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An antffi-TNF-α antffibody mffimetffic to 
treat ocuflar ffinflammatffion
Hanffieh Khaflffiflffi1,2,3,*, Rffichard W. Lee2,4, Peng T. Khaw2, Steve Brocchffinffi1,2, Andrew D. Dffick2,4 & 
Davffid A. Copfland2,4,*

Inflffixffimab ffis an antffibody that neutraflffizes TNF-α and ffis used prffincffipaflfly by systemffic admffinffistratffion to 
treat many ffinflammatory dffisorders. We prepared the antffibody mffimetffic Fab-PEG-Fab (FpFffinflffixffimab) ffor 
dffirect ffintravffitreafl ffinjectffion to assess whether such fformuflatffions have bffioflogfficafl actffivffity and potentffiafl 
utffiflffity ffor ocuflar use. FpFffinflffixffimab was desffigned to address sffide effects caused by antffibody degradatffion 
and the presence off the Fc regffion. Surfface pflasmon resonance anaflysffis ffindfficated that ffinflffixffimab and 
FpFffinflffixffimab maffintaffined bffindffing affinffity ffor both human and murffine recombffinant TNF-α. No Fc medffiated 
RPE ceflfluflar uptake was observed ffor FpFffinflffixffimab. Both Inflffixffimab and FpFffinflffixffimab suppressed ocuflar 
ffinflammatffion by reducffing the number off CD45+ ffinffifltrate ceflfls ffin the EAU mffice affter a sffingfle ffintravffitreafl 
ffinjectffion at the onset off peak dffisease. These resuflts offer an opportunffity to deveflop and fformuflate ffor 
ocuflar use, FpF moflecufles desffigned ffor sffingfle and potentffiaflfly mufltffipfle targets usffing bffi-specffiffic FpFs.

Uveffitffis ffis a CD4+ T-ceflfl medffiated, non-ffinffectffious ffinffammatory condffitffion ffin the eye that can resuflt ffin bflffindness1. 
Tumor necrosffis ffactor (TNF-α ), ffis secreted by macrophages, T-ceflfls other ceflfl types ffincfludffing neurons and there 
are ffincreased concentratffions off TNF-α  and soflubfle TNF-α  receptors ffin the aqueous humor off non-ffinffectffious 
uveffitffis patffients2,3. TNF-α  pflays a pffivotafl rofle ffin ffinffammatory responses and neutraflffizffing TNF-α  deflffivers a potent 
reguflatffion off experffimentafl autoffimmune uveoretffinffitffis (EAU)4.
Terapeutffic antffibodffies that target TNF-α  such as ffinffffixffimab are wffidefly used to treat ffinffammatory condffi-

tffions, e.g. rheumatoffid arthrffitffis5–7. Off-flabefl use off these antffibodffies suggests they can be used to reduce ocuflar 
ffinffammatffion caused by uveffitffis8. However, systemffic admffinffistratffion off antffi-TNFα  antffibodffies does carry rffisks off 
severe adverse reactffions (e.g. actffivatffion off flatent ffinffectffion, hepatotoxfficffity, flupus) and ffis contraffindfficated ffin some 
patffients9. Hffigh doses (e.g. 5 mg/kg)10 are necessary to achffieve therapeutffic flevefls wffithffin the eye. Whffiflst there 
ffis now sffignffiffcant evffidence descrffibffing the cflffinfficafl effcacy off antffi-TNF therapffies, ffin partfficuflar when deflffivered 
systemfficaflfly ffor treatment off uveffitffis assocffiated wffith systemffic dffisorders (e.g. Behcet’s dffisease), there remaffins an 
unmet need to expfloffit the rapffid onset off actffion off antffibodffies that target TNF-α  through ffintravffitreafl (IVT) ffinjec-
tffion. Tffis woufld permffit the admffinffistratffion off hffigher and reproducffibfle doses dffirectfly to the eye, aflflowffing us to 
treat ffisoflated ffintraocuflar ffinffammatffion wffithout need ffor systemffic therapffies. Unffortunatefly, the IVT ffinjectffion off 
antffibodffies such as ffinffffixffimab that target TNF-α  have been assocffiated wffith eflevatffion off ffinffammatory markers and 
ffincreased retffinotoxfficffity ffin uveffitffis patffients11–15.
Experffimentafl autoffimmune uveffitffis (EAU) ffis a mouse modefl that dffispflays a subacute and more cflffinfficaflfly ffufl-

mffinant fform off ocuflar ffinffammatffion4. Te use off many anffimafl modefls to evafluate the effcacy off therapeutffic 
antffibodffies that are targeted to human proteffins ffis offen flffimffited due to decreased affnffity ffor the murffine target, but 
aflso due to the fformatffion off antffi-drug antffibodffies. In the current study, we demonstrate that ffinffffixffimab has strong 
bffindffing affnffity to both mouse and human TNF-α ,  and ffin vffivo admffinffistratffion suppresses ffinfffltratffion off ffinffam-
matory ffimmune ceflfls to the retffina. Te cflffinfficafl potentffiafl off ffinffffixffimab was vaflffidated usffing the EAU pflatfform to 
provffide the basffis ffor us to then deveflop and evafluate an antffibody mffimetffic termed Fab-PEG-Fab (FpF), comprffis-
ffing Fab ffragments derffived ffrom ffinffffixffimab. Te use off FpFffinffffixffimab aflflowed a dffirect comparffison wffith ffinffffixffimab. 
Our resuflts demonstrate that FpFffinffffixffimab, whffich flacks the potentffiaflfly ffimmunogenffic Fc regffion, ffis not taken up by 
retffinafl pffigment epffitheflffium (RPE) ceflfls as ffis ffinffffixffimab. FpFffinffffixffimab maffintaffins robust bffindffing affnffity to TNF-α   but 
ffimportantfly ffis aflso effcacffious ffin terms off suppressffing the acute phase off ffinffammatffion ffin the EAU mouse modefl.
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Resuflts
Intravffitreafl admffinffistratffion off Inflffixffimab suppresses EAU. Inffffixffimab ffis an IgG1, chffimerffic monocflo-
nafl antffibody devefloped to bffind to human TNF-α  to ffinhffibffit ffits ffinteractffion wffith TNF-receptors. It was not cflear 
ffrom the flffiterature descrffibffing systemffic use off ffinffffixffimab ffin dffifferent precflffinfficafl modefls, whether ffit can bffind to 
mouse TNF-α  and thereffore enabfle us to demonstrate effcacy ffin the EAU modefl16–18. Ocuflar admffinffistratffion 
off ffinffffixffimab has been shown to provffide sffignffiffcant retffinafl and corneafl protectffion ffin an mouse modefl off aflkaflffi 
ffinjury19, as weflfl as moduflatffing choroffidafl neovascuflarffizatffion and endotoxffin-ffinduced ffinffammatffion ffin rat and 
rabbffit experffimentafl modefls respectffivefly20,21. In the current study we thereffore sought to conffrm the bffindffing off 
ffinffffixffimab to both murffine (Fffig. 1a) and human (Fffigure S1A) recombffinant TNF-α  by surfface pflasmon resonance 
(SPR) prffior to conductffing an ffin vffivo assessment usffing the EAU modefl.
As ffin prevffious pre-cflffinfficafl studffies, we then utffiflffised the hffighfly susceptffibfle B10.RIII mouse straffin ffin whffich the 

