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S u m m ar y
B a c k gr o u n d T h e h ost i m m u n e r es p o ns es ass o ci at e d wit h t h e cli ni c al p h e n ot y p es
of M y c o b a ct eri u m l e pr a e i nf e cti o n ar e n ot f ull y u n d erst o o d. T h e i n fl a m m at or y c o m-
pli c ati o ns of l e pr os y, l e pr os y r e a cti o ns, p arti c ul arl y er yt h e m a n o d os u m l e pr os u m
( E N L), pr es e nt t h er a p e uti c c h all e n g es. T h ali d o mi d e is a n e ff e cti v e dr u g f or E N L b ut
is n ot wi d el y a v ail a bl e d u e t o t er at o g e ni cit y. T h ali d o mi d e bi n ds c er e bl o n ( C R B N),
a s u bstr at e r e c e pt or f or t h e E 3 li g as e c o m pl e x, pr o m oti n g u bi q uiti n ati o n. T h us, w e
i n v esti g at e d t h e C R B N e x pr essi o n i n h u m a n p eri p h er al bl o o d m o n o n u cl e ar c ells
( P B M Cs) i n r es p o ns e t o i n vitr o sti m ul ati o n wit h M. l e pr a e wit h/ wit h o ut C R B N
bl o c k a d e p e pti d e.
M et h o ds Bl o o d s a m pl es w er e o bt ai n e d fr o m a p p ar e ntl y B C G- v a c ci n at e d a n d B C G-
u n v a c ci n at e d h e alt h y v ol u nt e ers. P B M C w as is ol at e d a n d sti m ul at e d wit h irr a di at e d M.
l e pr a e wit h or wit h o ut C R B N bl o c k a d e p e pti d e. C R B N, N F- k B, a n d P A R K 2 pr ot ei ns
w er e d et er mi n e d b y E LI S A, a n d t h eir g e n e e x pr essi o n b y q P C R.
R es ults Sti m ul ati o n wit h M. l e pr a e si g ni fi c a ntl y i n cr e as e d C R B N g e n e e x pr essi o n
a n d pr ot ei n pr o d u cti o n. I n c u b ati o n of P B M Cs wit h M. l e pr a e wit h C R B N bl o c k a d e
si g ni fi c a ntl y i n cr e as e d N F- k B e x pr essi o n. I n a s u b gr o u p a n al ysis, C R B N a n d N F-
k B g e n e e x pr essi o n f oll o wi n g sti m ul ati o n wit h M. l e pr a e (p ≤   0. 0 5) w as si g ni fi-
c a ntl y hi g h er i n P B M Cs fr o m M y c o b a ct eri u m b o vis b a cill us C al m ett e – G u éri n ( B C G)-
v a c ci n at e d i n di vi d u als c o m p ar e d t o t h os e fr o m u n v a c ci n at e d p arti ci p a nts. P A R K 2
g e n e e x pr essi o n a n d p ar ki n pr ot ei n w er e si g ni fi c a ntl y d e cr e as e d i n P B M Cs sti m ul at e d
wit h M. l e pr a e c o m p ar e d t o u nsti m ul at e d P B M Cs ( p ≤   0. 0 5). I n a s u b gr o u p a n al ysis,
P A R K 2 g e n e e x pr essi o n a n d p ar ki n pr ot ei n w er e d e cr e as e d i n t h e P B M Cs fr o m B C G-
u n v a c ci n at e d i n di vi d u als f oll o wi n g i n c u b ati o n wit h M. l e pr a e c o m p ar e d t o t h os e fr o m
B C G- v a c ci n at e d i n di vi d u als. Sti m ul ati o n of t h e P B M Cs wit h M. l e pr a e wit h C R B N
bl o c k a d e i n cr e as e d P A R K 2 g e n e e x pr essi o n a n d p ar ki n pr ot ei n pr o d u cti o n ( p ≤   0. 0 5).
C o n cl usi o n T h e fi n di n gs ar e e vi d e n c e t h at C R B N m a y h a v e a r ol e i n m o d ul ati n g
P A R K 2 a n d N F- k B g e n e e x pr essi o n i n r es p o ns e t o M. l e pr a e i nf e cti o n. T his n e e ds
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further investigation in individuals with leprosy. The differential gene expression of
CRBN and PARK2 in BCG-vaccinated and BCG-unvaccinated individuals could be
further explored to understand the mechanism of BCG protection against leprosy.

