 

LPS to that of a non-activated baseline.  

Arguably the most prominent data from these experiments was the effect of 

minocycline on the M2-associated markers CD163 and CD206. In this regard, 

minocycline at all concentrations caused significant upregulation of the 

percentage of both proteins, with 25µM again providing the most prominent 

change in expression (Figure 4.6). Minocycline at 25µM resulted in the 

conversion of almost 100% of cells to express both markers, with an increase of 

85.8% in CD163+ cells, and 91.9% of CD206+ cells, up from 12% and 5% 

respectively in the LPS only group (Figure 4.6A, C and E). This modification was 

also reflected in the density of expression but failed to reach significance, with 

minocycline at 25µM causing a 11.1-fold increase in CD163, and a 10-fold 

increase in CD206 (Figure 4.6B, D and F). Here however, minocycline at 50µM 

was more potent resulting in a 24.4-fold and 20.6-fold increase in CD163 and 

CD206 density of expression respectively (Figure 4.6B, D and F). When 

compared to the dexamethasone treated group, minocycline was shown to have 

a greater ability to increase the expression of both markers.  
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Regarding the DMSO vehicle control, there were few notable changes in 

expression of any of the markers included in the analysis. The data presented in 

this section reflect that obtained from the THP-1 cell line, however results 

achieved using U-937 was unanimous in minocycline’s influence on expression 

profiles, especially the M2-related markers. This data can be found in appendix 

A10. 
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Figure 4.4: Effect of minocycline on CD14 and CD11b expression following LPS activation 
of M0 THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. [A] Representative contour plots showing the percentage of CD14+ (top) and CD11b+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 

(left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. 

MFI values have been normalised and displayed as fold change versus the un-activated M0 

macrophage control indicated at 1. Graphs representative of 3 independent experiments each 

comprised of triplicate values. Data for U-937 can be found in appendix A10. Data presented as 

mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS-activated M0 

macrophage. *p<0.05; ****p<0.0001. 
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Figure 4.5: Effect of minocycline on CD80 and CD86 expression following LPS activation 
of M0 THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. [A] Representative contour plots showing the percentage of CD80+ (top) and CD86+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 

(left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. 

MFI values have been normalised and displayed as fold change versus the un-activated M0 

macrophage control indicated at 1. Graphs representative of 3 independent experiments each 

comprised of triplicate values. Data for U-937 can be found in appendix A10. Data presented as 

mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS-activated M0 

macrophage. ****p<0.0001. 
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Figure 4.6: Effect of minocycline on CD163 and CD206 expression following LPS activation 
of M0 THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. [A] Representative contour plots showing the percentage of CD163+ (top) and CD206+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for 

CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs 

showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and 

CD206 [F]. MFI values have been normalised and displayed as fold change versus the un-

activated M0 macrophage control indicated at 1. Graphs representative of 3 independent 

experiments each comprised of triplicate values. Data for U-937 can be found in appendix A10. 

Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the 

LPS-activated M0 macrophage. ****p<0.0001. 

4.2. PBMC 
4.2.1. Characterising LPS activation of M0 PBMC 

macrophages 
To evaluate whether the findings obtained from the two independent cell lines 

were translatable, primary macrophages in the form of M-CSF-expanded PBMCs 

were used. A collaboration with Dr Jose Garrido Mesa at Queen Mary University 

London (UK) was established, who kindly provided the PBMC-derived, M-CSF-

expanded primary macrophages from four individual donors. To maintain 

consistency between in vitro methodologies, once generated, these resting ‘M0’ 

macrophages were handled following the same experimental protocol as the 

THP-1 and U-937 cell lines, with sequential pre-treatment with minocycline for 

2hr prior to 24hr stimulation with LPS as noted in chapter 2, section 2.2.2. 

Protocol modification came in respect to treatment groups included in the 

analysis, as due to limited cell numbers, it was not possible to include either the 

dexamethasone or minocycline (50µM) conditions. The vehicle control was also 

adjusted to account for this restriction in cellular material and in this instance was 

included in all conditions at the same final concentration (1:1000) to ensure any 

changes witnessed were due to a direct effect of the different treatments. As this 

was the first study conducted using the PBMC-derived macrophages, it was 

important to first establish if minocycline at 10µM and 25µM had any adverse 

effect on culture viability. Results shown in Figure 4.7 below indicate no negative 

effect of either LPS or minocycline on the viability of the donor cells, with no 

identifiable change in the percentage of live cells. 
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Figure 4.7: Effect of LPS and minocycline on PBMC-derived macrophage culture viability. 
Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with LPS (100ng/mL). 

MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative contour plots 

showing the percentage of live cells (Zombie Aquaneg). [B] Bar graph showing the percentage of 

live cells. Plots illustrate one representative donor. Graphs represent pooled data obtained from 

4 individual donors each comprised of duplicate values. Data presented as mean ± SEM. One-

way ANOVA with post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. 

Given the evidence that there was no adverse effect on viability within the 

experimental model, the effect of LPS upon each of the 6 surface markers used 

previously was next characterised. Figure 4.8 outlines the effect of 24hr LPS 

activation on CD14 and CD11b expression. Here LPS had no clear influence on 

the percentage of CD14+ cells when compared to the un-activated M0 baseline 

control (Figure 4.8A and C). However, stimulation with LPS resulted in a 

significant reduction in the density of expression reflected in all 4 donors (Figure 

4.8B and D). Similarly, the expression of total CD11b was consistently 

downregulated, reflected in both the percentage of CD11b+ cells and density of 
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expression (Figure 4.8A, B, E and F). These changes were similar with the data 

obtained from the characterisation of LPS on THP-1-derived macrophages. In 

addition to the previous evidence provided regarding cause for reduced 

expression of CD14, other reports also suggest high-dose LPS may results in a 

decline in CD14 expression due to stimulation of IFN-γ production (Landmann et 

al., 1991). Similarly, the data below which indicates a decrease in CD11b 

expression may be further explained by the integral role of CD11b in cellular 

adhesion and migration during inflammation, which has previously been 

corroborated to decline at 24hr post LPS stimulation, although this clone 

(ICRF44) does not distinguish activated protein which would be indicative of an 

influence upon CD11b function (Lukácsi et al., 2020). 

When evaluating the M1-associated markers CD80 and CD86, LPS upregulated 

both proteins, which was reflected both in the percentage of positively expressing 

cells and the density of marker expression, and across all donors studied (Figure 

4.9A-F). This data was coherent with the literary reports for this model (Rivellese 

et al., 2014), and could indicate that cells of primary origin like the PBMCs, versus 

their immortalised counterpart like THP-1, behave more homogenously which 

may be associated, at least in part, with the genetic modification that 

accompanies cell lines with pathogenic origin like the leukemic cell lines THP-1 

and U-937.  

Finally, data gathered for CD163 and CD206 showed significant reduction in both 

markers, reflected in the percentage of positive cells and the density of 

expression, with slight variation in magnitude between donor cells (Figure 4.10A-

F). Reassuringly, these data were entirely consistent with the THP-1 profile and 

provided further corroboration between both the different in vitro models, as well 

as proof of concept for the protocol designed and used for LPS-activation of 

macrophages.  
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Figure 4.8: CD14 and CD11b expression profile of LPS-activated PBMC-derived M0 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

LPS (100ng/mL). [A] Representative dot plots showing the percentage of CD14+ (top) and CD11b+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 

(left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. 

Data normalised and displayed as fold change versus the un-activated M0 macrophage indicated 

at 1. Plots and histograms illustrate one representative donor. Graphs represent data from 4 

individual donors each comprised of duplicate values. Data presented as mean ± SEM. Unpaired 

t test applied versus the un-activated M0 macrophage. **p<0.01; ****p<0.0001. 
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Figure 4.9: CD80 and CD86 expression profile of LPS-activated PBMC-derived M0 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

LPS (100ng/mL). [A] Representative dot plots showing the percentage of CD80+ (top) and CD86+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 

(left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. 

Data normalised and displayed as fold change versus the un-activated M0 macrophage indicated 

at 1. Plots and histograms illustrate one representative donor. Graphs represent data from 4 

individual donors each comprised of duplicate values. Data presented as mean ± SEM. Unpaired 

t test applied versus the un-activated M0 macrophage. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 4.10: CD163 and CD206 expression profile of LPS-activated PBMC-derived M0 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

LPS (100ng/mL). [A] Representative dot plots showing the percentage of CD163+ (top) and 

CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

for CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar 

graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 

[D] and CD206 [F]. Data normalised and displayed as fold change versus the un-activated M0 

macrophage indicated at 1. Plots and histograms illustrate one representative donor. Graphs 

represent data from 4 individual donors each comprised of duplicate values. Data presented as 

mean ± SEM. Unpaired t test applied versus the un-activated M0 macrophage. **p<0.01; 

***p<0.001.

4.2.2. Effect of minocycline during LPS-activation of PBMC-
derived M0 macrophages 

To next assess the effect of minocycline on the LPS-induced activation of PBMC-

derived M0 macrophages, minocycline at 10µM and 25µM was administered to 

the M0 macrophages for 2hr prior to the addition of LPS (100ng/mL). Following 

24hr incubation surface marker expression was evaluated. Firstly, minocycline 

elicited no discernible change in either the percentage of CD14+ cells or the 

density of CD14 expression (Figure 4.11A-D), nor the expression of CD11b 

(Figure 4.11A and E). 

On the other hand, a subtle increase in CD80 expression resulted from treatment 

with minocycline, causing a 2% and 9% increase in the percentage of CD80+ cells 

by 10µM and 25µM respectively (Figure 4.12A and C). This upregulation by 

minocycline was further mirrored in the density of CD80 expression with a 0.1-

fold increase by 10µM minocycline (p=0.9969), and a 0.3-fold increase by 25µM 

minocycline (p=9111) (Figure 4.12B and D). Values obtained for CD86 showed 

no distinguishable change in the percentage of CD86+ cells by minocycline 

(Figure 4.12A and E), nor in the density of CD86 (Figure 4.12B and F).  

Finally, the M2-associated markers CD163 and CD206 also revealed negligible 

change in expression incited by minocycline treatment with no definable 

difference in CD163 (Figure 4.13A, B, C and D), or CD206 (Figure 4.13A, B, C, 

E and F). From these experiments, subtle changes in CD80 expression driven by 

minocycline was congruent with the THP-1 findings. In addition, despite the data 

for the M2-associated markers CD163 and CD206 remaining below statistical 
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significance, trends in expression did not refute those found previously, with no 

conflicting data to counter the narrative implied by the THP-1 results.  
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Figure 4.11: Effect of minocycline on CD14 and CD11b expression following LPS activation 
of PBMC-derived M0 macrophages. Data obtained after 2hr pre-treatment with minocycline and 

24hr incubation of M-CSF-expanded M0 macrophages with LPS (100ng/mL). MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms showing 

mean fluorescent intensity (MFI) for CD14 (left) and CD11b (right). Numbers indicate MFI of live 

gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] cells, 

and MFI values for CD14 [D] and CD11b [F]. MFI values normalised and displayed as fold change 

versus the un-activated M0 macrophage control indicated at 1. Plots and histograms illustrate one 

representative donor. Graphs represent data from 4 individual donors each comprised of 

duplicate values. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

applied versus the LPS-activated M0 macrophage. **p<0.01; ***p<0.0001. 
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Figure 4.12: Effect of minocycline on CD80 and CD86 expression following LPS activation 
of PBMC-derived M0 macrophages. Data obtained after 2hr pre-treatment with minocycline and 

24hr incubation of M-CSF-expanded M0 macrophages with LPS (100ng/mL). MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD80+ (top) and CD86+ (bottom) cells. [B] Representative histograms showing 

mean fluorescent intensity (MFI) for CD80 (left) and CD86 (right). Numbers indicate MFI of live 

gated population. [C-F] Bar graphs showing the percentage of CD80+ [C] and CD86+ [E] cells, 

and MFI values for CD80 [D] and CD86 [F]. MFI values normalised and displayed as fold change 

versus the un-activated M0 macrophage control indicated at 1. Plots and histograms illustrate one 

representative donor. Graphs represent data from 4 individual donors each comprised of 

duplicate values. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

applied versus the LPS-activated M0 macrophage. *p<0.05; ***p<0.001. 
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Figure 4.13: Effect of minocycline on CD163 and CD206 expression following LPS 
activation of PBMC-derived M0 macrophages. Data obtained after 2hr pre-treatment with 

minocycline and 24hr incubation of M-CSF-expanded M0 macrophages with LPS (100ng/mL). 

MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots 

showing the percentage of CD163+ (top) and CD206+ (bottom) cells. [B] Representative 

histograms showing mean fluorescent intensity (MFI) for CD163 (left) and CD206 (right). Numbers 

indicate MFI of live gated population. [C-F] Bar graphs showing the percentage of CD163+ [C] 

and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. MFI values normalised and 

displayed as fold change versus the un-activated M0 macrophage control indicated at 1. Plots 

and histograms illustrate one representative donor. Graphs represent data from 4 individual 

donors each comprised of duplicate values. Data presented as mean ± SEM. One-way ANOVA 

with post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. ***p<0.001.

4.3. Cytokine production profile of LPS-Activated M0 
macrophages 

Having explored the effect of minocycline on surface marker expression following 

LPS activation of resting M0 macrophages, the cytokine production profiles of the 

LPS-activated cells were next assessed to evaluate macrophage function in the 

presence of minocycline. Monocytes and macrophages produce a wide variety of 

cytokines dependant on both endogenous and exogenous stimulus, with some 

promoting downstream inflammation (TNF-α, IL-6, IL-1β, IL-12), while others 

propagate pro-resolving cellular mechanisms (Rossol et al., 2011).  The NF-κB 

signalling cascade following interaction of LPS with its receptor complex 

CD14/TLR4, and consequent activation of both MyD88 and TRIF pathways has 

been fully deciphered and reported in the literature (O’Neill, Golenbock and 

Bowie, 2013; Ciesielska, Matyjek and Kwiatkowska, 2021). Thousands of 

independent response genes encoding cytokines, chemokines and antimicrobial 

peptides, in addition to downstream transcription factors are modulated by these 

signalling events and are vital for many crucial immunological programs including 

initiating inflammatory responses to pathogens by other innate immune cells, and 

the development and activation of cells responsible for adaptive immune 

responses (Dorrington and Fraser, 2019). Thus, it is imperative to evaluate any 

changes in the expression of these biochemical mediators to understand 

minocycline’s potential regulatory ability.   
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For this cytokine determination, M0 macrophages were first generated using the 

THP-1 and PBMCs, before pre-treatment with minocycline for 2hr prior to 

activation with LPS (100ng/mL) for an additional 24hr. After 24hr the culture 

supernatant was collected and stored before the cytokine concentration was 

determined by ELISA. It was chosen to discontinue use of the U-937 cell line at 

this stage due to limited resources and time restraints and given the existence of 

almost duplicate data achieved between both cell lines up to this point.   

The initial phase of this research utilized a 13-plex human macrophage/microglia 

LEGENDplex™ multiplex assay kit from Biolegend® (UK). This technique 

allowed for the simultaneous determination of 13 different analytes; TNF-α, IFN-

γ, IL-1β, IL-10, IL-4, IL-6, IL-23, IL-1RA, IP-10, IL-12p40, IL-12p70, TARC 

(CCL17), and Arginase within the cell culture supernatant, and was made 

possible with the kind support of the UEL Graduate School through a PGR 

Internship Scheme award, in collaboration with Dr Jose Garrido Mesa at Queen 

Mary University London (UK). For this analysis a representative selection of 

samples from both the LPS-activated THP-1 and PBMC protocols were used. 

One sample from donor 3 and donor 4 was included, alongside one full 

experiment from the investigations using THP-1 which incorporated triplicate 

values. This decision was based upon limited assay capacity, and the desire to 

gain as much preliminary insight into possible cytokine production modification 

due to minocycline which could later be corroborated using standard ELISA kits. 

This preliminary data obtained can be found in appendix A17.  

As this procedure only incorporated limited sample numbers and thus yielded 

limited data sets where statistical analysis was not always possible, these 

findings required clarification using ELISAs. Therefore, based on the preliminary 

data from the LEGENDplex™ assay the following cytokines were selected to be 

corroborated; IL-4 and IL-10 as M2 macrophage indicators, and IFN-γ, IL-1β, IL-

6, TNF-α, IL-12p40, and IL-12p70 as M1-associated cytokines. As outlined, the 

cytokine concentration was determined from the experimental supernatant 

acquired at the cessation of the protocol at 24hr post-LPS stimulation, and like 

the previous investigations, it was crucial to first evaluate the effect of the LPS-

activation upon the M0 macrophage cultures prior to intervention with 

minocycline.  
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When first considering the characterisation data from the THP-1 supernatant an 

adverse effect of the DMSO vehicle control was immediately evident. Figure 4.14 

outlines both the impact of LPS, in addition to the vehicle control on the 

production of classically inflammatory mediators and highlights an increase in the 

production of IL-1β, IL-6 and TNF-α (Figure 4.14A2-A4). This effect was then 

seen to be further exacerbated by DMSO by a significant margin. Conversely the 

data for IFN-γ displays limited effect by either LPS or LPS+DMSO (Figure 4.14 

A1). For the 2 subunits of IL-12 there was indeterminate influence of LPS or the 

vehicle whereby no significant change was observed (Figure 4.14 A5 and A6). In 

relation to the M2 anti-inflammatory mediators IL-4 and IL-10, no influence of LPS 

was seen for IL-4 production, but with DMSO causing an increase which 

remained below statistical significance (Figure 4.15 A1). Conversely, there was 

a significant increase in IL-10 production seen in the vehicle treated group when 

compared to the un-activated control (Figure 4.15 A2). 

When assessing the data obtained from the PBMC supernatant, all cytokines 

were significantly increased following 24hr stimulation with LPS when compared 

to the un-activated control, with the exception being IL-4 (Figure 4.14 B2-B4, and 

Figure 4.15 B2). Results for IL-4 were inconclusive regarding an effect of LPS on 

PBMC-derived M0 macrophages, with no significant changes in production 

across any of the donors tested (Figure 4.15 B1). It should be noted however that 

raw data collected for the IL-12 subunits were near, or on the minimum detection 

limit of the assay which may explain variation between donors and occurrence of 

large standard deviation between duplicate readings. This should also be taken 

into consideration when assessing the effect of minocycline in the proceeding 

section.  

M1 pro-inflammatory macrophages are typically induced by Th1 cytokines, such 

as IFN-γ and TNF-α, or by bacterial LPS as in this experimental model of 

macrophage activation. These macrophages characteristically produce and 

secrete high levels of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-

12, and IFN-γ, and commonly low levels of IL-10 (Shapouri-Moghaddam et al., 

2018). This conventional characterisation is in direct agreement with the data 

achieved in this study, however here an unpredicted increase in IL-10 production 

following LPS stimulation was also seen. IL-10, a traditional M2-associated 

cytokine, plays a crucial role in maintaining homeostasis of potent prophylactic 
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immune responses while limiting immune-mediated physiological damage 

(Couper, Blount and Riley, 2008). Despite this classification macrophages are 

noted in the literature to produce IL-10 in response to TLR ligands such as LPS 

through involvement of MAPKs and transcription factors including CREB and NF-

κB (Cao et al., 2006; Vliet et al., 2013). In a 2015 study, Sanin, Prendergast and 

Mountford detailed early and rapid release of IL-10 by macrophages via the 

activation of CREB, downstream of TLR2 and TLR4 through phosphorylation of 

p38 and ERK1/2 (Sanin, Prendergast and Mountford, 2015). This may help 

explain why an increase in IL-10 was consistently reported in this study. 
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Figure 4.14: M1-associated cytokine production by LPS-activated THP-1 (Panel A) and 
PBMC-derived (Panel B) M0 macrophages. Data obtained from supernatant analysis after 24hr 

incubation of M0 macrophages with LPS (100ng/mL). Veh = DMSO vehicle control (1:1000). Bar 

graphs showing data for the M1-associated cytokines IFN-γ [1], IL-1β [2], IL-6 [3], TNF-α [4], IL-

12p40 [5] and IL-12p70 [6]. Data presented as relative fold change versus the un-activated M0 

control indicated at 1. Graphs represent data from 3 repeated experiments each comprising 

triplicate readings for THP-1 [Panel A], and 4 donors each comprising of duplicate values for 

PBMCs [Panel B]. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

[Panel A] or unpaired t test [Panel B] applied versus the un-activated M0 macrophage. *p<0.05. 
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Figure 4.15: M2-associated cytokine production by LPS-activated THP-1 (Panel A) and 
PBMC-derived (Panel B) M0 macrophages. Data obtained from supernatant analysis after 24hr 

incubation of M0 macrophages with LPS (100ng/mL). Veh = DMSO vehicle control (1:1000). Bar 

graphs showing data for M2-associated cytokines IL-4 [1] and IL-10 [2]. Data presented as relative 

fold change versus the un-activated M0 control indicated at 1. Graphs represent data from 3 

repeated experiments each comprising triplicate readings for THP-1 [Panel A], and 4 donors each 

comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± SEM. One-way 

ANOVA with post hoc Dunnett’s [Panel A] or unpaired t test [Panel B] applied versus the un-

activated M0 macrophage. **p<0.01; ****p<0.0001.

4.4. Effect of minocycline on the cytokine production of 
LPS-activated M0 macrophages 

Having now established baseline data and characterised the effect of LPS on the 

production of both pro- and anti-inflammatory related cytokines from M0 

macrophages, the next stage was to introduce minocycline treatment and assess 

any changes induced by minocycline. Given the potent influence of the vehicle 

control within the THP-1 samples on this biomarker, which was witnessed across 

almost all variables tested, it was decided to use this as the positive ‘stimulated’ 
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control when analysing the effect of minocycline. This was thought to provide the 

most biologically relevant conclusions given the dominant effect of DMSO which 

in all circumstances acted to exacerbate any effect of LPS alone. By correlating 

changes induced by minocycline to this new positive LPS+Veh control it would 

be possible to assess whether minocycline produced compound pro-

inflammatory action or acted to reverse the over-production elicited by the 

LPS+DMSO combination treatment.  

When first assessing the data relating to M1, pro-inflammatory molecules, 25µM 

minocycline was seen to counter the potent effect of the LPS+Veh treatment by 

significantly reducing the production of IFN-γ in the THP-1 samples (Figure 

4.16A1). However, where the THP-1 data is universal in minocycline’s function at 

reducing IFN-γ production, there is contradictory results reflected by the PBMC 

data in which minocycline at 25µM was now shown to increase IFN-γ production 

(p=0.0086) (Figure 4.16B1). On the contrary, minocycline at 25µM resulted in a 

significant reduction in IL-1β cytokine production in the PBMC model compared 

to the LPS only control (p=0.0293) but remained unchanged in the THP-1 

samples (Figure 4.16A2 and B2). IL-6 was also similar in its disparity between 

models, showing minocycline at both concentrations decrease the concentration 

of IL-6 in THP-1, with 10µM and 25µM reducing by 0.75- (p=0.0141) and 0.72-

fold (p=0.0079) respectively, but failing to reach significance in the PBMC 

macrophages (Figure 4.16A3 and B3). 

Data reflecting modification of TNF-α were again more distinct in the THP-1 

model, with 10µM minocycline exerting superior reduction when compared to the 

LPS+DMSO control (p=0.0369) (Figure 4.16A4). This was not, however, echoed 

in the PBMC samples where there were no significant changes in TNF-α 

production by either concentration of minocycline versus the LPS only control 

group (Figure 4.16B4). Negligible change was also witnessed when visualising 

the data for the IL-12p40 subunit, but IL-12p70 was seen to be reduced by both 

concentrations of minocycline in the THP-1 model, by 0.86- (p=0.0274) and 0.84-

fold (p=0.0164) by 10µM and 25µM versus the LPS+Veh control group, which 

was not reflected in the PBMCs (Figure 4.16A6 and B6). However, as stated 

earlier, the data for these parameters were on the limit of the assay range of 

sensitivity which may render this finding inconclusive and requiring corroboration 

using a more sensitive assay.    
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For data pertaining to the anti-inflammatory M2 cytokines a universal decrease in 

the production of IL-10 was witnessed following treatment with minocycline at 

either 10µM or 25µM which was consistent across both cellular models and all 

biological replicates (Figure 4.17A1 and B1). Furthermore, IL-4 was also seen to 

be reduced by minocycline at both concentrations within the THP-1 model 

although failed to reach statistical significance (Figure 4.17A2), and was not 

corroborated in the PBMCs(Figure 4.17B2).     
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Figure 4.16: Effect of minocycline on M1-associated cytokine production by LPS-activated 
THP-1 (Panel A) and PBMC-derived (Panel B) M0 macrophages. Data obtained from 

supernatant analysis after 2hr pre-treatment with minocycline and 24hr incubation of M0 

macrophages with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM, 

Veh = DMSO vehicle control (1:1000). Bar graphs showing data for M1-associated cytokines IFN-

γ [1], IL-1β [2], IL-6 [3], TNF-α [4], IL-12p40 [5] and IL-12p70 [6]. Data presented as relative fold 

change versus the LPS+DMSO-activated M0 [Panel A], or LPS-activated M0 [Panel B] 
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macrophage control indicated at 1. Graphs represent data from 3 repeated experiments each 

comprising triplicate readings for THP-1 [Panel A], and 4 donors each comprising of duplicate 

values for PBMCs [Panel B]. Data presented as mean ± SEM. One-way ANOVA with post hoc 

Dunnett’s applied versus the relevant control in each panel. *p<0.05; **p<0.01. 

 

Figure 4.17: Effect of minocycline on M2-associated cytokine production by LPS-activated 
THP-1 (Panel A) and PBMC-derived (Panel B) M0 macrophages. Data obtained from 

supernatant analysis after 2hr pre-treatment with minocycline and 24hr incubation of M0 

macrophages with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25µM = minocycline 

25, Veh = DMSO vehicle control (1:1000). Bar graphs showing data for M2-associated cytokines 

IL-4 [1] and IL-10 [2]. Data presented as relative fold change versus the LPS+DMSO-activated 

M0 [Panel A], or LPS-activated M0 [Panel B] macrophage control indicated at 1. Graphs represent 

data from 3 repeated experiments each comprising triplicate readings for THP-1 [Panel A], and 4 

donors each comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the relevant control in each panel. 

**p<0.01; ***p<0.001; ****p<0.0001. 
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4.5. Influence of minocycline on M0 macrophage gene 
expression following LPS-activation  

The data so far described in this chapter suggest that minocycline may affect the 

way in which resting M0 macrophages respond to LPS stimulation, as suggested 

by downregulation of CD14 - a protein that works in tandem with TLR4 for 

recognition of LPS and initiating intracellular signalling (Arroyo-Espliguero et al., 

2004), in addition to, decreases in CD86 expression, and  upregulation of CD80 

which are commonly considered to be pro-inflammatory molecules (Subauste, 

Malefyt and Fuh, 1998; Nolan et al., 2009) Furthermore, section 4.6 highlights 

potent roles of minocycline on the production of classical pro-inflammatory 

cytokines such as TNF-α, IL-1β and IL-6, in addition to the M2-associated 

cytokine IL-10, all of which are regulated by key transcriptional programmes. 

Based on these findings it was imperative to explore how the transcriptional 

machinery may be being affected by minocycline to help explain the previously 

obtained data. Furthermore, as discussed in more detail later in the chapter, 

previous reports have already outlined minocycline’s influence on the NF-κB 

signalling pathway, causing alterations in NF-κB itself, alongside accessory 

molecules within microglia and monocyte models (Cai et al., 2011; Ataie-Kachoie, 

P. et al., 2013; Weiler and Dittmar, 2019). With published reports showing that 

minocycline directly affects NF-κB signalling, it was decided to focus on parallel 

mechanisms given the data generated so far, in conjunction with evidence that 

minocycline can, and does influence intracellular signalling pathways in 

macrophages.  

It was decided to investigate upstream regulators or NF-κB, along the TLR4/LPS 

axis which included the expression of genes encoding for TLR-4, STAT3 and 

SOCS3. The expression of these proteins have central roles not only in the LPS-

signalling cascade, but also in macrophage polarization and phenotype 

commitment, with close association to key effector molecules such as STAT6 and 

STAT1, and importantly function as inhibitory molecules for pro-inflammatory 

drivers such as NF-κB and AP-1 (Pålsson-McDermott and O’Neill, 2004; Nakano 

et al., 2015; H. Li et al., 2018). To test this hypothesis, the same standard 

macrophage activation protocol was employed which utilised a 2hr pre-incubation 

of resting M0 macrophages with minocycline prior to activation with LPS 

(100ng/mL).  
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As the protocol now aimed to evaluate changes in gene expression through 

assessment of RNA, the incubation time with LPS was reduced from 24hr to 4hr 

given any modification due to minocycline of RNA is observable at an earlier time 

point than whole protein expression. This is a common place understanding 

within the literature in regards to mRNA analysis (Ben-Ari et al., 2010). After 4hr, 

cells were lysed and processed for RNA as described in chapter 2, section 2.5, 

before being reverse transcribed to cDNA and input into qPCR reactions using 

gene sequence specific primers.  

Once more, the first phase aimed to characterise the effect of LPS alone on the 

gene expression profiles of the THP-1 and PBMC samples, before minocycline 

treatment was introduced. Figure 4.18 below shows some interesting genetic 

regulation of target genes, with LPS resulting in significant increased expression 

of TLR-4 within the PBMC samples (p<0.0157) (Figure 4.18B1), and SOCS3 

(p<0.0211) (Figure 4.18B3), with STAT3 also displaying increased expression by 

2.5-fold versus the un-activated control but failing to reach significance (Figure 

4.18B2). Data obtained from the THP-1 model however were somewhat less 

distinct, showing parallel upregulation of SOCS3 (Figure 4.18A3), but minimal 

change in STAT3 (Figure 4.18 A2) and a reverse influence of LPS on TLR4 

expression with significant decrease in expression (p=0.0002) (Figure 4.18A1). 

Although these data are generally in agreement or non-conflicting, the significant 

decrease in TLR4 in the THP-1 samples was unexpected and forced careful 

consideration of any effect potentially seen with minocycline treatment for this 

gene. Furthermore, it should be recognised that the relative change in gene 

expression was far more pronounced in the PBMC samples, possible due to their 

primary origin and absence of genetic modification.  
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Figure 4.18: Genetic analysis of LPS-cascade related proteins in LPS-activated THP-1 
(Panel A) and PBMC-derived (Panel B) M0 macrophages. Data obtained from RT-qPCR 

analysis of samples taken after 4hr incubation of M0 macrophages with LPS (100ng/mL). Bar 

graphs showing relative gene expression ratio versus the un-activated M0 control indicated at 1, 

as calculated using the Pfaffl equation. Graphs represent pooled data from 3 repeated 

experiments each comprising triplicate readings for THP-1 [Panel A], and 2 donors each 

comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± SEM. Un-paired 

t Test performed versus the control. *p<0.05; ***p<0.001. 
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With baseline data determined, effect of minocycline within this LPS stimulatory 

model was next evaluated. First, 25µM minocycline significantly increased the 

expression of TLR4 in the THP-1 model when compared to the LPS only control 

(p=0.0208) (Figure 4.19A1), however, this was not corroborated in the PBMCs 

(Figure 4.19A1). Regarding the STAT3/SOCS3 axis, data from the PBMC 

samples, although statistically not significant and marginal, appears to show an 

inverse correlation whereby minocycline simultaneously increases the 

expression of SOCS3 and decreases STAT3 (Figure 4.19 B2 and B3). This 

increase in SOCS3 was also reflected in the THP-1 model (Figure 4.19 A3) with 

minocycline at 25µM causing a 0.42-fold increase in gene expression ratio versus 

the LPS only control. STAT3 was also suggested to be increased by minocycline 

treatment in the THP-1 samples (Figure 4.19A2). The limited size of the study 

which was only able to incorporate 2 donor samples should be noted and 

therefore any conclusions drawn should be done so with some caution.        
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Figure 4.19: Effect of minocycline on the genetic expression of LPS-cascade related 
proteins in LPS-activated THP-1 (Panel A) and PBMC-derived (Panel B) M0 macrophages. 
Data obtained from RT-qPCR analysis of samples taken after 2hr pre-treatment with minocycline 

and 4hr incubation of M0 macrophages with LPS (100ng/mL). Bar graphs showing the relative 

gene expression ratio versus the LPS-activated M0 control indicated at 1, as calculated using the 

Pfaffl equation. Graphs represent pooled data from 3 repeated experiments each comprising 

triplicate readings for THP-1 [Panel A], and 2 donors each comprising of duplicate values for 

PBMCs [Panel B]. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

performed versus the untreated control. *p<0.05. 
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4.6. Intracellular flow cytometry detection of p-
STAT3(Tyr705) 

When LPS binds to its receptor complex, an intracellular signal transduction is 

produced which results in changes of both gene expression and the production 

of pro-inflammatory cytokines IFN-γ, IL-1β, IL-6, TNF-α and IL-12 (Meng and 

Lowell, 1997). These cytokines require the activation of the P38/MAPK pathway 

which instigates a series of cytokine-mediated autocrine and paracrine feedback 

loops which act to re-modify LPS-induced cytokine production (Bode, Ehlting and 

Häussinger, 2012). An example of this autocrine feedback-loop is the release of 

IFN-β, a cytokine required for LPS-induced release of IL-10 (Lobo‐Silva et al., 

2017; Karimi et al., 2020). IL-10 then acts to trigger sustained activation of STAT3 

and the regulation of SOCS3 expression (Cevey et al., 2019; Degboé et al., 

2019).  However, STAT3 activation may also be induced by other cytokines such 

as IL-6 which is inversely insensitive to SOCS3 – an endogenous inhibitor of 

STAT3 (Bode, Ehlting and Häussinger, 2012; Rottenberg and Carow, 2014). 

STAT3 was the first member of the STAT family identified that was activated by 

the IL-6 cytokine family, and since has been shown to be tyrosine phosphorylated 

in response to this, and a variety of other stimuli (Crepaldi et al., 2001; Nishiki et 

al., 2004; Giurisato et al., 2018; Balic et al., 2020). 

STAT3 activation is crucial for the transmission of anti-inflammatory signals in 

macrophages and has been demonstrated in mice whereby deletion of the 

STAT3 gene in macrophages lead to spontaneous development of enterocolitis 

rendering the animals highly susceptible towards LPS-mediated shock and septic 

peritonitis (Takeda et al., 1999; Matsukawa et al., 2003). This inflammatory 

response was attributed to the inability of IL-10 to mediate its anti-inflammatory 

effect on the macrophages in the absence of STAT3, and resulted in an enhanced 

production of inflammatory cytokines, including TNF-α, IL-1β, IL-6, IL-12, and 

IFN-γ. Furthermore, these STAT3-deficient macrophages also experienced 

impaired bactericidal activity which reduced their ability to eradicate bacterial 

infection (Takeda et al., 1999; Matsukawa et al., 2005; Bode, Ehlting and 

Häussinger, 2012). 
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The data from the previous section alludes to a possible influence of minocycline 

on the STAT3/SOCS3 axis despite the limited size of data sets generated. In 

addition to the associated cytokine production data from section 4.6, which 

reports significant decreases in pro-inflammatory mediators IFN-γ, IL-6, IL-1β, as 

well as the potent activator of STAT-3 - IL-10, it was deemed interesting to pursue 

this line of enquiry using THP-1 and investigate if minocycline had any effect on 

the phosphorylation of the tyrosine residue of STAT3 and thus its activation status 

and function. As this technique was not abundant in the literature regarding this 

particular cell line with many using the more traditional method of western 

blotting, it was first important to test both the BioLegend® optimized protocol, in 

combination with the cellular model and LPS activation method used here to 

generate a positive control baseline ready for future intervention with minocycline. 

After consulting the literature, two frequently applied LPS incubation periods of 

30min and 2hr were selected (Guo, Jin and Chen, 2014; Hemmati, Haque and 

Gritsman, 2017; Chiu et al., 2018; Giurisato et al., 2018) to apply to the 

differentiated M0 macrophages maintaining use of LPS at 100ng/mL, at which 

point cells were immediately collected and fixed, permeabilized, and stained for 

p-STAT3(Tyr705) (FITC), and native STAT3 (PE). Expression of these proteins 

were then assessed via flow cytometry. 

Data displayed in Figure 4.20 shows a clear baseline expression of native STAT-

3 in both the unstimulated M0 macrophages, as well as the LPS-activated 

samples, with >90% increase in expression detected versus the isotype control 

(Figure 4.20A). This was also reflected in the density of STAT3 expression (MFI), 

alongside no distinct change between the 2 incubation times. When considering 

the effect of LPS at each time point on the expression of p-STAT3(Tyr705) 

however, there is almost no shift in expression detected between either treatment 

group versus the isotype control, or the different incubation lengths (Figure 4.21).   
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Figure 4.20: Characterising STAT3 expression at 30min and 2hr following LPS activation 
of THP-1 M0 macrophages. Data obtained after incubation of differentiated M0 macrophages 

with LPS (100ng/mL) at the indicated time points. [A] Representative dot plots showing the 

percentage of native STAT3+ cells at 30min (top) and 2hr (bottom). [B] Representative histograms 

showing mean fluorescent intensity (MFI) of STAT3 at 30min (left) and 2hr (right). Numbers 

indicate MFI of live gated population. Bar graphs showing the percentage of STAT3+ cells [C], 

and MFI values for STAT3 [D]. Plots and histograms illustrate one representative experiment. 