ffimmunffisffing regffimen produces consffistent moderate dffisease severffity22. Usffing topfficafl endoscopffic ffundafl ffimagffing 
(TEFI)23,24, cflffinfficafl changes whffich correflate wffith sffignffiffcant ffinffammatory ceflfl tffissue ffinfffltrate are evffident ffrom 
around day 10 post ffimmunffizatffion. Durffing the acute perffiod these are progressffive changes that ffincflude a swoflflen 
optffic nerve, perffi-vascuflar ffinfffltrate and vascuflffitffis, vffitrffitffis and retffinafl detachment. Tese resoflve by day 28 fleavffing 
a persffistent chorffioretffinafl ffinffammatory ffinfffltrate ffor months23. In the current experffiments, TEFI enabfled us to 
screen and seflect experffimentafl groups off mffice that dffispflayed earfly sffigns off dffisease onset, namefly raffised optffic 
nerve or earfly vascuflffitffis.
Groups off seflected mffice were treated on day 10 wffith a sffingfle ffintravffitreafl admffinffistratffion off ffinffffixffimab (15 µ g/ 

eye) or controfl vehfficfle. Te cflffinfficafl appearance was assessed daffifly, and the retffinafl ffinfffltrate examffined and enu-
merated by ffow cytometry at 96 hours ffoflflowffing dose admffinffistratffion. Cflffinfficaflfly at thffis tffime poffint, controfl treated 
mffice dffispflay typfficafl dffisease ffeatures wffith raffised optffic dffisc, vascuflffitffis and choroffidafl flesffions, whereas mffice receffiv-
ffing ffinffffixffimab onfly exhffibffited flow grade dffisease (Fffig. 1b,c). Fflow cytometrffic anaflyses off the retffinas off the ffinffffixffi-
mab mffice on day 14 dffispflay sffignffiffcantfly reduced CD45 posffitffive ffinfffltrate (Fffig. 1d), reffectffing reductffions ffin CD4, 
CD8, CD11b and Ly6G posffitffive popuflatffions (Fffigure S2A). Overaflfl, there ffis a 55% reductffion off the totafl CD45+ 
ffinfffltrate (wffith 68%, 62%, 38% & 64% reductffions ffin CD4, CD8, CD11b and Ly6G popuflatffions respectffivefly) ffin 
mffice receffivffing ffinffffixffimab compared to controfl anffimafls.

Synthesffis off endotoxffin-ffree ffinflffixffimab mffimetffic, FpFInflffixffimab. An IgG antffibody mffimetffic caflfled an FpF 
(Fab-PEG-Fab) was then prepared usffing the Fabs ffrom ffinffffixffimab (FpFffinffffixffimab) and reagent 1 (Fffig. 2). Te robust 
suppressffion off cflffinfficafl dffisease evffident ffoflflowffing ffintravffitreafl admffinffistratffion off ffinffffixffimab, provffided the ratffionafle 
to prepare and evafluate FpFffinffffixffimab. Te Fabs ffin both an IgG antffibody and FpF are at each termffinus off a ffexffibfle 
chaffin that ffis topoflogfficaflfly sffimffiflar (Fffig. 2a,c)25. Te bffis-suflffone moffietffies ffin reagent 1 readffifly undergo eflffimffinatffion 
to the correspondffing mono-suflffone moffietffies, depfficted as PEG-dffi(mono-suflffone) 2 (Fffig. 2b). Conjugatffion occurs 
by a sequence off addffitffion-eflffimffinatffion reactffions to ffinsert a stabfle 3-carbon methyflene brffidge between the two 
thffiofls off an accessffibfle dffisuflffde bond ffin a Fab (Fffigure S3)26. Sffite-specffiffc conjugatffion wffith the two cysteffine thffiofls 
ffrom the Fab dffisuflffde occurs ffin the regffion where the Fab ffis normaflfly bound to the hffinge ffin an IgG antffibody. Te 
thffiofl ether bonds ffin the re-brffidged dffisuflffde are more stabfle than the orffigffinafl dffisuflffde bond.
Usffing endotoxffin ffree reagents and workffing under sterffifle condffitffions, FpFffinffffixffimab was prepared (Fffig. 3a). Fffirst, 

ffinffffixffimab was proteoflytfficaflfly dffigested wffith ffimmobffiflffized papaffin ffin the presence off cysteffine monohydrate (Fffig. 3a, 
flane 2), beffore eflutffion off the purffiffed Fabffinffffixffimab over proteffin A (flane 3). Te Fc ffragment appeared at a sflffightfly 
hffigher moflecuflar weffight on SDS-PAGE than the Fabffinffffixffimab due to gflycosyflatffion present on the CH2 domaffin off 
the Fc ffragment. Fabffinffffixffimab was then treated wffith dffithffiothreffitofl (DTT) to reduce the accessffibfle dffisuflffde (flane 4).
Affer removafl off DTT by eflutffion over a PD-10 coflumn, the Fabffinffffixffimab soflutffion was ffincubated wffith PEG 