Keywords: Cereblon, leprosy, Mycobacterium leprae, NF-kB, PARK2, parkin

Introduction
Leprosy is caused by infection with Mycobacterium leprae or Mycobacterium lepromato-
sis. It mainly affects the skin and peripheral nerves.1,2 Approximately 40% of individuals
with leprosy develop acute immune-mediated inflammatory complications known as leprosy
reactions.3 Leprosy reactions are immunologically mediated and can occur even after success-
ful completion of antibacterial multi-drug therapy (MDT). The reactions may cause severe and
irreversible nerve damage and require prompt treatment.

There are two types of leprosy reactions: Type-1 reactions and erythema nodosum lep-
rosum (ENL). Leprosy reactions may occur before, during, or after successful completion of
antimicrobial therapy. ENL complicates lepromatous leprosy (LL), where affected individuals
have high mycobacterial antigen loads. ENL is associated with severe impact on health-related
quality of life.4

In most leprosy-endemic countries, ENL is treated with corticosteroids, which are associ-
ated with major adverse effects, including death.5 Thalidomide was reported to be an effective
treatment for ENL in 1965 but is not widely available in many leprosy-endemic countries.
Thalidomide and its analogues are now used in the management of myeloma. Recent studies
have demonstrated that the immunomodulation of thalidomide is through binding to a protein
called cereblon (CRBN).6,7 Low CRBN expression is associated with thalidomide resistance
in myeloma.8,9 Currently, a low CRBN expression level is used to predict resistance to
immunomodulatory monotherapy in myeloma. CRBN is a predictive biomarker for survival:
high levels serve as a surrogate marker for low risk of mortality in myeloma.10,11

CRBN is a cytoplasmic and nuclear protein located in tissues.6,12 CRBN is a component of
the E3-ubiquitin-ligase complex13 and interacts with the proteasome for non-lysosomal protein
degradation in cells.6 It forms an E3-ubiquitin-ligase complex, which ubiquitinates proteins
and hence degrades unwanted proteins such as microbial antigens and tumour cells.

PARK2 gene polymorphism has been identified as a major risk factor for leprosy.14,15

PARK2 is expressed in Schwann cells and macrophages.16 These cells are the primary sites
where M. leprae resides. PARK2 genes code for parkin, which degrades unwanted proteins by
tagging them with ubiquitin. Tagged ubiquitin, parkin, and CRBN form the E3-ubiquitin-ligase
complex.17

E3-ubiquitin-ligases also regulate clonal anergy and immune self-tolerance, and CRBN
is found to be a novel E3-ubiquitin-ligase regulator.8,9 T cell anergy (unresponsiveness) is
a characteristic of individuals with LL,18 and reversal of T cell anergy has been implicated in
ENL reaction.19,20