Graphical data represent 1 experiment comprising of duplicate values. Data presented as mean 

± SD. Two-way ANOVA with post hoc Bonferroni.  
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Figure 4.21: Characterising p-STAT3(Tyr705) expression at 30min and 2hr following LPS 
activation of THP-1 M0 macrophages. Data obtained after incubation of differentiated M0 

macrophages with LPS (100ng/mL) at the indicated time points. [A] Representative dot plots 

showing the percentage of p-STAT3(Tyr705)+ cells at 30min (top) and 2hr (bottom). [B] 

Representative histograms showing mean fluorescent intensity (MFI) of p-STAT3(Tyr705) at 

30min (left) and 2hr (right). Numbers indicate MFI of live gated population. Bar graphs showing 

the percentage of p-STAT3(Tyr705)+ cells [C], and MFI values for p-STAT3(Tyr705) [D]. Plots 

and histograms illustrate one representative experiment. Graphical data represent 1 experiment 

comprising of duplicate values. Data presented as mean ± SD. Two-way ANOVA with post hoc 

Bonferroni.  
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Having failed to induce a change in p-STAT3(Tyr705) expression using the time 

points initially selected, the range of incubation times was expanded to 

incorporate both earlier and later periods in the awareness that the point of peak 

phosphorylation may simply have been missed. A higher dose of LPS at 1µg/mL 

was also incorporated due to some published reports using this concentration 

when analysing STAT3 phosphorylation (Guo, Jin and Chen, 2014; Cronin et al., 

2016; X. Liu et al., 2018). This second set of experiments repeated the same 

experimental procedures, this time fixing samples after 15min, 6hr and 24hr 

stimulation with LPS at either the original 100ng/mL, or the increased 

concentration of 1µg/mL. 

Once again, a well-defined expression of native STAT3 was seen across all 

treatment groups versus the isotype control (Figure 4.22). The data also indicates 

no significant influence exerted by either the incubation time or LPS concentration 

reported across both the percentage of STAT3+ cells (Figure 4.22C) or density of 

STAT3 expression (Figure 4.22D). The only identifiable difference was noted in 

samples stimulated with LPS for 24hr which showed a 6%-15% increase in the 

percentage of STAT3+ cells compared to those left for 15min and 6hr 

respectively. Results for p-STAT3(Tyr705) indicated for a second time no clear 

increase in expression induced by LPS activation at either concentration or 

across any of the incubation periods used (Figure 4.23). Moreover, whilst LPS at 

either concentration appeared to have a negative impact on the percentage of p-

STAT3(tyr705)+ cells, the overall percentage expression was <2.5% rendering 

this change likely inconsequential.  
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Figure 4.22: Characterising STAT3 expression at 15min, 6hr and 24hr following LPS 
activation of THP-1 M0 macrophages. Data obtained after incubation of differentiated M0 

macrophages with LPS at 100ng/mL or 1µg/mL for the indicated time periods. [A] Dot plots 

showing the percentage of native STAT3+ cells at 15min (top), 6hr (middle) and 24hr (bottom). 

[B] Histograms showing mean fluorescent intensity (MFI) of STAT3 at 15min (left), 6hr (middle) 

and 24hr (right). Numbers indicate MFI of live gated population. Bar graphs showing the 

percentage of STAT3+ cells [C], and MFI values for STAT3 [D]. All data represent 1 experiment 

comprising of individual values. No statistics available.  
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Figure 4.23: Characterising p-STAT3(Tyr705) expression at 15min, 6hr and 24hr following 
LPS activation of THP-1 M0 macrophages. Data obtained after incubation of differentiated M0 

macrophages with LPS at 100ng/mL or 1µg/mL for the indicated time periods. [A] Dot plots 

showing the percentage of native p-STAT3(Tyr705)+ cells at 15min (top), 6hr (middle) and 24hr 

(bottom). [B] Histograms showing mean fluorescent intensity (MFI) of p-STAT3(Tyr705) at 15min 

(left), 6hr (middle) and 24hr (right). Numbers indicate MFI of live gated population. Bar graphs 

showing the percentage of p-STAT3(Tyr705)+ cells [C], and MFI values for p-STAT3(Tyr705) [D]. 

All data represent 1 experiment comprising of individual values. No statistics available. 
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With no identifiable detection of p-STAT3(Tyr705) following LPS-activation of 

THP-1 M0 macrophages despite changing variables such as incubation period 

and stimulation concentration, a final hypothesis considered the possibility of a 

de-phosphorylation event occurring within the cultures rendering it impossible to 

detect the phosphorylated protein within the samples. Therefore, the last 

experiments incorporated the phosphatase inhibitor sodium vanadate (0.1%) into 

all experimental reagents to rule out dephosphorylation of STAT3 as a cause for 

low-no detection via flow cytometry. It was also decided to continue using the 

highest concentration of LPS at 1µg/mL and incorporate even earlier time points 

of 30sec, 1min and 10min to maximise the chances of positive p-STAT3(tyr705) 

detection.  

Data collected from this experiment again illustrated defined expression of native 

STAT3, independent of incubation time or the presence of the phosphatase 

inhibitor sodium vanadate (Figure 4.24). A potential increase in the percentage 

of expression was seen after 10min stimulation with LPS in the non-inhibitor 

group whereby the percentage of STAT3+ cells increased by 7.6% (Figure 4.24C), 

however this change was negligible when assessing MFI (Figure 4.24D). 

Unfortunately, the changes in variables again made no discernible difference in 

p-STAT3(Tyr705) expression with both the percentage and density of expression 

remaining comparable with the isotype control (Figure 4.25).  

After completing all three pilot studies it was concluded that it was not possible to 

confirm upregulation of p-STAT3(Tyr705) by LPS stimulation in this experimental 

model by ICFC when using this staining protocol. However, it was possible to 

remove dephosphorylation due to the presence of phosphatases through reagent 

supplementation with sodium vanadate as a cause for a lack of pSTAT3(Tyr704) 

detection. Despite utilising parallel LPS concentrations and incubation times to 

that reported in the literature, for reasons that remain undetermined, these 

experiments were unable to define a baseline protocol and as such not possible 

to continue with assessing the effect of minocycline intervention in this instance.    
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Figure 4.24: Characterising STAT3 expression at 30sec, 1min and 10min following LPS 
activation of THP-1 M0 macrophages. Data obtained after incubation of differentiated M0 

macrophages with LPS at 1µg/mL for the indicated time periods. Culture and ICFC reagents were 

supplemented with (+) or without (-) sodium vanadate (0.1%). [A] Dot plots showing the 

percentage of native STAT3+ cells at 30sec (top), 1min (middle) and 10min (bottom). [B] 

Histograms showing mean fluorescent intensity (MFI) of STAT3 at 30sec (top), 1min (middle) and 

10min (bottom). Numbers indicate MFI of live gated population. Bar graphs showing the 

percentage of STAT3+ cells [C], and MFI values for STAT3 [D]. All data represent 1 experiment 

comprising of individual values. No statistics available.  
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Figure 4.25: Characterising p-STAT3(Tyr705) expression at 30sec, 1min and 10min 
following LPS activation of THP-1 M0 macrophages. Data obtained after incubation of 

differentiated M0 macrophages with LPS at 1µg/mL for the indicated time periods. Culture and 

ICFC reagents were supplemented with (+) or without (-) sodium vanadate (0.1%). [A] Dot plots 

showing the percentage of native p-STAT3(Tyr705)+ cells at 30sec (top), 1min (middle) and 10min 

(bottom). [B] Histograms showing mean fluorescent intensity (MFI) of p-STAT3(Tyr705) at 30sec 

(top), 1min (middle) and 10min (bottom). Numbers indicate MFI of live gated population. Bar 

graphs showing the percentage of p-STAT3(Tyr705)+ cells [C], and MFI values for p-

STAT3(Tyr705) [D]. All data represent 1 experiment comprising of individual values. No statistics 

available. 
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4.7. Chapter discussion 
The usual course of inflammation begins with an acute phase followed by 

resolution, however if unresolved and left to enter a state of persistent ‘chronic’ 

infection, the contribution of host inflammatory mechanisms, not exogenous 

pathogens, becomes chiefly responsible for resultant host pathophysiology 

(Nathan and Ding, 2010). A large proportion of the global disease burden can be 

attributed at least in part to non-resolving inflammation with both acute and 

chronic states coexisting for extended periods, which suggests continual self-re-

initiation of inflammatory cascades. A prominent example of this self-perpetuation 

occurs in Crohn’s disease and Ulcerative Colitis in which infiltration of 

macrophages and other immature myeloid cells are prominent (Mantovani et al., 

2008; Davies and Abreu, 2015).    

Cells of the innate immune system play vital roles in host defence against 

infection via sensing PAMPs and DAMPs. Different classes of germline-encoded 

PRRs which include TLRs then initiate and regulate the ensuing downstream 

responses (Akira, Uematsu and Takeuchi, 2006; Takeuchi and Akira, 2010). 

Activation of these PRRs by exogenous ligands such as LPS trigger multiple 

inflammasome signalling pathways which result in the production of pro-

inflammatory mediators and subsequently induce adaptive immune responses 

(Iwasaki and Medzhitov, 2004; Cui et al., 2015).  

Monocyte and macrophage populations in the gut can alter markedly in both 

Crohn’s disease and Ulcerative Colitis, seeing the accumulation of 

CD14hiCD11chi phenotypes (Grimm et al., 1995; Rugtveit et al., 1997; Bain et al., 

2013), which produce high levels of pro-inflammatory cytokines such as TNFα, 

IL-1β, IL-6, IL-12, and IL-23, and respond in an abnormal manner to commensal 

bacteria (Kamada et al., 2008). In 2008, Kameda et al reported an increase in 

CD14+ macrophages in the colon mucosa of Crohn's disease patients which 

produced large amounts of pro-inflammatory cytokines, IL-23 and TNF-α in 

response to commensal bacteria when compared with those from normal 

individuals and ulcerative colitis patients (Kamada et al., 2008). Furthermore, 

although the number of M2-like macrophages has also been reported to be 

increased in the mucosa of both Crohn's disease and Ulcerative Colitis patients, 

the balance of macrophage phenotypes was shifted towards a pro-inflammatory 
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state,  indicated by a higher ratio of iNOS+ versus CD163+ cells compared with 

normal intestinal tissue (Lissner et al., 2015).  

The responsiveness of cells to external stimuli such as infectious pathogens also 

rely on the transcriptional regulation of gene expression programmes, with a 

network of signalling pathways working to bridge the gap between stimulation 

and transcription. Initiation of these pathways results in the activation of 

transcription factors, their subsequent translocation into the nucleus and initiation 

of gene transcriptional programmes. The NF-κB signalling cascade regulates 

thousands of independent response genes encoding for cytokines, chemokines, 

antimicrobial peptides, as well as additional downstream transcription factors. 

This pathway is vital for many crucial immunological programs including initiating 

inflammatory responses to pathogens by innate immune cells, and the 

development and activation of cells responsible for adaptive immune responses 

(Dorrington and Fraser, 2019).  

Several studies have already been conducted exploring the inhibitory and 

stimulatory effect of minocycline with focus on the TLR4-NF-κB inflammatory 

pathway. Ataie-Kachoie et al (2013) conducted a thorough investigation into the 

influence of minocycline upon constituents of the NF-κB signalling cascade, 

showing suppression of NF-κB in OVCAR-3 and SKOV-3 ovarian carcinoma 

cells. This was attributed to attenuation of upstream IκBα activation, 

phosphorylation, and degradation, in addition to suppression of p65 

phosphorylation and nuclear translocation – a crucial mechanism for 

inflammatory gene transcription. This process was also described to be resultant 

of inhibition of TAK-1 activation and dissociation from TAB1 (Ataie-Kachoie, P. et 

al., 2013). More recently Weiler and Dittmar (2019) also confirmed that 

minocycline abrogated IκBα and p65 phosphorylation leading to suppression of 

NF-κB and showed how treatment with minocycline inhibited the TNFR1-TRAF2 

axis downstream of the TNF receptor 1 (TNFR1) in MDA-MB0435-pFDR1 cancer 

cells and M13SV1-Cre breast epithelial cells. They were also able to show that 

minocycline acted as a potent inhibitor of TNF-α via targeting of the NF-κB 

pathway, while differentially affecting all MAPK kinases (ERK1/2, p38 and JNK) 

acting to inhibit or stimulate their activation (Weiler and Dittmar, 2019). Lastly, a 

study conducted by Zhao and colleagues demonstrated treatment with 

minocycline significantly upregulated the expression of the transcription factors 
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CREB and pCREB within a model of cerebral ischemia in Wistar rats (Zhao et al., 

2015). 

Despite the above observations, few studies have focused on the effect of 

minocycline on the TLR4-NF-κB pathway in macrophages. One paper, by Tai et 

al (2013), examined the effect of minocycline on cytokine and chemokine 

production in THP-1 monocytes when challenged with LPS. These authors 

observed that minocycline supressed TNF-α, IL-6, IFN-γ, IP-10, and MCP-1 

production in a dose-dependent manner by inhibiting IκBα and IκB. They also 

concluded that in THP-1 monocytes minocycline did not affect the 

phosphorylation of ERK1/2, JNK, p38 or TAK1 (Tai et al., 2013). The existing 

data summarising the inhibitory effect of minocycline on the NF-κB cascade in 

alternate biological models of monocytic cells suggest that minocycline may also 

be targeting this pathway in macrophages. Two upstream regulators of the NF-

κB axis are the proteins CD14 and TLR4 which were assessed in this chapter.  

As previously referenced, CD14 is an LPS receptor anchored to the cell 

membrane via glycosylphosphatidyl inositol found on monocyte and macrophage 

populations (Haziot et al., 1988). In addition to the membrane form, a soluble 

form of CD14 is present in the blood, primarily due to shedding of this membrane 

form (Bazil and Strominger, 1991). LPS and LPS binding protein (LBP) form a 

tertiary complex with CD14 which enables the transfer of LPS to TLR4 and MD-

2. The signalling pathways activated by TLR4 in response to LPS have been 

extensively studied and require adapter proteins in order to operate, which 

include myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like protein 

(Mal, also known as TIRAP), TIR-containing adapter molecule (TRIF, also known 

as TICAM-1), and TRIF-related adapter molecule (TRAM, also known as TICAM-

2) (Pålsson-McDermott and O’Neill, 2004). 

Despite previous in vitro studies showing that cells lacking the membrane CD14 

receptor, such as the endothelial and epithelial cells, can still respond to 

complexes of LPS and soluble CD14 (Pugin et al., 1993) via an as yet unidentified 

receptor, other models using transgenic mice that overexpress CD14 are 

reported to be more sensitive to LPS-induced shock than CD14-expressing 

controls (Ferrero et al., 1993; Tamura et al., 1999), while animals deficient in 

CD14 altogether show little or no response to a dose of LPS that is 10-fold higher 

than a 100% lethal dose for CD14- expressing mice (Haziot et al., 1996; Ebong 
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et al., 2001). Furthermore, hypo-responsiveness of macrophages to activation via 

TLRs is a cardinal feature of resident intestinal macrophages. Signalling 

molecules such as CD14, MyD88, TRAF-6, MD2, TRIF, and IRAK1 appear to be 

downregulated in mature intestinal macrophages (Smythies et al., 2005), while 

mechanisms that inhibit TLR signalling and/or NF-κB activation appear to be 

over-expressed in gut-resident macrophages (Smythies et al., 2010). This 

suggests molecules responsible for propagating TLR signalling are preferentially 

targeted rather than TLR expression itself (Calum C. Bain and Mowat, 2014).    

The data presented in this chapter begin to suggest a protagonist action of 

minocycline in reducing CD14 expression while simultaneously reducing the 

production of pro-inflammatory mediators such as TNF-α, IL-6, IL-1β and IL-12 

from LPS-activated M0 macrophages in vitro. This may not only modify 

macrophage phenotype from an established pro-inflammatory state 

(CD14hiCD86+) back towards a typical hypo-responsive intestinal macrophage 

baseline (CD14low), but also provides support that propagation of TLR signalling 

in response to minocycline in this instance is not necessarily due to direct 

modification of TLR4 expression, but rather an influence on its soluble 

counterpart CD14. Considering the widely documented existence of increased 

macrophage CD14 expression in IBD patients and experimental models, a potent 

inhibitory effect exerted by minocycline as reported in this chapter on this protein 

may have beneficial therapeutic application in reducing innate cell LPS-

sensitivity.  

Moreover, CD14hi monocyte and macrophage populations in the mucosa of IBD 

patients are thought to support pathogenic T cell function through the production 

of IL-23 and expression of CD40, CD80 and CD86 (Rugtveit et al., 1997). 

Activation of T cells occurs through peptides presented by interaction of major 

histocompatibility complex (MHC) that interact with select T cell receptors 

(TCRs), resulting in the initiation of various signalling cascades (Parker, 2019). 

Co-stimulatory molecules CD80 and CD86 are key molecules in this regard and 

have similar but also distinct functions. Binding to CD28 promotes T cell 

activation, whereas binding of CD80/CD86 to CTLA-4 results in downregulation 

of T cell function – a critical stage in inhibiting the immune response following 

infection resolution (Freeman et al., 1995; Rugtveit et al., 1997).  



193 
 

The T cell co-receptor CD28, interacts with CD80 (B7-1) and CD86 (B7-2) which 

are expressed on the surface of activated antigen presenting cells such as 

macrophages. Consequently, several signalling pathways, including those 

controlled by NF-κB, MAPK, PI3K and AKT are induced (Chen and Flies, 2013; 

Yao, Zhu and Chen, 2013). Their distinction is also apparent concerning their 

time of expression with CD86 expression dominating in the early stages of the 

immune response being upregulated rapidly in response to infection, while CD80 

often occurs in the latter stages at the site of inflammation (Lanier et al., 1995; 

NEWTON et al., 2004). 

The literature contains a growing body of evidence which propose these different 

functional consequences of CD28 engagement by CD80 and CD86. Using a 

murine model of acute myeloid leukemia, Matulonis et al illustrated superiority of 

CD80 in its capacity to protect the host against wild-type tumour challenge in 

addition to eradicating residual disease (Matulonis et al., 1996). In the context of 

stimulation by irradiated P815 transfectants and co-stimulation of CD8+ T 

lymphocytes, CD80 again was reported to be superior versus CD86 (Gajewski, 

1996). Whilst finally in models of experimental allergic encephalomyelitis (EAE) 

administration of anti-CD80 mABs resulted in increased IL-4 production in mice, 

while inhibiting CD86/CD28 interaction in vitro decreased the production of IFN-

γ (Kuchroo et al., 1995; Racke et al., 1995). This data, in combination with other 

reports suggests a situation whereby CD80 co-stimulation promotes the 

development of Th1 cells, while co-stimulation with CD86 preferences Th2 

differentiation (Slavik, Hutchcroft and Bierer, 1999).  

Further published evidence also points to a crucial role of this CD28-CD80/CD86 

system in the regulation of inflammation in the context of both autoimmunity and 

aberrant innate immune responses (Nolan et al., 2009). In 2007 Hoshino et al 

demonstrated the ability of CD28 on the surface of neutrophils to activate 

macrophages via engagement of the CD80/CD86 complex (Hoshino et al., 2007). 

In proceeding years Nolan et al utilised an in vivo model of murine cecal ligation 

and puncture (CLP) and determined that CD80/CD86 signal via NF-κB to induce 

cytokines such as IL-6 using CD80/86−/− mice, and a novel CD40/80/86−/− murine 

model, while further CLP in vivo investigations illustrated an improvement in 

survival and attenuation of pro-inflammatory cytokines via deletion or blockade of 

CD80 and CD86 (Nolan et al., 2008). These reports showing deletion of CD80 
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but not CD86 is directly correlated with better overall survival suggests that CD80 

is the dominant receptor in regulating lethal outcomes in the early innate immune 

response through the direct attenuation of IL-6. 

Within the in vitro model of LPS-activated M0 macrophages shown in this chapter, 

minocycline was able to exert distinct influence on CD80 and CD86 expression, 

causing a significant increase and decrease respectively. Given the 

understanding that CD80 is a more potent effector molecule for the induction of 

CD4+ Th1 cells which function to recognize antigens presented by MHC class I 

or II molecules and play a vital role in the identification and eradication of 

intracellular pathogens such as bacteria (Romagnani, 2000), it could be 

hypothesised that minocycline may behave in a way that aims to potentiate 

downstream humoral immunity in the form of Th1 recruitment and activation. 

Considering attenuation of IL-6 by minocycline is also reported here in this 

chapter which occurs via NF-κB signalling – another molecule previously reported 

to be inhibited by minocycline, a dual action of minocycline begins to be 

proposed, one that both promotes additional downstream pro-inflammatory 

response but dampens the macrophages own participation in inflammation 

potentiation.  

Moreover, the literature attributes co-stimulation of CD28 and CD86 with Th2 cell 

response, a CD4+ subset responsible for evoking not only antibody response and 

eosinophil accumulation, but the inhibition of several macrophage functions 

rendering them regulators of phagocyte-independent responses  (Zhu and Paul, 

2008; Zhu, 2015). The data disseminated here  highlights the ability of 

minocycline in downregulating CD86 expression which may correlate with both 

reduced downstream Th2 populations, thus limiting their negative regulatory 

function on the macrophages themselves, in addition to potentially limiting M2 

macrophage associated pathology following phenotype switching such as fibrosis 

and tumour formation as a direct result of both minocycline and the release of IL-

4 and IL-13 from Th2 populations (Tjiu et al., 2009). 

Modification of CD14, CD80 and CD86 were not the only defined outcome of 

minocycline intervention reported in this chapter. A clear upregulation of the M2-

associated surface markers CD163 and CD206 was also shown (Nielson et al., 

2020). Both proteins are expressed by macrophages but can be differentially 

regulated, with CD163 expression modified by IL-10 stimulation, and CD206 
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upregulated by IL-4 and IL-13 (Mosser and Edwards, 2008; Nielson et al., 2020). 

These scavenger receptors are highly expressed by macrophages and act to bind 

a variety of ligands, promoting the removal of non-self or altered-self targets. 

They perform these functions via endocytosis, phagocytosis, adhesion, and 

signalling, which results in the elimination of degraded or harmful substances 

(PrabhuDas et al., 2017).  

CD163 is a 130-kDa membrane protein, with its expression restricted to the 

monocytic–macrophage linage. CD163+ macrophages may originate from 

extravasation of monocytes, or may represent macrophage activation switching 

(Porcheray et al., 2005), with reports concluding regulation of CD163 a feature of 

macrophage differentiation to ‘alternatively activated’ M2-type macrophages 

(Barros et al., 2013). Bacteria are reported to bind human CD163, with studies 

describing sensor-like function of CD163 in response to Streptococcus mutants, 

Escherichia coli, and Staphylococcus aureus, rather than behaving as an 

endocytic receptor. In these reports, expression of CD163 promoted bacteria-

induced production of pro-inflammatory cytokine TNF-α and the recognition and 

phagocytosis of the bacteria (Kneidl et al., 2012).  

On the other hand, CD206 is a complex 175 kDa membrane-bound protein 

comprising different extracellular domains, a transmembrane segment, and a 

cytoplasmic tail (Taylor et al., 1990). Much like CD163, CD206 is an efficient 

endocytic receptor and continuously recycles between the cell surface and 

endosomal compartments with <30% expressed in the plasma membrane at 

baseline (Gazi and Martinez-Pomares, 2009). It recognises a wide variety of 

ligands including mannose, collagen and peptide hormones, in addition to 

allergens and microbial products such as LPS (Zamze et al., 2002; Gazi and 

Martinez-Pomares, 2009; Martinez-Pomares, 2012). Despite this ability to 

recognize and bind pathogens, the contribution of CD206 to host defence against 

infection is obscured. In a 2002 study, Lee et al showed an inability of CD206 

deficient (MR -/-) wild-type mice to remove collagen peptide hormones and 

lysosomal hydrolases (Lee, 2002), while Taylor et al reported an inability to 

induce phagocytosis by CD206 independently using both in vivo and in vitro 

methodologies (Taylor, Gordon and Martinezpomares, 2005).  
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When related to IBD, studies into mucosal healing in IBD patients who received 

the anti-TNF-α therapy adalimumab illustrated both a loss of CD14hi 

macrophages, in addition to accumulation of CD206+ macrophages which 

resulted in pro-restorative action. From these data they suggest a possible 

phenotypic ‘switch’ of pro-inflammatory macrophages (CD14hi) to anti-

inflammatory populations (CD206+) in the Crohn’s Disease patients (Vos et al., 

2012). Moreover, studies conducted in 2016 report the induction of regulatory M2 

macrophages by treatment with anti-TNF antibodies – a current major therapeutic 

intervention for the treatment of IBD, which were accompanied by increased 

levels of autophagy when compared to an IFN-γ-induced M1 macrophage control 

(Levin et al., 2016).  

A meta-analysis of placebo-controlled trials conducted in 2008 evaluated the 

safety and efficacy of TNF antagonists for the treatment of Crohn’s disease. The 

authors assessed fourteen luminal Crohn's disease trials encompassing 3995 

patients and reported the anti-TNF therapy (infliximab and adalimumab 

combined) was more effective than placebo for the induction of clinical remission 

at 4 weeks, also showing significant effect on 1-year maintenance of steroid-free 

remission (Peyrin–Biroulet et al., 2008). Although clearly an effective therapeutic 

strategy, reports also highlight the requirement of IL-10 signalling in 

macrophages to enable successful response following anti-TNF mAb 

administration. Koelink et al recently proved the necessity of IL-10 for the anti-

TNF induction of macrophage polarization from an M1-M2 CD163+CD206+ 

phenotype (Koelink et al., 2020). Their data supports the narrative that 

macrophages become fixed as an M1 phenotype and continue to secrete pro-

inflammatory cytokines in the absence of IL-10 and cannot convert to their M2 

counterpart. 

The data illustrated in this chapter highlight minocycline’s potent ability to 

upregulate the expression of both CD163 and CD206 despite originating from 

inflammatory ‘patrolling’ (CD14+) monocyte precursors, and with 24hr exposure 

to LPS at a therapeutically high dose. This, in combination with a decrease in 

CD14, and reductionist action of TNF-α secretion by activated macrophages in 

these experiments appears to corroborate previous reports whereby this 

phenotype ‘switching’ (M1 to M2) is seen upon anti-TNF therapy.  
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The data reported in this chapter simultaneously shows minocycline promote not 

only this phenotype switch from M1 to M2, but also reduce M1-driven pro-

inflammatory cytokine release. Moreover, although minocycline was also shown 

to reduce IL-10 production, it was not possible to ascertain any defined effect of 

minocycline on IL-10 signalling mediated through the STAT3/SOCS3 axis as 

discussed earlier in section 4.8. Importantly, these results may render 

minocycline another safe and effective treatment strategy for IBD given its 

similarity in function to current therapies such as anti-TNF-α which does not 

appear to rely on IL-10 signalling.
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5. Results: Effect of minocycline on the response of 
M0 macrophages to M1 or M2 polarization 

Macrophages are a key cell type in the immune response due to their ability to 

adapt and adopt different phenotypes dependent on requirements dictated by 

their surrounding microenvironment, with recent articles beginning to establish 

mechanisms by which macrophages are functionally influenced by the gut 

(Muller, Matheis and Mucida, 2020; Viola and Boeckxstaens, 2020; Wang, Chen 

and Wang, 2020; Yang et al., 2021). In the past two decades work towards 

elucidating the paradigm of macrophage polarization has become ever clearer 

with the general consensus being that once tissue resident, macrophage 

populations become either M1 or M2 phenotypes, but which are also widely 

accepted to be transient and plastic populations (Camille and Dealtry, 2018). 

M1 or pro-inflammatory ‘classically-activated’ macrophages act to eliminate 

exogenous pathogens via cytokine and inducible nitric-oxide synthase (iNOS) 

production, while M2 anti-inflammatory ‘alternatively-activated’ cells promote 

inflammation anergy and resolution (Hotamisligil, 2006; C. Li et al., 2018). 

Polarization of macrophages is determined by local external cues dictating 

phenotype commitment. M1 are induced by bacterial antigens as well as IFN-γ, 

LPS and TNF-α, rendering the cells microbicidal and tumoricidal, and 

subsequently release nitric oxide (NO) and inflammatory cytokines that promote 

the differentiation of Th1 and Th17 T helper cells. On the other hand, M2 cells 

are generated via interleukin (IL)-10, IL-13, IL-4 and IL-1RA (receptor agonist) 

and function to metabolize arginine and polyamines whilst releasing anti-

inflammatory cytokines, such as IL-10, ultimately contributing and driving 

resolution, tissue remodeling and building of immune tolerance (Hao et al., 2012; 

Yang et al., 2013).  

Much of the literature depicts this concept of dual purpose; advancing both 

inflammation and regeneration, however in many pathophysiological conditions, 

macrophages do not neatly ascribe to the M1/M2 paradigm (Rőszer, 2015; 

Artyomov, Sergushichev and Schilling, 2016; Jinnouchi et al., 2020). A balance 

between M1 and M2 phenotypic activity demonstrates shift over time with M1 

generally behaving as first responders recruiting both effective defense against 

invasion through secretion of pro-inflammatory mediators in addition to 
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angiogenesis, whereas M2 are essential for wound repair and tissue regeneration 

in the latter stages of inflammation resolution (Orecchioni et al., 2019; Yunna et 

al., 2020). The importance of M1/M2 homeostasis is further verified through 

evidence of delayed wound healing and fibrotic development when M1 or M2 

subpopulations become unrestrained respectively (Hesketh et al., 2017). The 

literature also supports the role of M1 macrophages in inflammatory-mediated 

responses displayed during the early stages of the normal tissue repair process, 

whereby they are characterized by high expression of CD80 and CD86 (Bertani, 

Mozetic, Fioramonti, Iuliani, et al., 2017; Raggi et al., 2017; Feito et al., 

2019).Thus the M1/M2 nomenclature is a useful tool in describing macrophage 

population plasticity during inflammatory states through correlation of observable 

changes in biomarkers in relation to inflammatory progression and healing (Smith 

et al., 2017). This chapter, therefore, aims to explore the potential role of 

minocycline on the polarization process from resting M0 macrophages to 

polarized M1 or M2 phenotypes through in vitro polarization of THP-1 and PBMC-

derived macrophages.   

5.1. THP-1 

5.1.1. Characterising in vitro polarization of THP-1 
macrophages 

Following the completion of objectives 1 and 2 in the previous chapters, which 

explored the effect of minocycline on macrophage differentiation and activation 

with exogenous LPS respectively, the next objective aimed to assess if 

minocycline could influence the phenotype acquisition of macrophages if 

introduced during the polarization process. To begin these investigations, as 

before, a reliable protocol for polarization of M0 macrophages to both M1 and M2 

subsets needed to be established. While the literature is relatively universal in the 

stimuli required to drive M1 and M2 polarization with IFN-γ and LPS or IL-4 used 

respectively (Genin et al., 2015; Bertani, Mozetic, Fioramonti, Luliani, et al., 

2017), there was some disparity in stimulus concentration as well as incubation 

periods, meaning some optimization occurred to decipher the best combination 

of polarization agents for this model supported by the pre-established protocols 

in the literature (Tjiu et al., 2009; Laskar et al., 2013; Chanput, Mes and Wichers, 

2014; Shiratori et al., 2017). Administration of 20ng/mL IFN-γ was a consistent 

feature across reports therefore this was tested and kept consistent throughout 
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the optimization process (A11 & A12) (Chanput et al., 2013; Vogel et al., 2014; 

Shiratori et al., 2017).  

However, despite multiple attempts utilizing varying conditions for M2 

macrophage generation encompassing lone stimulation using IL-4 (Appendix 

A11.1-11.4), dual stimulation with IL-4 and IL-13 (Appendix A11.5-11.7), and 

differing incubation periods (24 and 48 hr) (Appendix A11.8-11.11), a 

distinguishable M2 phenotype could not be established using the THP-1 model, 

therefore intervention with minocycline was continued using the M1 model only 

in this instance. Based on the results obtained a final polarization protocol of 

20ng/mL IFN-γ + 10ng/mL LPS was established for M1 macrophage generation. 

It should also be noted that discontinuation with U-937 was also decided at this 

stage given the limited literature using this cell line for polarization studies and 

failure to induce distinct M1 or M2 populations (Appendix A12). In addition, use 

of 50µM minocycline and the positive control dexamethasone was also 

discontinued from the treatment panels due to the toxic effects seen with this top 

concentration of minocycline (chapter 3), and requirement to prioritise treatment 

groups due to material availability.  

To assess the role of minocycline on macrophage polarization it was first 

imperative to characterise the effect of the polarizing stimuli upon surface marker 

expression. To do this, THP-1 monocytes were first differentiated to resting M0 

macrophages following 48hr PMA (80nM) incubation and subsequent 72hr 

resting in replenished media as before. At this point (Day 5) cells were treated 

with IFN-γ (20ng/mL) + LPS (10ng/mL) for a further 24hr, at which time 

supernatant was aspirated and discarded, and cells were collected and stained 

for surface marker evaluation by multicolour flow cytometry. As within previous 

chapters, the surface marker panel stayed consistent, incorporating pan-

macrophage markers CD14 and CD11b (with the CD11b antibody clone selection 

for THP-1 and PBMC also remaining consistent), M1-associated markers CD80 

and CD86, and M2-associated markers CD163 and CD206.  

Data presented below in Figures 5.1, 5.2 and 5.3 illustrate acquisition of an M1 

phenotype by the resting M0 THP-1-derived macrophages with increased 

expression of CD14 (Figure 5.1A-D), and the co-stimulatory molecules CD80 and 

CD86 (Figure 5.2A-F) when compared to the un-polarized M0 baseline. This was 
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reflected in both the percentage of positive cells and the density of marker 

expression (MFI).  

However, where upregulation of these markers was pronounced following 24hr 

polarization with IFN-γ and LPS, CD11b expression in its active form was 

inconclusive with no consistent modification exerted by the M1 polarizing stimuli 

(Figure 5.1A, B, E and F). The M2-associated marker CD163 was shown to 

increase following M1-polarizaing with the percentage of CD163+ cells increasing 

by 1.5-fold when compared to the un-polarized control (Figure 5.3A and C). 

However, the density of CD163 expression (MFI) was largely unchanged (Figure 

3.3 B and D). Data for CD206 was also inconsistent in both the percentage of 

CD206+ cells and the density of CD206 expression (Figure 5.3A, B, E and F). 

Considering the raw obtained values, the fluctuation in CD163 and CD206 

response may be attributed to the very low baseline expression of these markers 

and as such CD206 and CD163 MFI were defined as unchanged following 

polarization. 

The interaction of LPS with the CD14-TLR4 receptor complex modulates the host 

innate immune response (Płóciennikowska et al., 2015; Tsukamoto et al., 2018; 

Ciesielska, Matyjek and Kwiatkowska, 2021). A lack of CD14 therefore hampers 

the macrophage response to LPS with reports corroborating this narrative 

whereby CD14-deficient macrophages did not undergo the same polarization and 

cytokine production as wild type (CD14+) macrophages (Gangloff et al., 2005; da 

Silva et al., 2017). Therefore, the data presented here, in combination with the 

data within the literature depict a distinct M1 phenotype with increased expression 

of CD14, CD80 and CD86 when compared to unstimulated M0 macrophages, 

and thus successful polarization within this model (Raggi et al., 2017). 
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Figure 5.1: CD14 and CD11b expression profile of M1-polarized THP-1 macrophages. Data 

obtained after 24hr incubation of differentiated M0 macrophages with M1 polarizing agents IFN-

γ (20ng/mL) + LPS (10ng/mL). [A] Representative dot plots showing the percentage of CD14+ 

(top) and CD11b+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) for CD14 (left) and CD11b (right). Numbers indicate MFI of live gated population. 

[C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for 

CD14 [D] and CD11b [F]. Data normalised and displayed as fold change versus the un-polarized 

M0 macrophage control. Data represents 3 replicated experiments each comprising of triplicate 

values. Data presented as mean ± SEM. Unpaired t test applied versus the un-polarized M0 

macrophage. 
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Figure 5.2: CD80 and CD86 expression profile of M1-polarized THP-1 macrophages. Data 

obtained after 24hr incubation of differentiated M0 macrophages with M1 polarizing agents IFN-

γ (20ng/mL) + LPS (10ng/mL). [A] Representative dot plots showing the percentage of CD80+ 

(top) and CD86+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity 

(MFI) for CD80 (left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar 

graphs showing the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] 

and CD86 [F]. Data normalised and displayed as fold change versus the un-polarized M0 

macrophage control. Data represents 3 replicated experiments each comprising of triplicate 

values. Data presented as mean ± SEM. Unpaired t test applied versus the un-polarized M0 

macrophage. *p<0.05. 



206 
 

 



207 
 

Figure 5.3: CD163 and CD206 expression profile of M1-polarized THP-1 macrophages. Data 

obtained after 24hr incubation of differentiated M0 macrophages with M1 polarizing agents IFN-

γ (20ng/mL) + LPS (10ng/mL). [A] Representative dot plots showing the percentage of CD163+ 

(top) and CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) for CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. 

[C-F] Bar graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for 

CD163 [D] and CD206 [F]. Data normalised and displayed as fold change versus the un-polarized 

M0 macrophage. Data represents 3 replicated experiments each comprising of triplicate values. 

Data presented as mean ± SEM. Unpaired t test applied versus the un-polarized M0 macrophage. 

5.1.2. Effect of minocycline during M1 polarization of THP-1 
macrophages 

With an M1 subset of macrophages successfully generated based on the 

previous surface marker phenotyping data, treatment with minocycline at the two 

lower concentrations of 10µM and 25µM was next introduced to assess a 

potential effect of minocycline upon this polarization process. Macrophages were 

differentiated from their monocyte precursor using PMA as described in chapter 

2 section 2.1.1 and were pre-treated with minocycline for 2hr prior to the addition 

of the M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL). Cultures were 

incubated for a further 24hr to allow for full polarization as per the optimized 

protocol, at which point supernatant was collected and stored for cytokine 

determination, and cells were collected and stained for flow cytometric analysis.  

Data outlined in Figure 5.4 below shows a small reduction in the percentage of 

CD14+ cells by 11.5% following treatment with minocycline at 25µM versus the 

no treatment (NT) group (Figure 5.4 A and C). This inhibitory effect of minocycline 

was also reflected in the density of CD14 expression whereby 25µM resulted in 

a 0.9-fold decrease in MFI versus the baseline M1 group (Figure 5.4B and D). In 

this regard, minocycline at the lower concentration of 10µM did not elicit any clear 

change in CD14 expression. Conversely, no definable influence of minocycline 

intervention on the expression of active CD11b was reported (Figure 5.4A, B, E 

and F). What should be noted however, is the adverse effect on CD11b 

expression exerted by the DMSO vehicle control (Veh) which caused an increase 

in both the percentage of CD11b+ cells, as well as the density of CD11b 

expression (MFI).  