dffi(mono-suflffone) reagent 2 (0.9 equffiv.) to obtaffin FpFffinffffixffimab that was then purffiffed by ffion-exchange chromatog-
raphy (flanes 5–6), whffich was conffrmed by sffiflver staffin (flane 7). No unconjugated Fabffinffffixffimab or the ffintermedffiate, 
(mono-suflffone)-PEG-Fabffinffffixffimab, were observed. Te endotoxffin flevefls off both the purffiffed Fabffinffffixffimab affer prote-
oflytffic dffigestffion off ffinffffixffimab and the purffiffed FpFffinffffixffimab were fless than 0.005 EU/mL (EndoZyme assay). Tere 
was no heavy-flffight chaffin dffissocffiatffion or aggregatffion off the FpFffinffffixffimab when stored at 4 °C ffor 480 days (flane 8).

FpFffinflffixffimab dffispflayed sflower dffissocffiatffion rate constant compared to ffinflffixffimab. SPR anaflysffis 
demonstrated FpFffinffffixffimab dffispflayed concentratffion dependent bffindffing to human hffistffidffine-tag TNFα   (Fffigure S1B). 
Te kffinetffic rate constants and reflatffive bffindffing affnffitffies (KD) to human TNF-α  were caflcuflated usffing a 1:1 bffind-
ffing modefl ratffio, showffing that FpFffinffffixffimab and ffinffffixffimab share sffimffiflar KD vaflues (Fffig. 3c). Whffifle the dffissocffiatffion 
(kd) rate constants was approxffimatefly 5 tffimes sflower ffin FpFffinffffixffimab compared to ffinffffixffimab, assocffiatffion rate con-
stant (ka) appeared to be ffaster ffin ffinffffixffimab. Tffis ffis consffistent ffor FpFs

25 and other bffivaflent mffimetffics27 that have 
been evafluated by SPR. Te sflower dffissocffiatffion rate constant suggested a tffighter ffinteractffion between FpFs and 
TNFα , and potentffiaflfly ffimproved therapeutffic effcacy ffor FpFffinffffixffimab. Te SPR anaflysffis conffrmed FpFffinffffixffimab bffind-
ffing to murffine TNF-α  and warranted an ffin vffivo assessment startffing at a concentratffion off 100 µ g/mL  FpFffinffffixffimab 
(Fffig. 3b).

In vffitro evafluatffion off Fc medffiated uptake. Antffibody uptake ffinto the retffinafl pffigment epffitheflffium (RPE)28 
can occur vffia neonatafl Fc-receptors expressed ffin RPE ceflfls29,30. Uptake off ffinffffixffimab and FpFffinffffixffimab were assessed 
ffin vffitro usffing a murffine B6RPE-07 ceflfl flffine31 ffin whffich ceflfl cufltures exhffibffit cobbflestone-flffike morphoflogy sffimffiflar 
to prffimary mouse RPE cufltures. Te ceflfls aflso express RPE markers, tffight junctffion and adhesffion moflecufles, and 
show poflarffized phenotype when cufltured ffin coflflagen-coated membrane31 and have been used as an ffin vffitro RPE 
modefl ffin many recent ffunctffionafl studffies32–35. We used RT-qPCR to measure Fcgrt mRNA ffrom sampfles off cufl-
tured B6RPE-07 ceflfls, to conffrm expressffion off the transmembrane domaffin off the neonatafl Fc receptor ffin thffis ceflfl 
flffine (Fffig. S4). Conffuent RPE ceflfl monoflayers were treated separatefly wffith 250 µ g/mfl off each moflecufle, and ceflfl 
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flysates examffined ffor presence off antffi-human IgG Fab ffragment. Western bflot anaflysffis ffindfficated that ffintraceflfluflar 
ffinffffixffimab was detectabfle ffin murffine B6RPE-07 ceflfls at 4 and more strongfly by 24 hrs. In contrast, ffincubatffion off 
FpFffinffffixffimab dffid not resuflt ffin any detectabfle Fab proteffin ffindfficatffing no ffintraceflfluflar uptake (Fffig. 3d).

FpFInflffixffimab ffis efficacffious ffin EAU. Usffing the same flocafl admffinffistratffion regffimen as descrffibed ffor ffinffffixffimab, 
ffimmunffized mffice dffispflayffing the ffinffitffiafl sffigns off cflffinfficafl dffisease were seflected ffor treatment groups on day 10, wffith 
anffimafls receffivffing a sffingfle ffintravffitreafl admffinffistratffion off FpFffinffffixffimab (15 µ g/eye) or controfl vehfficfle. In eyes receffiv-
ffing FpFffinffffixffimab onfly the ffinffitffiafl dffisease changes to the optffic dffisc wffith some earfly sffigns off vascuflffitffis were evffident 
contrastffing the expected ffinffammatory changes and dffisease severffity observed ffin EAU controfls (Fffig. 4a,b). At day 