CRBN deficiency increased CD4+ T-cell activation and enhanced IL-2 secretion, helping
CD4+ T-cells differentiate into Th17 cells.21 CBRN blockade enhances effector memory cell
activation and causes T-cell-mediated autoimmune disorders and delayed-type hypersensi-
tivity reactions in experimental animals.22,23 CRBN downregulates the Toll-like receptor 4
(TLR4)-mediated signalling pathway and reduces NF-𝜅B expression and pro-inflammatory
cytokine production.24 M. leprae activates TLR4 in macrophages and dendritic cells.25
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T h er e is cir c u mst a nti al e vi d e n c e t h at C R B N e x pr essi o n h as bi ol o gi c al si g ni fl c a n c e i n
l e pr os y. C R B N r e g ul at es t h e P A R K 2 g e n e, a g e n e d es cri b e d as a ris k f a ct or f or l e pr os y. C R B N
als o r e g ul at es u bi q uiti n ati o n t hr o u g h bi n di n g t o E 3 li g as es a n d h e n c e a ff e cts t h e o ut c o m e
of i ntr a c ell ul ar p at h o g e ns or t h eir a nti g e ns. It s er v es as a r e c e pt or pr ot ei n f or t h ali d o mi d e, a
dr u g us e d f or E N L tr e at m e nt. C R B N g e n e v ari a nts ar e ass o ci at e d wit h t h e a d v ers e e fi e cts of
t h ali d o mi d e tr e at m e nt i n i n di vi d u als wit h E N L.2 6 H e n c e, u n d erst a n di n g C R B N e x pr essi o n
i n M. l e pr a e- sti m ul at e d h u m a n p eri p h er al bl o o d m o n o n u cl e ar c ells ( P B M Cs) m a y pr o vi d e
i nsi g hts t o u n d erst a n d h o w M. l e pr a e i nf e cti o n pr o gr ess es t o cli ni c al dis e as e. We i n v esti g at e d
t h e e x pr essi o n of C R B N i n i n vitr o sti m ul at e d h u m a n P B M Cs wit h M. l e pr a e i n B C G-
v a c ci n at e d a n d B C G- n ai v e i n di vi d u als.

M at e ri als a n d m et h o ds

E T H I C A L S T A T E M E N T

I nf or m e d writt e n c o ns e nt f or bl o o d s a m pl es w as o bt ai n e d fr o m p arti ci p a nts f oll o wi n g a p pr o v al
of t h e st u d y b y t h e L o n d o n S c h o ol of H y gi e n e & Tr o pi c al M e di ci n e R es e ar c h Et hi cs C o m mit-
t e e ( L S H T M 1 7 7 8 6), U K. All p arti ci p a nt d at a w er e a n al ys e d a n d r e p ort e d a n o n y m o usl y.

B L O O D S A M P L E C O L L E C T I O N A N D P B M C I S O L A T I O N

C hil dr e n b el o w 1 8 y e ars ol d, a d ults a b o v e 6 5 y e ars ol d, pr e g n a nt a n d l a ct ati n g f e m al es,
a n d i n di vi d u als o n a n y m e di c ati o n w er e e x cl u d e d fr o m t h e st u d y. T hirt y m L of v e n o us
bl o o d w as c oll e ct e d fr o m 3 3 h e alt h y v ol u nt e ers i nt o st eril e B D H e p ari ni z e d Va c ut ai n er t u b es
( B D, Fr a n kli n L a k es, NJ, U S A) a n d us e d f or P B M C is ol ati o n. T h e v ol u nt e ers w er e fr o m 1 4
c o u ntri es: U K ( 1 4), Ta n z a ni a ( 2), G h a n a ( 2), Et hi o pi a ( 2), I n di a ( 2), G a m bi a ( 2), S o ut h S u d a n
( 2), U S A ( 2), Br a zil ( 1), S o ut h Afri c a ( 1), M ali ( 1), S p ai n ( 1), Eritr e a ( 1), a n d S u d a n ( 1).