When assessing the effect on the co-stimulatory molecules CD80 and CD86 an 

opposing influence of minocycline was seen. Where M1 polarization in the 
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absence of minocycline increased the percentage of CD80+ cells from <1% to a 

modest 8% versus the un-polarized control (Figure 5.5A and C), administration 

of minocycline at 10µM and 25µM caused significant upregulation, up by 83% 

and 91.6% respectively (p<0.0001) versus the M1-polarized (NT) group (Figure 

5.5A and C). This meant that treatment with minocycline at the highest 

concentration of 25µM resulted in almost 100% of cells now expressing CD80 

versus only 8% without treatment. Moreover, this was duplicated in the density of 

expression data which show a clear correlation between minocycline 

concentration and CD80 expression with 10µM inducing a 5.5-fold increase in 

CD80 expression, and 25µM a significant 19.1-fold increase versus the M1-

polarized (NT) group (p<0.0001) (Figure 5.5B and D).  

Despite an inhibitory effect elicited by minocycline in the previous chapters, when 

added during M1 polarization minocycline on this occasion did not influence any 

coherent changes in CD86 expression (Figure 5.5A, B, E and F), although both 

the percentage and density of expression appear to be consistent with the data 

displayed in previous chapters despite failing to reach significance. However, 

once again, an influence of the vehicle upon this marker was noted whereby 

DMSO appeared to inhibit CD86 expression compared to the M1 control. Reports 

alluding to the effect of DMSO on surface marker expression in this macrophage 

model remain absent meaning it is only possible to speculate the cause of this 

modification, and instead report the conclusion that in respect to minocycline no 

obvious alteration in CD86 expression occurred. 

Finally, when analysing the influence of minocycline on the M2-associated 

markers CD163 and CD206, results echoed those obtained in chapter 4 whereby 

intervention resulted in robust upregulation of both proteins (Figure 5.6). In 

parallel to the data obtained from assessing CD80, minocycline at 25µM resulted 

in almost 100% of cells now expressing both CD163 and CD206, with an increase 

of 94.5% and 96.7% respectively (p<0.0001) (Figure 5.6A, C and E). This 

significant upregulation was further mirrored in the density of expression with a 

20-fold, and 18.3-fold increase in MFI for CD163 and CD206 respectively versus 

the untreated M1 control which itself had little to no change versus the un-

polarized M0 group (p<0.0001) (Figure 5.6B, D and F). Although minocycline at 

25µM was the more potent of the two concentrations used, 10µM continued to 

elicit the same responses, just at a lower magnitude. From this data minocycline 



209 
 

was shown to simultaneously inhibit CD14 expression, while upregulating CD80, 

CD163 and CD206 despite a strong pro-inflammatory baseline created by the 

M1-polarizing stimuli.          
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Figure 5.4: Effect of minocycline on CD14 and CD11b expression following M1 polarization 
of THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 macrophages 

with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). [A] Representative dot plots 

showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) of CD14 (left) and CD11b (right). Numbers indicate MFI 

of live gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] 

cells, and MFI values for CD14 [D] and CD11b [F]. MFI values normalised and displayed as fold 

change versus the un-polarized M0 macrophage control. NT = untreated M1 macrophage, MINO 

10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO vehicle control (1:1000). 

Data represents 3 replicated experiments each comprising of triplicate values. Data presented as 

mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the untreated (NT) M1 

macrophage control. 
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Figure 5.5: Effect of minocycline on CD80 and CD86 expression following M1 polarization 
of THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 macrophages 

with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). [A] Representative dot plots 

showing the percentage of CD80+ (top) and CD86+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) of CD80 (left) and CD86 (right). Numbers indicate MFI 

of live gated population. [C-F] Bar graphs showing the percentage of CD80+ [C] and CD86+ [E] 

cells, and MFI values for CD80 [D] and CD86 [F]. MFI values normalised and displayed as fold 

change versus the un-polarized M0 macrophage control. NT = untreated M1 macrophage, MINO 

10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO vehicle control 1:1000. Data 

represents 3 replicated experiments each comprising of triplicate values. Data presented as mean 

± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the untreated (NT) M1 

macrophage control. ****p<0.0001. 
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Figure 5.6: Effect of minocycline on CD163 and CD206 expression following M1 
polarization of THP-1 macrophages. Data obtained after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). [A] Representative 

dot plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. [B] Representative 

histograms showing mean fluorescent intensity (MFI) of CD163 (left) and CD206 (right). Numbers 

indicate MFI of live gated population. [C-F] Bar graphs showing the percentage of CD163+ [C] 

and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. MFI values normalised and 

displayed as fold change versus the un-polarized M0 macrophage control. NT = untreated M1 

macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO vehicle 

control 1:1000. Data represents 3 replicated experiments each comprising of triplicate values. 

Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the 

untreated (NT) M1 macrophage control. *p<0.05; ****p<0.0001. 

5.2. PBMC 

5.2.1. Characterising in vitro polarization of PBMC-derived 
macrophages 

Having used THP-1 as an initial in vitro system to assess the effect of minocycline 

on macrophage polarization, the findings were next validated using PBMC-

derived macrophages. This also provided an opportunity to gain insight into the 

effect of minocycline on M2 macrophage subsets as successful M2-polarization 

of PBMC-derived macrophages was much more prominent in the literature with 

Dr Jose Garrido Mesa also possessing an established protocol (Orecchioni et al., 

2019; Y. Wang et al., 2019). Proceeding with this experimental protocol, PBMCs 

were first differentiated into M0 macrophages following M-CSF expansion of 

isolated monocytes and were subsequently pre-treated with minocycline for 2hr 

prior to incubation for a further 24hr with IFN-γ (20ng/mL) + LPS (10ng/mL) for 

polarization to M1, or IL-4 (20ng/mL) to produce M2 macrophages. This 

procedure, and all subsequent sample collection was kept consistent with the 

THP-1 investigations, whereby supernatant was collected and stored at the 

termination of the protocol, and cells were collected and stained for surface 

marker expression analysis. 

As before, it was imperative to first phenotype the polarized subsets in the 

absence of minocycline to ensure distinct and consistent macrophage 

populations were generated. Figure 5.7A-D below profile the change in CD14 

expression following polarization to each of the two phenotypes. Here a subtle 

decrease in the percentage of CD14+ cells was identified, as well as a decrease 
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in the density of CD14 expression in both M1 and M2 populations, with the 

reduction seen to a greater extent in the M1 phenotype and in the density of 

expression (p=0.0131). Data was similar in respect to total CD11b expression 

(Figure 5.7A, B, E and F) whereby all donors illustrated a decrease in the 

percentage of CD11b+ cells and the density of CD11b expression in the M1 

cultures. On the contrary, M2 polarization resulted in CD11b upregulation as 

shown by the MFI, while the percentage of positive cells remained largely 

unchanged versus the M0 baseline. 

The influence of M1/M2 macrophage polarization on CD80 expression was more 

distinct, with all donors showing a significant increase in the percentage of 

positive cells, by a magnitude of 64-fold change versus the M0 baseline, which 

was further reflected in the increased MFI values in the M1 cultures (Figure 5.8A-

D). CD80 was also seen to be partially increased following M2 polarization but to 

a far lesser degree than the M1 samples. This change was also seen in the values 

obtained for density of CD80 expression with a modest 1.7-fold increase. Results 

pertaining to CD86 were less pronounced but reached statistical significance with 

increases in the percentage of CD86+ cells across both phenotypes, and a 

significant upregulation in CD86 MFI, with 5.6- and 3.2-fold increases for M1 and 

M2 respectively when compared to the un-polarized baseline (Figure 5.8A, B, E 

and 8F). 

Finally, regarding the M2-associated markers CD163 and CD206 (Figure 5.9), 

data attributed to M1 polarization highlighted a decrease in both the percentage 

of CD163+ and CD206+ cells, in addition to a decrease in the density of expression 

of both markers (Figure 5.9A, C and E). Influence of M2 polarization on CD163 

was slightly less clear with opposing discrepancies seen across the 4 donors 

(Figure 5.9A-D).  In contrast, M2 induction resulted in a significant increase in the 

number of CD206+ cells which was corroborated in the mean fluorescence values 

whereby all donors displayed upregulation of CD206 MFI (Figure 5.9B, E and F). 

This data indicates an M1 phenotype acquisition characterized by a decline in 

CD11b, CD163 and CD206 expression, in addition to potent upregulation of 

CD80 and CD86 when compared to the un-polarized M0 control. Conversely, M2 

phenotype can be identified through an increase in CD11b and CD206 versus 

the un-polarized M0 control, with marginal increases also in CD80 and CD86 

versus M0 but to a far lesser degree than the M1. 
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Figure 5.7: CD14 and CD11b expression profile of M1 and M2 polarized PBMC-derived 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or M2 (IL-4 20ng/mL) polarizing agents. [A] Representative 

dot plots showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] Representative 

histograms showing mean fluorescent intensity (MFI) of CD14 (left) and CD11b (right). Numbers 

indicate MFI of live gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and 

CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. Values normalised and displayed 

as fold change versus the un-polarized M0 macrophage. Data represents 4 donors, each 

comprising of duplicate values. Data presented as mean ± SEM. One-way ANOVA with post hoc 

Dunnett’s applied versus the un-polarized M0 macrophage. *p<0.05; ****p<0.0001. 
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Figure 5.8: CD80 and CD86 expression profile of M1 and M2 polarized PBMC-derived 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or M2 (IL-4 20ng/mL) polarizing agents. [A] Representative 

dot plots showing the percentage of CD80+ (top) and CD86+ (bottom) cells. [B] Representative 

histograms showing mean fluorescent intensity (MFI) of CD80 (left) and CD86 (right). Numbers 

indicate MFI of live gated population. [C-F] Bar graphs showing the percentage of CD80+ [C] and 

CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. Values normalised and displayed as 

fold change versus the un-polarized M0 macrophage. Data represents 4 donors, each comprising 

of duplicate values. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

applied versus the un-polarized M0 macrophage. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 5.9: CD163 and CD206 expression profile of M1 and M2 polarized PBMC-derived 
macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages with 

M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or M2 (IL-4 20ng/mL) polarizing agents. [A] Representative 

dot plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. [B] Representative 

histograms showing mean fluorescent intensity (MFI) of CD163 (left) and CD206 (right). Numbers 

indicate MFI of live gated population. [C-F] Bar graphs showing the percentage of CD163+ [C] 

and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. Values normalised and 

displayed as fold change versus the un-polarized M0 macrophage. Data represents 4 donors, 

each comprising of duplicate values. Data presented as mean ± SEM. One-way ANOVA with post 

hoc Dunnett’s applied versus the un-polarized M0 macrophage. *p<0.05; **p<0.01. 

5.2.2. Effect of minocycline during M1/M2 polarization of 
PBMC-derived macrophages 

Overall, despite some divergence from the common literary narrative, the data 

presented in section 5.2.1. confirms successful polarization of PBMC-derived 

macrophages to both M1 and M2 subsets. Having established an un-treated 

baseline for both phenotypes with respect to surface marker expression profiles 

exploration into any potential modification by minocycline began.  

When studying the effect of minocycline treatment during macrophage 

polarization, no significant alteration in CD14 expression was noted as reflected 

in both the percentage of CD14+ cells in each culture, and the density of CD14 

expression (Figure 5.10). These findings did not directly corroborate those seen 

when exploring the effect of minocycline using THP-1-derived M1 macrophages 

in which a distinct inhibitory effect was reported (section 5.1.2). Regarding total 

CD11b expression, again no discernible change was seen in protein expression 

following administration of minocycline at either concentration or in either 

polarized culture (Figure 5.11). 

When analysing results gained for CD80, data once more failed to fully 

corroborate the previous THP-1 findings. No statistically significant changes in 

the percentage of CD80+ cells or CD80 MFI among the M1 macrophages were 

seen (Figure 5.12A, B, C and D). Furthermore, although data pertaining to the 

M1 populations were insignificant, they showed a potential decrease in 

expression following minocycline intervention. This reduction was further 

reflected in the M2 macrophages where minocycline at 25µM seemed to subtly 

decrease the number of CD80+ cells (Figure 5.12A and E), however data 

concerning CD80 MFI illustrated no clear modification. Data for CD86 was 
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similarly ambiguous showing no influence of minocycline on the percentage of 

positive cells in ether phenotype, or MFI in the M1 cultures (Figure 5.13A-E). 

There was, however, distinct modification of CD86 MFI within the M2 populations 

whereby minocycline significantly reduced this parameter by 10µM (p=0.0018) 

and 25µM (p=0.0001), the latter being the more potent modifier (Figure 5.13F).  

Finally, it was of interest to see if the marked increase in both CD163 and CD206 

seen in the THP-1 model would be replicated using the primary PBMC 

macrophages. In this regard only visible increases in the percentage of CD163+ 

cells and density of CD163 expression can be seen in the M1 model. Additionally, 

data obtained from the M2 model also failed to indicate any clear effect of 

minocycline treatment on CD163 expression (Figure 5.14A, B, E and F). 

Minocycline failed to induce any significant change in either the percentage of 

CD163+ or CD206+ cells, or in density of expression within the M1 cultures when 

compared to the untreated control (Figure 5.15A-D). A key finding during this 

investigation, however, was the inhibitory effect of minocycline intervention on 

CD206 expression within the M2 model. Here, a notable decrease in the number 

of CD206+ cells can be seen, as well as a significant reduction in the density of 

CD206 expression exerted by 25µM minocycline (p=0.0175) (Figure 3.15A, B, E 

and F).  

Considering the data obtained minocycline was shown to have limited influence 

on CD14, CD11b, CD80 and CD163 expression when administered during either 

M1 or M2 polarization. Some modification was seen in relation to CD86 

expression whereby minocycline decreased the density of CD86 expression 

within the M2 cultures only, while the most prominent change was in respect to 

CD206 expression. Here minocycline had distinct influence on both the 

percentage of CD206+ cells and the density of CD206 expression when 

administered during M2 polarization, causing a decline in expression. Given this 

unforeseen finding, in addition to the results gained from the rest of the chapter 

so far, it was essential to next understand the influence of minocycline on the 

cytokine production profiles of the two subsets which may aid in the interpretation 

of these data in their entirety.  
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Figure 5.10: Effect of minocycline on CD14 expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD14+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD14 in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD14+ M1 [C] and CD14+ M2 [E] polarized macrophages, and CD14 MFI values 

for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus the non-

treatment (NT) group indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-treated M1 or 

M2 control. 
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Figure 5.11: Effect of minocycline on CD11b expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD11b+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD11b in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD11b+ M1 [C] and CD11b+ M2 [E] polarized macrophages, and CD11b MFI 

values for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus 

the non-treatment (NT) group indicated at 1. Plots and histograms illustrate one representative 

donor. Graphical data represent data from 4 donors each comprising of duplicate values. Data 

presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-

treated M1 or M2 control. 
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Figure 5.12: Effect of minocycline on CD80 expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD80+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD80 in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD80+ M1 [C] and CD80+ M2 [E] polarized macrophages, and CD80 MFI values 

for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus the non-

treatment (NT) group indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-treated M1 or 

M2 control. 
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Figure 5.13: Effect of minocycline on CD86 expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD86+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD86 in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD86+ M1 [C] and CD86+ M2 [E] polarized macrophages, and CD86 MFI values 

for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus the non-

treatment (NT) group indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-treated M1 or 

M2 control. **p<0.01; ***p<0.001. 
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Figure 5.14: Effect of minocycline on CD163 expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD163+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD163 in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD163+ M1 [C] and CD163+ M2 [E] polarized macrophages, and CD163 MFI 

values for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus 

the non-treatment (NT) group indicated at 1. Plots and histograms illustrate one representative 

donor. Graphical data represent data from 4 donors each comprising of duplicate values. Data 

presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-

treated M1 or M2 control. 
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Figure 5.15: Effect of minocycline on CD206 expression following M1 or M2 polarization of 
PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 24hr 

incubation of M-CSF-expanded M0 macrophages with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or 

M2 (IL-4 20ng/mL) polarizing agents. NT = no treatment, MINO 10 = Minocycline 10µM, MINO 25 

= Minocycline 25µM. [A] Representative dot plots showing the percentage of CD206+ cells in M1 

(top) or M2 (bottom) macrophage cultures following the addition of polarizing agents. [B] 

Representative histograms showing mean fluorescent intensity (MFI) for CD206 in M1 (left) or M2 

(right) macrophages. Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD206+ M1 [C] and CD206+ M2 [E] polarized macrophages, and CD206 MFI 

values for M1 [D] and M2 [F] populations. MFI normalised and displayed as fold change versus 

the non-treatment (NT) group indicated at 1. Plots and histograms illustrate one representative 

donor. Graphical data represent data from 4 donors each comprising of duplicate values. Data 

presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-

treated M1 or M2 control. *p<0.05. 

5.1. Cytokine Production Profile of M1/M2 Polarized 
Macrophages 

Macrophage phenotype commitment is orchestrated by the local cytokine milieu 

with classically activated M1 macrophages typically induced by Th1 cytokines 

such as IFN-γ, or as a result of bacterial LPS recognition, while alternatively 

activated M2 macrophages are determined by Th2 cytokines IL-4 and IL-13 (Sica 

and Mantovani, 2012). Each subset can further be defined by their consequent 

expression of distinct surface markers as explored previously, as well as the 

production of characteristic cytokines and chemokines. Once polarized, M1 cells 

are recognised to produce high levels of pro-inflammatory cytokines TNF-α, IL-

1β, IL-6 and IL-12, enabling them to promote the removal of pathogens and 

perform anti-microbial and anti-tumoral activities. Conversely, M2 macrophages 

are characterised to produce IL-10, IL-4 and TGF-β with the aim to scavenge and 

phagocytose debris and apoptotic cells, in addition to promoting tissue repair and 

wound healing via their pro-angiogenic and pro-fibrotic properties (Locati, 

Mantovani and Sica, 2013; Murray et al., 2014; Braga, Agudelo and Camara, 

2015).  

5.1.1. THP-1 cytokine production profile 
Sections 5.1.2 and 5.2.2 within this chapter have already begun to decipher a 

modulatory role of minocycline in respect to the surface marker signatures of 

these two macrophage subsets, with THP-1 experiments illustrating potent 

upregulation of M2-associated markers CD163 and CD206, in addition to CD80, 
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while data obtained from the PBMC investigations highlighted an inhibitory role 

of minocycline on CD206 expression within M2 cells. Having identified possible 

functionally significant outcomes of minocycline based on surface marker 

expression, it was imperative to now assess any modification of minocycline on 

the cytokine production profiles of these two phenotypes. As with surface marker 

expression work began by characterising the polarized phenotypes in respect to 

their cytokine production properties. Figure 5.16 below illustrates the increased 

production of M1-associated pro-inflammatory cytokines IFN-γ (p=0.0008) 

(Figure 5.16A and B1), IL-1β (p=0.0037) (Figure 5.16A and B2) and TNF-α 

(p=0.0012) (Figure 5.16A and B4), with IL-6 (Figure 5.16A and B3) and IL-12p40 

(Figure 5.16A and B5) appearing to increase but remaining under the threshold 

of significance. IL-12p70 however remained unchanged (Figure 5.16A and B6). 

Furthermore, when polarized to M1, THP-1 macrophages indicate no change, or 

a decline in M2-associated cytokine expression with both IL-4 (Figure 5.16A and 

C1) and IL-10 (Figure 5.16A and C2) remaining comparative with the un-polarized 

M0 control. These data further validated the polarization protocol used and 

provided additional evidence to support the successful in vitro polarization of 

THP-1-derived macrophages.  

Previously data alluded to a potential influence of the vehicle control DMSO as 

indicated in section 5.1.2 within this cellular model. Therefore, the cytokine 

production profile of the M1 cells when treated with the DMSO control in the 

absence of minocycline was also characterised. Figure 5.17 displays the findings 

from this investigation, identifying amplified production of the pro-inflammatory 

cytokines IFN-γ, TNF-α, and IL-12p40, with IL-12p70 also increased but not 

statistically significant (Figure 5.17A1, A4-A6). IL-6 was also partially affected by 

the vehicle (Figure 5.17A3). Conversely, changes to IL-1β production were ill-

defined with both positive and negative effects of the vehicle observed (Figure 

5.17A2). Moreover, this augmentation of cytokine production extended to the M2-

associated cytokines whereby IL-4 appeared to increase versus the un-treated 

M1 control (Figure 5.17C1), and L-10 was increased back to an un-polarized M0 

baseline across all replicates (Figure 5.17C2). Given these results which show 

an influence of the vehicle control on cytokine production, it was decided to adjust 

the subsequent analytical approach and utilize the vehicle-treated group as the 

intra-experimental control when assessing the effect of minocycline.  
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Figure 5.16: Cytokine production from M1-polarized THP-1-derived macrophages. Data 

obtained from supernatant analysis after 24hr incubation of M0 macrophages with the M1 

polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). [A] Radar plot illustrating relative change 

in cytokine production between M0 and M1 macrophages. Bar graphs showing the production of 

M1-associated cytokines IFN-γ [B1], IL-1β [B2], IL-6 [B3], TNF-α [B4], IL-12p40 [B5] and IL-12p70 

[B6], and M2-associated cytokines IL-4 [C1] and IL-10 [C2]. Graphs represent averaged triplicate 

data from 3 repeated experiments. Data presented as mean ± SEM with unpaired t test. **p<0.01; 

***p<0.001. 
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Figure 5.17: Cytokine production from vehicle treated, M1-polarized THP-1-derived 
macrophages. Data obtained from supernatant analysis after 24hr incubation of M0 

macrophages with the M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL) in the presence 

of the DMSO vehicle control (1:1000). Bar graphs showing the production of M1-associated 

cytokines IFN-γ [A1], IL-1β [A2], IL-6 [A3], TNF-α [A4], IL-12p40 [A5] and IL-12p70 [A6], and M2-

associated cytokines IL-4 [B1] and IL-10 [B2]. Graphs represent data from 3 repeated 

experiments each comprising triplicate readings. Data presented as mean ± SEM. One-way 

ANOVA with post hoc Dunnett’s applied versus the un-treated M1. *p<0.05; **p<0.01; ***p<0.001. 

5.1.2. PBMC cytokine production profile 
As with the THP-1 model, characterisation of the polarized phenotypes regarding 

their cytokine production values occurred. Figure 5.18 below clearly defines the 

effect of M1 polarization on the enhanced production of all pro-inflammatory M1-

associated cytokines when compared to both the M0 and M2 cultures (Figure 

5.18B1-B6). Inversely, IL-4 – a potent anti-inflammatory mediator is significantly 

upregulated in the M2-polarized cells (Figure 5.18C1), while IL-10 - a key 

immuno-modulatory M2 cytokine, was significantly increased following M1 

polarization to a greater extent than that seen in the M2 which appears to be 

reduced versus the un-polarized M0 (Figure 5.18C2).    
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Figure 5.18: Cytokine production from M1 and M2-polarized PBMC-derived macrophages. 
Data obtained from supernatant analysis after 24hr incubation of M0 macrophages with the M1 

polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL), or M2 polarizing agent IL-4 (20ng/mL). 

[A] Radar plot illustrating relative change in cytokine production between M0, M1 and M2 

macrophages. Bar graphs showing the production of M1-associated cytokines IFN-γ [B1], IL-1β 

[B2], IL-6 [B3], TNF-α [B4], IL-12p40 [B5] and IL-12p70 [B6], and M2-associated cytokines IL-4 

[C1] and IL-10 [C2]. Graphs represent data obtained from 4 donors each comprised of duplicate 

readings. Data presented as mean ± SEM. Two-way ANOVA with post hoc Tukey’s. *p<0.05; 

***p<0.001; ****p<0.0001. 

5.2. Effect of minocycline on cytokine production by 
polarized macrophage subsets 

The results obtained for M1-associated cytokines when minocycline was 

administered during M1 polarization are presented in Figure 5.19, where a 

consistent inhibitory effect of minocycline on the production of IFN-γ (Figure 

5.19A1), IL-1β (Figure 5.19A2) and IL-6 (Figure 5.19A3) can be seen using THP-

1 cells when compared to the M1+DMSO (M1+Veh) group. Here, minocycline at 

the lower concentration of 10µM reduced IFN-γ and IL-1β to a greater extent than 

the highest dose of 25µM, however a positive correlation between minocycline 

concentration and cytokine production for IL-6 can been seen, with 25µM now 

being the more potent modifier. Data pertaining to the PBMC samples 

corroborated some of these findings, whereby IL-1β and IL-6 were reduced with 

a correlation between minocycline concentration and cytokine production versus 

the untreated control again seen (Figure 5.19B2 and B3). Regarding IFN-γ 

however, data from the PBMCs were less defined, with generally no change in 

production (Figure 5.19B1). 

This correlation between concentration and inhibition of cytokine production was 

further displayed in the results for IL-12p70 using the THP-1 cells with a reduction 

in expression induced by minocycline across all biological replicates (Figure 

5.19A6). This was not, however, replicated in the PBMCs (Figure 5.19B6). 

Furthermore, data for TNF-α and IL-12p40 were difficult to define in the THP-1 

model, however is significantly reduced in the PBMCs by both minocycline 

concentrations (Figure 5.19A4 and B4). Both IL-12 subunits in this model 

however showed insignificant results, which may in part be attributed to samples 

ranging around the lower detection limit of the assay in this instance.  
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Figure 5.19: Effect of minocycline on M1 cytokine production from M1-polarized THP-1 and 
PBMC-derived macrophages. Data obtained from supernatant analysis after 2hr pre-incubation 

with minocycline and 24hr incubation of M0 macrophages with the M1 polarizing agents IFN-γ 

(20ng/mL) and LPS (10ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM, 

Veh = DMSO vehicle control (1:1000). Bar graphs showing data collected from THP-1 [Panel A] 

and PBMC [Panel B] experimental samples for M1-associated cytokines IFN-γ [1], IL-1β [2], IL-6 

[3], TNF-α [4], IL-12p40 [5] and IL-12p70 [6]. Bar graphs showing the relative fold change versus 

the M1+Veh [Panel A] or untreated M1 [Panel B] control indicated at 1. Graphs represent data 
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from 3 repeated experiments each comprising triplicate readings for THP-1 [Panel A], and 4 

donors each comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the relevant control. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 

When assessing the influence of minocycline on the production of M2-associated 

cytokines IL-4 and IL-10 when administered during M1 macrophage polarization, 

minocycline at either, or both concentrations caused significant downregulation 

in the production of both IL-4 (Figure 5.20A1 and B1) and IL-10 (Figure 5.20A2 

and B2) across all biological replicates of THP-1 and PBMC donors. 

 

Figure 5.20: Effect of minocycline on M2 cytokine production from M1-polarized THP-1 and 
PBMC-derived macrophages. Data obtained from supernatant analysis after 24hr incubation of 

M0 macrophages with the M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). MINO 10 

= minocycline 10µM, MINO 25 = minocycline 25µM, Veh = DMSO vehicle control (1:1000). Bar 

graphs showing data collected from THP-1 [Panel A] and PBMC [Panel B] experimental samples 

for M2-associated cytokines IL-4 [1] and IL-10 [2]. Bar graphs showing the relative fold change 

versus the M1+Veh [Panel A], or untreated M1 [Panel B] control indicated at 1. Graphs represent 
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data from 3 repeated experiments each comprising triplicate readings for THP-1 [Panel A], and 4 

donors each comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the relevant control. *p<0.05; 

**p<0.01; ***p<0.001. 

Having successfully polarized PBMC-derived macrophages into an M2 

phenotype via incubation with IL-4, it was also possible to assess any effect of 

minocycline on this functionally distinct subset of cells. Figure 5.21 below 

presents the data from these experiments. In relation to the production of M1-

associated pro-inflammatory cytokines, minocycline treatment at 25µM resulted 

in a significant increase of IFN-γ among all donors (p<0.0001) (Figure 5.21A1). 

This suggests an ability of minocycline to reverse the typical anti-inflammatory 

cytokine secretion of M2 macrophages to a signature more characteristic of its 

pro-inflammatory M1 counterpart. Inversely, a possible inhibitory effect of 

minocycline was reported regarding TNF-α production whereby treatment with 

25µM minocycline resulted in decreased production versus the M2 only control 

(Figure 5.21A4). Interestingly, IL-12p70 was also significantly upregulated in this 

model by minocycline, with 25µM causing increased production across all donors 

(p<0.0001) (Figure 5.21A6). All remaining results using this model pertaining to 

the M1-associated cytokines were ambiguous or inconsistent (Figure 5.21A2, A3 

and A5).  

Data achieved from studying the effect of minocycline on M2-associated 

cytokines during M2 polarization showed a partial but statistically significant 

reduction in IL-4 (Figure 5.21B1), while on the other hand, IL-10 production was 

significantly inhibited by 25µM minocycline treatment (p=0.0007) displaying a 

decrease in IL-10 further below the M2 baseline (Figure 5.21B2). If only 

considering data that was either corroborated between models as in the case of 

the M1 investigation or was identified in most donors for the M2, a modification 

pattern exerted by minocycline begins to be unveiled whereby minocycline 

actively reduced potent pro-inflammatory mediators such as IL-1β, IL-6 and TNF-

α, whilst simultaneously reducing anti-inflammatory mediators IL-4 and IL-10 

independent of phenotype.  
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Figure 5.21: Effect of minocycline on cytokine production from M2-polarized PBMC-
derived macrophages. Data obtained from supernatant analysis after 24hr incubation of M0 

macrophages with the M2 polarizing agent IL-4 (20ng/mL). MINO 10 = minocycline 10µM, MINO 

25 = minocycline 25µM. Bar graphs showing data collected from PBMCs of 4 individual donors 

for experimental samples for M1-associated cytokines IFN-γ [A1], IL-1β [A2], IL-6 [A3], TNF-α 

[A4], IL-12p40 [A5] and IL-12p70 [A6] and M2-associated cytokines IL-4 [B1] and IL-10 [B2]. Bar 

graphs showing the relative fold change versus the untreated M2 control indicated at 1. Graphs 

represent data from 4 donors each comprising of duplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the relevant control. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 

5.3. Influence of minocycline on M1/M2 macrophage 
gene expression  

The final endeavour was to understand if minocycline may be directly influencing 

the transcriptional regulation driving M1 and M2 polarization by assessing key 

transcription factors via genetic analysis. M1 and M2 macrophage sub-

populations represent two opposing poles of a dynamically changing state of 

activation and function and the transcription factors prominent within these 

processes are widely described and include STATs, IRFs, KLFs, C/EPBs and 

NF-κB (H. Li et al., 2018). These signal transducers are potent proteins in the 

commitment of macrophage polarization to either an M1 or M2 phenotype, 

respectively (Tugal Derin, Liao Xudong, and Jain Mukesh K., 2013; H. Li et al., 

2018; Wang et al., 2018). Coupled to pivotal STAT proteins such as STAT1, 

STAT2 and STAT6, additional genes such as irf5 and pparg also have central 

roles in macrophage polarization and phenotype commitment to M1 or M2, by 

closely associating to these key effector molecules and functioning as inhibitory 
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molecules or pro-inflammatory drivers (Krausgruber et al., 2011; Tugal Derin, 

Liao Xudong, and Jain Mukesh K., 2013; Wang, Liang and Zen, 2014b; Abdalla 

et al., 2020).   

Data presented earlier in this chapter suggests a role of minocycline in M2 

phenotype acquisition in THP-1 and PBMC models as represented by 

upregulation of surface markers CD163 and CD206, even when previously 

polarized to a pro-inflammatory M1 phenotype, with further modifications in CD80 

and CD86 expression patterns. Consistent inhibition of M1-associated pro-

inflammatory mediators IL-1β, IL-6 and TNF-α was also reported, with significant 

modification of the anti-inflammatory mediator IL-10 also occurring as a result of 

minocycline treatment. Secretion of proinflammatory mediators such as IL-6 and 

IFN-γ are primarily controlled by the activation and nuclear translocation of NF-

κB, in tandem with other proteins such as STAT1, STAT3, IRF4 and AP-1 

(Kapoor et al., 2015; Parker, 2019). The cytokine production analysis described 

in section 5.4 highlights consistent inhibition in the production of these pro-

inflammatory mediators upon minocycline treatment, all of which are 

characteristic downstream products of typical M1 macrophages, induced via the 

same transcriptional programmes. These cytokine profiles indicate an influence 

of minocycline upon M1 macrophage differentiation and activity, in relation to their 

ability to secrete proinflammatory cytokines, as opposed to M2 where the data 

also suggests minocycline acts to regulate macrophage polarisation and promote 

an M2 phenotype, but which is coupled with consistent downregulation of M2-

associated IL-10 release. Given these findings, which were highly correlated with 

a potential disruption in macrophage phenotype acquisition and function, 

exploration into how the transcriptional machinery may be modified by 

minocycline began to help explain the somewhat conflicting narratives.  

5.3.1. Genetic profile of polarized populations 
The effect of minocycline on the transcription on the genes stat1, stat2, stat3, 

stat6, irf5 and pparg were evaluated by RT-qPCR using the New England 

BioLabs (NEB) Sybr Green system. Both THP-1- and PBMC-derived 

macrophages were again generated following the same differentiation protocols 

as previously described, before being pre-treated with minocycline or the vehicle 

for 2hr prior to the addition of polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL) 

for M1, or IL-4 (20ng/mL) for M2 for an additional 4hr. At the termination of the 
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protocol cells were collected and lysed in preparation for RNA extraction, cDNA 

synthesis, and qPCR analysis. 

To begin, the expression of the genes of interest within the untreated baseline 

phenotypes were defined before assessing any modification exerted by 

minocycline. Figure 5.22 below highlights the expression profile of the selected 

M1-associated genes, illustrating an increased expression of both stat1 (Figure 

5.22A1 and B1) and stat2 (Figure 5.22A2 and B2) within the M1 polarized 

macrophages when compared to the unpolarized control. What was unexpected, 

however, was the higher gene expression signature for irf5 found in the M2 

cultures (Figure 5.22B3), whilst this gene did not change significantly in the THP-

1 model, and in fact appeared to be reduced (Figure 5.22A3). 

Regarding the M2-associated genes stat6, stat3 and pparg, Figure 5.23 shows a 

lack of consistency regarding stat6 expression, with disparity between the two 

donors, and no clear change seen within the THP-1 cells following M1 

polarization and compared to the M0 control (Figure 5.23A1 and B1). Relatively 

parallel data between the cellular models was however seen with stat3, with a 

consistent increase in stat3 following M1 polarization versus the M0 group (Figure 

5.23A2 and B2). Similarly, pparg expression was consistent whereby 

downregulation occurred in the M1 cultures, coupled with a significant increase 

in the PBMC M2 polarized cells (Figure 3.23A3 and B3). In summary, the genetic 

signature of M1 polarized macrophages was defined by increased expression of 

stat1 and stat2, stat3 but reduced pparg, while M2 was defined through increased 

expression of irf5 and pparg when compared to the unpolarized M0 control.   
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Figure 5.22: M1-associated gene expression from M1 and M2-polarized THP-1 and PBMC-
derived macrophages. Data obtained from RT-qPCR analysis of whole cell lysate after 4hr 

incubation of M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL), 

or M2 polarizing agent IL-4 (20ng/mL). Bar graphs showing data collected from THP-1 [Panel A] 

and PBMC [Panel B] experimental samples for M1-associated transcription factors STAT1 [1], 

STAT2 [2] and IRF5 [3]. Bar graphs showing the relative change in gene expression ratio versus 

the unpolarized M0 control indicated at 1. Graphs represent averaged triplicate data from 3 

repeated experiments for THP-1 [Panel A], or from 2 donors each comprising of triplicate values 

for PBMCs [Panel B]. Data presented as mean ± SEM. Unpaired t test [Panel A] or One-way 

ANOVA with post hoc Bonferroni [Panel B] applied. *p<0.05; ***p<0.001. 
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Figure 5.23: M2-associated gene expression of M1 and M2-polarized THP-1 and PBMC-
derived macrophages. Data obtained from RT-qPCR analysis of whole cell lysate after 4hr 

incubation of M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL), 

or M2 polarizing agent IL-4 (20ng/mL). Bar graphs showing data collected from THP-1 [Panel A] 

and PBMC [Panel B] experimental samples for M2-associated transcription factors STAT6 [1], 

STAT3 [2] and PPARG [3]. Bar graphs showing the relative change in gene expression ratio 

versus the unpolarized M0 control indicated at 1. Graphs represent averaged triplicate data from 

3 repeated experiments for THP-1 [Panel A], or from 2 donors each comprising of triplicate values 

for PBMCs [Panel B]. Data presented as mean ± SEM. Unpaired t test [Panel A] or One-way 

ANOVA with post hoc Bonferroni [Panel B] applied. *p<0.05; **p<0.01.
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5.3.2. Effect of minocycline on M1/M2 transcription factors 
To understand whether minocycline can affect the expression of key transcription 

factors to contextualise the previous findings its role on M1 genes when 

administered during M1 polarization was first assessed. Figure 5.24 outlines 

these findings, showing largely inconclusive data obtained from the THP-1 model 

with no statistically definable changes in expression when compared to the 

untreated (NT) control (Figure 5.24 Panel A). Moreover, there was inconsistent 

data achieved with the PBMC-derived macrophages whereby both donors 

illustrated inverse results in relation to stat1 and irf5 (Figure 5.24B1 and B3). A 

significant decrease in stat2 expression exerted by minocycline at each 

concentration was however identified in the PBMC samples which was consistent 

between both donors studied versus the untreated (NT) M1 control group (Figure 

5.24B2). 

Regarding the M2-associated genes stat6, stat3 and pparg, the THP-1 model 

saw minocycline seeming to increase all genes to a similar magnitude versus the 

control but failing to reach significance (Figure 5.25 Panel A). On the other hand, 

minocycline acted to inhibit the expression of stat6 and stat3 following M1 

polarization in the PBMC samples, a response elicited by either 10µM or 25µM 

minocycline (Figure 5.25B1 and B2). An absence of significant modulation was 

also reflected in the PBMC samples for expression values pertaining to pparg 

whereby minocycline appeared to exert no modification when compared to the 

untreated control (Figure 5.25B3).  