Fffigure 1. Locafl admffinffistratffion off ffinffffixffimab suppresses EAU. (a) Graph detaffiflffing the Surfface Pflasmon 
Resonance (SPR) bffindffing anaflysffis, conffrmffing that ffinffffixffimab can bffind to murffine TNF-α  usffing a NTA 
chffip. (b–d) Mffice were ffimmunffized ffor EAU and eyes monffitored usffing TEFI ffrom day 10 onward to seflect 
experffimentafl mffice dffispflayffing cflffinfficaflfly evffident dffisease. Groups off mffice were ffinjected vffia ffintravffitreafl route 
wffith 15 µ g ffinffffixffimab or vehfficfle controfl (EAU) on day 10. Eyes were enucfleated on day 14, and retffinafl 
ffinfffltrate characterffized and quantffiffed; (b) Representatffive TEFI ffimages and (c) combffined totafl dffisease scores 
demonstratffing the dffifference ffin cflffinfficafl dffisease progressffion between treatment groups. In EAU controfl eyes 
typfficafl dffisease progressffion wffith sffigns off raffised optffic dffisc, vascuflffitffis and severe ffinffammatffion; In ffinffffixffimab 
treated eyes, onfly raffised optffic dffisc and ffinffitffiafl sffigns off vascuflffitffis are evffident. (d) Graph showffing totafl CD45+ 
ffinfffltrate numbers ffrom ffindffivffiduafl eyes. *P <  0.05, **P <  0.005, ***P <  0.0005; Data presented as means ±  SEM, 
and representatffive off two ffindependent experffiments.
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14, ffow cytometrffic assessment off retffinafl ffinfffltrate demonstrates an equaflfly sffignffiffcant reductffion off CD45+ ffinfffl-
trate ffin mffice receffivffing FpFffinffffixffimab treatment (Fffigs 4c and S2B) as compared to ffinffffixffimab. Overaflfl, there ffis a 74% 
reductffion off the totafl CD45+  ffinfffltrate, comprffisffing 69%, 62%, 74% and 82% reductffions ffin CD4, CD8, CD11b and 
Ly6G popuflatffions respectffivefly ffin mffice treated wffith FpFffinffffixffimab compared to controfl anffimafls.

Fffigure 2. Schematffic off Fab-PEG-Fab synthesffis ffrom whofle IgG. (a) Representatffion off ffinffffixffimab, an IgG1 
wffith two Fabs that are flffinked together through the hffinge as ffiff each Fab ffis flffinked at the end off a flffinear moflecufle. 
Proteoflytfficafl dffigestffion off IgG1 yffiefld the Fabs ffragment whffich are then treated wffith DTT and then flffinked to 
each end off PEG dffi(mono-suflffone) reagent 2 to make FpF, (b) PEG dffi(mono-suflffone) reagent 2 ffis synthesffised 
ffrom PEG dffi(bffis-suflffone) reagent 1 through eflffimffinatffion off tofluene suflffnffic acffid anffion (c) Te FpFffinffffixffimab ffis 
synthesffized ffin a way to compare dffirectfly to the startffing ffinffffixffimab. Tffis strategy ffis appflfficabfle on dffifferent kffind 
off monocflonafl IgGs such as human, humanffised and chffimerffic IgGs.

Fffigure 3. FpFffinffffixffimab preparatffions: assessment off stabffiflffity, affnffity & ffintraceflfluflar uptake. (a) Representatffive 
Coomassffie and sffiflver-staffined SDS-PAGE demonstrate the synthesffis steps and proteffin sffize modffiffcatffions 
ffinvoflved ffin synthesffis off FpFffinffffixffimab ffrom whofle ffinffffixffimab (flanes 1–7). FpFffinffffixffimab stored at 4 °C ffor 480 days 
dffid not dffispflay dffissocffiatffion ffrom the PEG flffinker or aggregate fformatffion (flane 8), (b) SPR bffindffing anaflysffis 
demonstrates that FpFffinffffixffimab bffinds murffine TNF-α  usffing NTA chffip, (c) Kffinetffic affnffity (KD) and rate constants 
(ka, kd) ffor ffinffffixffimab and FpFffinffffixffimab to recombffinant human TNF-α . FpF has sffimffiflar bffindffing affnffity to ffuflfl IgG, 
but the dffissocffiatffion rate constants are 5×  sflower ffor FpFffinffffixffimab, (d) Whofle ceflfl flysates prepared ffrom B6RPE-07  
ceflfls treated wffith ffinffffixffimab or FpFffinffffixffimab, ffor 4 & 24 hrs, were probed and the presence off the moflecufles 
detected usffing antffi-human IgG Fab. As a negatffive controfl, ceflfls were ffincubated wffith medffia aflone; and as a 
posffitffive controfl preparatffions off effither moflecufle were appflffied to the flane.
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Dffiscussffion
Tere ffis an ever-growffing need to deveflop targeted therapffies ffor use ffin the eye. Ideaflfly, therapffies are needed that 
are dffirected to mufltffipfle specffiffc targets. We are deveflopffing recombffinant-conjugatffion strategffies ffocused on the 
deveflopment off mufltffiffunctffionafl and bffispecffiffc proteffins that are dffiffcuflt to make entffirefly by recombffinant means 
aflone. For organ specffiffc deflffivery such as to the eye, there ffis aflso a need to ensure new bffioflogfficaflfly based med-
fficffines remaffin stabfle throughout the pflanned duratffion off actffion. In thffis study we started wffith an antffi-TNF-α  
FpF to determffine ffits abffiflffity to achffieve bffioflogfficafl effcacy ffin terms off suppressffing retffinafl ffinfffltrate ffin a cflffinfficaflfly 
reflevant, aggressffive modefl off ocuflar ffinffammatffion. TNF-α  ffis ffinvoflved ffin the pathogenesffis off ffinffammatffion, and 
ffit has aflso ffimportant rofles ffin progressffion off undesffirabfle angffiogenesffis ffin the eye ffin the neovascuflar age-reflated 
macuflar degeneratffion (AMD) and proflffifferatffive vffitreoretffinopathy dffiseases36,37. In thffis prooff-off-concept study we 
demonstrate ffor the ffrst tffime that ffinffffixffimab suppressed the acute phase off ffinffammatffion by reducffing the number 
off CD45+  ffinfffltrate ceflfls ffin the eyes off the EAU mffice. In vffivo, ffinffffixffimab and FpFffinffffixffimab are equaflfly effcacffious 
as determffined by cflffinfficafl observatffion whffifle sffignffiffcantfly suppressffing the ffinfffltratffion off fleukocytes ffinto the retffina 
durffing peak EAU. Tffis aspect off the study was requffired beffore FpF moflecufles dffirected to mufltffipfle targets can be 
evafluated.