P B M Cs w er e s e p ar at e d b y d e nsit y gr a di e nt c e ntrif u g ati o n at 8 5 0 × g f or 2 0 mi n o n
Fi c oll – H y p a q u e ( Hist o p a q u e, Si g m a Al dri c h, U K) as d es cri b e d e arli er. 2 7 C ells w er e w as h e d
t hr e e ti m es i n st eril e p h os p h at e- b u fi er e d s ali n e ( Si g m a Al dri c h, U K) a n d r es us p e n d e d wit h
1 m L of R os w ell P ar k M e m ori al I nstit ut e ( R P MI m e di u m 1 6 4 0 + Gl ut a M A X + P e n- Str e p
G BI C O, Lif e Te c h n ol o gi es, U K). C ell vi a bilit y w as d et er mi n e d usi n g 0. 4 % st eril e Tr y p a n Bl u e
s ol uti o n ( Si g m a Al dri c h, U K); t h e vi a bilit y w as b et w e e n 9 6 a n d 1 0 0 %. P B M C fr e e zi n g w as
p erf or m e d usi n g a c ol d, fr es hl y pr e p ar e d fr e e zi n g m e di u m c o m p os e d of 2 0 % f o et al b o vi n e
s er u m ( F B S, h e at i n a cti v at e d, e n d ot o xi n t est e d < 5 E U/ ml, GI B C O Lif e Te c h n ol o gi es, U K)
a n d 2 0 % di m et h yl s ulf o xi d e i n R P MI m e di u m 1 6 4 0. C ells w er e k e pt at − 8 0 ° C f or 2 t o 3 d a ys
a n d tr a nsf err e d t o li q ui d nitr o g e n u ntil us e. C ell t h a wi n g w as d o n e as d es cri b e d b y. 2 8 T h e
pr o c e d ur e is bri e fi y d es cri b e d as f oll o ws: c ells w er e i n c u b at e d i n a w at er b at h ( 3 7 ° C) u ntil
t h a w e d h alf w a y a n d r e-s us p e n d e d i n 1 0 % F B S i n R P MI m e di u m 1 6 4 0 ( 1 ×) ( 3 7 ° C) c o nt ai ni n g
1/ 1 0, 0 0 0 b e n z o n as e u ntil c o m pl et el y t h a w e d, w as h e d t w o ti m es ( 5  mi n e a c h), a n d c o u nt e d.
T h e p er c e nt a g e vi a bilit y o bt ai n e d w as a b o v e 9 0 %.

P B M C S S T I M U L A T I O N T E S T S W I T H O R W I T H O U T C R B N B L O C K A D E

C R B N bl o c ki n g p e pti d e, a s y nt h eti c p e pti d e ( a c c essi o n #: Q 9 6 S W 2) t h at bl o c ks C R B N
a nti b o d y ( N B P 1- 5 6 3 0 5), w as p ur c h as e d fr o m Fit z g er al d, U S A. T ot al P B M Cs ( 2 0 0, 0 0 0

c ells/ w ell) w er e a d d e d i n tri pli c at e i nt o 9 6- w ell U- b ott o m tiss u e c ult ur e pl at es a n d c ult ur e d
wit h 1 0  m g/ m L irr a di at e d ar m a dill o- d eri v e d M. l e pr a e w h ol e c ell s o ni c at e ( o bt ai n e d t hr o u g h
B EI R es o ur c es, NI AI D, NI H: M y c o b a ct eri u m l e pr a e , Str ai n N H D P, G a m m a-Irr a di at e d W h ol e
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C ells (l y o p hili z e d), N R- 1 9 3 2 6) b ef or e a n d aft er C R B N bl o c k a d e, 1 m g/ m L p h yt o h e m a g gl u-
ti ni n ( P H A), or AI M- V m e di u m at 3 7 ° C wit h 5 % C O a n d 7 0 % h u mi dit y. U nsti m ul at e d c ells
a n d P H A-sti m ul at e d c ells w er e us e d as a n e g ati v e a n d p ositi v e c o ntr ol, r es p e cti v el y, f or e a c h
s a m pl e. Aft er 6 d a ys, s u p er n at a nts w er e c oll e ct e d a n d k e pt fr o z e n u ntil us e d i n e n z y m e-li n k e d
i m m u n os or b e nt ass a y ( E LI S A). T w o gr o u ps of c ells a n d t w o a nti g e ns ( P H A a n d M. l e pr a e )
w er e us e d. I n gr o u p (i), P B M Cs ( 2 0 0, 0 0 0 c ells) w er e c ult ur e d i n 2 0 0 μl of m e di u m c o nt ai ni n g
eit h er P H A, M. l e pr a e, or AI M- V m e di u m. I n gr o u p (ii), c ells w er e i n c u b at e d wit h 2 μ g/ ml
C R B N bl o c ki n g p e pti d e a n d t h e n i n c u b at e d wit h 1 0 m g/ m L irr a di at e d M. l e pr a e w h ol e c ell
s o ni c at e. C ells fr o m e a c h gr o u p w er e c ult ur e d i n tri pli c at e. S u p er n at a nts w er e c oll e ct e d a n d
us e d f or E LI S A ass a y. T h e c ells w er e st or e d i n R N Al at er ( A m bi o n, A usti n, Te x as) f or R N A
is ol ati o n.