Having established a possible role of minocycline on gene expression during M1 

polarization, the PBMC-derived M2 macrophage model was next utilised to 

assess any influence of minocycline on this distinct subset. Here no clearly 

definable modification of the M1 transcription factors stat1, stat2 or irf5 was found, 

with marginal downregulation of stat1 and stat2 observed (Figure 5.26C). Similar 

data was also obtained when evaluating the M2-associated genes, whereby 

parallel discrepancies between donors is illustrated with wide variation between 

donor values rendering the results difficult to interpret (Figure 5.27C).  
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Figure 5.24: Effect of minocycline on M1-associated gene expression from M1-polarized 
THP-1 and PBMC-derived macrophages. Data obtained from RT-qPCR analysis of whole cell 

lysate following 2hr pre-treatment with MINO or Veh and additional 4hr incubation of M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). NT = no treatment, 

MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM, Veh = DMSO 1:1000. Bar graphs 

showing data collected from THP-1 [Panel A] and PBMC [Panel B] experimental samples for M1-

associated transcription factors STAT1 [1], STAT2 [2] and IRF5 [3]. Bar graphs showing the 

relative change in gene expression ratio versus the untreated (NT) M1 control indicated at 1. 

Graphs represent averaged triplicate data from 3 repeated experiments for THP-1 [Panel A], or 
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from 2 donors each comprising of triplicate values for PBMCs [Panel B]. Data presented as mean 

± SEM. One-way ANOVA with post hoc Dunnett’s versus the NT control applied. *p<0.05. 

 

Figure 5.25: Effect of minocycline on M2-associated gene expression from M1-polarized 
THP-1 and PBMC-derived macrophages. Data obtained from RT-qPCR analysis of whole cell 

lysate following 2hr pre-treatment with MINO or Veh and additional 4hr incubation of M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). NT = no treatment, 

MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM, Veh = DMSO 1:1000. Bar graphs 

showing data collected from THP-1 [Panel A] and PBMC [Panel B] experimental samples for M2-

associated transcription factors STAT6 [1], STAT3 [2] and PPARG [3]. Bar graphs showing the 

relative change in gene expression ratio versus the untreated (NT) M1 control indicated at 1. 
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Graphs represent averaged triplicate data from 3 repeated experiments for THP-1 [Panel A], or 

from 2 donors each comprising of triplicate values for PBMCs [Panel B]. Data presented as mean 

± SEM. One-way ANOVA with post hoc Dunnett’s versus the NT control applied. 

 

Figure 5.26: Effect of minocycline on M1-associated gene expression of M2-polarized 
PBMC-derived macrophages. Data obtained from RT-qPCR analysis of whole cell lysate 

following 2hr pre-treatment with MINO and additional 4hr incubation of M0 macrophages with M2 

polarizing cytokine IL-4 (20ng/mL). NT = no treatment, MINO 10 = minocycline 10µM, MINO 25 

= minocycline 25µM. Bar graphs showing data collected from PBMC samples for M1-associated 

transcription factors STAT1 [A], STAT2 [B] and IRF5 [C]. Bar graphs showing the relative change 

in gene expression ratio versus the untreated (NT) M2 control indicated at 1. Graphs represent 

data from 2 donors each comprising of triplicate values. Data presented as mean ± SEM. One-

way ANOVA with post hoc Dunnett’s versus the untreated M2 control applied. 
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Figure 5.27: Effect of minocycline on M2-associated gene expression of M2-polarized 
PBMC-derived macrophages. Data obtained from RT-qPCR analysis of whole cell lysate 

following 2hr pre-treatment with MINO and additional 4hr incubation of M0 macrophages with M2 

polarizing cytokine IL-4 (20ng/mL). NT = no treatment, MINO 10 = minocycline 10µM, MINO 25 

= minocycline 25µM. Bar graphs showing data collected from PBMC samples for M2-associated 

transcription factors STAT6 [A], STAT3 [B] and PPARG [C]. Bar graphs showing the relative 

change in gene expression ratio versus the untreated (NT) M2 control indicated at 1. Graphs 

represent data from 2 donors each comprising of triplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s versus the untreated M2 control applied.
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5.4. Chapter discussion  
The data disseminated in this chapter indicate a few key modifications to 

macrophage polarization and function induced by minocycline which may prove 

therapeutically relevant for the treatment of IBD. Firstly, in section 5.1.2. a potent 

role of minocycline was displayed, both in the induction of surface markers CD80, 

CD163 and CD206, and simultaneous downregulation of CD14 within the THP-1 

macrophage model. These data categorically imply an influence of minocycline 

in the phenotypic switch from pro-inflammatory M1, to anti-inflammatory M2, in 

addition to rendering cells hyporesponsive to further TLR activation by the TLR4 

ligand LPS. However, although this data was conclusive and corroborated across 

biological replicates, the same effects were not witnessed when translating the 

investigation to primary PBMC in section 5.2.2. This disparity between cellular 

models was disappointing, so although robust data was achieved in the THP-1, 

a lack of substantiation by the second model renders the data somewhat 

inconclusive and would require further verification. 

Data for CD80 in the PBMC model in particular did not directly corroborate those 

seen when exploring the effect of minocycline using THP-1-derived M1 

macrophages in which a distinct inhibitory effect was reported (section 5.1.2). 

However, it must be noted that in the PBMC-derived cells the overall percentage 

of CD80+ cells in this instance remained below 6% across all conditions and 

donors, which thus may render the minocycline data inconsequential. On the 

other hand, CD86 expression was seen to reduce within the M2 macrophage 

model which was in fact consistent with the THP-1 findings, and although not 

reaching statistical significance, alluded to the inhibitory action of minocycline on 

CD86 expression.  

The other major discrepancy was in regard to CD206 which was reduced by 

treatment with minocycline in the PBMC-derived M2 macrophages. This was to 

some extent unpredicted given the data acquired during the THP-1 investigations 

whereby minocycline potently upregulated CD206 expression even when an 

inflammatory M1 baseline was established. Given this data which supports an 

inverse effect within the M2 cultures, a potential regulatory role of minocycline on 

phenotype commitment and plasticity began to be suggested. The data reported 

in this chapter may allude to role whereby minocycline acts to upregulate M2-

associated markers such as CD206 on baseline or ‘activated’ cells in the intent 
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of dampening their pro-inflammatory contribution, whilst simultaneously reducing 

M2-like markers on already defined M2 populations in order to maintain 

phenotype homeostasis and reduce the risk of M2-associated pathophysiology.  

Furthermore, another unforeseen result was highlighted in section 5.2.1. 

pertaining to the initial phenotyping of M1 polarized PBMC macrophages in which 

CD14 was seen to decline. Given the understanding that CD14 plays a vital role 

in LPS binding and latter TLR4 signalling, which is a prominent function of M1 

macrophages, it was surprising to see a decline in expression within this 

population. However, as mentioned previously, CD14 has the ability to shed from 

the cell surface membrane and become soluble (sCD14), with papers reporting 

that while enhanced shedding of CD14 during sepsis models in vivo can be 

witnessed, this does not directly reduce the binding of LPS to 

monocytes/macrophages (Rokita and Menzel, 1997). With no papers further 

categorizing or suggesting cause for CD14 downregulation following M1 

polarization, it was hypothesised that incubation with potent inflammatory 

stimulants like IFN-γ and LPS may mimic sepsis-like inflammation and thus lead 

to membrane bound CD14 (mCD14) shedding which is reflected in this reduced 

surface expression. Moreover, as this has not been directly correlated to reduced 

LPS binding and therefore TLR4-intiation of inflammatory cascades attributed to 

M1 macrophages, in combination with the other characteristic markers of 

successful M1 induction, M1 polarization was still deemed successful despite this 

reduction in CD14. 

Furthermore, it was also noted during these investigations described in section 

5.1.2 an influence of the DMSO vehicle control upon activated CD11b surface 

marker expression within the THP-1 model. Given the absence of any adverse 

effect of the vehicle during all previous flow cytometry analysis, a potential 

‘sensitization’ of the macrophages following M1 polarization to the chemical 

DMSO in relation to this CD11b may have occurred. This may be due, in part, to 

reported increases in CD11b in its active conformation (Mac-1) when exposed to 

ligands which cause cellular activation such as DMSO (Hynes, 2002). However, 

this remains speculative due to no clearly identified literary sources to either 

support or refute this hypothesis at the time or writing. Therefore, what is 

important to note from this CD11b data is simply a lack of potentiation or inhibitory 

effect of minocycline when compared to either the M1 or vehicle groups.  
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It was also interesting to note however the decreased expression of CD11b total 

protein in the M1 polarized PBMC macrophages but opposing increase in M2 

outlined in section 5.2.1. This was curious given that inflammation can be 

categorised through recruitment of leukocytes to the site of injury or infection 

which is facilitated by integrins such as Mac-1 – the activated confirmation of 

CD11b/CD18 (Ley et al., 2007). This adhesion molecule experiences rapid 

activation that increases the affinity for its ligands and subsequently mediates 

rolling, firm adhesion, and transmigration of leukocytes into inflamed tissue 

(Dunne et al., 2003; Fan and Ley, 2015). Macrophages express Mac-1 which also 

has functional diversity and ability to bind a large repertoire of proteins and 

proteoglycans such as ICAM-1 and fibrinogen (Wolf et al., 2018). Thus, one 

would expect its expression to increase following potent inflammatory insult in the 

form of M1 polarizing which was not seen. However, despite its major role in host 

defence, CD11b is also implicated in tissue regeneration, and thrombosis 

development, which may provide some insight as to why this protein was 

increased on the surface of M2 polarized macrophages. Reports have also begun 

to elucidate another mechanism which could explain the upregulation of CD11b 

on M2 macrophages in the form of macrophage efflux following inflammation. a 

report by Cao et al in 2005 showed that inflammatory macrophages do not die 

locally by apoptosis; but rather migrate into the lymphatics and finally into the 

circulation. This macrophage efflux is enhanced considerably following cell 

activation and its acceleration dependent on integrin Mac-1 (Cao et al., 2005). 

This paper suggests that Mac-1 may play an important role in the removal of local 

inflammatory macrophages and in their subsequent migration to the lymph 

nodes, which may aid in providing an explanation to CD11b upregulation in M2 

macrophages but not M1. 

Despite discrepancies regarding surface marker expression, far more consistent 

and consequential results were achieved when assessing cytokine production 

following minocycline treatment. It was outlined in section 5.4. consistent 

modification of key cytokines IL-1β, IL-6, TNF-α, IFN-γ and IL-10 following 

intervention of M1 or M2 polarization with minocycline which may have 

fundamental influence on downstream inflammatory signalling. Firstly, IL-1β is a 

potent pro-inflammatory cytokine that is crucial for host-defence responses to 

infection and injury. However, despite being essential for resistance to infections, 
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IL-1β may also exacerbate damage during chronic disease and acute tissue 

injuries (Lopez-Castejon and Brough, 2011). Inflammatory stimuli cause 

activation of the signalling adaptor MyD88 which is known to stimulate C/EBP, 

that in turn confers upregulation of IL-1β gene expression in response to the TLR4 

ligand LPS (Zhang and Rom, 1993; Lu et al., 2009). Activation of IL-1β triggers 

local immune responses by stimulating T cell proliferation and guiding of 

neutrophils to sites of infection via IL-1β/IL-1R complexes, and the further 

activation of NF-κB and MAPK pathways which upregulate additional pro-

inflammatory cytokines such as IL-6 and TNF-α (Guarda and So, 2010; Sahoo et 

al., 2011).  

Although largely beneficial to the host defence during infections and metabolic 

processes, over production of IL-1β results in sterile inflammation, which can 

increase the risk of developing metabolic and autoinflammatory diseases among 

IBD patients. In the context of the macrophage lineage, IL-1β has been shown to 

promote the differentiation of monocytes to M1-like macrophages, induce type 1 

immune responses,  polarize αβ CD4+ T cells towards T helper cell type 1 (Th1), 

and favour the differentiation of  αβ CD4+ T cells towards Th17 in combination 

with IL-6 and IL-23 (Acosta-Rodriguez et al., 2007; Schenk et al., 2014; Hutton et 

al., 2016; Bent et al., 2018). Reports also link an overproduction of IL-1β in both 

IBD patients and murine models illustrating a function of IL-1β in the development 

of mucosal inflammation (Mahida, Wu and Jewell, 1989). Furthermore, elevations 

in IL-1β levels have been associated with increased IBD severity (Ligumsky et 

al., 1990), with a 2010 study by Bauer et al exploring the role of the NLRP3 

inflammasome in intestinal inflammation, reporting that mice who lacked NLRP3, 

and therefore had reduced IL-1β production, were often characterised by a 

decrease in DSS-colitis and TNBS-colitis severity when compared to the control 

(Bauer et al., 2010). In section 5.3. treatment with minocycline consistently and 

potently reduced the production of IL-1β, regardless of polarization status. 

Similarly, IL-6 is a multifunctional cytokine that is secreted by both immune and 

non-immune cells, and functions via binding to the IL-6 receptor (IL-6R) and 

gp130. This subsequently activates the JAK-STAT3 signalling pathway which 

acts to regulate inflammatory responses (Wang et al., 2020). IL-6 has been found 

at higher levels in various diseases, including IBD (Műzes et al., 2012), while its 

inhibition in other autoimmune diseases such as rheumatoid arthritis has also 
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proven to be beneficial (Mircic and Kavanaugh, 2009). In experimental models of 

colitis there is growing evidence that IL-6 is a major contributory cytokine within 

the chronic phase of inflammation. In the year 2000, two large in vivo 

experimental colitis studies were published and indicated that IL-6 secreted by 

both T cells and macrophages were key protagonists to disease progression 

(Atreya et al., 2000; Yamamoto et al., 2000). Additionally, more recent findings 

further implicate the role of IL-6 in the maintenance of inflammation in mice 

lacking the common cytokine gamma chain, whereby in a model of spontaneous 

colitis, application of antibodies to the IL-6 receptor prevented intestinal 

inflammation due to the induction of apoptosis in CD4+ T cells (Kai et al., 2005). 

In regard to immune cell function, the IL-6/IL-6Rα complex has been described 

to favour a transition from neutrophil to monocyte infiltration during early 

inflammatory events. Endothelial activation by proinflammatory molecules results 

in the secretion of chemo-attractants, which in turn recruit the influx of neutrophils 

and induction of IL-6Rα shedding (becoming sIL-6Rα) from their membranes. 

This IL-6/sIL-6Ra signalling subsequently controls leucocyte infiltration (Hurst et 

al., 2001; Marin et al., 2001). In vitro studies confirm that these sIL-6Rα mediated 

events regulate both chemokine and adhesion molecule expression, and 

consequently control the intermediary factors involved in resolving inflammation. 

A disruption in this IL-6 trans-signalling control of leucocyte trafficking may 

therefore be significant at the onset of chronic disease as in the case of IBD 

relapse (Jones et al., 2005; Gabay, 2006). It was again shown in this chapter that 

minocycline potently inhibited the production of IL-6 when added during M1 or M2 

polarization in vitro. 

 

Likewise, TNF-α has long been considered one of the most essential factors 

promoting the inflammatory process with correlation to diseases such as 

rheumatoid arthritis and IBD. TNF-α plays a prominent role in bridging the innate 

and adaptive phases of immunity, in addition to modulating cell proliferation, and 

apoptotic processes (Popa et al., 2007). Two types of TNF-α receptors, type I 

(TNFR1, p55 or CD120a) and type II (TNFR2, p75 or CD120b) are present on 

the plasma membrane of virtually all cell types except erythrocytes, and although 

they share structural homology, they induce separate cytoplasmic signalling 

cascades following receptor-ligand binding, as well as differing in binding affinity 
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(Ma, 2001). Upon stimulation, the intracellular domain of TNFR1 binds to the TNF 

receptor-associated death domain (TRADD) protein, which further activates 

either the apoptotic pathway, via Fas-associated death domain (FADD), or the 

pro-inflammatory pathway, via TNF receptor-associated factor 2 (TRAF2). This 

results in the activation of nuclear factor-κB (Popa et al., 2007; Kalliolias and 

Ivashkiv, 2016). 

In the context of IBD, increased levels of TNF-α have been found in the intestinal 

mucosa, serum, and faeces of IBD juvenile patients when compared with healthy 

donor controls (Pirenne et al., 1992; Breese et al., 1994).  In murine experimental 

colitis models, selective inhibition of soluble TNF-α in vivo was sufficient to reduce 

inflammation, with blocking of both soluble and membrane-bound forms proving 

even more efficient in this action, which was accompanied by continuous and 

stable remission (Perrier et al., 2012). Many studies have also implicated TNF-α 

in the degradation of the epithelial barrier and subsequent regulation of tight-

junctions. In a 2013 study, Su et al reported that TNFR2 mediates MLCK up-

regulation and colitis development upon transfer of normal CD4+CD45RBhi cells 

to Tnfr2−/−Rag1−/− recipient mice (Su et al., 2013). Other studies have in parallel 

shown how TNF-α influences the distribution of JAMA in the tight junctions, with 

Jama−/− mouse models eliciting disrupted epithelial barrier function, rendering 

them highly susceptible to dextran sulphate sodium (DSS)-induced colitis (Ozaki 

et al., 1999; Laukoetter et al., 2007; Vetrano et al., 2008). 

Given the documented research, the use of TNF antagonists has been approved 

by the Food and Drug Administration of USA (FDA) for the treatment of IBD and 

has revolutionized its medical management. Four inhibitors are currently 

available; infliximab, adalimumab, certolizumab pegol, and golimumab, which 

function by inhibiting disease activity resulting in mucosal healing (Slevin and 

Egan, 2015; Gajendran et al., 2018). Although proven to have good efficacy in 

relation to the induction of remission in moderately severe Crohn’s disease 

patients who have previously failed treatment with standard therapies, registered 

systemic side effects linked with infection and inflammation in the skin and joints, 

development of non-Hodgkin’s lymphoma, and activation of latent tuberculosis 

have been recorded (Cleynen and Vermeire, 2012; Targownik and Bernstein, 

2013; Gubernatorova and Tumanov, 2016). The data disseminated in this 

chapter show clear inhibition of all three cytokines; IL-1β, IL-6 and TNF-α exerted 
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by minocycline treatment during macrophage polarization to M1 and M2 subsets. 

Given the current literature, in combination with these findings, it was 

hypothesised that minocycline may have modulatory influence on pathologies 

such as mucosal inflammation, tissue degradation, leukocyte trafficking, epithelial 

barrier dysfunction, and the activation of inflammatory resolution mechanisms via 

down regulation of these potent mediators. Furthermore, minocycline may 

present as a viable option in the setting of IBD management versus current anti-

TNF therapies given its established safe pharmacological profile, in addition to its 

ability to not only inhibit TNF-α secretion from macrophages, but also 

concurrently downregulate other contributory pro-inflammatory mediators. 

Conversely, results presented in section 5.3 whereby minocycline intervention of 

M2 macrophage polarization simultaneously caused increased production of 

typical pro-inflammatory mediators IFN-γ and IL-12, whilst inhibiting the potent 

anti-inflammatory cytokine IL-10. This was unexpected based upon the previous 

surface marker expression profiling in which a role of minocycline in promoting 

an M2 phenotype was identified. IFN-γ is well documented to have pleiotropic 

immunomodulatory properties on both the innate and adaptive immune 

responses, and is involved in host protection as well as post-infection 

immunopathology (Burke and Young, 2019; Mezouar and Mege, 2020). It is a 

soluble homodimer secreted by activated CD4 and CD8 T cells, γδ T cells, natural 

killer cells, B cells and APCs such as macrophages (Kasahara et al., 1983; Gao 

et al., 2003; Harris et al., 2005; Yu et al., 2006; Robinson et al., 2009). IFN-γ 

signalling is regulated via controlled expression of two receptors; IFNGR1 and 

IFNGR2 whose distribution is varied across many cell types (Kak, Raza and 

Tiwari, 2018). During inflammation, macrophages secrete IL-12 and IL-18 which 

activate natural killer and T cells to produce IFN-γ. This is turn further activates 

the macrophages and elicits their polarization to M1 (Fultz et al., 1993), resulting 

in auxiliary downstream pro-inflammatory mediator release such as IL-12 

(Schroder et al., 2004). The coordination of IL-12 and IFN-γ link pathogen 

recognition by innate cells to the induction of specific immunity through amplifying 

or stabilizing the Th1 response via a positive feedback loop (Boehm et al., 1997).  

In relation to IBD, IFN-γ is noted to be overproduced by macrophages in the 

lamina propria within colitis rodent models, which was also correlated with 

disproportional, dominant Th1 responses and thus is seen as a key contributor to 
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IBD progression (Powrie and Leach, 1995; Fiocchi, 1998; Monteleone et al., 

1998). This dominance of Th1 phenotype and excessive secretion of INF-γ is also 

implicated in Crohn’s disease patients when compared with healthy controls 

(Hugot et al., 1996). Further critical in the context of IBD, macrophage-derived 

IFN-γ has been associated with restraint of bacterial growth with reports 

demonstrating administration of IFN-γ inhibitors in IFN-γ -/- BALB/c and A/J mouse 

models result in increased Legionella pneumophila bacterial growth in infected 

macrophages (Salins et al., 2001), while IFNGR−/− bone marrow-derived 

macrophage studies showed increased Chlamydia pneumoniae load (Rothfuchs 

et al., 2001). Further articles also correlate a decreased resistance to bacterial, 

viral, and parasitic infections in animals lacking IFN-γ or IFNGR1 (Suzuki et al., 

1988; van den Broek et al., 1995; Pearl et al., 2001). Furthermore, upregulation 

of MHC I by IFN-γ has been associated with the increased potential of cytotoxic 

T cell recognition of peptides, and thus the host response to pathogens and cell-

mediated immunity (Johnson and Pober, 1990; Chang et al., 1992). Thus, 

although noted to potentiate inflammation within an IBD setting and encourage 

pro-inflammatory dominance, IFN-γ is essential for bacterial elimination – a key 

driver of IBD pathology. Therefore, increased production by minocycline noted 

within the M2 cultures may simultaneously allow for exaggerated bacterial 

recognition and neutralization, while also reducing confounding pro-inflammatory 

cytokine release minimising local and systemic damage.    

On the contrary, IL-10 is a potent anti-inflammatory and immune-suppressive 

cytokine, produced by cells of both innate and adaptive immunity (Moore et al., 

2001; Mollazadeh et al., 2019). It is a noncovalent alpha helical homodimer with 

the IL-10 receptor (IL-10R) consisting of two fractions; IL10R1 and IL10R2 which 

are expressed on the surface of most hematopoietic cells, including T cells, B 

cells, and macrophages (Oft, 2014). During infection IL-10 inhibits the activity of 

Th1 cells, natural killer cells, and macrophages, and although all are required for 

optimal pathogen clearance, dysregulation results in aberrant tissue damage. 

Thus, consequently, IL-10 can both impede pathogen clearance but also 

ameliorate immunopathology. M2-like macrophages are able to secrete high 

levels of IL-10 and low or negligible levels of proinflammatory cytokines such as 

IL-12 (Vogel et al., 2014). Ablation of IL-10 signalling has been reported to 

promote severe and often fatal immunopathology in various infectious models 
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(Gazzinelli et al., 1996; Hunter et al., 1997; Li, Corraliza and Langhorne, 1999). 

IL-10 alone, and through cooperation with Th1 cytokines is also able to regulate 

Th2 responses to prevent the overproduction of IL-4, IL-5 and IL-13, which are 

attributed to the development of severe fibrosis (Schandené et al., 1994; Wynn, 

2004; Couper, Blount and Riley, 2008).   

In the setting of IBD, IL-10 plays an important physiological role with genetic 

models of IL-10-/- mice developing the disease (Berg et al., 1996; Glocker et al., 

2009). This may be due, in part, to its potent anti-inflammatory action as seen in 

models of bacterial endotoxemia. In these animal models chronic LPS 

administration results in vascular shock and death via production of inflammatory 

cytokines IL-12 and IL-23 from upstream TLR signalling. A regulatory side effect 

of LPS stimulation is the induction of IL-10 which behaves as a negative regulator 

through STAT3 of IL-12 and IL-23, which is highlighted in IL-10-/- models whereby 

the animals become extremely sensitive to the LPS-induced shock (Berg et al., 

1995). Moreover, other authors also report expansion of pro-inflammatory Th17 

cells and suppression of Tregs in similar in vivo IL-10-/- models (Chaudhry and 

Rudensky, 2013). 

The data displayed in section 5.4. showed an inverse relationship of IFN-γ and 

IL-10 when minocycline was administered during M2 polarization of PBMC-

derived macrophages. Here minocycline concurrently inhibited IL-10 production 

while causing an increase in IFN-γ and IL-12. Given the current literature, and as 

the same outcome was not reported amongst the M1 populations, a homeostatic 

role of minocycline on M2 macrophage phenotype was considered, whereby it 

seems to regulate the usual biology of M2 subsets. By limiting IL-10 production 

but promoting IFN-y and IL-12, minocycline may have therapeutically 

consequential influence on maintaining host response to pathogens through 

preserving the pathogen recognition ability of CD4+ T cells and natural killer cells, 

and stabilising the Th1 response, but also limiting the macrophages’ own ability 

to produce pathologically high levels of other pro-inflammatory mediators like IL-

6, IL-1β and TNF-α. 

It must also be observed that an unexpected significant increase in IL-10 following 

polarization to M1 using the PBMCs was described. When consulted, the 

literature provided rationale for this finding with reports highlighting the ability of 

macrophages to produce IL-10 in response to TLR receptor ligands such as LPS 
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through involvement of MAPKs and transcription factors (Elcombe et al., 2013; 

Vliet et al., 2013; Sanin, Prendergast and Mountford, 2015). This IL-10 induction 

following LPS is also attributed to a negative feedback system whereby it is 

produced in order to inhibit IL-12 and IL-23 production, downstream expression 

of other pro-inflammatory mediators, in addition to continued signalling via 

surface PRRs (Berg et al., 1995; Oft, 2014). Furthermore, given previous 

evidence that macrophages can produce high levels of IL-10 Baseler et al 

identified a role of autocrine IL-10 in maintaining M1 macrophage metabolic 

equilibrium via regulation of mTOR and NO production following LPS stimulation 

(Baseler et al., 2016). These reports, in conjunction with the cytokine profiling, 

suggest polarization via IFN-γ and LPS incubation of PBMC-derived 

macrophages results in increased production of IL-10 which may aid in internal 

inflammation regulation whilst also providing cellular protection from LPS-induced 

shock as previously reported in IL-10-/- murine models (Berg et al., 1995).    

Finally, when assessing the expression of transcription factors key to modulating 

M1/M2 macrophage polarization with and without minocycline treatment some 

unexpected results were obtained. In section 5.5.1. an increased expression of 

stat1 and stat2 following M1 macrophage polarization was reported. This 

upregulation in expression is consistent with the literature which widely describes 

M1 polarization to be promoted by JAK–STAT signalling via interaction with IFN-

y. Here, activation of the IFN-γ receptor triggers JAK-mediated tyrosine 

phosphorylation and dimerization of STAT1 (Darnell, Kerr and Stark, 1994). 

Studies into macrophages from STAT1-/- mice report a dependency of STAT1 on 

gene expression following stimulation by type I IFNs and IFN-γ (Ohmori and 

Hamilton, 1997). Similar studies using STAT1-deficient mice also demonstrated 

consequential severe defects in immunity to intracellular bacterial and viral 

pathogens given their dependency on IFN/STAT1 signalling (Durbin et al., 1996). 

In relation to STAT2, the most prominent active STAT complex is the STAT1–

STAT2 heterodimer, which recruits IRF9 to form the IFN-stimulated gene factor 3 

(ISGF3) complex. This complex subsequently binds to interferon-stimulated 

response elements (ISREs), which are found in M1 signature genes (Lawrence 

and Natoli, 2011).  

The data shown in this chapter is consistent with the scientific consensus in this 

regard, with clear evidence that stat1/stat2 expression plays a critical role in M1 
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macrophage polarization. What was unexpected, however, was the higher gene 

expression signature for irf5 found in the M2 cultures. The literature is almost 

universal in its depiction of IRF5 as a major regulator of M1 polarization 

(Krausgruber et al., 2011; Sun et al., 2016; Corbin et al., 2020), with experiments 

using IRF5 siRNA therapy correlated to phenotype switching from M1 to M2 (Sun 

et al., 2016), and others showing that IRF5 directly activates transcription of M1 

proinflammatory cytokines, such as IL-12 and IL-23, and repressing its 

transcription severely impairs the expression of these cytokines (Krausgruber et 

al., 2011). At present, no reports can be found to substantiate any reasoning for 

an increase in irf5 expression within the M2 population. 

Moreover, significant and consistent upregulation of pparg within the M2 

polarized PBMC macrophages shown in section 5.5.1. is corroborated by the 

current literature with plentiful published data supporting its role in M2 polarization 

(Lawrence and Natoli, 2011; Luo et al., 2017). PPAR-γ is a key regulator of lipid 

metabolism in macrophages and boasts potent anti-inflammatory properties that 

modulates the immune inflammatory response (Ricote et al., 1999). PPAR-γ 

activation alleviates inflammatory response through several mechanisms, 

including the interference and trans-repression of genes such as NF-κB and 

STAT (Ricote et al., 1998; Lehrke and Lazar, 2005; Pascual et al., 2005). 

Activation of PPAR-γ was recently found to play an important role in 

macrophages polarization, with STAT6 acting as a cofactor in PPAR-γ-mediated 

gene regulation, suggesting a crosstalk between PPAR-γ and the IL-4–STAT6 

axis in the regulation of M2 phenotype acquisition (Szanto et al., 2010; Villanueva 

and Tontonoz, 2010). The activation of PPAR-γ induces a phenotypic change of 

macrophages from M1 to M2 at sites of inflammation, with the absence of PPAR-

γ signalling resulting in continued secretion of pro-inflammatory cytokines by 

macrophages (Bouhlel et al., 2007b; Abdalla et al., 2020). Reports have also 

linked a disruption of PPAR-γ to impaired M2 macrophage activation (Odegaard 

et al., 2007).  

However, the data illustrating stat3 amplification following M1 macrophage 

polarization and not M2 were somewhat unexpected given a key role of STAT3 

in mediating anti-inflammatory effects of IL-10 via ameliorating inflammatory 

responses and inhibiting pro-inflammatory cytokine production (Riley et al., 1999; 

Takeda et al., 1999). STAT3 activation in macrophages enhances macrophage 
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proliferation and survival, while also potentiating angiogenesis, immune 

tolerance, extracellular matrix remodelling, and efferocytosis (Kujawski et al., 

2008; Campana et al., 2018). Furthermore, previous data in murine models of 

septic peritonitis indicated a role of STAT3 as an important regulator of 

macrophages in inflammation maintenance (Matsukawa et al., 2003). However, 

STAT3 was initially discovered as a transcription factor activated by IL-6 family 

cytokines through gp130, and only in the presence of STAT3 was IL-10 able to 

down regulate inflammatory cytokine TNF-α in macrophages (Zhong, Wen and 

Darnell, 1994; Riley et al., 1999). Furthermore, mechanistically, IL-10 induces the 

phosphorylation of STAT3 in macrophages thereby intercepting inflammatory 

responses to LPS or other PRR stimulants via downstream signalling and 

inhibition of pro-inflammatory mediators (Oft, 2014).  In summary, these reports, 

taken in conjunction with the cytokine profiling of both generated macrophage 

phenotypes outlined in section 5.2 may suggest an autocrine activation of STAT3 

within the M1 cultures as a result of high IL-6 and IL-10 production, which may 

provide rationale to the increased gene expression seen in this model. 

Finally, given the literature, it was unexpected to see an increase in stat6 

displayed by the M1 cultures, in addition to a decrease in expression following 

M2 polarization. M2 macrophage polarization involves phosphorylation of the 

tyrosine residue, and subsequent activation of STAT6. This process then 

mediates the transcriptional activation of M2 macrophage-specific genes such as 

arginase 1 (Arg1), mannose receptor 1 (Mrc1), resistin-like α (Retnla / Fizz1) and 

chitinase-like protein 3 (Chil3 / Ym1), in addition to the chemokine 

genes Ccl17 and Ccl24  (Goenka and Kaplan, 2011). IL-4 activates STAT6 via 

the IL-4 receptor (IL-4R1 and IL-4R2) to regulate M1/M2 polarization via a 

STAT6-dependent pathway (He et al., 2020). The critical role of STAT6 in M2 

polarization is further reflected in the correlation between enhanced M2 gene 

expression following STAT6 overexpression, and inversely abolished M2 gene 

expression in macrophages deficient in STAT6 (Yu et al., 2019). Again, no current 

reports provide reasonable explanation as to why stat6 would be declined in M2 

and up in M1 macrophages, however, clear inconsistency between donors may 

simply imply the generation of unreliable results due to limited replicates. Future 

analysis of the effect of minocycline should be interpreted with this undefined 

baseline in mind.  
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When treatment with minocycline was introduced as outlined in section 5.5.2. a 

depression of stat3 and stat6 expression within M1 macrophage cultures was 

shown which was not replicated following M2 polarization. Binding of IL-10 to the 

IL-10 receptor complex results in activation of intracellular signal-transduction, 

via Jak1-mediated activation of STAT3 - a key mediator of the anti-inflammatory 

effects of IL-10 (Riley et al., 1999). As mentioned in chapter 4, reports utilising 

STAT3 knock-out murine models have depicted STAT3 as a crucial protein for 

the transmission of anti-inflammatory signals in macrophages whereby deletion 

of the gene resulted in the spontaneous development of enterocolitis and 

increased susceptibility to LPS-mediated shock and septic peritonitis (Takeda et 

al., 1999; Matsukawa et al., 2003). This is attributed to the unregulated 

inflammatory response observed in the experimental animals, in addition to the 

inability of IL-10 to mediate its suppressive effects. In vitro macrophage models 

also report impaired bactericidal activity in STAT3-/- cells which resulted in a 

reduced ability to clear bacterial infections (Matsukawa et al., 2003). Further gene 

expression studies have further supported this narrative, indicating a requirement 

of STAT3 by IL-10 in order to impart its activation program following 

LPS stimulation (Lang et al., 2002). Although IL-10 signalling can also trigger the 

phosphorylation of STAT1 and STAT5, STAT3 is the transducer of the inhibitory 

signal and is an essential anti-inflammatory and deactivating factor (Moore et al., 

2001; Lang, 2005). 

In the context of STAT6, IL-4 and IL-13 promote alternative macrophage 

activation by inducing the tyrosine phosphorylation and dimerization of STAT6, 

which in turn regulates a distinct gene expression programme that is distinct from, 

and in some respects antagonistic to, M1 activation (Gordon, 2003; Olefsky and 

Glass, 2010). Many genes associated with M2 macrophages are regulated by 

STAT6, including resistin-like-α (Retnla, or FIZZ1), arginase 1 (Arg1), chitinase 

3-like 3 (Chi3l3 or YM1), and CD206 (macrophage mannose receptor 1 - Mrc1) 

(Lawrence and Natoli, 2011). STAT6 has diverse and complex functions in 

mediating distinct gene expression profiles in a variety of cell types involved in 

inflammation. While STAT6 is required for normal immune function, it has been 

implicated as a crucial factor in the development of pathologies such as excessive 

mucus production, Th2 cell accumulation, tissue remodelling, and hyper-

responsiveness (Thai et al., 2005; Kuperman and Schleimer, 2008; Maier, Duschl 
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and Horejs-Hoeck, 2012). The expression of MHC class II by macrophage in 

response to IL-13 are also greatly impaired in STAT6-deficient mice (Takeda et 

al., 1996). STAT6 has also been attributed to colitis exacerbation, with a 2005 

study by Elrod et al reporting a significant increase in disease activity index and 

production of IFN-γ in STAT6-/- mice versus wildtype upon induced DSS colitis 

(Elrod et al., 2005).  This supported the hypothesis that STAT6 is an important 

regulator of IBD pathogenesis, partially through modulation of IFN-γ. 

As outlined previously, interferons play a key role in the host defence against 

viruses and infection. Both IFN receptors (Type 1 and type 2) signal through the 

JAK-STAT pathway, in which JAKs phosphorylate STATs, followed by 

translocation to the nucleus for the induction of IFN-stimulated genes (Schroder 

et al., 2004). Type 1 IFN signalling activates STAT1 and STAT2 which create a 

heterodimer and associate with interferon regulatory factor-9 (IRF9) to form IFN-

stimulated gene factor-3 (ISGF3), while type 2 IFN signalling activates STAT1 

only, whose homodimer binds to DNA at γ-activated sequence (GAS) elements 

(Rauch, Müller and Decker, 2013). To better understand STAT2 signalling, stat2-

/- models have been utilised and showed the animals becoming unresponsive to 

type 1 IFNs and subsequently sensitive to infection (Park et al., 2000). Indirect 

studies have further suggested that the type I IFN autocrine/paracrine loop 

regulates lymphocyte function with reports demonstrating downregulation of 

lymphopoiesis and the promotion of memory T cell survival (Lin, Dong and 

Cooper, 1998; Marrack, Kappler and Mitchell, 1999). 

The findings within this chapter, therefore, could further support the hypothesis 

that sees minocycline exert a regulatory role over anti-inflammatory phenotype 

switching in respect to decreased stat3 and stat6, however this conclusion is 

difficult to ascertain given that the earlier data in section 5.3. may correlate 

increased stat3 expression to autocrine signalling by IL-10 and IL-6, both of which 

were reported to be decreased by minocycline in this M1 model. Therefore, a 

subsequent decrease in stat3 expression may simply be a direct influence of a 

reduction in stimulatory cytokine production, or directly due to minocycline 

inhibiting gene expression thus STAT3 protein transcription and translation. 