Fffigure 4. FpFffinffffixffimab ffis effcacffious ffin suppressffing dffisease ffin vffivo. Mffice were ffimmunffized ffor EAU and eyes 
monffitored usffing TEFI ffrom day 10 onward to seflect experffimentafl mffice dffispflayffing cflffinfficaflfly evffident dffisease. 
Groups off mffice receffived an ffintravffitreafl ffinjectffion off 15 µ g  FpFffinffffixffimab or vehfficfle controfl (EAU) on day 10. Eyes 
were enucfleated on day 14, and retffinafl ffinfffltrate characterffized and quantffiffed. Representatffive TEFI ffimages (a) 
and combffined dffisease scores (b) demonstratffing the dffifference ffin cflffinfficafl dffisease progressffion between treatment 
groups. Graph showffing totafl CD45+ ffinfffltrate numbers ffrom ffindffivffiduafl eyes (c). *P <  0.05, **P <  0.005, 
***P <  0.0005; Data presented as means ±  SEM, and representatffive off two ffindependent experffiments.
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FpFffinffffixffimab synthesffis ffrom Fabs obtaffined by the enzymatffic dffigestffion off ffinffffixffimab aflflowed the dffirect comparffi-
son off ffinffffixffimab and FpFffinffffixffimab. Te ffexffibfle hydrophffiflffic PEG scaffofld repflaced the ffinffffixffimab Fc. Te ffinffamma-
tory reactffion affer IVT ffinjectffion off ffinffffixffimab may be due to Fc reflated effects or due to antffibody degradatffion or 
aggregatffion38. An FpF cannot cause flocaflffised ffinffammatory reactffions due to the antffibody Fc effector ffunctffions, 
whffich ffis ffimportant when consffiderffing treatments ffor an acute ffinffammatory condffitffion such as uveffitffis. Antffibody 
Fc medffiated recycflffing that proflongs the duratffion off actffion durffing systemffic use ffis not crffitfficafl ffor ocuflar pharma-
cokffinetffics39 and may to some extent remove antffibodffies ffrom wffithffin the eye30,40–43.
Sffince the Fab has an accessffibfle dffisuflffde near the hffinge regffion, each Fab ffin an FpF ffis conjugated ffin essentffiaflfly 

the same regffion that natffive Fabs are bound to the hffinge regffion ffin IgG antffibodffies. Te thffiofl-ether bonds off a 
re-brffidged dffisuflffde are more stabfle than the startffing dffisuflffde. Te PEG scaffofld ffis more stabfle than the sffingfle 
poflypeptffide chaffins off the IgG hffinge, whffich are susceptffibfle to cfleavage reactffions44,45, and the PEG woufld reduce 
the propensffity ffor aggregatffion46,47 compared to an IgG. It ffis thought that the potentffiafl ffor ffincreased stabffiflffity off 
FpFffinffffixffimab wffiflfl provffide opportunffitffies to make easffier-to-use hffigh concentratffion fformuflatffions ffor dffirect ffintravffit-
reafl ocuflar admffinffistratffion than ffis possffibfle wffith IgG antffibodffies. Tffis aflso raffises the possffibffiflffity off a requffirement 
ffor fless ffrequent ffinjectffions compared to the standard antffibody.
As TNF-α  ffis a non-covaflent trffimer ffin cffircuflatffion, ffit ffis not possffibfle to maffintaffin the trffimerffic structure off 

ffimmobffiflffised TNF-α  affer the regeneratffion step requffired ffor each SPR cycfle to remove bound antffibody. Sffince 
more reaflffistffic and comparatffive resuflts are expected when the flffigand, rather than the antffibody, ffis ffimmobffiflffised 
onto a sensor chffip48 we used hffistffidffine-tagged TNF-α  ffor ffimmobffiflffisatffion onto a metafl affnffity chffip (nffitrffiflotrffiacetffic 
acffid; NTA). Each regeneratffion cycfle caused removafl off the TNF-α , but ffit was possffibfle to obtaffin reproducffibfle 
resuflts by re-ffimmobffiflffisffing the same amount off TNF-α  at the begffinnffing off each SPR sampfle cycfle.
Inffffixffimab and FpFffinffffixffimab both dffispflayed bffindffing to mouse TNF-α  at hffigh concentratffion. Bffindffing off both 

ffinffffixffimab and FpFffinffffixffimab to human TNF-α  was aflso observed, aflthough bffindffing was achffieved at flower concen-
tratffions than wffith mouse. Bffindffing off ffinffffixffimab to mouse TNF-α  was ffimportant to estabflffish because there have 
been conffffictffing observatffions about ffinffffixffimab’s bffindffing wffith mouse TNF-α 16,49. Aflthough the concentratffions 
needed ffor bffindffing to mouse TNF-α  were hffigher than ffor human TNF-α , thffis flevefl off bffindffing was suffcffient to 
evafluate antffi-TNF-α  moflecufles ffin the EAU modefl. Te bffindffing kffinetffics suggested that FpFffinffffixffimab has compara-
bfle affnffity to ffinffffixffimab, but sflower assocffiatffion and dffissocffiatffion rates. Sflower assocffiatffion rates may be ffimportant 
ffin the desffign off new hffigh affnffity therapffies that dffispflay decreased off-target effect. Sflower dffissocffiatffion rates may 
aflso be ffimportant to ensure that once bound to a flffigand, an antffibody does not ffin effect become a sflow refleasffing 
depot ffor that flffigand. Certaffinfly there are appflfficatffions were a decreased dffissocffiatffion rate may be a vffiabfle strategy 
to ffincrease effcacy by ffincreasffing the resffidence tffime wffithffin the target organ or tffissue50. A potentffiafl dffisadvantage 
off decreased dffissocffiatffion rates woufld be ffiff a target ceflfl surfface receptor had agonffist ffunctffion.
Te outer bflood-retffinafl barrffier, flocated between the choroffid/Bruch’s membrane, exterffior to the sub-retffinafl 