E L I S A

S u p er n at a nts w er e t est e d f or C R B N a n d h u m a n P A R K 2 ( E 3 u bi q uiti n- pr ot ei n li g as e p ar ki n),
a n d c ell l ys at es w er e t est e d f or h u m a n n u cl e ar k a p p a B ( Nf- k B) R e a d y, S et, G o! ® S a n d wi c h
E LI S A. T h er m o S ci e nti fl c N E- P E R N u cl e ar a n d C yt o pl as mi c E xtr a cti o n Kits w er e us e d
f or c ell l ysis a n d e xtr a cti o n of n u cl e ar pr ot ei n ( Nf- k B). C a pt ur e a n d bi oti n yl at e d d et e cti o n
a nti b o di es dir e ct e d a g ai nst C R B N, P A R K 2, a n d N F- k B w er e p ur c h as e d fr o m A B cl o n al Te c h-
n ol o g y C o., Lt d., U S A; W u h a n Fi n e Bi ot e c h C o., Lt d., C hi n a; a n d R e d d ot Bi ot e c h, C a n a d a,
r es p e cti v el y. 9 6- w ell ff at- b ott o m N u n c M a xi S or p® E LI S A pl at es ( A fi y m etri x, e Bi os ci e n c e,
U K) w er e us e d. St a n d ar ds f or e a c h a n al yt e w er e pr e p ar e d b y s eri al dil uti o n as r e c o m m e n d e d
b y t h e s u p pli ers. D et e cti o n w as p erf or m e d wit h a vi di n- h ors er a dis h p er o xi d as e ( A vi di n- H R P)
c o nj u g at e d wit h t etr a m et h yl b e n zi di n e f oll o wi n g t h e s u p pli er ’s pr o c e d ur e ( A fi y m etri x, e Bi o-
s ci e n c e, U K). F or all pl at es, t h e o pti c al d e nsit y ( O D) at 4 5 0 n m w as m e as ur e d usi n g a n E LI S A
pl at e r e a d er ( Mi cr o pl at e r e a d er; Bi o- R a d, Ri c h m o n d, C A, U S A). A c ur v e fit w as a p pli e d t o
e a c h st a n d ar d c ur v e a c c or di n g t o t h e m a n uf a ct ur er ’s m a n u al. S a m pl e c o n c e ntr ati o ns w er e
i nt er p ol at e d fr o m t h es e st a n d ar d c ur v es. T h e ass a ys w er e s e nsiti v e t o o v er c o n c e ntr ati o n r a n g es
fr o m 0. 3 1 3 t o 2 0 n g/ ml f or C R B N a n d 0. 1 5 6 n g t o 1 0 n g/ ml f or P A R K 2 a n d N F- k B.