Meanwhile, a reduction in stat2 and stat6 driven by minocycline may indicate a 

regulatory function of minocycline over the macrophage phenotype acquisition 

and plasticity as simultaneous reduction of both the pro-inflammatory driver stat2 
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and the anti-inflammatory mediator stat6 was seen. This could cooperatively 

allow the dampening of further pro-inflammatory stimulation, in addition to limiting 

an aberrant switch to potent anti-inflammatory programmes which may result in 

the development of M2 macrophage pathophysiology. Furthermore, a lack of 

genetic modification by minocycline within the M2 cultures in relation to either M1 

or M2 associated transcription factors may indicate preferential function of 

minocycline on macrophages in pre-established pro-inflammatory states. This 

could prove therapeutically beneficial whereby minocycline doesn’t seem to 

drastically alter the biology of anti-inflammatory macrophage populations but 

exerts potent modification of inflammatory subsets. 

Accumulating evidence supports the idea that enforcing a pro-resolving M2 

macrophage phenotype might be a novel therapeutic approach to control 

intestinal inflammation and restore tissue integrity (Na et al., 2019b). This idea is 

corroborated by evidence demonstrating how most classic IBD therapies such as 

mesalazine and infliximab already affect macrophage function through inhibition 

of inflammatory signalling pathways and/or inducing polarization of alternatively 

activated macrophages (Bantel et al., 2000; Vos et al., 2012). In murine models 

of DSS-induced colitis whereby individuals are deficient in M2 polarized 

macrophages, researchers report a higher susceptibility of these animals to the 

colitis stimuli (Takada et al., 2010). Further human studies have also identified 

IBD susceptibility loci being strongly correlated with promotors regulated in 

response to LPS, and thus macrophage activation and phenotype acquisition 

(Baillie et al., 2017), with additional evidence suggesting a causal link between 

altered macrophage phenotype and defects in the resolution of intestinal 

inflammation (Smith et al., 2009b).  

Here, further support to the concept of utilizing macrophage polarization and 

phenotype plasticity in the regulation of inflammation has been provided. In this 

instance inflammation management is exerted by treatment with minocycline 

administered during macrophage polarization where concurrent modification of 

surface marker expression, cytokine production and transcription factor 

expression is noted, all of which seem to restrain aberrant macrophage function 

whilst not hindering their ability to respond to potential antigen challenge.
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6. Results: Effect of minocycline on the response of 
M1/M2 macrophage subsets to LPS activation 

Chapters 4 and 5 have outlined and discussed the effect of minocycline on how 

resting M0 macrophages respond to the inflammatory stimulus LPS, in addition 

to its influence on the acquired phenotype following in vitro polarization to M1 and 

M2 subsets. This chapter next explores the role of minocycline on the response 

of pre-polarized M1 and M2 macrophage subsets when challenged with LPS. 

Functional diversity is one of the key features of macrophages and can be 

attributed to their ability to respond to different microenvironmental cues by 

displaying equally diverse functional phenotypes (Gordon and Taylor, 2005). 

Macrophage polarization and disorders in bacterial recognition by macrophages 

are strongly correlated with the pathogenesis of IBD, and thus plays a vital role 

in the development and progression of inflammation with the imbalance between 

M1 and M2 switching a key point of disease initiation (Mahida, 2000; Rogler, 

2004; You et al., 2016). In IBD, macrophages migrate to the inflamed colonic 

mucosa, and following interaction with bacteria and bacterial products results in 

increased production of IL-1, IL-6, TNF-α, IL-12 and IL-23 (Seyedizade et al., 

2020).  

In murine experimental models of DSS-induced colitis the population of M1 

macrophages increases, while the M2 population decreases (Zhu et al., 2014). 

This reduction of M2 macrophages attenuates colitis through inhibiting the 

production of IL-10 and subsequent upregulation of T-cell generation. M1 

macrophage neutralization of IL-10 and its inhibition of LPS/TLR4-mediated 

production of TNF-α and IL-1β and down-regulate Th1 and Th17 responses by 

increasing CD4+ Foxp3+ Tregs in inflamed tissues reduces the effects of M2 

macrophages (Bogdan et al., 1992; Sica and Bronte, 2007). Thus, this 

disequilibrium of M1 and M2 phenotypes has been correlated with colitis 

progression in murine model of IBD (Zhu et al., 2014). Therefore, it was of interest 

to complete the investigations by looking at the activation status of both 

phenotypes given this would be a recurrent situation within affected 

gastrointestinal tracts. 
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6.1. THP-1 

6.1.1. Characterising LPS-activation of M1 THP-1-derived 
macrophages 

Having pre-established a reliable protocol for the polarization of THP-1-derived 

macrophages to an M1 phenotype as was described in chapter 5 section 1.1, the 

next task was to understand how subsequent activation with LPS would affect the 

surface marker expression profile of the cells, to which the effects of minocycline 

could then be studied. For this investigation, and all subsequent work on this 

objective, the same markers as previously described were analysed which 

include CD14, CD11b (active conformation), CD80, CD86, CD163 and CD206. 

Here, THP-1 monocytes were differentiated to resting M0 macrophages via 

incubation with PMA (80nM) as described in chapter 5, section 1.1, then polarized 

to M1 using IFN-γ (20ng/mL) and LPS (10ng/mL) following the protocol also 

outlined in chapter 5 section 1.1. Once polarized, cells were then activated for a 

further 24hr with 100ng/mL LPS, consistent with that used when assessing the 

effect of minocycline on M0 activation in chapter 4. At this point supernatant was 

collected and stored at -70°c for cytokine determination and cells were collected 

and stained for surface marker analysis.  

As a result of LPS activation of the polarized M1 macrophages, there was an 

upregulation of the percentage of CD14+ cells as shown in Figure 6.1A and C and 

an increase in the density of CD14 expression (MFI) up by 1.3-fold versus the un-

activated control (Figure 6.1B and D). No significant changes in expression were 

seen for the percentage of CD11b+ cells following LPS activation of M1 

macrophages, nor in the density of CD11b expression where replicates appear 

inconsistent (Figure 6.1A, B and F).  

It is interesting to note that while in the model of M0 macrophages, LPS induced 

a decreased in CD14 expression, as shown in chapter 4, section 1.1, here in the 

model of polarized M1 macrophages, LPS exposure seems to promote an 

increase in CD14 expression (Figure 6.1A-C). In chapter 4, based on the 

presented data and in conjunction with the literature, a role of CD14 membrane 

shedding as an explanation for a decrease in expression following LPS activation 

of M0 macrophages was previously hypothesised considering CD14 is required 

for the macrophage response to endotoxin (Gangloff et al., 2005; da Silva et al., 
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2017). In this instance, however, when M1 macrophages were activated with 

LPS, a different mechanism was considered by which chronic exposure to LPS 

(during polarization and subsequent activation) may intensify CD14 upregulation 

as has been previously shown in different cellular models (Nockher and 

Scherberich, 1995; Brass et al., 2007), perhaps through inhibition of membrane 

shedding as one possible mechanism (Delgado et al., 1999; Ciesielska, Matyjek 

and Kwiatkowska, 2021).  

The expression of CD80 and CD86, which were increased in M1 macrophages 

compared to M0 following polarization, were further increased after LPS 

activation of the pre-polarized M1 macrophages. Both the percentage of positive 

cells and density of expression for CD80 and CD86 were significantly increased 

following LPS activation compared to the expression in the non-activated M1 

macrophage baseline (Figure 6.2A-F), As discussed previously, the literature 

supports the existence of high expression of CD80 and CD86 following M1 

polarization, in addition to also being independently induced by LPS (Lim et al., 

2005; Rivellese et al., 2014; Bertani, Mozetic, Fioramonti, Iuliani, et al., 2017; 

Raggi et al., 2017; Feito et al., 2019; Taddio et al., 2021). The data obtained 

during this model highlight a further enhancement of expression when these two 

independent stimuli are used in tandem. 

Interesting, data was also obtained in relation to the M2-associated markers 

CD163 and CD206. Here, 24hr incubation of M1 macrophages with LPS resulted 

in expansion of the percentage of CD163+ and CD206+ cells, which was also 

reflected in the values pertaining to MFI (Figure 6.3A-F). This contrasted with the 

previous data from chapter 4 which showed LPS activation of M0 macrophages 

have an opposing influence on CD163 and CD206 expression. A possible 

explanation for these findings may again be attributed to the chronic exposure of 

the M1 macrophages to LPS in this model. Guzmán-Beltrán et al (2017) were 

able to show an altered and more M1-biased phenotype acquisition for 

macrophages following chronic exposure to LPS with the resultant cells 

displaying a CD14+CD206+ signature (Guzmán-Beltrán et al., 2017). Other 

papers have also indicated an initial membrane shedding of CD163 from 

monocytes following LPS stimulation but which is followed by a recovery phase 

and secondary induction of surface CD163 to higher levels that of the un-

activated baseline (Weaver et al., 2007).  
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Therefore, a role of chronic LPS exposure on the procurement of M2-like marker 

signatures within this model was hypothesised which together present an 

activated M1 population possessing comparatively high levels of M2-associated 

markers CD163 and CD206.  
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Figure 6.1: CD14 and CD11b expression profile of LPS-activated M1 macrophages derived 
from THP-1. Data obtained after 24hr incubation of polarized M1 macrophages with LPS 

(100ng/mL). [A] Representative dot plots showing the percentage of CD14+ (top) and CD11b+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 

(left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. 

Data normalised and displayed as fold change versus the non-activated M1 macrophage 

indicated at 1. Data represents 3 replicated experiments each comprising of triplicate values. Data 

presented as mean ± SEM. Unpaired t test applied versus the un-activated M1 macrophage. 
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Figure 6.2: CD80 and CD86 expression profile of LPS-activated M1 macrophages derived 
from THP-1. Data obtained after 24hr incubation of polarized M1 macrophages with LPS 

(100ng/mL). [A] Representative dot plots showing the percentage of CD80+ (top) and CD86+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 

(left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing 

the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. 

Data normalised and displayed as fold change versus the non-activated M1 macrophage 

indicated at 1. Data represents 3 replicated experiments each comprising of triplicate values. Data 

presented as mean ± SEM. Unpaired t test applied versus the un-activated M1 macrophage. 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 6.3: CD163 and CD206 expression profile of LPS-activated M1 macrophages derived 
from THP-1. Data obtained after 24hr incubation of polarized M1 macrophages with LPS 

(100ng/mL). [A] Representative dot plots showing the percentage of CD163+ (top) and CD206+ 

(bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) for 

CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs 

showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and 

CD206 [F]. Data normalised and displayed as fold change versus the non-activated M1 

macrophage indicated at 1. Data represents 3 replicated experiments each comprising of triplicate 

values. Data presented as mean ± SEM. Unpaired t test applied versus the un-activated M1 

macrophage. *p<0.05; **p<0.01.

6.1.2. Effect of Minocycline on LPS-activation of M1 THP-1-
derived macrophages 

Once the effect of LPS activation on M1 macrophage surface marker expression 

was determined, the effects of minocycline within this model were studied. For 

that, minocycline was administered to the M1 macrophage cultures at 10µM and 

25µM, 2hr prior to the addition of LPS. This was left to incubate for a further 24hr 

at which point supernatants and cells were collected for further analysis.  

In this model, minocycline did not seem to modify the percentage of CD14+ cells 

following administration of both 10µM and 25µM versus LPS (Figure 6.4A and 

C). When analysing the mean fluorescent intensity (MFI) however, minocycline 

at both concentrations resulted in a decrease in CD14 expression versus the 

LPS-activated M1 group. Here, minocycline at 25µM was able to restore 

expression values back to the un-activated baseline and beyond, reducing the 

expression by 0.9-fold versus the LPS control group (p=0.3762) (Figure 6.4D). 

Despite no conclusive influence of LPS on the expression of CD11b in its 

activated form seen when administered alone, pre-incubation with minocycline at 

25µM appeared to marginally reduce both the percentage of CD11b+ cells and 

the density of CD11b expression compared to LPS but failed to reach significance 

(Figure 6.4B, E and F).  

When assessing the M1-associated inflammatory markers CD80 and CD86 

minocycline further increased their expression when compared to the LPS-

activated M1 group. LPS alone increased the percentage of CD80+ cells by 

57.9% up from 32.1% in the non-activated control to 90% (Figure 6.5A and C). 

However, pre-treatment with minocycline surpassed this effect and resulted in a 

further increase to 99.3% and 99.8% exerted by 10µM and 25µM respectively 
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(Figure 6.5A and C). This increase in expression resulted in almost 100% of the 

population displaying a CD80+ signature. Regarding MFI, upregulation of CD80 

upon minocycline treatment was once again observed when compared to LPS 

alone, witnessing a positive correlation between increased minocycline 

concentration and increased CD80 upregulation (Figure 6.5B and D). Figure 6.5B 

and D illustrates minocycline at 10µM cause a 2-fold increase in CD80 

expression, and 25µM a 6.3-fold increase (p=0.0374) versus the LPS control. 

Moreover, figure 6.5A, B, E and F show pre-incubation with 25µM minocycline 

caused a 6% and 0.3-fold increase in the percentage of CD86+ cells and density 

of CD86 expression respectively when compared to the LPS control.  

Regarding the expression of the M2-associated markers CD163 and CD206, 

which were increased upon LPS-activation as shown in section 4.1, minocycline 

intervention resulted in a further upregulation of the expression both proteins 

versus LPS. In the context of CD163, LPS alone increased the percentage of 

CD163+ cells by 24% up from 12% in the non-activated control to 36% (Figure 

6.5A and C). However, pre-treatment with minocycline exceeded this effect and 

resulted in a further increase to 83.3% (p=0.0016) and 97.6% (p=0.0002) exerted 

by 10µM and 25µM respectively (Figure 6.6A and C). Alike CD80, this increase 

in expression resulted in almost 100% of the population displaying a CD163+ 

signature. Also, when assessing the density of CD163 expression there was 

again a positive correlation between an increase in minocycline concentration 

and an increase in CD163 expression, with 10µM eliciting a 3-fold increase, and 

25µM a 13.7-fold (p=0.0043) increase versus LPS (Figure 6.6B and D). Data 

associated with CD206 expression also saw minocycline result in nearly all cells 

expressing CD206, with 10µM increasing the percentage by 56.8% (p=0.0043) 

and 25µM by 82.2% (p=0.0003) versus LPS alone (Figure 6.6E). Moreover, the 

previously described positive correlation between minocycline concentration and 

marker modification was again illustrated in the CD206 MFI data where 

minocycline at 10µM and 25µM elicited a 3.1-fold and 14.7-fold (p=0.0119) 

increase versus LPS respectively (Figure 6.6F).    

This data communicates a similar narrative to that described in chapter 4 whereby 

minocycline seems to consolidate, and even exacerbate the effects of LPS in 

relation to upregulation of CD80, while also significantly increasing the 

expression of M2-associated markers CD163 and CD206, despite the potent pro-
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inflammatory stimulus. It was also interesting to report a decrease in CD14 and 

CD11b expression upon minocycline treatment within this model, data which 

again suggests a possible influence of minocycline on the ability of these 

macrophages to continue responding to exogenous inflammatory ligands, in 

addition to their ability to mediate leukocyte adhesion, activation and 

accumulation in sites of infection (Khan, Khan and Gupta, 2018). 
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Figure 6.4: Effect of minocycline on CD14 and CD11b expression following LPS activation 
of M1 THP-1 macrophages. Data obtained after 24hr incubation of polarized M1 macrophages 

with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO 

vehicle control 1:1000. [A] Representative dot plots showing the percentage of CD14+ (top) and 

CD11b+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

for CD14 (left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs 

showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and 

CD11b [F]. MFI values have been normalised and displayed as fold change versus the un-

activated M1 macrophage control indicated at 1.  Data representative of 3 repeated experiments 

each comprising triplicate values and presented as mean ± SEM. One-way ANOVA with post hoc 

Dunnett’s applied versus the LPS-activated M1 macrophage. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 
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Figure 6.5: Effect of minocycline on CD80 and CD86 expression following LPS activation 
of M1 THP-1 macrophages. Data obtained after 24hr incubation of polarized M1 macrophages 

with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO 

vehicle control 1:1000. [A] Representative dot plots showing the percentage of CD80+ (top) and 

CD86+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

for CD80 (left) and CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs 

showing the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 

[F]. MFI values have been normalised and displayed as fold change versus the un-activated M1 

macrophage control indicated at 1. Data representative of 3 repeated experiments each 

comprising triplicate values and presented as mean ± SEM. One-way ANOVA with post hoc 

Dunnett’s applied versus the LPS-activated M1 macrophage. *p<0.05; ****p<0.0001. 



 

288 
 

 



 

289 
 

Figure 6.6: Effect of minocycline on CD163 and CD206 expression following LPS activation 
of M1 THP-1 macrophages. Data obtained after 24hr incubation of polarized M1 macrophages 

with LPS (100ng/mL). MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO 

vehicle control 1:1000. [A] Representative contour plots showing the percentage of CD163+ (top) 

and CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity 

(MFI) for CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] 

Bar graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for 

CD163 [D] and CD206 [F]. MFI values have been normalised and displayed as fold change versus 

the un-activated M1 macrophage control indicated at 1. Data representative of 3 repeated 

experiments each comprising triplicate values and presented as mean ± SEM. One-way ANOVA 

with post hoc Dunnett’s applied versus the LPS-activated M1 macrophage. *p<0.05; **p<0.01; 

***p<0.001. 

6.2. PBMC 

6.2.1. Characterising LPS-activation of M1/M2 PBMC-
derived macrophage subsets  

Primary macrophages in the form of M-CSF-expanded PBMCs were used to 

investigate if the THP-1 findings were translatable, and to study the effect of 

minocycline on M2 macrophage subsets. To maintain consistency between 

models the same protocol was used whereby PBMC monocytes were first 

differentiated to resting M0 macrophages following 6-day incubation with 

50ng/mL M-CSF as described in chapter 2, section 2.2.2, and then polarized to 

either M1 or M2 subsets through 24hr incubation with IFN-γ (20ng/mL) + LPS 

(10ng/mL) or IL-4 (20ng/mL) respectively. Following 24hr polarization cells were 

then activated with LPS at 100ng/mL for an additional 24hr at which point 

supernatant and cells were collected for analysis. 

In contrast to what was seen with the THP-1-derived M1 macrophages, no 

changes on CD14 expression were noted on M1 macrophages derived from 

PMBCs upon LPS activation when compared to the LPS control (Figure 6.7A-D). 

CD14 expression within the M2 cultures on the other hand was decreased 

following LPS activation, as evidenced by the reduced MFI by 0.8-fold (p<0.0001) 

(Figure 6.7B and D), and the subtle reduction in the percentage of CD14+ cells 

(Figure 6.7A and C). A similar trend was also reflected by the data obtained for 

CD11b total protein, where the pre-polarized M1 cultures did not show any 

consistent change in expression when stimulated with LPS, while M2 cells appear 
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to downregulate both the percentage of CD11b+ cells, in addition to the density 

of CD11b expression upon LPS activation (Figure 6.7A, B, E and F).  

When assessing the M1-associated markers CD80 and CD86 it was interesting 

to report a significant upregulation of both markers within both M1 and M2 

subsets, but with a more prominent response elicited by the M2 cells (Figure 6.8). 

Where the percentage of CD80+ cells were increased by 1.1-fold versus the un-

activated control in the M1 cultures, a greater increase was observed for the M2 

cells, with a fold change of 5.9 versus the un-activated M2 control (Figure 6.8A 

and C). This expression signature was also reflected in the density of expression 

presented as MFI, whereby LPS resulted in a 1.2-fold increase in the M1 cultures, 

and 1.9-fold increase in the M2 (Figure 6.8B and D). Data pertaining to CD86 

showed some disparity between donors relating to both the total percentage of 

CD86+ cells and density of CD86 expression across both subsets (Figure 6.8A, 

B, E and F). However, continued to indicate an increase in expression following 

LPS activation, with the more prominent response originating from the M2 

macrophages. Here, when challenged with LPS, M1 cultures had a minimal 

increase in the percentage of CD86+ cells, while the M2 rose by 1.1-fold (Figure 

6.8A and E). Regarding the density of CD86 expression, again, LPS elicited a 

subtle increase of 1.1-fold in the M1, but 1.4-fold in the M2 versus the un-

activated control (Figure 6.8B and F).      

Some modification of the M2-associated markers CD163 and CD206 was also 

reported following LPS activation of pre-polarized subsets. Here CD163 nor 

CD206 expression was significantly altered within the M1 cultures (Figure 6.9A-

F), however both markers were significantly downregulated within the M2 cultures 

when compared to the un-activated control (Figure 6.9A-F). Although the results 

from the THP-1 model showed CD163 and CD206 increase within the M1 

macrophage cultures following LPS activation, no conclusive data was obtained 

here using the PBMC-derived macrophages. Nonetheless, the significant 

upregulation of  both  pro-inflammatory markers CD80 and CD86, in addition to 

downregulation of the traditionally anti-inflammatory markers CD163 and CD206 

with the M2-polarized macrophages following LPS stimulation,  begins to suggest 

cellular plasticity and phenotype switching upon activation of M2 cells whereby 

cultures take on more classical M1 characteristics such as increased expression 
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of CD80 and CD86, and simultaneous downregulation of pro-fibrotic M2-like 

markers CD163 and CD206.  
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Figure 6.7: CD14 and CD11b expression profile of LPS-activated M1 and M2 polarized 
PBMC-derived macrophages. Data obtained after 24hr incubation of M1 and M2 polarized 

macrophages with LPS (100ng/mL). [A] Representative dot plots showing the percentage of 

CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) for CD14 (left) and CD11b (right). Numbers indicate MFI of live gated population. 

[C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for 

CD14 [D] and CD11b [F]. Data normalised and displayed as fold change versus the un-activated 

M1 or M2 macrophage control indicated at 1. Plots and histograms illustrate one representative 

donor. Graphs represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-activated M1 

or M2 macrophage. ***p<0.001; ****p<0.0001. 
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Figure 6.8: CD80 and CD86 expression profile of LPS-activated M1 and M2 polarized PBMC-
derived macrophages. Data obtained after 24hr incubation of M1 and M2 polarized 

macrophages with LPS (100ng/mL). [A] Representative dot plots showing the percentage of 

CD80+ (top) and CD86+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) for CD80 (left) and CD86 (right). Numbers indicate MFI of live gated population. 

[C-F] Bar graphs showing the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for 

CD80 [D] and CD86 [F]. Data normalised and displayed as fold change versus the un-activated 

M1 or M2 macrophage control indicated at 1. Plots and histograms illustrate one representative 

donor. Graphs represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the un-activated M1 

or M2 macrophage. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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Figure 6.9: CD163 and CD206 expression profile of LPS-activated M1 and M2 polarized 
PBMC-derived macrophages. Data obtained after 24hr incubation of M1 and M2 polarized 
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macrophages with LPS (100ng/mL). [A] Representative dot plots showing the percentage of 

CD163+ (top) and CD206+ (bottom) cells. [B] Representative histograms showing mean 

fluorescent intensity (MFI) for CD163 (left) and CD206 (right). Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and 

MFI values for CD163 [D] and CD206 [F]. Data normalised and displayed as fold change versus 

the un-activated M1 or M2 macrophage indicated at 1. Plots and histograms illustrate one 

representative donor. Graphs represent data from 4 donors each comprising of duplicate values. 

Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the 

un-activated M1 or M2 macrophage. **p<0.01; ***p<0.001. 

6.2.2. Effect of Minocycline during LPS-activation of 
PBMC-derived M1/M2 subsets 

To study the effects of minocycline on the LPS-induced activation of PBMC-

derived M1 and M2 macrophages minocycline was administered at 10µM and 

25µM to pre-polarized M1 and M2 macrophages for 2hr prior to activation with 

LPS (100ng/mL) for a further 24hr. No conclusive alteration was noted for CD14 

in either the M1 or M2 cultures when minocycline was introduced, with all data 

points from all donors remaining comparable to the LPS only control (Figure 

6.10). For total CD11b expression, within the M1-polarized populations a subtle 

increase in the percentage of CD11b+ cells was elicited by 25µM minocycline, 

with a 4.5% increase versus LPS (Figure 6.11A and C). A slight upregulation was 

also illustrated in the density of CD11b expression amongst the M1 population 

following treatment with 25µM minocycline, with a 0.1-fold increase in expression 

versus the control (Figure 6.11B and D). When assessing the M2 macrophages, 

minocycline at 25µM again upregulated the percentage of CD11b+ cells (Figure 

6.11A and E). This was also reflected to some degree in the density of CD11b, 

which was seen to increase comparable to that of the LPS control (Figure 6.11B 

and F). However, these margins remain very small so their significance should 

be considered carefully. 

For the M1-associated markers CD80 and CD86, when assessing the M1 

cultures no consistent change in the percentage of CD80+ cells was found 

amongst donors (Figure 6.12A and C). Results for the M2 cultures were also 

inconclusive, with minocycline at 25µM seeming to increase CD80 expression 

but failing to reach significance (Figure 6.12A, B, D and F). When analysing CD86 

expression there was again largely inconclusive data, with no consistent 

statistically significant changes observed regarding the percentage of CD86+ 



 

297 
 

cells (Figure 6.13A, C and E). Data pertaining to the density of CD86 expression 

was also inconclusive when compared to the LPS group (Figure 6.13B and D). 

As for the M2 model, minocycline appeared to have no influence on either the 

percentage of CD86+ cells or density of CD86 expression across any of the 

donors tested (Figure 6.13A, B, E and F).   

Finally, assessment of the M2-associated markers CD163 and CD206 yielded 

some promising data. Here intervention of M1-polarized macrophages with 25µM 

minocycline upregulated the density of CD163 expression, with eliciting a 0.3-fold 

increase versus the LPS control (p=0.0477) (Figure 6.14A and C). Minocycline 

also seemed to increase the percentage of CD163+ cells although did not reach 

significance (Figure 6.14D). Modification by minocycline was also illustrated 

within the pre-polarized M2 cultures, whereby a small increase of 10.9% was 

noted following treatment with 25µM minocycline and compared to LPS alone 

(Figure 6.14A and E). This trend was not however reflected in data obtained for 

MFI (Figure 6.14B and F). This data suggests that LPS caused a reduction in 

CD163 expression within the M2 cultures, but minocycline may have acted to 

partially restore the expression. Results for CD206 expression were also 

somewhat inconclusive in regard to the percentage of CD206+ cells or CD206 

MFI whereby no change was observed by minocycline within the M1 cultures 

(Figure 6.15A, B, C and D). Furthermore, data obtained from the M2 cultures 

illustrated no definable change in the percentage of CD206+ cells, or the density 

of CD206 expression due to minocycline intervention (Figure 6.15B and F).      
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Figure 6.10: Effect of minocycline on CD14 expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-treatment with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD14+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD14+ M1 macrophages [C] and CD14+ 

M2 macrophages [E] and CD14 MFI values for M1 [D] and M2 [F] macrophages following LPS-

activation. MFI normalised and displayed as fold change versus the un-activated M1 or M2 

baseline indicated at 1. Plots and histograms illustrate one representative donor. Graphical data 

represent data from 4 donors each comprising of duplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. ***p<0.001. 
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Figure 6.11: Effect of minocycline on CD11b expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-incubation with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD11b+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD11b in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD11b+ M1 macrophages [C] and 

CD11b+ M2 macrophages [E] and CD11b MFI values for M1 [D] and M2 [F] macrophages 

following LPS-activation. MFI normalised and displayed as fold change versus the un-activated 

M1 or M2 baseline indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. 

*p<0.05; **p<0.01.  
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Figure 6.12: Effect of minocycline on CD80 expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-incubation with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD80+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD80 in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD80+ M1 macrophages [C] and CD80+ 

M2 macrophages [E] and CD80 MFI values for M1 [D] and M2 [F] macrophages following LPS-

activation. MFI normalised and displayed as fold change versus the un-activated M1 or M2 

baseline indicated at 1. Plots and histograms illustrate one representative donor. Graphical data 

represent data from 4 donors each comprising of duplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. *p<0.05; 

****p<0.0001.  
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Figure 6.13: Effect of minocycline on CD86 expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-incubation with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD86+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD86 in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD86+ M1 macrophages [C] and CD86+ 

M2 macrophages [E] and CD86 MFI values for M1 [D] and M2 [F] macrophages following LPS-

activation. MFI normalised and displayed as fold change versus the un-activated M1 or M2 

baseline indicated at 1. Plots and histograms illustrate one representative donor. Graphical data 

represent data from 4 donors each comprising of duplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. ***p<0.001.  
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Figure 6.14: Effect of minocycline on CD163 expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-incubation with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD163+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD163 in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD163+ M1 macrophages [C] and 

CD163+ M2 macrophages [E] and CD163 MFI values for M1 [D] and M2 [F] macrophages 

following LPS-activation. MFI normalised and displayed as fold change versus the un-activated 

M1 or M2 baseline indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. 

*p<0.05; **p<0.01.  
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Figure 6.15: Effect of minocycline on CD206 expression following LPS-activation of M1 or 
M2 PBMC-derived macrophages. Data obtained after 2hr pre-incubation with minocycline and 

24hr incubation of M1 or M2 macrophages with LPS (100ng/mL). NT = no treatment, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM. [A] Representative dot plots showing the 

percentage of CD206+ cells in M1 (top) or M2 (bottom) macrophage cultures following LPS-

activation. [B] Representative histograms showing mean fluorescent intensity (MFI) for CD206 in 

M1 (left) or M2 (right) macrophages following LPS-activation. Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD206+ M1 macrophages [C] and 

CD206+ M2 macrophages [E] and CD206 MFI values for M1 [D] and M2 [F] macrophages 

following LPS-activation. MFI normalised and displayed as fold change versus the un-activated 

M1 or M2 baseline indicated at 1. Plots and histograms illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the LPS only group. 

**p<0.01; ***p<0.001.   
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6.3. Cytokine Production Profile of LPS-activated 
M1/M2 macrophage subsets  

To assess the effect of minocycline on the response of both THP-1-derived, and 

PBMC-derived M1 and M2 macrophages to LPS-induced activation, the cytokine 

production profile of both the M1 and M2 macrophage cultures were first 

characterised to assess the effect of LPS. For cytokine determination both the 

THP-1 and PBMCs were first differentiated to resting M0 macrophages via PMA 

or M-CSF respectively, and then polarized to either M1 through 24hr incubation 

with IFN-γ (20ng/mL) + LPS (10ng/mL) or M2 with IL-4 (20ng/mL). Following 24hr 

polarization cells were then activated with LPS at 100ng/mL for an additional 24hr 

at which point supernatant was collected and cytokine concentration determined 

by ELISA. Here the concentration of IFN-γ, IL-1β, IL-6, TNF-α, IL-12p40 and IL-

12p70, IL-4 and IL-10 was assessed.  

When stimulated with LPS polarized M1 macrophages displayed upregulation of 

IL-1β, IL-6, and TNF-α both in the THP-1 (Figure 6.16 A2-A4) and PBMCs (Figure 

6.16 B2-B4). Similarly, IL-12p40 production also increased following LPS-

activation within the THP-1 experiments (Figure 6.16 A5), but to a lesser degree 

in the PBMCs (Figure 6.16 B5). Regarding the remaining 2 parameters, 

stimulation with LPS resulted in no clear change in the production of IFN-γ (Figure 

6.16 A1 and B1), or IL-12p70, for which there was a lack of consistency between 

replicates which may in part be attributed to the data points remaining proximate 

to the lower detection limit of the assay (Figure 6.16 A6 and B6). Furthermore, of 

note, in THP-1 samples where a separate vehicle control was included 

(Veh+LPS), a similar or higher increase in cytokine production to that induced by 

LPS alone was seen (Figure 6.16A).  

When assessing the production of the M2-associated cytokines IL-4 and IL-10 

following LPS activation of M1 macrophages (Figure 6.17), LPS caused a 

significant reduction in IL-4 production by THP-1-derived M1 macrophages which 

was further exacerbated by the LPS+Veh control (Figure 6.17 A1). A similar effect 

was also observed in the PBMC-derived M1 macrophages although this was not 

statistically significant (Figure 6.17 B1). On the other hand, a significant increase 

in IL-10 production following LPS-activation was seen both in the THP-1-derived 

M1 macrophages (Figure 6.17 A2) and PBMC-derived M1 macrophages (Figure 
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6.17 B2), and in which case a higher concentration was detected in those co-

treated with the DMSO vehicle control (LPS+Veh) (Figure 6.17 A2). 

Having assessed the cytokine production signatures of the M1 macrophages 

upon LPS stimulation, the same panel of cytokines was next evaluated this time 

using the PBMC-derived M2 cultures. Figure 6.18 indicates increased production 

of all M1-associated cytokines IFN-γ, IL-1β, IL-6, TNF-α, IL-12p40 and IL-12p70 

following administration of LPS (Figure 6.18 A1-6). This upregulation was also 

witnessed in the values for IL-10 (Figure 6.18 B2). On the contrary, there 

appeared to be no distinct change in the production of IL-4 within this LPS-

activation model (Figure 6.18 B1). Interestingly, the magnitude of change in the 

production of these cytokines upon LPS stimulation was bigger in the M2 cultures 

versus the M1suggesting a more potent influence of LPS when administered to 

a pre-defined anti-inflammatory M2 phenotype. 

These findings again relate this data to the current literary narrative which 

correlates upregulation of M1-associated cytokines with LPS activation. The 

increase in IL-10 production – traditionally understood to be a potent anti-

inflammatory mediator, has also been reported for macrophages in response to 

TLR receptor ligands through involvement of MAPKs and transcription factors 

(Elcombe et al., 2013; Vliet et al., 2013; Sanin, Prendergast and Mountford, 

2015). Furthermore, this characterisation strongly suggests that pre-defined anti-

inflammatory cells such as M2 macrophages respond more potently to 

inflammatory stimuli, as seen by the more pronounced changes in cytokine 

signatures.  
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Figure 6.16: M1-associated cytokine production by LPS-activated M1 THP-1 (panel A) and 
PBMC-derived (panel B) macrophages. Data obtained from supernatant analysis after 24hr 

incubation of pre-polarized M1 macrophages with LPS (100ng/mL). Veh = DMSO vehicle control 

(1:1000). Bar graphs showing data for the M1-associated cytokines IFN-γ [1], IL-1β [2], IL-6 [3], 

TNF-α [4], IL-12p40 [5] and IL-12p70 [6]. Data presented as relative fold change versus the 

untreated M1 control indicated at 1. Graphs represent data from 3 repeated experiments each 

comprising triplicate readings for THP-1 [Panel A], and 4 donors each comprising of duplicate 

values for PBMCs [Panel B]. Data presented as mean ± SEM. One-way ANOVA with post hoc 

Dunnett’s versus LPS applied. *p<0.05. 
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Figure 6.17: M2-associated cytokine production by LPS-activated M1 THP-1 (Panel A) and 
PBMC-derived (Panel B) macrophages. Data obtained from supernatant analysis after 24hr 

incubation of pre-polarized M1 macrophages with LPS (100ng/mL). Veh = DMSO vehicle control 

(1:1000). Bar graphs showing data for the M2-associated cytokines IL-4 [1] and IL-10 [2]. Data 

presented as relative fold change versus the untreated M1 control indicated at 1. Graphs 

represent data from 3 repeated experiments each comprising triplicate readings for THP-1 [Panel 

A], and 4 donors each comprising of duplicate values for PBMCs [Panel B]. Data presented as 

mean ± SEM. One-way ANOVA with post hoc Dunnett’s versus LPS applied. *p<0.05; **p<0.01; 

****p<0.0001. 
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Figure 6.18: M1- and M2-associated cytokine production by LPS-activated M2 PBMC-
derived macrophages. Data obtained from supernatant analysis after 24hr incubation of pre-

polarized M2 macrophages with LPS (100ng/mL). Bar graphs showing data collected from PBMC 

experimental samples for M1-associated cytokines [Panel A] - IFN-γ [1], IL-1β [2], IL-6 [3], TNF-
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α [4], IL-12p40 [5] and IL-12p70 [6], and M2-associated cytokines [Panel B] – IL-4 [1] and IL-10 

[2]. Data presented as relative fold change versus the untreated M2 control indicated at 1. Graphs 

represent data from 4 donors each comprising of duplicate values. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the M2 macrophage control. 

*p<0.05; **p<0.01; ***p<0.001. 

6.4. Effect of Minocycline on cytokine production 
following LPS-activation of M1/M2 macrophage 
subsets  

Having established baseline data and characterised the effect of LPS on pre-

polarized M1 and M2 macrophage cytokine production, the next aim was to 

evaluate the effect of minocycline on these cytokine production signatures. As 

noted previously, to do this polarized M1 or M2 macrophages were pre-treated 

with minocycline at 10µM and 25µM for 2hr prior to the addition of LPS 

(100ng/mL) for a further 24hr, at which time supernatant was collected and 

analysed via ELISA. Considering the effect of the vehicle control on cytokine 

production seen previously in section 6.5, it was decided to consider the 

LPS+Veh group the comparison control in this instance.     

When assessing the effect of minocycline upon the production of M1-associated 

cytokines from M1 macrophage THP-1 and PBMC cultures as displayed in Figure 

6.19, an increase in the production of IFN-γ was found (Figure 6.19 A1 and B1). 

Here, 25µM minocycline caused a 1.2-fold increase in IFN-γ production versus 

the LPS+Veh control within the THP-1 model (Figure 6.19 A1). This was more 

pronounced in the PBMCs whereby both 10µM and 25µM resulted in a significant 

increase in production by 1.1- and 1.3-fold versus the LPS only control 

(p<0.0001) (Figure 6.19 B1). Inversely, minocycline treatment resulted in a 

reduced production of IL-1β by M1 THP-1-derived macrophages, which seemed 

to be concentration related when compared to the LPS+Veh control (Figure 6.19 

A2), however, results for the PBMCs were inconclusive (Figure 6.19 B2). 

For IL-6 and TNF-α different responses were seen for the THP-1 and PBMCs, 

whereby minocycline caused a decrease in production within the THP-1 (Figure 

6.19 A3-4), whereas their production was increased within the PBMCs when 

compared to the LPS+Veh or LPS only controls respectively (Figure 6.19 B3-4) 

Again, a lack of consistency between models and replicates makes analysis and 

interpretation of the data difficult and thus requires further investigation with larger 
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data sets across increased replicates. Finally, as was mentioned previously, data 

points for the 2 subunits of IL-12 that were tested (p40 and p70) were on or very 

close to the lower detection limit of the assay used for this analysis, and as such 

data pertaining to these analytes should be interpreted with caution. This 

proximity to the assay detection limit may also explain why little to no response 

was noted for either analyte in either model following minocycline administration 

(Figure 6.19 A5-6). 