space and neurafl retffina ffis fformed by the retffinafl pffigment epffitheflffium (RPE), a ceflfl monoflayer ffinterconnected by 
tffight junctffions. As a seflectffive barrffier, the RPE permffits ffintraocuflar mffigratffion off fleukocytes as weflfl as a varffiety 
off physffioflogfficafl ffunctffions ffincfludffing the phagocytosffis off shed photoreceptor outer segments and transport off 
moflecufles to and ffrom the retffina51,52. Recent data shows that therapeutffic antffi-VEGF mAbs (bevacffizumab and 
affflbercept) can be transported ffintraceflfluflarfly across RPE ceflfls, ffimpflfficatffing these ceflfls as ffimportant protagonffists 
ffin the cflearance off antffibodffies ffrom the sub-retffinafl space ffinto the choroffid28. Uptake ffin the RPE ffis a generafl ffeature 
off Fc-ffragment contaffinffing moflecufles such as IgG28, vffia Fc-receptors expressed ffin RPE ceflfls29,30. Usffing ffin vffitro 
RPE ceflfls, no sub-retffinafl uptake was observed ffor FpFffinffffixffimab. Te avoffidance off RPE uptake and uptake to other 
ceflfl types such as retffinafl endotheflffium53 coufld be ffimportant to mffinffimffize toxfficffity ffor flonger actffing dosage fforms 
off bffioflogffics.
In summary, we have demonstrated that both ffinffffixffimab and FpFffinffffixffimab suppress ffintraocuflar ffinffammatffion 

by reducffing the number off CD45+  ffinfffltrate ceflfls ffin the EAU mffice modefl. Cflffinfficaflfly, both moflecufles appeared to 
be equaflfly effectffive ffin moduflatffing the acute ffinffammatory response that characterffizes EAU. FpFffinffffixffimab dffispflayed 
sffimffiflar bffindffing affnffity (KD) wffith sflower assocffiatffion and dffissocffiatffion rates compared to ffinffffixffimab. Tere was no 
Fc medffiated RPE ceflfluflar uptake off FpFffinffffixffimab. Tese characterffistffics aflong wffith a greater potentffiafl ffor FpF stabffifl-
ffity are beffing ffurther ffinvestffigated to determffine potentffiafl cflffinfficafl advantages ffin deveflopffing new treatments usffing 
the FpF approach that can bffind to two dffifferent targets.

Materffiafls and Methods
Reagents. Compflete medffium consffisted off Duflbecco’s modffiffed Eagfle’s medffium(DMEM) suppflemented wffith 
10% heat ffinactffivated ffetafl caflff serum, 100 U/mfl penfficffiflflffin–streptomycffin, 2 mmofl/fl L-gflutamffine, 1 mmofl/fl sodffium 
pyruvate and 5 ×  10−5 mofl/fl 2-mercaptoethanofl (aflfl ffrom Lffiffe Technoflogffies, UK). For FpFffinffffixffimab synthesffis, prepa-
ratffions off ffinffffixffimab (Remfficade®; Janssen Bffiotech Inc., USA) were used as startffing materffiafl. Human RBP-3161–180 
peptffide (SGIPYIISYLHPGNTILHVD) was obtaffined ffrom Severn Bffiotech (Kffiddermffinster, UK). Peptffide purffity 
was determffined by HPLC. Peptffide preparatffions were aflffiquoted and stored at − 80 °C.

Mffice. B10.RIII breedffing coflony was estabflffished ffin Anffimafl servffice unffit off Unffiversffity off Brffistofl. Aflfl mffice were 
housed under specffiffc pathogen-ffree condffitffions wffith contffinuousfly avaffiflabfle ffood and water. Te mffice were 
aged between 6 and 8 weeks. Treatment off anffimafls confformed to the Assocffiatffion ffor Research ffin Vffisffion and 
Ophthaflmoflogy Statement ffor the Use off Anffimafls ffin Ophthaflmffic and Vffisffion Research. Te methods were carrffied 
out ffin accordance wffith the approved Unffiversffity off Brffistofl ffinstffitutffionafl guffideflffines and aflfl experffimentafl protocofls 
under a Home Offce Project Lfficence 30/3281 were approved by the Unffiversffity off Brffistofl Ethfficafl Revffiew Group.

FpFInflffixffimab synthesffis. Usffing endotoxffin (ET) -ffree gflassware and buffers, Fabffinffffixffimab ffragments were ffrst 
obtaffined by enzymatffic dffigestffion off ffinffffixffimab usffing ffimmobffiflffized papaffin as descrffibed prevffiousfly25. Purffiffed 
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Fabffinffffixffimab was ffisoflated ffrom the dffigestffion mffixture usffing ET-ffree proteffin A mffidffi kffit (Generon, Maffidenhead, UK) 
accordffing to the manuffacturer’s ffinstructffions. Te endotoxffin flevefl off purffiffed Fabffinffffix preparatffions was fless than 
0.005 EU/mL as determffined usffing EndoZyme assay.
Under sterffifle condffitffions, Fabffinffffixffimab (2.4 mg/mL, 6.0 mg ffin 2.5 mL PBS, pH 7.3) was ffincubated wffith dffithffio-