R N A I S O L A T I O N A N D R E V E R S E T R A N S C R I P T I O N

Is ol ati o n of R N A fr o m c ells w as p erf or m e d usi n g t h e P A X g e n e Bl o o d R N A Kit a n d R N e as y kit
( QI A G E N Cr a wl e y, West S uss e x, U nit e d Ki n g d o m) a c c or di n g t o t h e m a n uf a ct ur er’s pr ot o c ol.
D N as e I ( QI A G E N) w as i n cl u d e d f or all R N A pr e p ar ati o ns f or D N A di g esti o n. R N A yi el d
w as d et er mi n e d usi n g a N a n o Dr o p 2 0 0 0 s p e ctr o p h ot o m et er ( T h er m o S ci e nti fi c, E ps o m, U K),
a n d i nt e grit y w as c h e c k e d b y a g ar os e g el el e ctr o p h or esis. F or all s a m pl es, c o m pl e m e nt ar y
D N A ( c D N A) w as s y nt h esi z e d o n t h e s a m e d a y t o a v oi d t h e ris k of R N A d e gr a di n g d uri n g
st or a g e. c D N A w as s y nt h esis e d fr o m R N A ( 2 0 0 n g/r e a cti o n mi xt ur e) usi n g t h e R e a d y S cri pt ™
c D N A r e v ers e tr a ns cri pt as e kit ( SI G M A- A L D RI C H, U S A). R e a cti o ns w er e i n c u b at e d i n a n
A B 1 9 7 0 0 pr o gr a m m a bl e t h er m al c y cl er ( A p pli e d Bi os yst e ms, F ost er Cit y, C alif or ni a) f or 5
mi n at 2 5 ° C, f oll o w e d b y 3 0 mi n at 4 2 ° C a n d 5 mi n at 8 5 ° C, a n d t h e n c o oli n g t o 4 ° C.

P R I M E R S A N D Q U A N T I T A T I V E P O L Y M E R A S E C H A I N R E A C T I O N

Pri m ers b et w e e n 2 0 a n d 2 0 – 2 4 n u cl e oti d es l o n g w er e d esi g n e d a cr oss i ntr o n/ e x o n b o u n d-
ari es o n m R N A s e q u e n c es o bt ai n e d fr o m t h e N ati o n al C e ntr e f or Bi ot e c h n ol o g y I nf or m a-
ti o n d at a b as e ( N C BI) t o gi v e a pr o d u ct b et w e e n 1 0 0 a n d 5 0 0 b p. All pri m er s e q u e n c es
w er e bl ast e d o n t h e N C BI d at a b a n k t o c o n fir m t h eir s p e ci fi cit y. F or t h e r ef er e n c e g e n e,
G A P D H gl y c er al d e h y d e- 3- p h os p h at e d e h y dr o g e n as e ( G A D P H) w as us e d. C ust o m s y nt h esis
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of oli g o n u cl e oti d e pri m ers w as p erf or m e d b y Si g m a- Lif e S ci e n c e a n d pr o vi d e d i n d es alt e d
f or m. T h e n u cl e oti d e s e q u e n c es of t h e f or w ar d a n d r e v ers e pri m ers, r es p e cti v el y, us e d i n t his
st u d y w er e as f oll o ws:

C R B N ( F): 5 - G C C T G C A G A A A G G A G T G A G C A A C- 3 ; C R B N( R): 5 -
A T G T G A T G T C G G C A G A C T G G- 3
G A P D H( F): 5 - A A T G G G C A G C C G T T A G G A A A- 3 ; G A P D H( R); 5 -
G C G C C C A A T A C G A C C A A A T C- 3
N F- K B 1( F): 5 - G C A G C A C T A C T T C T T G A C C A C C- 3 ; N F- K B 1( R): 5 -
C T G C T C C T G A G C A T T G A C G T C- 3
P A R K 2( F): 5 - C C A G A G G A A A G T C A C C T G C G A A- 3 ; P A R K 2( R): 5 -
C T G A G G C T T C A A A T A C G G C A C T G- 3 .