For the M2-associated cytokines IL-4 and IL-10 within the M1 macrophage 

models no change was exerted by minocycline across either the THP-1 or PBMC 

data on the production of IL-4 when compared to the respective LPS+Veh or LPS 

only control (Figure 6.20 A1 and B1). Furthermore, although no change was seen 

with minocycline for IL-10 production within the PBMC-derived macrophages 

(Figure 6.20 B2), a significant reduction in IL-10 production following minocycline 

intervention was observed in the THP-1 cells, whereby a positive correlation was 

seen between minocycline concentration and the magnitude of IL-10 reduction 

versus the LPS+Veh group (Figure 6.20 A2). Here, minocycline at 25µM reduced 

the production of IL-10 by 0.56-fold (p=0.0148) versus the LPS+Veh group.     

Changes induced by minocycline on cytokine production by M2 macrophages 

originating from the M2 PBMC-derived macrophages were next assessed and 

displayed in Figure 6.21. Here, there was again an increase in IFN-γ production 

following minocycline treatment when compared to LPS alone, increasing by 1.3-

fold (p=0.0464) (Figure 6.20 A1). Furthermore, data pertaining to IL-1β was also 

like that observed in the M1 experiments as minocycline at 25µM again resulted 

in reduced production across all donors tested versus the LPS only control 

(Figure 6.20 A2). Here both 10µM and 25µM minocycline reduced the production 

of IL-1β by 0.9- (p=0.0041) and 0.7-fold (p<0.0001) respectively. Similarity in the 

response of both sets of macrophages also existed when assessing IL-6, and 

TNF-α, with minocycline causing a significant reduction in production of both 

cytokines versus LPS (Figure 6.20 A3-A5). Although some consistency was seen 

within the IL-12p40 and IL-12p70 data sets, there is disparity amongst donors, 

and thus given the proximity of the data points to the assay detection limit, it may 

be necessary to corroborate this data with a more sensitive technique. 

Finally, Figure 6.21 panel B also outlines the results for the two M2-associated 

cytokines IL-4 and IL-10, and although the data for IL-4 noted no change in 
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expression by minocycline versus LPS (Figure 6.21 B1), there was 

downregulation of IL-10 following minocycline treatment when compared to LPS 

alone (Figure 6.21 B2). There was a 0.88-fold decrease in IL-10 production 

elicited by 25µM minocycline again with a positive correlation between 

minocycline concentration and the magnitude of IL-10 reduction seen. This potent 

reduction in IL-10 is consistent with the results obtained for the M1 macrophage 

experiments within the THP-1 model, in addition to those reported in chapter 5 

when minocycline was administered prior to, and during polarization. Having 

corroborated a decrease in IL-10 across multiple experimental models utilizing 

distinct macrophage phenotypes further suggests that minocycline may be 

provoking direct modification of IL-10 production.  
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Figure 6.19: Effect of minocycline on M1-associated cytokine production by LPS-activated 
THP-1 (Panel A) and PBMC-derived (Panel B) M1 macrophages. Data obtained from 

supernatant analysis after 2hr pre-treatment with minocycline of M1 macrophages and a further 

24hr incubation with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 

25µM, Veh = DMSO vehicle control (1:1000). Bar graphs showing data for M1-associated 

cytokines IFN-γ [1], IL-1β [2], IL-6 [3], TNF-α [4], IL-12p40 [5] and IL-12p70 [6]. Data presented 

as relative fold change versus the M1+Veh (Veh) [Panel A], or LPS- only [Panel B] control group 
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indicated at 1. Graphs represent data from 3 repeated experiments each comprising triplicate 

readings for THP-1 [Panel A], and 4 donors each comprising of duplicate values for PBMCs [Panel 

B]. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus the 

relevant control. *p<0.05; ****p<0.0001. 

 

Figure 6.20: Effect of minocycline on M2-associated cytokine production from LPS-
activated THP-1 [Panel A] and PBMC-derived [Panel B] M1 macrophages. Data obtained 

from supernatant analysis after 2hr pre-treatment with minocycline of M1 macrophages and a 

further 24hr incubation with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = 

minocycline 25µM, Veh = DMSO vehicle control (1:1000). Bar graphs showing data for M2-

associated cytokines IL-4 [1] and IL-10 [2]. Data presented as relative fold change versus the 

M1+Veh (Veh) [Panel A], or LPS-only [Panel B] control group indicated at 1. Graphs represent 

data from 3 repeated experiments each comprising triplicate readings for THP-1 [Panel A], and 4 

donors each comprising of duplicate values for PBMCs [Panel B]. Data presented as mean ± 

SEM. One-way ANOVA with post hoc Dunnett’s applied versus the relevant control. *p<0.05. 
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Figure 6.21: Effect of minocycline on M1- [Panel A] and M2-associated [Panel B] cytokine 
production from LPS-activated M2 PBMC-derived macrophages. Data obtained from 

supernatant analysis after 2hr pre-treatment of M2 macrophages with minocycline and a further 

24hr incubation with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 

25µM, Veh = DMSO vehicle control (1:1000). Bar graphs showing data for M1-associated 

cytokines IFN-γ [1], IL-1β [2], IL-6 [3], TNF-α [4], IL-12p40 [5] and IL-12p70 [6], and M2-associated 

cytokines IL-4 [1] and IL-10 [2]. Data presented as relative fold change versus the LPS-only 

control group indicated at 1. Graphs represent data from 4 donors each comprising of duplicate 

values. Data presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s applied versus 

the LPS only control. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

6.5. Chapter discussion  
As referenced in the previous chapter, macrophages and their subsets identify 

different stimuli in the tissue microenvironment and respond appropriately with 

the goal of maintaining homeostasis, with classically-activated M1 macrophages 

displaying potent cytotoxic action, and alternatively-activated M2 cells acting to 

suppress the inflammatory response (Sica et al., 2015; Shapouri-Moghaddam et 

al., 2018; Moreira Lopes, Mosser and Gonçalves, 2020). Although the consensus 

also considers these macrophage populations to be transient and plastic, it is 

crucial in the avoidance of pathophysiology to maintain equilibrium between 

these distinct subsets (Camille and Dealtry, 2018).   

Previous chapters discussed how during IBD, the intestinal mucosa becomes 

disrupted, encompassing compromised epithelial function, increased 

permeability, and the consequential invasion of luminal antigens into the 

underlying tissue (Moreira Lopes, Mosser and Gonçalves, 2020). If unresolved 

and left to enter a state of persistent ‘chronic’ inflammation, the contribution of 
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host inflammatory mechanisms, not exogenous pathogens, becomes chiefly 

responsible for resultant host pathophysiology, suggesting the existence of 

continual self-perpetuation of inflammatory cascades (Nathan and Ding, 2010). 

Thus, the development and progression of IBD can be partially attributed to a 

hindered ability of the host immune response to terminate and control 

inflammatory mechanisms, with a failure of macrophages to initiate appropriate 

resolution cascades resulting in prolonged damage to local tissue and the 

consequent development of chronic inflammation (Zhang and Mosser, 2008; 

Moreira Lopes, Mosser and Gonçalves, 2020).   

In chapter 3 it was investigated if minocycline influenced monocyte-macrophage 

differentiation. Next, in chapter 4, the role of minocycline upon the activation of 

resting or naïve M0 macrophages when challenged with LPS was explored, and 

in the proceeding chapter 5 its influence in the polarization to M1 and M2 subsets 

was investigated. Here, in the final results chapter, minocycline’s effect on the 

activation of pre-polarized subsets in response to LPS was assessed. By doing 

this some opposing roles of minocycline dependant on the time point and 

maturation phase at which it is introduced have been identified. Within this 

chapter, which looked at the effect of minocycline during LPS activation of pre-

polarized macrophage subsets and if data that was corroborated either across 

cellular models or firmly between biological replicates only is considered, a few 

key findings from these investigations can be distinguished. Firstly, in sections 

6.2. which assessed the effect of minocycline on surface marker expression in 

THP-1-derived M1 macrophages, and 6.4. which assessed minocycline on 

surface marker expression of PBMC-derived M1 and M2 macrophages, there is 

consistent upregulation of the surface marker CD163 seen across both the THP-

1 and PBMC macrophage models and within both the M1 and M2 cultures.  

It was previously discussed in chapter 4 how CD163 expression is highly 

expressed by macrophages and functions to bind a variety of ligands and 

promote the removal of non-self or altered-self antigens (PrabhuDas et al., 2017). 

Although CD163 is a key feature of macrophage differentiation to an alternatively 

activated M2 phenotype, and which is directly modified by IL-10 stimulation, an 

increase in CD163 expression elicited by minocycline within both M1 and M2 

cultures is reported here when compared to the LPS only control, which is also 

consistent with data obtained in chapter 5 in which minocycline was administered 
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during M1 and M2 polarization. However, despite reports describing a sensor-like 

function of CD163 in response to Streptococcus mutants, Escherichia coli, and 

Staphylococcus aureus, where CD163 promoted bacteria-induced production of 

pro-inflammatory cytokine TNF-α (Kneidl et al., 2012), in this model there is in 

fact no correlation between an increase in CD163 expression and the production 

of IL-10 and TNF-α, with both cytokines actually appearing to be reduced within 

the THP-1 model of M1 macrophages and the PBMC-derived M2 macrophages 

upon treatment with minocycline and when compared with the LPS only group. 

This may suggest an independent mechanism of CD163 alteration exerted by 

minocycline considering minocycline within this setting was not shown to increase 

or decrease the production of IL-10 and TNF- α respectively, which are classic 

stimulators and effectors of CD163. 

Potent modification of CD14, CD80 and CD206 within the THP-1 model was 

highlighted in section 6.1.2. which reiterates the previous implication of 

minocycline in the phenotypic switch from pro-inflammatory M1, to anti-

inflammatory M2, in addition to rendering cells hyporesponsive to further TLR 

activation by LPS. This data, however, was again not mirrored by the PBMC data 

alike chapter 5 when minocycline was administered during polarization, and thus 

would benefit from replication using larger data sets or alternative cellular models.  

Despite the inconsistencies between THP-1 and PBMC data regarding surface 

marker expression, as in earlier chapters, it was possible to obtain far more 

consistent data in relation to cytokine production with some very interesting 

results. The first key outcome described in section 6.6. was a consistent increase 

in IFN-γ production in response to LPS by both M1 and M2 macrophages and 

seen with both the THP-1 and PBMC models. In conjunction, additional 

downregulation of IL-10 within the THP-1-derived and PBMC-derived M1 and M2 

macrophages was also observed when minocycline was administered during 

activation of pre-polarized subsets and compared to the LPS only control. In 

chapter 5 the same results were concluded, with an increase in IFN-γ and 

simultaneous decrease in IL-10 elicited by treatment with minocycline when 

administered during M1 and M2 polarization and compared to the un-treated 

group. Given their key roles in host protection and post-infection 

immunopathology which are discussed at length in chapter 3 (Burke and Young, 

2019; Mezouar and Mege, 2020), a homeostatic role of minocycline on M2 
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macrophage phenotype was hypothesised, whereby minocycline regulates the 

usual biology of M2 subsets through limiting IL-10 production but promoting IFN-

y. This finding was interesting given the lack of published reports also describing 

this effect. A 2018 paper by Tanita et al, correlated a clinical benefit of 

minocycline to its suppressive effects against the production of specific Th2 

chemokines from M2 macrophages, which they hypothesized could contribute to 

the recruitment of Th2 cells and eosinophils in the lesional skin of bullous 

pemphigoid patients (Tanita et al., 2018). However, this particular study did not 

directly measure IL-10, nor were any reports found associating modification of 

both IL-10 and IFN-γ from M2 macrophages to minocycline treatment. Given the 

limited literature it is speculated that simultaneous inhibition of IL-10 and 

promotion of IFN- γ may likewise contribute to the recruitment of both Th1 and 

Th2 effectors to sites of inflammation. It seems that minocycline, therefore, was 

able to modify the phenotype of the cells when administered during polarisation 

but also their response to LPS if administered to fully polarised cells which were 

subsequently challenged with LPS.  

A further consistent feature of minocycline was the reduction of IL-1β. In section 

6.6. a decrease in IL-1β production by M1 or M2 subsets when treated with 

minocycline during LPS activation when compared to the LPS only control was 

seen. This feature was consistent with both chapter 4 - in which minocycline was 

administered to resting M0 macrophages during LPS activation, and chapter 5 - 

whereby minocycline was administered during M1 and M2 polarization. As 

discussed in chapter 5, IL-1β is a potent pro-inflammatory cytokine crucial for 

host-defence responses to infection and injury, but which may also exacerbate 

damage during chronic disease and acute tissue injuries if left unregulated 

(Lopez-Castejon and Brough, 2011, p. ). IL-1β has been shown to promote the 

differentiation of monocytes to M1-like macrophages, induce type 1 immune 

responses,  polarize αβ CD4+ T cells towards Th1, and favour the differentiation 

of  αβ CD4+ T cells towards Th17 (Acosta-Rodriguez et al., 2007; Schenk et al., 

2014; Hutton et al., 2016; Bent et al., 2018). 

Although largely beneficial, an over production can increase the risk of developing 

metabolic and autoinflammatory diseases with reports linking IL-1β 

overproduction to the development of Ulcerative colitis and Crohn’s disease in 

both IBD patients and murine models (Mahida, Wu and Jewell, 1989). The 
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existence of consistent and corroborated downregulation of IL-1β following 

minocycline administration may underline a direct inhibitory function of 

minocycline on IL-1β production rather than an inhibitory action on the 

downstream activation of the NF-κB and MAPK pathways that upregulate 

additional pro-inflammatory cytokines such as IL-6 and TNF (Guarda and So, 

2010; Sahoo et al., 2011) which were demonstrated to be increased within this 

model of M1/M2 activation in response to minocycline. Thus, a reduction in IL-1β 

may limit both the further differentiation of macrophages to an M1 phenotype, and 

polarization and accumulation of other pro-inflammatory effects to the site of 

inflammation. 

A key observation is the opposing influence of minocycline dependant on 

administration time point on the production of M1-associated cytokines TNF-α 

and IL-6 was identified. In chapter 5 minocycline decreased the production of 

both TNF-α and IL-6 when administered during M1 polarization without latter LPS 

activation in both the THP-1 and PBMC models. However, here, there is 

contrasting data illustrating an increase in these cytokines when minocycline is 

administered during LPS activation of pre-polarized M1 macrophages using the 

PBMC model. Both TNF-α and IL-6 have key roles in the development of chronic 

inflammation and have been specifically implicated in IBD. It was also discussed 

in detail in chapter 5 how IL-6 has been found at higher levels in various diseases, 

including IBD (Műzes et al., 2012), with experimental models of colitis describing 

IL-6 as a major contributory cytokine within the chronic phase of inflammation 

(Atreya et al., 2000; Yamamoto et al., 2000). Moreover, additional research 

further implicates IL-6 in the maintenance of inflammation and onset of chronic 

disease as in the case of IBD relapse in part via control of leukocyte trafficking 

(Jones et al., 2005; Kai et al., 2005; Gabay, 2006).  

Whereby bacterial pathogens and other noxious stimuli induce TNF-α via TLRs 

and NF-κB signalling, production of TNF-α is prominent in the subsequent 

initiation of a highly complex biological cascades involving chemokines, cytokines 

and endothelial adhesions that recruits and activates neutrophils, macrophages, 

and lymphocytes at sites of damage and infection (Locksley, Killeen and Lenardo, 

2001; Akira and Takeda, 2004). Thus, while TNF-α is a critical component of 

innate and adaptive immunity, if unregulated, acts as a positive autocrine 

feedback signal to further activate NF-κB, and induce the production of more 
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TNF-α and other cytokines such as GM-CSF and IL-8, resulting in chronic 

inflammation and generalised wasting (Balkwill, 2006). In this regard, both pre-

clinical and clinical trials have described an increase in TNF-α and its receptors 

at sites of chronic inflammation in conditions such as neuropathology, rheumatoid 

arthritis , cancer, and IBD., Increased levels of TNF-α have also been located in 

the intestinal mucosa, serum, and faeces of IBD juvenile patients (Pirenne et al., 

1992; Breese et al., 1994).  Further studies have also implicated TNF-α in the 

degradation of the epithelial barrier and subsequent regulation of tight-junctions 

(Ozaki et al., 1999; Laukoetter et al., 2007; Vetrano et al., 2008). 

Despite these implications of TNF-α and IL-6 in chronic inflammation, observing 

a decrease in their production when minocycline is administered during 

polarization, but an increase if administer during LPS activation of pre-polarized 

subsets may suggest a role of minocycline in initial exacerbation of inflammation 

through upregulation of potent pro-inflammatory mediators which may then allow 

for efficient exchange to pro-resolving mechanisms and the avoidance of chronic 

inflammation. With the data highlighting that M1 and M2 macrophages produce 

more cytokines in response to LPS when in the presence of minocycline strongly 

suggests that minocycline can exacerbate the response in this setting. However, 

if macrophages are polarised in the presence of minocycline, they conversely 

becoming less proinflammatory, suggesting a shift to more pro-resolving 

phenotype. 

The data here alludes to a regulatory role of minocycline whereby it seems to 

exacerbate early acute inflammation via upregulation of M1-associated cytokines 

such as the production of TNF-α, IL-6 and IFN-γ if administered upon LPS 

activation, but simultaneously inhibits the development of chronic inflammation 

by dampening the expression of pro-inflammatory cytokines during polarization. 

Previous in vivo data provide further support of this modifying property of 

minocycline in which minocycline treatment of DSS-induced colitis in mice, 

resulted in increased IL-1β and IL-6 at 2 days post treatment, but decreased 

production at 4 days post treatment. Furthermore, minocycline seems to also limit 

the probability of aberrant M2-associated pathologies such as cancer and tumour 

formation through minimizing potent pro-resolving signatures such as IL-10 and 

CD206 allowing homeostatic regulation of each phenotype (Boyano et al., 2000; 

Enninga et al., 2018; Linde et al., 2018; Yan et al., 2018).
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7. Discussion & conclusions 

7.1. Project discussion 
As was outlined in detail in chapter 1, section 1.3, the use of tetracyclines as 

immunomodulatory agents has gained increasing interest in the past two 

decades, with minocycline specifically reported to ameliorate experimental colitis 

through modulation of both the intestinal microbiota and the immune response 

(Garrido-Mesa, Camuesco, et al., 2011a; Garrido-Mesa, Utrilla, et al., 2011b). 

Furthermore, the studies conducted by Garrido Mesa and Garrido Mesa et al in 

2011, 2015 and 2018 highlighted minocycline’s effect on enhanced monocyte 

recruitment to the colon, phenotype switching of colonic macrophages from pro- 

to anti-inflammatory, and changes in the secretion of pro-inflammatory cytokines 

such as IL-1β and IL-6, seen using both in vivo and in vitro models (Garrido-

Mesa, Camuesco, et al., 2011a; Garrido-Mesa, Utrilla, et al., 2011b; Garrido-

Mesa, Algieri, Rodriguez-Nogales, Ma Pilar Utrilla, et al., 2015; Garrido-Mesa, 

Rodríguez-Nogales, et al., 2018b). However, despite these promising results, 

there remains no definitive data on the specific mechanism by which minocycline 

may influence macrophage development, function, and phenotype in the context 

of IBD. Therefore, the aim of this project was to “characterize the direct effects of 

minocycline on macrophage biology, with primary focus on macrophage 

differentiation, phenotype and function, and to subsequently investigate the 

mechanisms mediating these effects”.  

The key findings from the investigations conducted within this project are depicted 

below in Figure 7.1 and highlight the compound influence of minocycline on 

macrophage biology, from monocyte -macrophage differentiation, activation with 

bacterial LPS and polarization to M1 and M2 phenotypes. 
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Figure 7.1: Key effects of minocycline on macrophage biology in the context of intestinal 
inflammation. In the context of IBD (top) local inflammation within the colon occurs which results 

in epithelial barrier dysfunction and infiltration of exogenous pathogens from the intestinal lumen. 

Under these inflammatory conditions circulating monocytes migrate into the lamina propria and 

differentiate into M0 macrophages. These M0 macrophages, upon stimulation with bacterial 

products such as LPS become activated and upregulate surface expression of the T cell co-

stimulatory proteins CD86, CD80, as well as the LPS-response element CD14. Local IFN-γ and 

LPS also trigger polarization of M0 macrophages via STAT1/STAT2 transcription factors to pro-

inflammatory M1, in which further upregulate CD80, CD86 and CD14. Both M0 and M1 

macrophages dominate the compartment and produce high levels of pro-inflammatory cytokines 

IL-6, TNF-α, IL-1β and IFN-γ. Based on previous reports and in vitro investigations within this 

thesis, when treated with minocycline macrophage phenotype and function are altered, showing 

a shift towards an anti-inflammatory M2 phenotype. Monocyte-macrophage differentiation is 

disrupted resulting in less M0 accumulation, while simultaneously changing the terminal 

phenotype of both the resting and LPS-activated M0 macrophages reducing the expression of 

CD86 and CD14, but increasing CD80, CD163 and CD206. Polarization to M1 is also disrupted 

with downregulation in the transcription factors stat3 and stat6, and changes in the acquired 

phenotype of these cells, with similar downregulation of CD86 and CD14, but enhancement of 

the M2-associated markers CD163 and CD206. In addition, minocycline inhibits the production of 

IL-6, TNF-α, IL-1β and IL12p70 from the activated M0 macrophages but under the same 

conditions enhances the production of IL-6 and TNF-α from the M1. Moreover, minocycline seems 

to preferentially drive polarization towards an M2 phenotype, which express high levels of CD206 

and CD163. Interestingly, in this context minocycline also appears to limit typical IL-10 production 

from these cells but produces greater amounts of IFN-γ and IL-12p70. Overall, minocycline seems 

to modulate macrophage function in the context of intestinal inflammation through reducing pro-

inflammatory phenotype acquisition and mediator release referencing an anti-inflammatory M2, 

but simultaneously controls over-production of potent anti-inflammatory mediators such as IL-10 

thus limiting the chance of IL-10-mediated pathology. 

 

Previous research has shown minocycline specifically influences the immune cell 

populations both circulating in the blood as well as those present in the lamina 

propria in the colon during intestinal inflammation using the mouse model of DSS-

induced colitis. This study attributed minocycline’s intestinal anti-inflammatory 

effect to a possible potentiation of the innate immune response in the intestine, 

leading to an earlier resolution of the inflammatory process due to a higher 

number of pro-inflammatory Ly6C+MHC II+ macrophages located in the gut at 

initial stages of the inflammatory process, which then differentiated into a pro-

resolving Ly6C-MHCII+ phenotype (Garrido-Mesa, Rodríguez-Nogales, et al., 
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2018a). Importantly, they also reported a higher percentage of monocytic cells in 

the blood stream of minocycline treated animals at both 2- and 4-days post 

treatment, therefore it was of interest to assess whether minocycline was directly 

influencing the monocyte-macrophage axis or whether this was an indirect 

outcome. 

As discussed in chapter 3, mature macrophages in the adult mucosa have poor 

proliferative capacity suggesting an unlikely role of in situ self-renewal in 

macrophage replenishment and monocyte recruitment to be the key mechanism 

of replenishment for intestinal macrophage populations (Smythies et al., 2006; 

Bain et al., 2013; Calum C. Bain and Mowat, 2014). Therefore, investigations 

began by exploring the role of minocycline on monocyte-macrophage 

differentiation using an in vitro model of PMA-driven THP-1 and U-937 

differentiation. The data in this model suggests that minocycline seems to inhibit 

the differentiation of monocytes to macrophages. This was reflected in the 

reduced number of adherent cells recovered when minocycline was administered 

to cultures during PMA-driven differentiation. A reduction in adherent cells 

suggests disruption of the differentiation process given this identifiable change in 

macrophage morphology acquisition. As mentioned above, the work published 

by Garrido-Mesa et al in 2018 reported a correlation between treatment with 

minocycline and both increased percentages of monocytes in the blood stream 

and a higher number of pro-inflammatory Ly6C+MHC II+ macrophages located in 

the gut of colitic mice at initial stages of the inflammatory process (Garrido-Mesa, 

Rodríguez-Nogales, et al., 2018b). In this regard, contradictory evidence was 

displayed whereby minocycline does not in fact directly promote monocyte-

macrophage differentiation, but instead inhibits this process as seen by the 

reduction in adherent cells. 

In addition to reducing the number of macrophages that differentiated from 

monocytes, it was reported in chapter 3 that minocycline influenced the terminal 

phenotype of the differentiated macrophages, significantly reducing CD14 and 

CD86 expression. This data partially coincided with the previous observations 

made by Garrido Mesa et al, in which minocycline was shown to influence the 

phenotype of M0 macrophage populations from that displaying an initial 

inflammatory signature to that which is more anti-inflammatory. However, this 

amendment in terminal phenotype was not limited to the investigations on 
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monocyte-macrophage differentiation and was reported across all 4 experimental 

protocols used. 

Given the downregulation of CD14 seen in chapter 3, in chapter 4 the THP-1, U-

937 in vitro systems were again used in combination with PBMC-derived 

macrophages to understand the role of minocycline on the response on resting 

M0 macrophages to LPS challenge. Previous data supported this avenue of 

investigation, with the article by Garrido Mesa et al reporting increased cytokine 

concentration in the culture supernatant of LPS‐stimulated BMDM after 24hr of 

pre‐incubation with minocycline (Garrido-Mesa, Rodríguez-Nogales, et al., 

2018a). With this accounted for, the influence of minocycline on the response of 

M0 macrophages when challenged with LPS was considered. A reduction in 

CD14 expression upon minocycline treatment was again observed in this setting. 

This result further extended into chapter 6 which then aimed to understand how 

different macrophage phenotypes respond to LPS challenge given the recurrent 

nature of IBD, and the previous evidence that minocycline in vivo promotes an 

early influx of pro-inflammatory Ly6C+MHC II+ macrophages within the gut, which 

then differentiate into a pro-resolving Ly6C-MHCII+ phenotype (Garrido-Mesa, 

Rodríguez-Nogales, et al., 2018a). Here, again, the ability of minocycline to 

downregulate CD14 was highlighted. 

CD14 plays a crucial role in pathogen recognition and immune cell activation, 

LPS binding, release of pro-inflammatory mediators, and phagocytic clearance 

and cellular apoptosis (Zamani et al., 2013).  Moreover, previous data also 

communicates that the innate immune system is poorly activated by LPS alone 

and requires both LPS binding protein and transfer on CD14. This leads to LPS 

being chaperoned by CD14 to the LPS receptor complex comprised of TLR4 

MD2, resulting in the production of pro-inflammatory cytokines and type I 

interferons (Bode, Ehlting and Häussinger, 2012; Płóciennikowska et al., 2015).  

Therefore, from the data generated in this project it was hypothesized that a 

significant reduction in this marker could correlate minocycline with a decrease in 

macrophage sensitivity to pathogenic stimulus, potentially suggesting a key role 

of minocycline in dampening the ability of macrophages to respond to invading 

bacteria.  
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Similarly, a downregulation in CD86 expression upon minocycline treatment was 

also reported, but which was conversely accompanied by upregulation of CD80 

when studying both monocyte-macrophage differentiation (Chapter 3), and 

macrophage activation with LPS (Chapter 4 and 6). Given that CD86 and CD80 

are the main co-stimulatory molecules expressed on the surface of macrophages 

and other APCs and are required for complete T-cell activation (Rivellese et al., 

2014; Taddio et al., 2021), a downregulation of this marker could imply that 

minocycline treatment not only results in desensitization of macrophages to later 

stimulus, but also influences their ability to recruit additional immune cell 

populations and stimulate T-cell activation or the induction of tolerance. This 

furthers strengthens the hypothesis that minocycline modifies macrophage 

phenotype from a pro-inflammatory state (CD14hiCD86+) to a typical hypo-

responsive intestinal macrophage baseline (CD14low CD86low). Furthermore, this 

data, in combination with a lack of modification seen when studying tlr4 gene 

expression suggests any alteration in cellular response to LPS was not 

necessarily due to direct modification of TLR4 expression by minocycline in this 

study, but rather an influence on its soluble counterpart CD14. 

Considering the widely documented existence of increased macrophage CD14 

expression in IBD patients and experimental models of colitis (Kamada et al., 

2008; Bain et al., 2013; Lampinen et al., 2013; Ogino et al., 2013; Thiesen et al., 

2014), an inhibitory effect of minocycline on its expression may have beneficial 

therapeutic application in reducing innate cell LPS-sensitivity. Moreover, CD14hi 

monocyte and macrophage populations in the mucosa of IBD patients are thought 

to support pathogenic T cell function through the expression CD80 and CD86 

(Rugtveit et al., 1997) via binding to CD28 or CTLA-4 which promotes T cell 

activation resulting in downregulation of T cell function – a critical stage in 

inhibiting the immune response following infection resolution (Freeman et al., 

1995; Rugtveit et al., 1997). The literature proposes different functional 

consequences of CD28 engagement by CD80 and CD86, the consensus 

suggesting a situation whereby CD80 co-stimulation promotes the development 

of Th1 cells, while co-stimulation with CD86 preferences Th2 differentiation 

(Slavik, Hutchcroft and Bierer, 1999). Based upon the data shown here in 

chapters 4, 5 and 6, it is hypothesised that minocycline may behave in a way that 

potentiates downstream humoral immunity in the form of Th1 recruitment and 
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activation through upregulation of CD80. It is considered that this may aid the 

initial acute response to inflammation which may counterintuitively support 

quicker resolution through mounting a strong pro-inflammatory response of 

macrophages to exogenous stimuli like LPS. This hypothesis is supported by the 

data disseminated by Garrido Mesa et al in which increased pro-inflammatory 

cytokines were noted at 2-days post treatment with minocycline, but which 

declined at 4-days (Garrido-Mesa, Rodríguez-Nogales, et al., 2018a). It is 

thought that this pronounced acute response to inflammation may limit the 

development of chronic inflammation due to quick and efficient removal of 

pathogenic stimuli.  The data in these chapters also highlighted the ability of 

minocycline in downregulating CD80’s counterpart CD86, which may further 

correlate with reduced downstream Th2 populations, thus limiting the negative 

regulatory function of Th2 on the macrophages themselves. This possible 

attenuation of Th2 function by minocycline such as limited secretion of IL-4 and 

IL-13 may also help limit M2 macrophage associated pathology following 

phenotype switching such as fibrosis and tumour formation (Tjiu et al., 2009). 

The final crucial observation made regarding the effect of minocycline on 

macrophage phenotype was the pronounced acquisition of an M2-like phenotype 

via upregulation of CD163 and CD206 expression. In chapter 3, when studying 

the effect of minocycline on monocyte-macrophage differentiation, although not 

statistically significant, concentration dependant increases in the percentage of 

CD206 and CD163 expressing cells was observed. This highlights an ability of 

minocycline to not only disrupt the differentiation process itself as discussed 

above, but also modify the terminal phenotype of the macrophages themselves, 

preferencing the expression of M2-associated pro-regulatory proteins. This could 

suggest that in a non-inflammatory setting (absence of exogenous antigen 

stimulation) minocycline preferences the development of classical intestinal 

macrophages through acquisition of scavenger receptors such as CD163 and 

CD206 and development of hypo-responsiveness to TLR ligation CD14low (Bain 

et al., 2013).    

This phenotype preferencing was further investigated throughout chapters 4, 5 

and 6 in which macrophages were polarized and/or challenged with LPS 

considering the role of these scavenger receptors in the removal of non-self 

targets, and promotion of bacteria-induced pro-inflammatory cytokine production 
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(Fabriek et al., 2009; PrabhuDas et al., 2017; Nielson et al., 2020). Interestingly, 

and as initially suggested from this data when exposing macrophages to 

minocycline during differentiation, minocycline continued to display a potent 

ability to upregulate the expression of both CD163 and CD206 in macrophages 

upon LPS challenge, and when administered during polarization to M1 and M2 

phenotypes despite significant pro-inflammatory stimulus, with this data clear and 

pronounced in the THP-1 model. 

It was discussed at length throughout this thesis how CD163 expression is 

restricted to the monocytic–macrophage linage and that CD163+ macrophages 

may originate from extravasation of monocytes, or may represent macrophage 

activation switching (Porcheray et al., 2005), with reports concluding upregulation 

of CD163 a feature of macrophage differentiation to ‘alternatively activated’ M2-

type macrophages (Barros et al., 2013). However, on the other hand, CD206 is 

noted in the literature to be an efficient endocytic receptor which recognises a 

wide variety of ligands including mannose, collagen and peptide hormones, in 

addition to allergens and microbial products such as LPS (Zamze et al., 2002; 

Gazi and Martinez-Pomares, 2009; Martinez-Pomares, 2012). Witnessing 

consistent upregulation of these markers suggests minocycline is promoting an 

M2 macrophage phenotype that can maintain their ability to sense exogenous 

antigen, initiate the removal of these non-self targets but also maintain a level of 

self-regulation as to not become aberrantly pro-inflammatory in nature. 

Crucially, this could be of therapeutic potential in the context of IBD, with previous 

reports indicating both a loss of CD14hi macrophages and accumulation of 

CD206+ macrophages to current anti-TNF-α therapy whereby administration of 

adalimumab causes a possible phenotypic ‘switch’ in the context of IBD 

presented in Crohn’s disease patients (Vos et al., 2012). Additional studies have 

further corroborated these findings through data depicting increased levels of 

macrophage autophagy when compared to an IFN-γ-induced M1 macrophage 

control (Levin et al., 2016).  

The remaining protocol explored whether minocycline could influence the 

phenotype acquisition of macrophages if introduced during the polarization 

process. This was a key question raised not only by the data obtained within this 

project but also based upon the major reported finding that a higher number of 

pro-inflammatory Ly6C+MHC II+ macrophages were located in the gut of 



 

337 
 

minocycline treated DSS-colitic mice at initial stages of the inflammatory process, 

which then differentiated into a pro-resolving Ly6C-MHCII+ phenotype (Garrido-

Mesa, Rodríguez-Nogales, et al., 2018a). 

With much of the literature depicting a concept of dual-purpose regarding 

macrophage polarization via advancing both inflammation and regeneration, in 

many pathophysiological conditions, macrophages do not neatly ascribe to this 

M1/M2 paradigm. It has been discussed how a balance between M1 and M2 

phenotypic activity shifts over time with M1 macrophages generally behaving as 

first responders recruiting both effective defense against invasion, while M2 

macrophages are essential for wound repair and tissue regeneration in the latter 

stages of inflammation resolution (Smith et al., 2017). The importance of M1/M2 

homeostasis is verified through evidence of delayed wound healing and fibrotic 

development when M1 or M2 subpopulations become unrestrained respectively. 

However, the M1/M2 nomenclature is a useful tool in describing macrophage 

population plasticity during inflammatory states and can be correlated with 

observable changes in biomarkers in relation to inflammatory progression and 

healing (Smith et al., 2017). 

During the investigations using THP-1, data categorically implied an influence of 

minocycline in the phenotypic switch from pro-inflammatory M1, to anti-

inflammatory M2 as evidenced by decreased expression of CD86 and increase 

in CD163 and CD206. This data further supported the hypothesis that 

minocycline, regardless of the time-point of administration, or presence of strong 

pro-inflammatory stimuli (LPS and /or IFN-γ) drives macrophages to express M2-

associated markers which may have therapeutically potent downstream influence 

on the progression of inflammation. However, although the phenotypic data was 

conclusive and corroborated across biological replicates when using the cell 

lines, the same marker modification was not witnessed when translating the 

investigation to primary PBMCs. Here, while some effects were consistent such 

as the upregulation of CD163 in M1 macrophages following LPS stimulation in 

the presence of minocycline (Chapter 6), and the increase in CD80 on M0 

macrophages challenged with LPS and treated with minocycline (Chapter 4) 

there were some divergences noted. On these occasions there was not 

necessarily conflicting data obtained, simply a lack of statistical significance in 

the results obtained when compared to the relevant controls. Therefore, although 
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the data from the PBMCs were robust in nature constituting 4 donors and 

duplicate values, it would be valuable to replicate the data in additional donors to 

accurately assess the effect of minocycline in this setting. 

Despite some disparity between models within this study, as previously outlined 

in chapter 5, accumulating evidence supports the idea that enforcing a pro-

resolving M2 macrophage phenotype might be a novel therapeutic approach to 

control intestinal inflammation and restore tissue integrity (Na et al., 2019b). For 

example, classic IBD therapies such as mesalazine and infliximab affect 

macrophage function through inhibition of inflammatory signalling pathways 

and/or inducing polarization of alternatively activated macrophages (Bantel et al., 

2000; Vos et al., 2012). Furthermore, murine models of DSS colitis, whereby 

DSS-treated mice are deficient in M2 polarized macrophages, highlight higher 

susceptibility to the colitis stimuli (Takada et al., 2010). Human studies also 

identify IBD susceptibility loci being strongly correlated with promotors regulated 

in response to LPS, and thus macrophage activation and phenotype acquisition 

(Baillie et al., 2017). Additional evidence also suggests a causal link between 

altered macrophage phenotype and defects in the resolution of intestinal 

inflammation (Smith et al., 2009b). Considering all this, the ability of minocycline 

to shift macrophage phenotype to pro-resolving M2 under pro-inflammatory 

conditions, as shown in the THP-1 model, represents an interesting 

immunomodulatory mechanism with potential in IBD treatment. 