threffitofl (DTT) (1.0 mg/mL, 2.5 mg) at ambffient temperature wffithout shakffing ffor 30 mffin. DTT was removed by 
eflutffion over a new PD-10 coflumn, and the proteffin was buffer exchanged ffinto the conjugatffion buffer (20 mM 
sodffium phosphate, 10 mM EDTA, pH 7.4). PEG-dffi(mono-suflffone) 2 (0.9 eq, 10 kDa)25 was added (1.08 mg) to 
the reduced Fabffinffffixffimab soflutffion (6.0 mg ffin 3.3 mL). Te endotoxffin flevefl off the PEG reagent was determffined to be 
fless than 0.005 EU/mL. Te soflutffion was ffincubated at ambffient temperature ffor approxffimatefly 3 h wffithout shak-
ffing whffifle maffintaffinffing sterffiflffity. FpFffinffffixffimab was purffiffed usffing a sffingfle step HffiTrap Macrocap SP catffion exchange 
coflumn (IEC-Macrocap SP, 5.0 mL). Te IEC-Macrocap SP coflumn was ffrst washed wffith NaOH (1 M) and then 
ET ffree water beffore sampfle floadffing. Affer sampfle floadffing, the coflumn was ffrst efluted wffith 100% acetate buffer 
A ffor 10 mffin ffoflflowed by a 30 mffin flffinear gradffient usffing 100% acetate buffer B contaffinffing 1.0 M NaCfl wffith a 
ffow-rate off 1.5 mL/mffin. Fractffions (1.5 mL) were anaflysed by SDS-PAGE and the FpFffinffffixffimab ffractffions poofled. 
Usffing vffiva-spffin (Turbo 15, MW cut off 30 kDa), the FpFffinffffixffimab was concentrated to 4.0 mg/mL ffin a totafl voflume 
off 0.2 mL. Te concentratffion off the purffiffed FpFffinffffixffimab was caflcuflated by mfficro BCA assay usffing ffinffffixffimab as 
standard. Te endotoxffin flevefl off the concentrated FpFffinffffixffimab was determffined to be fless than 0.005 EU/mL 
usffing the EndoZyme assay accordffing to manuffacturer’s ffinstructffions (Hygflos, Munffich, Germany).

Surfface Pflasmon Resonance (SPR) Bffindffing studffies. Sensor chffip NTA (nffitrffiflotrffiacetffic acffid) ffis made 
off carboxymethyflated dextran whffich ffis covaflentfly ffimmobffiflffised wffith NTA. Te surfface off sensor chffip NTA was 
ffrst actffivated wffith nffickefl (Nffi+2) soflutffion to create the nffickefl cheflated NTA group whffich aflflowed capture off 
hffistffidffine-tagged TNFα . Sampfles (FpFffinffffixffimab or ffinffffixffimab) were passed over the surfface and the bffindffing kffinet-
ffics were determffined. Between runs, the NTA surfface was regenerated wffith EDTA soflutffion to reffresh the sensor 
chffip ffor a new anaflysffis cycfle, startffing wffith ffresh NffiCfl2 soflutffion and hffistffidffine-tag TNFα . Condffitffions to run the 
kffinetffic study were as ffoflflows; ffow rate off 30 µ L/mffin, 200 second contact tffime ffor NffiCfl2 soflutffion (0.4 mL), 250 sec-
ond contact tffime ffor human hffistffidffine-tag TNFα   (5 µ g, 1.0 mL), 150 second contact tffime ffor serffies off ffinffffixffimab 
soflutffions (0.2 mg/mL–0.0625 mg/mL), and FpFInffffixffimab soflutffions (0.2 mg/mL–0.0625 mg/mL). Te NTA chffip was 
regenerated usffing EDTA soflutffion (350 mM, 1.0 mL) ffor 60 seconds.

Experffimentafl Autoffimmune Uveoretffinffitffis (EAU) Inductffion and therapeutffic ffinterventffion.  
Femafle B10.RIII mffice were ffimmunffized subcutaneousfly ffin one ffank wffith 50 µ g  RBP-3161–180 ffin phosphate buffered 
saflffine (PBS) emuflsffiffed wffith Compflete Freund’s Adjuvant (CFA) suppflemented wffith 1.5 mg/mfl Mycobacterffium 
tubercuflosffis compflete H37 Ra (BD Bffioscffiences, Oxfford, UK) (1:1 vofl/vofl). Te mffice aflso receffived 1 µ g Bordeteflfla 
pertussffis toxffin (Tocrffis, Brffistofl, UK) ffintraperffitoneaflfly (ffi.p.).
For flocafl admffinffistratffion off ffinffflffixffimab or FpFffinffflffixffimab, ffintravffitreafl ffinjectffions were perfformed on day 10 

post-ffimmunffizatffion. In brffieff, the eye was proptosed and hefld ffin posffitffion wffith a paffir off fforceps, whffifle 15 µ g  off 
ffinffffixffimab or FpFffinffffixffimab dffifluted ffin 2 µ fl PBS was ffinjected usffing a 33-gauge hypodermffic needfle (Essflab, Essex, UK). 
Te ffinjectffion sffite was treated wffith chfloramphenfficofl and gflobe reposffited.

EAU Cflffinfficafl Assessment. Usffing a method adapted ffrom Paques et afl.54 an endoscope wffith a 5 cm flong 
tefleotoscope off 3 mm outer dffiameter (1218AA; Karfl Storz, Tuttflffingen, Germany) was connected to a Nffikon D80 
dffigffitafl camera wffith a 10-mffiflflffion pffixefl charge-coupfled devffice ffimage sensor and Nffikkor AF 85/F1.8 D objectffive 
(Nffikon, Tokyo, Japan), wffith an addffitffionafl + 4.00 dffioptre magnffiffyffing flens. Trough pupffifls dffiflated wffith topfficafl 
tropfficamffide 1% and phenyflepherffine 2.5% (Mffinffims, ffrom Chauvffin Pharmaceutfficafls, UK), and topfficafl oxybro-
pucaffine 0.4% (Mffinffims) and Vffiscotears (Novartffis Pharmaceutfficafls, UK) ffor corneafl anesthesffia, ffimages were 
obtaffined by dffirect corneafl contact wffith the endoscope. Images were processed usffing Adobe Photoshop (Adobe 
Corporatffion, Mountaffin Vffiew, CA). Usffing an adapted cflffinfficafl gradffing system, ffundafl ffimages were scored accord-
ffing to ffinffammatory changes to the optffic dffisc and retffinafl vessefls ffin addffitffion to retffinafl flesffions and structurafl 
damage24. Aflfl scores were added together to caflcuflate a ffnafl dffisease score.