Cells of the innate immune system play vital roles in host defence against 

infection via activation of PRRs by exogenous ligands such as LPS, which result 

in the production of pro-inflammatory mediators and subsequent induction of 

adaptive immune responses (Iwasaki and Medzhitov, 2004; Cui et al., 2015). In 

regard to cytokine production, minocycline repeatedly decreased the production 

of pro-inflammatory mediators TNF-α, IL-6, IL-1β and IL-12. This effect was 

witnessed when minocycline was administered to M0 macrophages challenged 

with LPS (chapter 4) and when introduced during M1 polarization (chapter 5). The 

phenotypic data obtained under the same conditions, as discussed above, 

highlights the role of minocycline in promoting an M2 phenotype via upregulation 

of CD163 and CD206, while also decreasing the expression of CD14 – a key 

molecule responsible for LPS-induced inflammatory cascades. Given this potent 

downregulation of CD14 elicited by minocycline, combined with consistent 
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decline in pro-inflammatory cytokine production may suggest a correlation 

between the two outcomes, whereby minocycline first decreases CD14, which 

ultimately disrupts the intracellular signalling pathways responsible for promoting 

the gene expression and secretion of pro-inflammatory mediators. Furthermore, 

previous data reports a similar role of minocycline whereby treatment of DSS-

induced colitis in mice resulted in reduced TNF-α, IL-1β and IL-6, while in vitro 

data using RAW264.7 also highlighted a decline in IL-8 following administration 

of minocycline (Garrido-Mesa, Rodríguez-Nogales, et al., 2018a). Combined, the 

data described in this project showed minocycline independently decreases TNF-

α as well as promoting phenotype switching in the form of increased expression 

of CD163 and CD206.  

When studied during induced M1 or M2 polarization shown in chapter 5, 

minocycline inhibited the production of pro-inflammatory cytokines IL-1β, IL-6 and 

TNF-α during both M1 and M2 polarization, which was also replicated across 

cellular models. Given this data it was hypothesized first that consistent inhibition 

of key inflammatory cytokines IL-1β, IL-6 and TNF-α following intervention of M1 

or M2 polarization with minocycline may indicate a fundamental influence of 

minocycline on downstream inflammatory signalling. Chapter 5 contextualised 

these cytokines to IBD, providing evidence that over production of IL-1β can result 

in sterile inflammation, increasing the risk of developing metabolic and 

autoinflammatory diseases among IBD patients, with further reports linking an 

overproduction of IL-1β in both IBD patients and murine models and the 

development of mucosal inflammation (Mahida, Wu and Jewell, 1989). It has also 

been reported how IL-6 is a major contributory cytokine within the chronic phase 

of inflammation within experimental models of colitis and is a key protagonist to 

disease progression (Atreya et al., 2000; Yamamoto et al., 2000), while the IL-

6/IL-6Rα complex was described to favour a transition from neutrophil to 

monocyte infiltration during early inflammatory events, and a disruption in IL-6 

trans-signalling control of leucocyte trafficking may be significant at the onset of 

chronic disease such as IBD relapse (Hurst et al., 2001; Marin et al., 2001; Jones 

et al., 2005; Gabay, 2006). Finally, clinical trials have described an increase in 

TNF-α and its receptors at sites of chronic inflammation, with increased levels of 

TNF-α found in the intestinal mucosa, serum, and faeces of IBD juvenile patients 

(Pirenne et al., 1992; Breese et al., 1994). While, in murine colitis models, TNF-
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α has been implicated in the degradation of the epithelial barrier and subsequent 

regulation of tight-junctions (Ozaki et al., 1999; Laukoetter et al., 2007; Vetrano 

et al., 2008; Su et al., 2013). 

Given the current literature, in combination with the data in this project, it is 

hypothesised that minocycline may have modulatory influence on pathological 

processes such as mucosal inflammation, tissue degradation, leukocyte 

trafficking, epithelial barrier dysfunction, and the activation of inflammatory 

resolution mechanisms via down regulation of these potent mediators. 

Furthermore, minocycline may again present as a viable option in the setting of 

IBD, given its ability to not only inhibit TNF-α secretion from macrophages, but 

also concurrently downregulate other contributory pro-inflammatory mediators. 

Conversely, administration of minocycline during M2 macrophage polarization in 

PBMCs simultaneously caused increased production of typical pro-inflammatory 

mediators IFN-γ and IL-12, whilst inhibiting the potent anti-inflammatory cytokine 

IL-10. This was one of the more complex outcomes to explain given a lack of data 

in this setting. It was discussed how IFN-γ signalling is regulated via controlled 

expression of IFNGR1 and IFNGR2 (Kak, Raza and Tiwari, 2018) and activates 

macrophages, eliciting their polarization to M1 (Fultz et al., 1993), while the 

coordination of IL-12 and IFN-γ link pathogen recognition by innate cells to the 

induction of specific immunity through amplifying or stabilizing the Th1 response 

via a positive feedback loop (Boehm et al., 1997). Thus, macrophage-derived 

IFN-γ has been associated with restraint of bacterial growth (Rothfuchs et al., 

2001; Salins et al., 2001) and a decreased resistance to bacterial, viral, and 

parasitic infections has been reported in animals lacking IFN-γ or IFNGR1 

(Suzuki et al., 1988; van den Broek et al., 1995; Pearl et al., 2001). In relation to 

IBD, IFN-γ is noted to be overproduced by macrophages in the lamina propria 

within colitis rodent models, which was also correlated with disproportional, 

dominant Th1 responses and thus is seen as a key contributor to IBD progression 

(Powrie and Leach, 1995; Fiocchi, 1998; Monteleone et al., 1998). This 

dominance of Th1 phenotype and excessive secretion of INF-γ is also found 

observed in Crohn’s disease patients when compared with healthy controls 

(Hugot et al., 1996). 

On the other hand, IL-10 is a pleiotropic and potent anti-inflammatory and 

immune-suppressive cytokine (Moore et al., 2001; Mollazadeh et al., 2019) and 
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inhibits the activity of Th1 cells, natural killer cells, and macrophages, and 

although all aforementioned cells are required for optimal pathogen clearance, 

dysregulation of these populations results in aberrant tissue damage. 

Consequently, IL-10 can both impede pathogen clearance but also ameliorate 

immunopathology. In models of rheumatoid arthritis IL-10 has been described to 

inhibit neutrophil migration and activation, and to preference an M2 macrophage 

phenotype through inhibition of key mediators such as TNF-α and IL-1β (Smallie 

et al., 2010). In the setting of IBD, IL-10 plays an important physiological role in 

inflammation regulation, which is both supported by reports that genetic models 

of IL-10-/- mice spontaneously develop the disease (Berg et al., 1996; Glocker et 

al., 2009), while other reports correlating expansion of pro-inflammatory Th17 

cells and suppression of Tregs in similar in vivo IL-10-/- models (Chaudhry and 

Rudensky, 2013). 

The data disseminated in this thesis showed an inverse relationship of these 

cytokines, with a decrease in IL-10 and increase in IFN-γ and IL-12 when 

minocycline was administered during M2 polarization of PBMC-derived 

macrophages. Importantly, this effect was not observed when minocycline was 

administered during M1 polarisation. Given the current literature, in combination 

with these findings, it was concluded that minocycline may be having a 

homeostatic role on M2 macrophages, regulating their biology. Through limiting 

IL-10 production but promoting IFN-γ and IL-12, under M2 macrophage 

conditions, minocycline may consequently maintain CD4+ T cells and natural 

killer cell responses but also limit the macrophages’ own ability to produce 

pathologically high levels of other pro-inflammatory mediators like IL-6, IL-1β and 

TNF-α, as seen under both M1 and M2 conditions. Furthermore, this premise is 

further supported by previous reports which have linked CD163+ TAMs to poor 

prognosis in the context of glioma, therefore the seeming ability of minocycline to 

limit the production of potent M2 cytokines like IL-10 in this project may limit the 

excessive polarization to M2 phenotypes and development of M2 associated 

pathologies such as tumour development. 

Therefore, given the earlier hypothesis that minocycline may simultaneously 

promote acute inflammation allowing for quick transition to a pro-resolving state, 

whilst also limiting the development of M2-associated pathology via regulation of 

M2 phenotype acquisition, it may be possible that again in the context of cytokine 
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production, minocycline is able to tightly regulate macrophage phenotype. Here, 

it seems on the surface that minocycline promotes polarization to an M2 subset 

through CD163 and CD206 expression, but also potentially controls aberrant 

downstream Th2 responses through limitation of IL-10 secretion. Similarly, it 

appears that minocycline in the setting of M2 macrophages allows them to retain 

some pro-inflammatory capacity through production of IL-12, and help maintain 

antigen responsive cell populations within the near vicinity through production of 

IFN-y. 

Aside from the perplexity of minocycline’s effect on M2 cytokine production 

signatures, another major finding from this work was related to the disparity of 

cytokine production based on the timepoint of minocycline administration. It was 

outlined above that when added during M1 polarization, and prior to LPS 

challenge of M0 macrophages, minocycline resulted in potent inhibition of TNF-α 

and IL-6. However, when added to pre-polarized M1 macrophages challenged 

with LPS (chapter 6) the opposite effect was observed whereby minocycline 

resulted in enhanced production of these pro-inflammatory cytokines, while IL-1β 

remained decreased. 

Firstly, IL-1β is a potent pro-inflammatory cytokine crucial for host-defence 

responses to infection and injury, but which may also exacerbate damage during 

chronic disease and acute tissue injuries if left unregulated (Lopez-Castejon and 

Brough, 2011). Therefore a consistent downregulation of this mediator following 

minocycline administration may underline a direct inhibitory function of 

minocycline on IL-1β production rather than downstream activation of NF-κB and 

MAPK pathways that upregulate additional pro-inflammatory cytokines such as 

IL-6 and TNF-α  which were demonstrated to be increased within this model of 

M1 activation (Guarda and So, 2010; Sahoo et al., 2011). 

Next, as discussed in detail throughout this project, IL-6 has been found at high 

levels in various diseases, including IBD (Műzes et al., 2012), while its inhibition 

in other autoimmune diseases such as rheumatoid arthritis has also proven to be 

beneficial. Moreover, in vivo studies and clinical trials have correlated an increase 

in TNF-α and its receptors at sites of chronic inflammation in  IBD (Pirenne et al., 

1992; Breese et al., 1994), whilst it has also been implicated in the degradation 

of the epithelial barrier and subsequent regulation of tight-junctions (Ozaki et al., 

1999; Laukoetter et al., 2007; Vetrano et al., 2008). Based on this data, and a 
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lack of supplementary information in the literature regarding this phenomenon, 

this  opposing cytokine production signature dependant on administration point 

may therefore further vindicate the hypothesis that  minocycline may cause an 

initial exacerbation of inflammation through upregulation of potent pro-

inflammatory mediators as seen when M1 are challenged with LPS, but which 

may then allow for efficient exchange to pro-resolving mechanisms and the 

avoidance of chronic inflammation, as seen in the inhibition of mediator release 

when administered in the absence of antigenic stimulation. 

Considering this data, it was finally decided to assess the genetic expression of 

transcription factors essential for macrophage functioning. As detailed in chapter 

4, section 4.9, Ataie-Kachoie et al (2013) showed suppression of NF-κB in 

OVCAR-3 and SKOV-3 ovarian carcinoma cells when treated with minocycline 

(Ataie-Kachoie, P. et al., 2013), while Weiler and Dittmar (2019) also confirmed 

that minocycline abrogated IκBα and p65 phosphorylation leading to suppression 

of NF-κB in MDA-MB0435-pFDR1 cancer cells and M13SV1-Cre breast epithelial 

cells (Weiler and Dittmar, 2019). In regard to macrophages, few reports exist, 

with one paper by Tai et al (2013), examining the effect of minocycline on cytokine 

and chemokine production in THP-1 monocytes when challenged with LPS. They 

showed that minocycline supressed TNF-α, IL-6, IFN-γ, IP-10, and MCP-1 

production in a dose-dependent manner by inhibiting IκBα and IκBβ, but 

concluded that in THP-1 monocytes minocycline did not affect the 

phosphorylation of ERK1/2, JNK, p38 or TAK1 (Tai et al., 2013). This data, in 

combination with the early findings of reduced CD14 expression with minocycline 

treatment suggest that minocycline may also be targeting this pathway in 

macrophages. 

All the previously acquired data both presented in this thesis and reported within 

the literature suggests a potential role of minocycline in the context of intestinal 

inflammation whereby it could not only act to inhibit newly recruited ‘patrolling’ 

monocytes infiltrating into the inflamed intestine, but also modify the resultant 

macrophage phenotype, acting to simultaneously desensitise the cells to ongoing 

endogenous stimulus. Within this project a few modifications to key transcription 

factors responsible for macrophage polarization were observed. Firstly, in 

chapter 5 in which the role of minocycline upon this polarization process was 

assessed, minocycline was able to partially inhibit stat3 and stat6 gene 
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expression when administered during M1 polarization. Importantly, this 

depression of stat3 and stat6 gene expression was not replicated following M2 

polarization. Binding of IL-10 to the IL-10 receptor results in activation of STAT3 

(Riley et al., 1999), with reports depicting STAT3 as a crucial protein for the 

transmission of anti-inflammatory signals in macrophages.  

In that report, deletion of the stat3 gene resulted in the spontaneous development 

of enterocolitis and increased susceptibility to LPS-mediated shock and septic 

peritonitis (Takeda et al., 1999; Matsukawa et al., 2003). On the other hand, while 

STAT6 is required for normal immune function, it has been implicated as a crucial 

factor in the development of pathological processes such as excessive mucus 

production, Th2 cell accumulation, tissue remodelling, and hyper-responsiveness 

(Thai et al., 2005; Kuperman and Schleimer, 2008; Maier, Duschl and Horejs-

Hoeck, 2012), in addition to colitis exacerbation (Elrod et al., 2005). 

The ability of minocycline within the models used in this project to partially inhibit 

both stat3 and stat6 could further support the hypothesis that sees minocycline 

exert a regulatory role over anti-inflammatory phenotype switching in respect to 

decreased stat3 and stat6, given their central roles in M2-phenotype acquisition 

and anti-inflammatory functions. Crucially, this inhibitory function of minocycline 

was not seen when administered during M2 polarization, further suggesting a 

significant ability of minocycline to distinguish its functions depending on the initial 

phenotype of the macrophage – inhibiting M2-associated transcription in M1 

macrophages and thus maintaining its ability to respond to exogenous insult but 

sparing transcription factor modification in M2 allowing for their maintenance. 

However, this hypothesis remains difficult to fully ascertain given that some of the 

earlier data in chapter 4 may correlate the initial increased stat3 expression in the 

M1 cultures to autocrine signalling by IL-10 and IL-6, both of which were reported 

to be decreased by minocycline in this M1 model. As such, it may be hard to 

distinguish whether the downregulation of stat3 in this setting is due to a direct 

inhibitory role of minocycline, or as a secondary bi-product of its inhibition of IL-

10 and IL-6. Therefore, further verification would be required. Despite this, a 

reduction in stat6 driven by minocycline may further indicate a regulatory function 

of minocycline over macrophage phenotype acquisition and plasticity. 

Given the central function of stat6 in M2 macrophage polarization, its inhibition 

by minocycline in M1 macrophages only could cooperatively allow the dampening 
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of further pro-inflammatory stimulation, in addition to limiting an aberrant switch 

to potent anti-inflammatory programmes which may result in the development of 

M2 macrophage pathophysiology. This is once again consistent with the 

postulation that minocycline could promote acute inflammation, as also indicated 

by increased IL-6 and TNF-α upon LPS challenge of M1 macrophages, but which 

then preferences a pro-resolving state through inhibition of IL-1β, IL-6 and TNF-

α, but upregulation of CD163 and CD206, and simultaneously limits hyper-

responsiveness to LPS via downregulation of CD14. 

Finally, although failing to ascertain any defined effect of minocycline on IL-10 

signalling mediated through the STAT3/SOCS3 axis in this project, these results 

may still render minocycline another safe and effective treatment strategy for IBD 

considering its well-established use as a pharmaceutical, impeccable safety 

record and pharmacokinetic profile, in addition to being an extremely cost-

effective strategy when compared with anti-TNF therapies. 

7.2. Project limitations & future work 
As with all projects, various limitations were encountered throughout its course 

pertaining to experimental, financial, and contextual factors. The first key 

limitation of the study was the limited number of biological replicates in the form 

of donor PBMCs used. The use of the four individual donors for the experiments, 

in addition to the removal of certain variables such as DMSO an individual vehicle 

control, was dictated by cell availability, and as such it was required to slightly 

modify experimental parameters. The ability to use a greater number of donors 

and thus a greater number of cells would serve to substantiate the findings whilst 

also allowing better identification of anomalous data which may have skewed 

statistical values. 

Another limitation of the study surrounded the use of PMA as a differentiation 

agent. It is noted in the literature that PMA-driven macrophage differentiation 

naturally preferences an M1-like phenotype given its role as a protein kinase C 

activator which subsequently results in downstream NF-κB signalling (Robinson, 

1992). This may therefore mean the resting M0 macrophages within the THP-1 

and U-937 studies would have obtained a more M1-like profile and would not 

necessarily represent a true naïve population prior to activation with LPS. 

However, this M0 population was still identifiably different to those cells generated 
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when inducing an M1 phenotype and clear changes in M0 macrophage biology 

were also measurable following LPS-stimulation. Furthermore, the M0 M-CSF 

expanded PBMCs were in the absence of PMA and were naturally more naïve in 

nature and as experimental findings were confirmed in this setting. Even so, it 

was an experimental variation worth noting during the analysis. 

If time and resources had been no restraint it would also have been interesting to 

include greater number of minocycline titrations to identify an optimal dose or 

create full dose response curves in relation to the biomarkers tested. Moreover, 

given the identification of differing cytokine profiles at different time points in the 

previous reports by Garrido Mesa et al (Garrido-Mesa, Rodríguez-Nogales, et al., 

2018b), it may yield important evidence as to minocycline’s influence on 

macrophage biology if cytokine production was measured at earlier time points. 

At present, data is only provided at 24hr post-stimulation – either following 

polarization or LPS-activation. This may thus only be providing a snapshot of the 

cytokine production signatures of the cells, and considering some cytokines are 

synthesised and released rapidly following induction it is possible that some vital 

information could be missing. Furthermore, there is evidence in the literature as 

discussed in chapter 5 of positive and negative feedback loops because of 

autocrine and paracrine signalling in the culture, therefore including earlier time 

points within the analysis may help remove the occurrence of such events.    

With financial constraints within all projects including this one, it was not possible 

to utilise any omics analysis using the samples. However, given the preliminary 

findings from the RT-qPCR investigations it may be interesting to input such 

samples into a technique such as RNA sequencing which ultimately allows the 

detection and quantification of a far greater variety of genetic signatures currently 

unexplored in this project. Preliminary investigations were also launched in 2018 

to assess the role of minocycline directly on murine BMDM cultures to provide 

proof-of-concept links to the previously reported in vivo data and those previously 

using BMDM. This, however, became economically unviable given the absence 

of licensing at the University of East London to breed animals on site, and thus 

required frequent purchasing of stocks from public suppliers which was not 

financially sustainable. 

Moreover, a downstream role of minocycline on adaptive cell function was 

hypothesised, in which minocycline modifies macrophage biology which in turn 
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may influence T cell function, thus it may be a viable option to explore these 

thoughts using co-culture methods. Additionally, it is well understood that antigen 

presentation by major histocompatibility complexes (MHC) is a crucial step in 

adaptive immune cell activation (Clark, 1995; Holling, Schooten and van Den 

Elsen, 2004; Guerriero, 2019). Peptides presented via MHC molecules interact 

with T cell receptors (TCRs) and form specific peptide-MHC complexes, resulting 

in T cell proliferation and activation (Wieczorek et al., 2017). Although the 

contribution of DC antigen cross-presentation to CD8+ T cell activation in the 

context of immune defence against pathogens, viruses and tumours has been 

recognized, other immune cells such as macrophages have been shown capable 

of cross-presentation (Steinman et al., 1999; Muntjewerff, Meesters and van den 

Bogaart, 2020). It has been reported that macrophages are able to cross-present 

antigens via similar cellular pathways as DCs, with proinflammatory 

macrophages noted to be involved in local reactivation of memory and effector 

CD8+ T cells which may be related to immune tolerance (Embgenbroich and 

Burgdorf, 2018; Muntjewerff, Meesters and van den Bogaart, 2020). 

Given this knowledge, it could be interesting to investigate whether minocycline 

has any influence on; a) MHC protein expression on all macrophage subsets, b) 

the ability of macrophages to process antigens and present peptide through 

assessing intracellular machinery involved within the endoplasmic reticulum, and 

c) the overall peptide repertoire presented by MHC proteins (Wieczorek et al., 

2017). There currently exists no data regarding minocycline on macrophage 

antigen presentation, and the data presented in this thesis that outlines clear 

changes in other T cell co-stimulatory molecules CD80 and CD86, thus could 

yield important insight into yet another possible mechanism of minocycline in the 

context of immune modulation. 

Within this project healthy donor PBMCs were utilized for the investigations, 

which was perfectly adequate when aiming to assess cell-specific changes in 

response to minocycline. However, this may not be completely representative of 

colitic cells and as such, would be interesting to apply similar experimental 

protocols using isolated PBMCs or macrophages from IBD patients. Furthermore, 

there are currently no clinical trials utilising minocycline or any tetracycline 

derivative in the treatment of IBD, thus, a potential future trial may aim to explore 

minocycline intervention of IBD patients and consequently assess macrophage 
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phenotype and cytokine levels. It is also important to note the genetic 

abnormalities often associated with IBD onset and progression in genes such as 

NOD2. The intracellular pattern recognition receptor NOD2 (Nucleotide-binding 

oligomerization domain 2) plays a pivotal role in host–pathogen interactions and 

inflammatory response by activating pro-inflammatory pathways such as NF-κB, 

MAPKs, and Caspase-1 (Nabhani et al., 2017). Recent genome-wide association 

studies have correlated polymorphisms conferring a hypofunctional NLRP3 

phenotype with the development of Crohn’s disease, and NOD2 is reported to be 

correlated with Crohn’s disease (Ogura et al., 2001; Zhen and Zhang, 2019). 

Existent of polymorphisms of genes within IBD patients may skew the response 

elicited by minocycline so it may be important to verify findings in appropriate 

disease models which account for these genetic variations.  

A final hurdle encountered during this project was the emergence of COVID-19 

and the global pandemic which resulted in a country-wide national lock-down in 

2020. This undoubtedly had immense knock-on effects both professionally and 

personally, given the stay-at-home orders and closure of university campuses 

and research spaces. Having no access between the months of March-mid July, 

then restricted access through to 2021 of course was a huge limitation to the 

volume and frequency of work able to undertake in that time. Moreover, supply 

issues in the face of rapidly expanded COVID-19 testing via PCR resulted in 

extremely long lead times for certain laboratory reagents and equipment meaning 

some activities required adjusting to accommodate for this. 

7.3. Project conclusion & impact 
First discovered in the 1940s tetracycline’s have undergone an assortment of 

structural modification not only to increase their antimicrobial activity but also to 

improve their absorption and half-life (Klein and Cunha, 1995b). Minocycline is a 

second-generation, semi-synthetic antibiotic analog of tetracycline with efficacy 

against both gram-positive and gram-negative bacterial strains through the 

inhibition of protein synthesis via acting on 16S rRNA (Kim and Suh, 2009). In 

addition to their antimicrobial properties, tetracyclines have been demonstrated 

to display a series of other effects unrelated to their antibiotic action, 

encompassing anti-inflammatory, anti-apoptotic, proteolytic and angiogenic 

properties (Sapadin and Fleischmajer, 2006c).  
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In the past 2 decades the therapeutic assets of minocycline beyond its function 

as an antibiotic have been well acknowledged within the literature, with both pre-

clinical and clinical studies elucidating anti-inflammatory and immunomodulatory 

properties (Sapadin and Fleischmajer, 2006c; Garrido-Mesa, Camuesco, et al., 

2011a; Garrido-Mesa, Zarzuelo and Gálvez, 2013b). Minocycline has been 

verified to exert this immunomodulatory function via alteration of immune cell 

activation and the subsequent release of chemical compounds such as cytokines, 

chemokines, NO and MMPs, which successfully augment both inflammatory 

cascades and downstream immune responses.  

Although there is plentiful data depicting the effects of minocycline on the innate 

immune system encompassing microglia and monocytes, data pertaining to 

macrophage-specific function remains unknown. Similarly, despite the articles 

described previously which depict minocycline’s influence on transcriptional 

mechanisms involving NF-κB, STAT3, STAT1, and IRF1, there exists no data 

currently surrounding the effect of minocycline in relation to M1/M2 transcriptional 

regulation within the in vitro models selected in this project.  

The data disseminated in this project has provided a novel insight into the direct 

influence of minocycline on macrophage differentiation, activation, and 

polarization status, showing for the first time that minocycline has a direct effect 

on macrophage differentiation, as shown by the reduced number of adherent 

macrophages that differentiated from THP-1 cells in the presence of minocycline. 

Furthermore, the data discussed in this thesis highlights a potent ability of 

minocycline to depress CD14 expression, whilst inducing an M2-bias phenotype 

through upregulation of CD163 and CD206. Moreover, the data also alludes to a 

highly regulatory role of minocycline whereby it exacerbates upregulation of M1-

associated signatures such as the production of TNF-α, IL-6 and IFN-γ if 

administered prior to LPS activation in M1 and M2 macrophages, but 

simultaneously inhibits the expression of those same signatures– during 

polarization. Furthermore, minocycline seems to also limit the probability of 

aberrant M2-associated pathology through minimizing potent pro-resolving 

signatures such as IL-10 allowing homeostatic regulation of each phenotype. 

Novel data is also provided regarding LPS activation of pre-polarized subsets 

which at present does not appear in the literature. The data here highlights clear 

opposing effects of minocycline, in which minocycline under these conditions 
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results in increased production of TNF-α, IFN-γ and IL-6 in M1, whilst also 

increasing IFN-γ and reducing IL-10 in M2. This may be extremely valid for other 

pathologies where activation of cells is recurrent as in IBD. 

As discussed in greater detail in chapter 1, section 1.2.4.3., isolated 

macrophages from the lamina propria of IBD patients are reported to have a more 

M1-like phenotype and produce large amounts of pro-inflammatory cytokines 

such as IL-12, IL-23, TNF and iNOS, and possess a strong response to bacterial 

stimuli (Reinecker et al., 1993). They contribute to the disruption of the intestinal 

epithelial barrier via enhanced production of TNF, which impairs the structure and 

function of tight junctions (Lissner et al., 2015), with research correlating aberrant 

M1 macrophage presence within a variety of pathologies including IBD rendering 

them a continued therapeutically viable target. M2 macrophages have thus been 

shown to contribute to the resolution of colitis via angiogenesis promotion, debris 

scavenging, and tissue repair (Hunter et al., 2010; Weisser et al., 2011; Leung et 

al., 2013), and have therefore been frequently suggested as a possible 

collaborator in IBD immunotherapy for the re‐establishment of mucosal tolerance 

and repair of injured mucosa (Haribhai et al., 2016). 

Moreover, a 2006 in vivo study conducted by Qualls et al, highlighted that 

depletion of colonic mononuclear phagocytes such as macrophages prior to 

colitis induction results in a more severe disease compared with mice that were 

not depleted of macrophages. They also reported a significant decrease in 

colonic transcript levels of IL-10 following mononuclear phagocyte depletion, 

whereas IFN-γ and TNF-α were not significantly affected, which suggested 

mononuclear phagocyte depletion led to a reduction in the M2 mature colonic 

macrophages, thus rendering mice more susceptible to DSS colitis (Qualls et al., 

2006). This narrative of M2 macrophage necessity in colitis regulation was further 

supported with studies correlating increased proportion of colonic M2 

macrophages and the amelioration of colitis (Hunter et al., 2010). These articles 

further endorse the crucial function of M2 macrophages in colitis regulation and 

provide a promising case for the results contained within this thesis in the 

argument of minocycline administration for colitis therapy given the evidence of 

M2 macrophage switching in this context, in combination with its potential 

regulatory activity on LPS signalling through potent downregulation of CD14 

expression under any condition. 
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In addition, minocycline is an established antibiotic which may also prove 

pertinent in the treatment of IBD. In 2015, a report by Nakanishi, Sato and Ohteki 

suggested that gram-positive commensal bacteria in the colon are responsible 

for the recruitment of the proinflammatory monocytes and macrophages that 

propagate colitis. When compared with DSS-treated mice that did not receive 

antibiotic treatment, vancomycin-mediated depletion of commensal Gram-

positive bacteria in mice undergoing DSS colitis reduced colonic monocyte and 

macrophage numbers, resulting in improved weight loss, colon shortening, 

colonic TNF-α and IL-6 levels, and histological damage (Nakanishi, Sato and 

Ohteki, 2015). Minocycline’s recognised role as an antibiotic, effective against 

gram-positive and gram-negative bacteria, may render it an ideal candidate in its 

native state for the treatment of IBD. This, in conjunction with its established 

immunomodulatory function previously reported and outlined from the data in this 

project could also suggest a synergic role of its various functions in the regulation 

of IBD-related inflammation. 

However, although effects on minocycline in macrophages are starting to be 

elucidated, not much is known in terms of mechanisms, and despite these 

previous reports, this project was unable to categorically identify any 1 clear 

mechanism of action, but rather suggests many events happen in tandem. From 

analysis of surface marker expression, cytokine production signatures, and gene 

expression of key transcription factors, it is difficult to ascertain whether these 

biological changes observed are as a direct result of minocycline on macrophage 

cellular machinery, or in fact resultant of modifications to signalling cascades. 

Although modulation of stat3 and stat6 was reported when minocycline was 

administered during M1 polarization, which suggested that minocycline may exert 

a regulatory role over anti-inflammatory phenotype switching in respect to this 

decreased stat3 and stat6, this conclusion was difficult to fully ascertain given 

additional data in chapter 5 which was thought to correlate increased stat3 

expression to autocrine signalling by IL-10 and IL-6, both of which were reported 

to be decreased by minocycline in this M1 model. 

Moreover, a reduction in stat2 and stat6 driven by minocycline may indicate a 

regulatory function of minocycline over the macrophage phenotype acquisition 

and plasticity, which could cooperatively allow the dampening of further pro-

inflammatory stimulation. Furthermore, a simple lack of genetic modification by 
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minocycline within the M2 cultures in relation to either M1 or M2 associated 

transcription factors may indicate preferential function of minocycline on 

macrophages in pre-established pro-inflammatory states.  

However, while this could prove therapeutically beneficial whereby minocycline 

does not seem to drastically alter the biology of anti-inflammatory macrophage 

populations but exerts potent modification of inflammatory subsets, this data 

would require corroboration using additional donors and replicate samples to fully 

support such conclusions. Although the data in this project was unable to identify 

distinct molecular targets of minocycline with unwavering certainty, it has added 

to the collective knowledge on minocycline’s’ immunomodulatory effects that can 

aid in the construction of a more detailed explanation as to how minocycline is 

specifically attributing to the anti-inflammatory effects seen in previous in vivo and 

in vitro models. 

The data presented here supports future exploration of the potential of 

minocycline for immune mediated diseases. This concept of drug repurposing 

allows the exploration and identification of new applications for drugs that are 

already certified safe and in general circulation within society, ultimately allowing 

for rapid drug development and the proposition of new therapeutic alternatives. 

Innovation of further modified minocycline derivatives such as chemically 

modified tetracyclines (CMTs) that can not only be tailored to suit 

immunomodulatory functions, but also lack antibiotic function thus removing the 

ever-growing issue of antibiotic resistance.  

Current therapies such as TNF antagonists which have been approved by the 

Food and Drug Administration of USA (FDA) for the treatment of IBD have 

revolutionized its medical management. The four inhibitors currently available; 

infliximab, adalimumab, certolizumab pegol, and golimumab, function by 

inhibiting disease activity resulting in mucosal healing (Slevin and Egan, 2015; 

Gajendran et al., 2018). But, although proven to have good efficacy in relation to 

the induction of remission in moderately severe Crohn’s disease patients who 

have previously failed treatment with standard therapies, registered systemic side 

effects linked with infection and inflammation in the skin and joints, development 

of non-Hodgkin’s lymphoma, and  activation of latent tuberculosis have been 

recorded (Cleynen and Vermeire, 2012; Targownik and Bernstein, 2013; 

Gubernatorova and Tumanov, 2016). 
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Data housed within this thesis supports the argument that minocycline may be an 

ideal clinical candidate for the treatment of IBD due to its immunomodulatory 

properties, in addition to its safety record, dual efficacy as an antibiotic and anti-

inflammatory, and crucially in this economic climate, its affordability. Furthermore, 

the data outlined in this thesis showed superior immunomodulatory effects of 

minocycline when compared to the well-established immunosuppressant 

dexamethasone in the context of M0 macrophage response to LPS. 

Consequently, this advancement in knowledge and understanding of how 

minocycline directly influences macrophage function will ultimately aid the 

development of novel therapeutic strategies for those individuals that are 

burdened with diseases that are dominated by a dysregulated immune response 

as seen in diseases like IBD.
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9. Appendix 
 

 A1: Product information table 

Application Product Supplier 

Cell Culture Gibco™ RPMI 1640 Media Thermo Fisher Scientific, UK 

Foetal Bovine Serum Sigma Aldrich/Merck, UK 

Dimethyl Sulfoxide Sigma Aldrich/Merck, UK 

Minocycline Hydrochloride Sigma Aldrich/Merck, UK 

Dexamethasone Sigma Aldrich/Merck, UK 

Corning™ Trypan Blue Thermo Fisher Scientific, UK 

Phorbol 12-myristate 13-acetate  Apollo Scientific Ltd, UK 

Recombinant Human IFN-γ (carrier-
free) 

BioLegend®, UK 

Recombinant Human IL-4 (293E-
expressed) (carrier-free) 

BioLegend®, UK 

Recombinant Human IL-13 (carrier-
free) 

BioLegend®, UK 

Lipopolysaccharides from 
Escherichia coli O55:B5 

Sigma Aldrich/Merck, UK 

Accutase® Cell Detachment 
Solution 

BioLegend®, UK 

Recombinant Human M-CSF PeproTech Inc, UK 

Histopaque-1077 Scientific Laboratory 
Supplies (SLS), UK 

Histopaque®-1119 Sigma Aldrich/Merck, UK 

PBS Potassium Chloride Sigma Aldrich/Merck, UK 

Sodium Chloride Sigma Aldrich/Merck, UK 

Sodium Phosphate Dibasic Sigma Aldrich/Merck, UK 

Potassium Phosphate Monobasic Sigma Aldrich/Merck, UK 

Flow Cytometry BD™ CD&T Beads BD Biosciences, UK 

Anti-Mouse Ig, κ/Negative Control 
Compensation Particles Set 

BD Biosciences, UK 

CD80 Brilliant Violet 650™ 
(2D10) 

BioLegend®, UK 

CD163 Brilliant Violet 711™ (VI 
M38) 

BioLegend®, UK 

CD206 Brilliant Violet 785™ (15-2) BioLegend®, UK 

CD11b PE/Cyanine7 (CBRM1/5) BioLegend®, UK 

CD86 PE (BU63) BioLegend®, UK 

CD14 FITC (63D3) BioLegend®, UK 

CD11b Brilliant Violet 785™ 
(ICRF44) 

BioLegend®, UK 

CD206 PerCP/Cyanine5.5 (15-2) BioLegend®, UK 

Human TruStain FcX™ BioLegend®, UK 

Zombie Aqua™ Fixable Viability Kit BioLegend®, UK 

FluoroFix™ Buffer BioLegend®, UK 

RT-qPCR KicqStart® SYBR® Green Primers Sigma Aldrich/Merck, UK 

LunaScript® RT SuperMix Kit New England Biolabs (NEB), 
UK 
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Luna® Universal qPCR Master Mix New England Biolabs (NEB), 
UK 

Monarch Total RNA Miniprep Kit New England Biolabs (NEB), 
UK 

RNaseZAP™ Sigma Aldrich/Merck, UK 

Nuclease-free Water Sigma Aldrich/Merck, UK 

ELISA LEGENDplex™ Human 
Macrophage/Microglia Panel (13-
plex) with V-bottom Plate 

BioLegend®, UK 

Human IL-12 (p70) ELISA MAX™ 
Deluxe Set 

BioLegend®, UK 

Human IL-12/IL-23 (p40) ELISA 
MAX™ Deluxe Set 

BioLegend®, UK 

Human IL-10 ELISA MAX™ Deluxe 
Set 

BioLegend®, UK 

Human IL-4 ELISA MAX™ Deluxe Set BioLegend®, UK 

Human IFN-γ ELISA MAX™ Deluxe 
Set 

BioLegend®, UK 

Human TNF-α Uncoated ELISA Invitrogen, Thermo Fisher 
Scientific, UK 

Human IL-6 Uncoated ELISA Invitrogen, Thermo Fisher 
Scientific, UK 

Human IL-1β Uncoated ELISA Invitrogen, Thermo Fisher 
Scientific, UK 

Stop Solution for TMB Substrate BioLegend®, UK 

TWEEN® 20 Sigma Aldrich/Merck, UK 

Nunc Immuno Plate F96 Maxisorp SLS Scientific Laboratory 
Supplies, UK 

ICFC Cell Staining Buffer BioLegend®, UK 

Fixation Buffer BioLegend®, UK 

True-Phos™ Perm Buffer BioLegend®, UK 

FITC anti-STAT3 Phospho (Tyr705) 
(13A3-1) 

BioLegend®, UK 

PE anti-human STAT3 (15H2B45) BioLegend®, UK 

FITC Mouse IgG1, κ isotype Ctrl 
(MOPC-21) 

BioLegend®, UK 

PE Mouse IgG1, κ isotype Ctrl 
(MOPC-21) 

BioLegend®, UK 
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A2: U-937 PMA-induced monocyte-macrophage differentiation: protocol 
optimization 
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A2.1: Optimization 1 - Assessment of total adherent cell counts, viability, and CD14 and 
CD11b surface marker expression with different cell seeding densities and PMA titrations. 
Data obtained after 48hr PMA treatment at either 80nM or 162nM, followed by 72hr resting in 

replenished media. Bar graphs showing; [A] total number of adherent cells recovered [B] adherent 

cell viability [C] Microscopic images taken at x20 magnification [D] percentage of CD14+ cells [E] 

percentage of CD11b+ cells [F] MFI values for CD14 [G] MFI values for CD11b. Data represents 

1 experiment comprising triplicate values. Data presented as Mean ± SD. Images present 1 

representative well from each condition. One-way ANOVA with post hoc Bonferroni. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 
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A2.2: Optimization 2 - Assessment of total adherent cell counts, viability, and CD14 and 
CD11b surface marker expression with different cell seeding densities and PMA titrations. 
Data obtained after 48hr PMA treatment at either 8nM or 40nM, followed by 72hr resting in 

replenished media. Bar graphs showing; [A] total number of adherent cells recovered [B] adherent 

cell viability [C] Microscopic images taken at x20 magnification [D] percentage of CD14+ cells [E] 

percentage of CD11b+ cells [F] MFI values for CD14 [G] MFI values for CD11b. Data represents 

1 experiment comprising triplicate values. Data presented as Mean ± SD. Images present 1 

representative well from each condition. One-way ANOVA with post hoc Bonferroni. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 
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A2.3: Optimization 3 - Assessment of total adherent cell counts, and viability with different 
PMA titrations. Data obtained after cells seeded at 4x105 cells/well with 48hr PMA treatment at 

either 40nM or 80nM, followed by 72hr resting in replenished media. Bar graphs showing; [A] total 

number of adherent cells recovered [B] adherent cell viability [C] Microscopic images taken at x20 

magnification [D] percentage of live cells (Zombie Aqua negative). Data represents 1 experiment 

comprising triplicate values. Data presented as Mean ± SD. Images and plots present 1 

representative well from each condition. One-way ANOVA with post hoc Bonferroni. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 
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A2.4: Optimization 4: CD14 and CD11b expression profile of cells treated with 40nM or 
80nM PMA. Data obtained from adherent cells after cells initially seeded at 4x105 cells/well with 

48hr PMA treatment at either 40nM or 80nM, and 72hr resting. [A] Representative contour plots 

showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) for CD14 (left) and CD11b (right). Numbers indicate 

MFI of live gated population. [C—F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ 

[E] cells, and MFI values for CD14 [D] and CD11b [F] displayed as fold change versus the 

untreated control. Plots and histograms illustrate one representative experiment. Bar graphs 

represent 1 experiment comprising of triplicate values. Data presented as mean ± SD. One-way 

ANOVA with post hoc Bonferroni applied. *p<0.05; ***p<0.001; ****p<0.0001. 
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A3: U-937 macrophage characterization: Surface marker evaluation 
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A3.1: CD14 and CD11b expression profile of PMA- differentiated U-937 macrophages. Data 

obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr resting. [A] 

Representative contour plots showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD14 (left) and 

CD11b (right). Numbers indicate MFI of live gated population. [C—F] Nested bar graphs 

showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and 

CD11b [F]. Data displayed as fold change versus the U-937 monocyte. Data compares U-937 

monocytes from culture and PMA-differentiated M0 macrophages. Plots and histograms 

illustrate one representative experiment. Nested data represent 3 experiments each comprising 

of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s 

applied versus the unstimulated U-937 monocyte. **p<0.01; ***p<0.001; ****p<0.0001. 