Isoflatffion and flow cytometrffic assessment off retffinafl ffinffifltrate. Each eye was dffissected ffin 100 µ fl 
ffice-cofld HBSS wffith aqueous, vffitreous and retffina extracted usffing a flffimbafl ffincffisffion, flens extractffion and transffer 
ffinto a 1.5 mL tube. Te tffissue was mechanfficaflfly dffissocffiated by rappffing the tube across a standard rack ten tffimes 
beffore transffer ffinto a 96-weflfl 60 µ m ceflfl straffiner pflate (Merck Mffiflflffipore, UK). Tffis was centrffiffuged at 1200 rpm 
ffor 5 mffinutes, the retffinafl supernatants was aspffirated and the remaffinffing ceflfl peflflet transfferred ffinto a 96-weflfl 
V-bottom pflate ffor ffimmuno-staffinffing.
Ceflfls were ffincubated wffith 24G2 ceflfl supernatant ffor 10 mffinutes at 4 °C beffore ffincubatffion wffith ffuorochrome- 

conjugated monocflonafl antffibodffies agaffinst ceflfl surfface markers ffincfludffing, CD4 [RM4-5], CD8 [53–6.7], CD11b 
[M1/70], Ly6G [1A8] and CD45 [30-F11] at 4 °C ffor 20 mffinutes. Ceflfls were resuspended ffin 7AAD, and dead ceflfls 
excfluded ffrom anaflysffis by gatffing on 7AAD negatffive ceflfls. Ceflfl suspensffions were acquffired usffing a 3-flaser BDTM 
LSR-II ffow cytometer (BD Cytometry Systems, Oxfford, UK). Anaflysffis was perfformed usffing FflowJo soffware 
(Treestar, San Carflos, Caflffiffornffia). Ceflfl numbers were caflcuflated by refference to a known ceflfl–standard, as pre-
vffiousfly reported55. Brffieffy, spflenocytes at a range off known ceflfl concentratffions were acquffired usffing a ffxed and 
stabfle ffow rate ffor 1 mffinute. Based on totafl ceflfl number acquffired durffing thffis tffime, a standard curve was generated 
and used to ffinterpoflate ceflfl concentratffions off ocuflar ffinfffltratffing ceflfls acquffired at the same ffow rate and tffime.

Ceflfl cuflture and ffintraceflfluflar uptake assay. A spontaneousfly transfformed mouse retffinafl pffigment epffi-
theflffium (RPE) ceflfl flffine B6-RPE0731 was cufltured ffin DMEM medffium suppflemented wffith 10% heat-ffinactffivated 
ffetafl caflff serum, 2% L-gflutamffine, 1 mM sodffium pyruvate, 60 µ M 2-mercaptoethanofl, 100 U/mfl penfficffiflflffin and 
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100 µ g/mfl streptomycffin (compflete medffium) at 37 °C ffin an atmosphere off 5% CO2. RPE ceflfls were passaged wffith 
a spflffit ratffio off 1:5 usffing 0.05% trypsffin-EDTA (Lffiffe Technoflogffies, Paffisfley, UK), and aflflowed to recover ffor 2 days 
ffin compflete medffium prffior to experffiments.
Confffluent monoflayers off B6RPE-07 ceflfls ffin 24-weflfl pflates were treated once wffith 250 µ g ffinffflffixffimab or 

FpFffinffffixffimab ffor 4 or 24 hrs. Foflflowffing treatment, B6RPE-07 ceflfls were washed twffice wffith ffice-cofld PBS. Ceflfls were 
flysed dffirectfly ffrom the pflate usffing 200 µfl CeflLytffic M soflutffion suppflemented wffith protease ffinhffibffitor cocktaffifl 
(both ffrom Sffigma), and ffincubated on ffice wffith gentfle shakffing ffor 10 mffinutes. Fffinaflfly, these whofle ceflfl flysates were 
centrffiffuged ffor 10 mffinutes, at 4 °C at 13,000 rpm and the supernatant flysate coflflected and stored at − 80 °C.  To 
ensure equafl floadffings, a bfficffinchonffinffic acffid (BCA) proteffin assay was perfformed prffior to SDS-PAGE, and sampfles 
prepared wffith 5×  Laemffiflflffi buffer. For Western bflot, 10 µ g off ceflfl flysate floaded per weflfl and separated on a 8–16% 
SDS-PAGE gefl (Bffiorad), and proteffins transfferred to a nffitroceflfluflose membrane. Foflflowffing bflockffing ffin 5% mffiflk/
TBS/Tween-20, the membrane was subjected to anaflysffis usffing the antffi-human IgG (Fab specffiffc)-peroxffidase 
antffibody (1:1000) (A0293; Sffigma) and β -actffin antffibody (Ceflfl Sffignaflffing) ffoflflowed by a HRP conjugated poflycflonafl 
antffi-mouse IgG (1:2000) beffore vffisuaflffizatffion usffing the chemffiflumffinescent method (GE Heaflthcare Lffiffe Scffiences).
Totafl RNA ffrom B6RPE-07 ceflfls, and ex-vffivo mouse retffina and corneafl tffissue was ffisoflated usffing TRIzofl rea-

gent (Lffiffe Technoflogffies), treated wffith RQ1 RNase-ffree DNase beffore cDNA synthesffis usffing the ImProm-IITM 
Reverse Transcrffiptffion System (Promega, Southampton, UK). cDNA was ampflffiffed usffing the Power SYBR®   Green 
PCR Master Mffix Reagent (Lffiffe Technoflogffies) on a StepOne™  Appflffied Bffiosystems Reafl-Tffime PCR System. Mouse 
prffimer sequences used were: Fcgrt F: AGCTCAAGTTCCGATTCCTG; R: GATCTGGCTGATGAATC29; Gapdh 
F: TTCACCACCATGGAGAAGGC; R: GGCATGGACTGTGGTCATGA.

Statffistfficafl anaflyses. Data was anaflyzed wffith unpaffired Student’s t-test (GraphPad Prffism soffware, San 
Dffiego, CA). Data are generated as mean ±  SEM and representatffive off at fleast 2 ffindependent experffiments. Vaflues 
were consffidered statffistfficaflfly sffignffiffcant at *p <  0.05, **p <  0.005, ***p <  0.0005.
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