 

 
A3.2: CD86 expression profile of PMA- differentiated U-937 macrophages. Data obtained from 

adherent cells after 48hr of 80nM PMA treatment and 72hr resting. [A] Representative contour 

plots showing the percentage of CD86+ cells. [B] Representative histogram showing mean 

fluorescent intensity (MFI) for CD86. Numbers indicate MFI of live gated population. [C and D] 

Nested bar graphs showing the percentage of CD86+ [C] cells, and MFI values for CD86 [D]. Data 

displayed as fold change versus the U-937 monocyte. Data compares U-937 monocytes from 

culture and PMA-differentiated M0 macrophages. Plots and histograms illustrate one 

representative experiment. Nested data represent 3 experiments each comprising of triplicate 

values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied versus 

the unstimulated U-937 monocyte. ***p<0.001; ****p<0.0001. 
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A3.3: CD163 and CD206 expression profile of PMA- differentiated U-937 macrophages. Data 

obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr resting. [A] 

Representative contour plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. 

[B] Representative histograms showing mean fluorescent intensity (MFI) for CD163 (left) and 

CD206 (right). Numbers indicate MFI of live gated population.  
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[C—F] Nested bar graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI 

values for CD163 [D] and CD206 [F]. Data displayed as fold change versus the U-937 monocyte. 

Data compares U-937 monocytes from culture and PMA-differentiated M0 macrophages. Plots 

and histograms illustrate one representative experiment. Nested data represent 3 experiments 

each comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post 

hoc Dunnett’s applied versus the unstimulated U-937 monocyte. ***p<0.001; ****p<0.0001. 

A4: Effect of minocycline on cell viability during PMA-induced U-937 
differentiation 

 
A4: Effect of minocycline on cell viability during PMA-induced U-937 differentiation. [A] 

Representative contour plots showing the percentage of live adherent cells (%) (Zombie Aquaneg) 

at 72hr. [B-D] Bar graphs showing the percentage of live cells (%) (Zombie Aquaneg) after 48hr 

80nM PMA treatment and 72hr resting. NT = untreated PMA-induced macrophage, MINO 10 = 

Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = 

Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Each graph represents 1 experiment 

comprising of triplicate values and is presented as mean ± SD. Plots illustrate one representative 

experiment. One-way ANOVA with post hoc Dunnett’s applied versus the NT group. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 
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A5: Effect of minocycline on cellular adherence during PMA-induced U-937 
monocyte differentiation 

 
A5: Effect of minocycline on cellular adherence and morphology during PMA-induced U-937 

monocyte differentiation. [A-C] Bar graphs showing the total number of adherent cells after 48h 

of 80nM PMA treatment and72hr resting. Data showed as fold change versus the untreated U-

937 monocyte control [D] Representative microscopic images at x20. NT = untreated PMA-

induced macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = 

Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Each 

graph represents 1 experiment comprising of triplicate values and is presented as mean ± SD. 

Images present one representative well. One-way ANOVA with post hoc Dunnett’s applied versus 

the NT group. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.   
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A6: Effect of minocycline on surface marker expression of PMA-
differentiated U-937 macrophages  
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A6.1: Effect of minocycline on CD14 and CD11b expression of PMA-differentiated U-937 

macrophages: replicate 1. Data obtained from adherent cells after 48hr of 80nM PMA treatment 

and 72hr resting. [A] Representative contour plots showing the percentage of CD14+ (top) and 

CD11b+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

of CD14 (left) and CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs 

showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and 

CD11b [F] displayed as fold change versus the U-937 monocyte. NT = untreated PMA-

differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Plots and histograms illustrate one representative experiment. Graphical data represent 

1 experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA 

with post hoc Dunnett’s applied versus the unstimulated U-937 monocyte. *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. 
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A6.2: Effect of minocycline on CD86 expression of PMA-differentiated U-937 macrophages: 

replicate 1. Data obtained from adherent cells after 48hr of 80nM PMA treatment and 72hr resting. 

[A] Representative contour plots showing the percentage of CD86+ cells. [B] Representative 

histogram showing mean fluorescent intensity (MFI) of CD86. Numbers indicate MFI of live gated 

population. [C and D] Bar graphs showing the percentage of CD86+ cells [C] and MFI values for 

CD86 [D]. MFI displayed as fold change versus the U-937 monocyte. NT = untreated PMA-

differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Plots and histograms illustrate one representative experiment. Graphical data represent 

1 experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA 

with post hoc Dunnett’s applied versus the unstimulated U-937 monocyte. *p<0.05; **p<0.01; 

****p<0.0001. 
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A6.3: Effect of minocycline on CD163 and CD206 expression of PMA-differentiated U-937 

macrophages: replicate 1. Data obtained from adherent cells after 48hr of 80nM PMA treatment 

and 72hr resting. [A] Representative contour plots showing the percentage of CD163+ (top) and 

CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity (MFI) 

of CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar 

graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 

[D] and CD206 [F] displayed as fold change versus the U-937 monocyte.  
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NT = untreated PMA-differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO 

vehicle control 1:1000. Plots and histograms illustrate one representative experiment. Graphical 

data represent 1 experiment comprising of triplicate values. Data presented as mean ± SD. One-

way ANOVA with post hoc Dunnett’s applied versus the unstimulated U-937 monocyte. **p<0.01; 

***p<0.001; ****p<0.0001. 
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A6.4: Effect of minocycline on surface marker expression of PMA-differentiated U-937 

macrophages: biological replicate 2. Data obtained from adherent cells after 48hr of 80nM PMA 

treatment and 72hr resting. [A-L] Bar graphs showing the percentage of CD14+ [A], CD11b+ [C], 

CD86+ [E], CD163+ [G] and CD206+ [I] cells, and MFI values for CD14 [B], CD11b [D], CD86 [F], 

CD163 [H] and CD206 [J]. MFI displayed as fold change versus the U-937 monocyte. NT = 

untreated PMA-differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO 

vehicle control 1:1000. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s 

applied versus the unstimulated U-937 monocyte. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0.0
0.5
1.0
1.5
2.0
50
60
70
80
90

100

C
D

16
3+

ce
lls

 (%
)

PMA

✱

✱✱✱✱

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

20

40

60

80

C
D

16
3 

(M
FI

) F
ol

d 
C

ha
ng

e

PMA

✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

1

2

3
20
40
60
80

100

C
D

20
6+

ce
lls

 (%
)

PMA

✱

✱✱

✱✱

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

2

4

6

C
D

20
6

(M
FI

) F
ol

d 
C

ha
ng

e

PMA

✱✱✱✱

G H

I J



 

446 
 

 

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0.0
0.5
1.0
1.5
2.0
20
40
60
80

100

C
D

14
+

ce
lls

 (%
)

✱✱✱

✱✱

✱✱✱✱

PMA M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

5

10

15

C
D

14
(M

FI
) F

ol
d 

C
ha

ng
e

✱✱

✱✱✱✱

PMA

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

20

40

60

80

100

C
D1

1b
+

ce
lls

 (%
)

PMA

✱✱

✱✱✱✱
M

on
oc

yt
e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h
0

2

4

6

C
D

11
b 

(M
FI

) F
ol

d 
C

ha
ng

e

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

PMA

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0.0
0.5
1.0
1.5
2.0
40
60
80

100

C
D

86
+

ce
lls

 (%
)

✱✱✱

✱

✱✱✱✱

PMA M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

10

20

30

40

50

C
D

86
(M

FI
) F

ol
d 

C
ha

ng
e ✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

PMA

A B

C D

E F



 

447 
 

 

A6.5: Effect of minocycline on surface marker expression of PMA-differentiated U-937 

macrophages: biological replicate 3. Data obtained from adherent cells after 48hr of 80nM PMA 

treatment and 72hr resting. [A-L] Bar graphs showing the percentage of CD14+ [A], CD11b+ [C], 

CD86+ [E], CD163+ [G] and CD206+ [I] cells, and MFI values for CD14 [B], CD11b [D], CD86 [F], 

CD163 [H] and CD206 [J]. MFI displayed as fold change versus the U-937 monocyte. NT = 

untreated PMA-differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO 

vehicle control 1:1000. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s 

applied versus the unstimulated U-937 monocyte. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

1

2

3
50
60
70
80
90

100

C
D

16
3+

ce
lls

 (%
)

✱✱

✱

✱✱✱✱

PMA M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

10

20

30

40

C
D

16
3 

(M
FI

) F
ol

d 
C

ha
ng

e

✱✱✱

✱✱✱

✱✱✱✱

✱✱

PMA

M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0.0
0.5
1.0
1.5
2.0
20
40
60
80

100

C
D

20
6+

ce
lls

 (%
)

✱✱

PMA M
on

oc
yt

e

N
T

M
IN

O
 1

0

M
IN

O
 2

5

M
IN

O
 5

0

D
EX Ve

h

0

1

2

3

4

5

C
D

20
6

(M
FI

) F
ol

d 
C

ha
ng

e

PMA

G H

I J



 

448 
 

A7: U-937 LPS-activation characterization: Surface marker evaluation 
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A7.1: CD14 and CD11b expression profile of LPS-activated U-937 macrophages. Data obtained 

after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] Representative 

contour plots showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD14 (left) and CD11b 

(right). Numbers indicate MFI of live gated population. [C-F] Nested bar graphs showing the 

percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. MFI 

data displayed as fold change versus the un-activated M0 macrophage. Plots and histograms 

illustrate one representative experiment. Nested data represents 3 replicated experiments each 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the un-activated M0 macrophage. *p<0.05; **p<0.01. 
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A7.2: CD80 and CD86 expression profile of LPS-activated U-937 macrophages. Data obtained 

after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] Representative 

contour plots showing the percentage of CD80+ (top) and CD86+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD80 (left) and CD86 

(right). Numbers indicate MFI of live gated population. [C-F] Nested bar graphs showing the 

percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. MFI 

data displayed as fold change versus the un-activated M0 macrophage. Plots and histograms 

illustrate one representative experiment. Nested data represents 3 replicated experiments each 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the un-activated M0 macrophage.  
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A7.3: CD163 and CD206 expression profile of LPS-activated U-937 macrophages. Data obtained 

after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). [A] Representative 

contour plots showing the percentage of CD63+ (top) and CD206+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD163 (left) and CD206 

(right). Numbers indicate MFI of live gated population. [C-F] Nested bar graphs showing the 

percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. 

MFI data displayed as fold change versus the un-activated M0 macrophage. Plots and histograms 

illustrate one representative experiment. Nested data represents 3 replicated experiments each 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the un-activated M0 macrophage. *p<0.05; **p<0.01; ***p<0.001. 

 

A8: Effect of minocycline on adherent cell viability following LPS activation 
of THP-1 macrophages 

 
A8: Effect of minocycline on adherent cell viability following LPS activation of THP-1 

macrophages. Data obtained from adherent cells after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

live cells (Zombie Aquaneg) cells. [B-D] Bar graphs showing the percentage of live cells. M0 = 

untreated PMA-differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO 

vehicle control 1:1000. Plots illustrate one representative experiment. Each graph represents 1 

experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with 

post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. *p<0.05; **p<0.01; 

****p<0.0001. 
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A9: Effect of minocycline on adherent cell viability following LPS activation 
of U-937 macrophages 

 
A9: Effect of minocycline on adherent cell viability following LPS activation of U-937 

macrophages. Data obtained from adherent cells after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

live cells (Zombie Aquaneg) cells. [B-D] Bar graphs showing the percentage of live cells. M0 = 

untreated PMA-differentiated M0 macrophage, MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO 

vehicle control 1:1000. Plots illustrate one representative experiment. Each graph represents 1 

experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with 

post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. **p<0.01; ***p<0.001; 

****p<0.0001. 
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A10: Effect of minocycline on surface marker expression following LPS-
activation of U-937 macrophages 
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A10.1: Effect of minocycline on CD14 and CD11b expression following LPS-activation of U-937 

macrophages: biological replicate 1. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) of CD14 (left) and CD11b (right). Numbers indicate MFI of live gated population. 

[C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for 

CD14 [D] and CD11b [F]. MFI values displayed as fold change versus the un-activated M0 

macrophage control. MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = 

Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Plots and 

histograms illustrate one representative experiment. Graphical data represent 1 experiment 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the LPS-activated M0 macrophage. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 



 

457 
 

 

 

 

 



 

458 
 

A10.2: Effect of minocycline on CD80 and CD86 expression following LPS-activation of U-937 

macrophages: biological replicate 1. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

CD80+ (top) and CD86+ (bottom) cells. [B] Representative histograms showing mean fluorescent 

intensity (MFI) of CD80 (left) and CD86 (right). Numbers indicate MFI of live gated population. [C-

F] Bar graphs showing the percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 

[D] and CD86 [F]. MFI values displayed as fold change versus the un-activated M0 macrophage 

control. MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = Minocycline 

50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Plots and histograms 

illustrate one representative experiment. Graphical data represent 1 experiment comprising of 

triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied 

versus the LPS-activated M0 macrophage. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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A10.3: Effect of minocycline on CD163 and CD206 expression following LPS-activation of U-937 

macrophages: biological replicate 1. Data obtained after 24hr incubation of differentiated M0 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

CD163+ (top) and CD206+ (bottom) cells. [B] Representative histograms showing mean 

fluorescent intensity (MFI) of CD163 (left) and CD206 (right). Numbers indicate MFI of live gated 

population. [C-F] Bar graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and 

MFI values for CD163 [D] and CD206 [F]. MFI values displayed as fold change versus the un-

activated M0 macrophage control. MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, 

MINO 50 = Minocycline 50µM, DEX = Dexamethasone 50µM, Veh = DMSO vehicle control 

1:1000. Plots and histograms illustrate one representative experiment. Graphical data represent 

1 experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA 

with post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. **p<0.01; ***p<0.001; 

****p<0.0001. 
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A10.4: Effect of minocycline on surface marker expression following LPS-activation of U-937 

macrophages: biological replicate 2. Data obtained from adherent cells after 24hr incubation of 

differentiated M0 macrophages with LPS (100ng/mL). [A-L] Bar graphs showing the percentage 

of CD14+ [A], CD11b+ [C], CD80+ [E], CD86+ [G], CD163+ [I] and CD206+ [K] cells, and MFI values 

for CD14 [B], CD11b [D], CD80 [F], CD86 [H], CD163 [J] and CD206 [L].  
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MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX 

= Dexamethasone 50µM, Veh = DMSO vehicle control 1:1000. Data presented as mean ± SD. 

MFI values displayed as fold change versus the un-activated M0 macrophage control. One-way 

ANOVA with post hoc Dunnett’s applied versus the LPS-activated M0 macrophage. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 
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A10.5: Effect of minocycline on surface marker expression following LPS-activation of U-937 

macrophages: biological replicate 3. Data obtained from adherent cells after 24hr incubation of 

differentiated M0 macrophages with LPS (100ng/mL). [A-L] Bar graphs showing the percentage 

of CD14+ [A], CD11b+ [C], CD80+ [E], CD86+ [G], CD163+ [I] and CD206+ [K] cells, and MFI values 

for CD14 [B], CD11b [D], CD80 [F], CD86 [H], CD163 [J] and CD206 [L]. MINO 10 = Minocycline 

10µM, MINO 25 = Minocycline 25µM, MINO 50 = Minocycline 50µM, DEX = Dexamethasone 

50µM, Veh = DMSO vehicle control 1:1000. Data presented as mean ± SD. MFI values displayed 

as fold change versus the un-activated M0 macrophage control. One-way ANOVA with post hoc 

Dunnett’s applied versus the LPS-activated M0 macrophage. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 

 

A11: M1 and M2 polarization of THP-1 PMA-differentiated M0 macrophages: 
protocol optimization 

 

A11.1: Optimization 1 - Assessment of M1 and M2 polarization on total adherent cell 
viability. Data obtained after 24hr incubation of differentiated THP-1 M0 macrophages with M1 

polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing agent IL-4 (20ng/mL). [A] 

Representative contour plots showing the percentage of live cells (Zombie Aquaneg) cells. [B] Bar 

graph showing the percentage of live cells. Plots illustrate one representative value. Graph 

represents 1 experiment comprising of triplicate values. Data presented as mean ± SD. One-way 

ANOVA with post hoc Dunnett’s applied versus the unpolarized M0 macrophage. *p<0.05. 
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A11.2: Optimization 1 - Assessment of M1 and M2 polarization on CD14 and CD11b surface 
marker expression. Data obtained after 24hr incubation of differentiated M0 macrophages with 

M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing agent IL-4 (20ng/mL). 

[A] Representative contour plots showing the percentage of CD14+ (top) and CD11b+ (bottom) 

cells. [B] Representative histograms showing mean fluorescent intensity (MFI) of CD14 (left) and 

CD11b (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the 

percentage of CD14+ [C] and CD11b+ [E] cells, and MFI values for CD14 [D] and CD11b [F]. MFI 

values displayed as fold change versus the un-polarized M0 macrophage control. Plots and 

histograms illustrate one representative condition. Graphical data represent 1 experiment 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the unpolarized M0 macrophage. *p<0.05; **p<0.01; ****p<0.0001. 
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A11.3: Optimization 1 - Assessment of M1 and M2 polarization on CD80 and CD86 surface 
marker expression. Data obtained after 24hr incubation of differentiated M0 macrophages with 

M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing agent IL-4 (20ng/mL). 

[A] Representative contour plots showing the percentage of CD80+ (top) and CD86+ (bottom) 

cells. [B] Representative histograms showing mean fluorescent intensity (MFI) of CD80 (left) and 

CD86 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the 

percentage of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. MFI 

values displayed as fold change versus the un-polarized M0 macrophage control. Plots and 

histograms illustrate one representative condition. Graphical data represent 1 experiment 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the unpolarized M0 macrophage. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 
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A11.4: Optimization 1 - Assessment of M1 and M2 polarization on CD163 and CD206 
surface marker expression. Data obtained after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agent IL-4 (20ng/mL). [A] Representative contour plots showing the percentage of CD163+ (top) 

and CD206+ (bottom) cells. [B] Representative histograms showing mean fluorescent intensity 

(MFI) of CD163 (left) and CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar 

graphs showing the percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 

[D] and CD206 [F]. MFI values displayed as fold change versus the un-polarized M0 macrophage 

control. Plots and histograms illustrate one representative condition. Graphical data represent 1 

experiment comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with 

post hoc Dunnett’s applied versus the unpolarized M0 macrophage. *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. 

 

A11.5: Optimization 2 - Assessment of M1 and different M2 polarization protocols on total 
adherent cell viability. Data obtained after 24hr incubation of differentiated THP-1 M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative contour plots 

showing the percentage of live cells (Zombie Aquaneg) cells. [B] Bar graph showing the percentage 

of live cells. Plots illustrate one representative value. Graph represents 1 experiment comprising 

of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s 

applied versus the unpolarized M0 macrophage. ****p<0.0001. 
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A11.6: Optimization 2 - Assessment of M1 and different M2 polarization protocols on CD14 
and CD86 surface marker expression. Data obtained after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative contour plots 

showing the percentage of CD14+ (top) and CD86+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) of CD14 (left) and CD86 (right). Numbers indicate MFI 

of live gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and CD86+ [E] 

cells, and MFI values for CD14 [D] and CD86 [F]. MFI values displayed as fold change versus the 

un-polarized M0 macrophage control. Plots and histograms illustrate one representative 

condition. Graphical data represent 1 experiment comprising of triplicate values. Data presented 

as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied versus the unpolarized M0 

macrophage. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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A11.7: Optimization 2 - Assessment of M1 and different M2 polarization protocols on 
CD163 and CD206 surface marker expression. Data obtained after 24hr incubation of 

differentiated M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or 

M2 polarizing agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative 

contour plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD163 (left) and CD206 

(right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the percentage 

of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. MFI values 

displayed as fold change versus the un-polarized M0 macrophage control. Plots and histograms 

illustrate one representative condition. Graphical data represent 1 experiment comprising of 

triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied 

versus the unpolarized M0 macrophage. *p<0.05. 

 

 

A11.8: Optimization 3 - Assessment of M1 and different M2 polarization protocols on total 
adherent cell viability. Data obtained after 24hr incubation of differentiated THP-1 M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agent IL-4 (20ng/mL) incubated for 24hr or 48hr. [A] Representative contour plots showing the 

percentage of live cells (Zombie Aquaneg) cells. [B] Bar graph showing the percentage of live cells. 

Plots illustrate one representative value. Graph represents 1 experiment comprising of triplicate 

values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied versus 

the unpolarized M0 macrophage. ****p<0.0001. 



 

476 
 

 

 

 

 



 

477 
 

A11.9: Optimization 3 - Assessment of M1 and different M2 polarization protocols on CD14 
and CD11b surface marker expression. Data obtained after 24hr incubation of differentiated 

THP-1 M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 

polarizing agent IL-4 (20ng/mL) incubated for 24hr or 48hr. [A] Representative contour plots 

showing the percentage of CD14+ (top) and CD11b+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) of CD14 (left) and CD11b (right). Numbers indicate MFI 

of live gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and CD11b+ [E] 

cells, and MFI values for CD14 [D] and CD11b [F]. MFI values displayed as fold change versus 

the un-polarized M0 macrophage control. Plots and histograms illustrate one representative 

condition. Graphical data represent 1 experiment comprising of triplicate values. Data presented 

as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied versus the unpolarized M0 

macrophage. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

 



 

478 
 

 

 

 

 



 

479 
 

A11.10: Optimization 3 - Assessment of M1 and different M2 polarization protocols on 
CD80 and CD86 surface marker expression. Data obtained after 24hr incubation of 

differentiated THP-1 M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS 

(10ng/mL), or M2 polarizing agent IL-4 (20ng/mL) incubated for 24hr or 48hr. [A] Representative 

contour plots showing the percentage of CD80+ (top) and CD86+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD80 (left) and CD86 

(right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the percentage 

of CD80+ [C] and CD86+ [E] cells, and MFI values for CD80 [D] and CD86 [F]. MFI values 

displayed as fold change versus the un-polarized M0 macrophage control. Plots and histograms 

illustrate one representative condition. Graphical data represent 1 experiment comprising of 

triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied 

versus the unpolarized M0 macrophage. *p<0.05; ****p<0.0001. 
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A11.11: Optimization 3 - Assessment of M1 and different M2 polarization protocols on 
CD163 and CD206 surface marker expression. Data obtained after 24hr incubation of 

differentiated THP-1 M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS 

(10ng/mL), or M2 polarizing agent IL-4 (20ng/mL) incubated for 24hr or 48hr. [A] Representative 

contour plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells.  
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[B] Representative histograms showing mean fluorescent intensity (MFI) of CD163 (left) and 

CD206 (right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the 

percentage of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. 

MFI values displayed as fold change versus the un-polarized M0 macrophage control. Plots and 

histograms illustrate one representative condition. Graphical data represent 1 experiment 

comprising of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc 

Dunnett’s applied versus the unpolarized M0 macrophage. *p<0.05; ***p<0.001; ****p<0.0001. 

A12: M1 and M2 polarization of U-937 PMA-differentiated M0 macrophages: 
protocol optimization 

 
A12.1: Optimization 1 - Assessment of M1 and different M2 polarization protocols on total 
adherent cell viability. Data obtained after 24hr incubation of differentiated THP-1 M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative contour plots 

showing the percentage of live cells (Zombie Aquaneg) cells. [B] Bar graph showing the percentage 

of live cells. Plots illustrate one representative value. Graph represents 1 experiment comprising 

of triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s 

applied versus the unpolarized M0 macrophage. ****p<0.0001. 



 

482 
 

 

 

 

 



 

483 
 

A12.2: Optimization 1 - Assessment of M1 and different M2 polarization protocols on CD14 
and CD86 surface marker expression. Data obtained after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or M2 polarizing 

agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative contour plots 

showing the percentage of CD14+ (top) and CD86+ (bottom) cells. [B] Representative histograms 

showing mean fluorescent intensity (MFI) of CD14 (left) and CD86 (right). Numbers indicate MFI 

of live gated population. [C-F] Bar graphs showing the percentage of CD14+ [C] and CD86+ [E] 

cells, and MFI values for CD14 [D] and CD86 [F]. MFI values displayed as fold change versus the 

un-polarized M0 macrophage control. Plots and histograms illustrate one representative 

condition. Graphical data represent 1 experiment comprising of triplicate values. Data presented 

as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied versus the unpolarized M0 

macrophage. ****p<0.0001. 
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A12.3: Optimization 1 - Assessment of M1 and different M2 polarization protocols on 
CD163 and CD206 surface marker expression. Data obtained after 24hr incubation of 

differentiated M0 macrophages with M1 polarizing agents IFN-γ (20ng/mL) + LPS (10ng/mL), or 

M2 polarizing agents IL-4 (20ng/mL), or IL-4 (20ng/mL) + IL-13 (20ng/mL). [A] Representative 

contour plots showing the percentage of CD163+ (top) and CD206+ (bottom) cells. [B] 

Representative histograms showing mean fluorescent intensity (MFI) of CD163 (left) and CD206 

(right). Numbers indicate MFI of live gated population. [C-F] Bar graphs showing the percentage 

of CD163+ [C] and CD206+ [E] cells, and MFI values for CD163 [D] and CD206 [F]. MFI values 

displayed as fold change versus the un-polarized M0 macrophage control. Plots and histograms 

illustrate one representative condition. Graphical data represent 1 experiment comprising of 

triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied 

versus the unpolarized M0 macrophage. ****p<0.0001. 

A13: Effect of minocycline on adherent cell viability following M1-polarization of 

THP-1 macrophages 

 
A13: Effect of minocycline on adherent cell viability following M1 polarization of THP-1 

macrophages. Data obtained from adherent cells after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). [A] Representative 

contour plots showing the percentage of live cells (Zombie Aquaneg) cells. [B-D] Bar graphs 

showing the percentage of live cells. M0 = untreated PMA-differentiated M0 macrophage, NT = 

untreated M1-polarized macrophage, MINO 10 = Minocycline 10µM, MINO 25 = Minocycline 

25µM, Veh = DMSO vehicle control 1:1000. Plots illustrate one representative experiment. Each 

graph represents 1 experiment comprising of triplicate values. Data presented as mean ± SD. 

One-way ANOVA with post hoc Dunnett’s applied versus the untreated (NT) M1-polarized 

macrophage. *p<0.05. 
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A14: Effect of minocycline on adherent cell viability following M1 or M2 
polarization of PBMC-derived macrophages 

 
A14: Effect of minocycline on adherent cell viability following M1 or M2 polarization of PBMC-

derived macrophages. Data obtained after 24hr incubation of M-CSF-expanded M0 macrophages 

with M1 (IFN-γ 20ng/mL + LPS 10mg/mL) or M2 (IL-4 20ng/mL) polarizing agents. [A] 

Representative contour plots showing the percentage of live (Zombie Aquaneg) cells following the 

addition of M1 (top) or M2 (bottom) polarizing agents. [B and C] Bar graphs showing the 

percentage of live cells of M1 [B] and M2 [C] polarized macrophages. NT = no treatment, MINO 

10 = Minocycline 10µM, MINO 25 = Minocycline 25µM. Plots illustrate one representative donor. 

Graphical data represent data from 4 donors each comprising of duplicate values. Data presented 

as mean ± SD. Two-way ANOVA with post hoc Dunnett’s applied versus the un-treated M1 or M2 

control. 
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A15: Effect of minocycline on adherent cell viability following LPS-
activation of M1 polarized THP-1 macrophages 

 

 

A15: Effect of minocycline on adherent cell viability following LPS-activation of M1 polarized THP-

1 macrophages. Data obtained from adherent cells after 24hr incubation of pre-polarized M1 

macrophages with LPS (100ng/mL). [A] Representative contour plots showing the percentage of 

live cells (Zombie Aquaneg) cells. [B-D] Bar graphs showing the percentage of live cells. MINO 10 

= Minocycline 10µM, MINO 25 = Minocycline 25µM, Veh = DMSO vehicle control 1:1000. Plots 

illustrate one representative experiment. Each graph represents 1 experiment comprising of 

triplicate values. Data presented as mean ± SD. One-way ANOVA with post hoc Dunnett’s applied 

versus the un-activated M1-polarized macrophage. *p<0.05; ***p<0.001; ****p<0.0001. 
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A16: Effect of minocycline on adherent cell viability following LPS-
activation of M1 or M2 polarized PBMC-derived macrophages 

 
A16: Effect of minocycline on adherent cell viability following LPS-activation of M1 or M2 polarized 

PBMC-derived macrophages. Data obtained after 24hr incubation of M1 or M2 polarized PBMC-

derived macrophages with LPS (100ng/mL). [A] Representative contour plots showing the 

percentage of live (Zombie Aquaneg) cells following LPS-activation of M1 (top) or M2 (bottom) 

macrophages. [B and C] Bar graphs showing the percentage of live cells of M1 [B] and M2 [C] 

polarized macrophages following LPS-activation. MINO 10 = Minocycline 10µM, MINO 25 = 

Minocycline 25µM. Plots illustrate one representative donor. Graphical data represent data from 

4 donors each comprising of duplicate values. Data presented as mean ± SD. Two-way ANOVA 

with post hoc Dunnett’s applied versus the LPS-activated M1 or M2 control. *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. 
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A17: Effect of minocycline on cytokine production using the 
LEGENDPlex™ Assay 
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A17.1: Effect of minocycline on cytokine production from LPS-activated M0 THP-1 macrophages. 

Data obtained after 24hr incubation of differentiated M0 macrophages with LPS (100ng/mL). 

MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM, Veh = DMSO vehicle control 

(1:1000). Graphs showing data collected from THP-1 experimental samples for cytokines IL-10 

[A], IL-1β [B], TNF-α [C], IL-6 [D], IL-4 [E], Arginase [F], TARC [G], IL-1RA [H], IL-12p40 [I] and 

IP-10 [J]. Graphs represent data from 1 experiment comprising triplicate values. One-way ANOVA 

with post hoc Dunnett’s applied versus the LPS-activated control. *p<0.05; **p<0.01; ***p<0.001. 
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A17.2: Effect of minocycline on cytokine production from LPS-activated M0 PBMC-derived 

macrophages. Data obtained after 24hr incubation of differentiated M0 macrophages with LPS 

(100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM. Bar graphs showing 

data collected from PBMC experimental samples for cytokines IL-10 [A], IL-1β [B], TNF-α [C], IL-

6 [D], IL-4 [E], Arginase [F], TARC [G], IL-1RA [H], IL-12p40 [I], IP-10 [J], IL-12p70 [K] and IL-23 

[L]. Graphs represent data from 2 individual donors each comprising one value. No statistics 

available.  
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A17.3: Effect of minocycline on cytokine production from M1-polarized THP-1 macrophages. Data 

obtained from adherent cells after 24hr incubation of differentiated M0 macrophages with M1 

polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). NT = untreated M1 macrophage, MINO 

10 = minocycline 10µM, MINO 25 = minocycline 25µM, Veh = DMSO vehicle control (1:1000). 

Graphs showing data collected from THP-1 experimental samples for cytokines IL-10 [A], IL-1β 

[B], TNF-α [C], IL-6 [D], IL-4 [E], Arginase [F], TARC [G], IL-1RA [H], IL-12p40 [I], IP-10 [J] and 

IFN-γ [K]. Graphs represent data from 1 experiment comprising triplicate values. One-way 

ANOVA with post hoc Dunnett’s applied versus the M1-polarized control. **p<0.01; ***p<0.001; 

****p<0.0001. 
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A17.4: Effect of minocycline on cytokine production from M1-polarized PBMC-derived 

macrophages. Data obtained from adherent cells after 24hr incubation of differentiated M0 

macrophages with M1 polarizing agents IFN-γ (20ng/mL) and LPS (10ng/mL). MINO 10 = 

minocycline 10µM, MINO 25 = minocycline 25µM. Bar graphs showing data collected from PBMC 

experimental samples for cytokines IL-10 [A], IL-1β [B], IL-6 [C], IL-4 [D], Arginase [E], TARC [F], 

IL-1RA [G], IL-12p40 [H], IP-10 [I], IL-12p70 [J], IL-23 [K] and IFN-γ [L]. Graphs represent data 

from 2 individual donors each comprising one value. No statistics available.  
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A17.5: Effect of minocycline on cytokine production from M2-polarized PBMC-derived 

macrophages. Data obtained from adherent cells after 24hr incubation of differentiated M0 

macrophages with M2 polarizing agent IL-4 (20ng/mL). MINO 10 = minocycline 10µM, MINO 25 

= minocycline 25µM. Bar graphs showing data collected from PBMC experimental samples for 

cytokines IL-10 [A], IL-1β [B], TNF-α [C], IL-6 [D], Arginase [E], TARC [F], IL-1RA [G], IL-12p40 

[H], IP-10 [I]. Graphs represent data from 2 individual donors each comprising one value. No 

statistics available.  
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A17.6: Effect of minocycline on cytokine production from LPS-activated PBMC-derived M1 

macrophages. Data obtained from adherent cells after 24hr incubation of polarized M1 

macrophages with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM. 

Bar graphs showing data collected from PBMC experimental samples for cytokines IL-10 [A], IL-

1β [B], TNF-α [C], IL-6 [D], IL-4 [E], Arginase [F], TARC [G], IL-1RA [H], IL-12p40 [I], IP-10 [J], IL-

12p70 [K], IFN-γ [L]. Graphs represent data from 2 individual donors each comprising one value. 

No statistics available.  

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

2.0

TA
RC

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

IL
-1

R
A

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

IL
-1

2p
40

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

IP
-1

0 
(p

g/
m

L)
Fo

ld
 C

ha
ng

e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

IL
-1

2p
70

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

IF
N
 

(p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

G H

I J

K L



 

501 
 

 

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0

500

1000

1500

IL
-1

0 
(p

g/
m

L)
Fo

ld
 C

ha
ng

e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0

100

200

300

400

500

IL
-1


 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0

50

100

150

200

IL
-6

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS
LP

S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.2

0.4

0.6

0.8

1.0

IL
-4

 (p
g/

m
L)

Fo
ld

 C
ha

ng
e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.2

0.4

0.6

0.8

1.0

A
rg

in
as

e 
(p

g/
m

L)
Fo

ld
 C

ha
ng

e

LPS LPS

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

LP
S 

M
IN

O
 1

0

M
IN

O
 2

5

0.0

0.5

1.0

1.5

2.0

2.5

TA
R

C
 (p

g/
m

L)
Fo

ld
 C

ha
ng

e

LPS LPS

A B

C D

E F

Donor 3
Donor 4



 

502 
 

 

A17.7: Effect of minocycline on cytokine production from LPS-activated PBMC-derived M2 

macrophages. Data obtained from adherent cells after 24hr incubation of polarized M2 

macrophages with LPS (100ng/mL). MINO 10 = minocycline 10µM, MINO 25 = minocycline 25µM. 

Bar graphs showing data collected from PBMC experimental samples for cytokines IL-10 [A], IL-

1β [B], IL-6 [C], IL-4 [D], Arginase [E], TARC [F], IL-1RA [G], IL-12p40 [H], IP-10 [I], IL-12p70 [J], 

Il-23 [K]. Graphs represent data from 2 individual donors each comprising one value. No statistics 

available.  
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