R e al-ti m e q u a ntit ati v e P C R ( q P C R) f or all g e n es w as p erf or m e d o n t h e QI A q u a nt r e al-
ti m e pr o gr a m m a bl e t h er m al c y cl er ( Qi a g e n, Cr a wl e y, U K) usi n g t h e S Y B R Gr e e n P C R Kit
( Qi a g e n, Cr a wl e y, U K). T h e q P C R c o n diti o ns w er e s et as f oll o ws: T h e i niti al a cti v ati o n
st e p ( p ol y m er as e a cti v ati o n) w as a c hi e v e d b y i n c u b ati n g at 9 5 ° C f or 5 mi n, 4 0 c y cl es of
d e n at ur ati o n at 9 5 ° C f or 1 5 s, a n n e ali n g at 6 0 ° C f or 4 5 s, e xt e nsi o n at 7 2 ° C f or 4 5 s, a n d
fl u or es c e n c e a c q uisiti o n f or 5 s at 7 2 ° C. T h e pri m er- di m er f or m ati o n w as c h e c k e d b y m elti n g
c ur v e a n al ysis. M elti n g p oi nt d at a w er e o bt ai n e d b y i n cr e asi n g t h e t e m p er at ur e fr o m 5 0 ° C t o
9 9 ° C b y 1 ° C at e a c h st e p. T h e i nt er v al b et w e e n i n cr e as es i n t e m p er at ur e w as 3 0 s f or t h e ffrst
st e p a n d t h e n 5 s f or s u bs e q u e nt st e ps. A n ass a y c o ntr ol w as i n cl u d e d fr o m m R N A e xtr a cti o n t o
t h e a m pli fi c ati o n st e ps. F or m R N A e xtr a cti o n, o n e ass a y c o ntr ol p er b at c h w as us e d. T h e ass a y
c o ntr ol i n cl u d e d all b u fi ers e x c e pt t h e s a m pl e a n d w as pr o c ess e d u n d er i d e nti c al c o n diti o ns
wit h t h e s a m pl es. T h e s a m e ass a y c o ntr ol w as us e d d uri n g c D N A s y nt h esis a n d r e al-ti m e
q u a ntit ati v e P C R.

C A L C U L A T I N G T H E R E L A T I V E G E N E E X P R E S S I O N

T h e r el ati v e g e n e e x pr essi o n (f ol d c h a n g e) w as a n al ys e d b y usi n g t h e 2 − Δ Δ C T m et h o d ( Ci k os
et al., 2 0 0 7). T h e di fi er e n c e i n t hr es h ol d n u m b er f or t h e a m pli fi c ati o n of t h e t ar g et g e n e ( Δ C T)
w as o bt ai n e d b y s u btr a cti n g t h e C T of t h e t ar g et g e n e fr o m t h e C T of t h e c o ntr ol g e n e. R el ati v e
g e n e e x pr essi o n w as c al c ul at e d b y s u btr a cti n g t h e Δ C T of t h e u nsti m ul at e d c ells fr o m t h e Δ C T
of t h e t ar g et g e n e ( Δ C T t ar g et g e n e - Δ C T u nsti m ul at e d c ells = Δ Δ C T). T h e n, t h e f ol d c h a n g e
( F C) w as o bt ai n e d b y usi n g t h e f or m ul a F C = 2− Δ Δ C T .

D A T A A N A L Y S I S

E LI S A d at a. T h e o pti c al d e nsit y of e a c h s a m pl e f or e a c h pr ot ei n w as o bt ai n e d b y t h e E LI S A
r e a d er. T h e O D w as c o n v ert e d t o c o n c e ntr ati o n ( p g/ m L) b y Mi cr o pl at e M a n a g er 6. A n
u n p air e d t-t est w as us e d t o c o m p ar e t h e r el ati v e c o n c e ntr ati o n of t h e pr ot ei ns of i nt er est t o
t h e c o ntr ols ( u nsti m ul at e d P B M C). F or c o m p ari n g e a c h pr ot ei n c o n c e ntr ati o n b ef or e a n d aft er
C R B N bl o c k a d e, a p air e d t-t est w as us e d. R es ults ar e pr es e nt e d as m e a n ± st a n d ar d err or of t h e
m e a n ( S E) wit h P- v al u es wit h a c ut o fi of 0. 0 5. S E w as c h os e n si n c e t h e pri m ar y o bj e cti v e of
t h e st u d y w as t o m e as ur e h o w t h e m e a n of t h e s a m pl e is r el at e d t o t h e m e a n of t h e u n d erl yi n g
p o p ul ati o n. S E t a k es st a n d ar d d e vi ati o n a n d s a m pl e si z e i nt o a c c o u nt.

R e al-ti m e q u a ntit ati v e P C R. F or t h e m R N A g e n e e x pr essi o n of t ar g et g e n es, t h e r el ati v e
t hr es h ol d c y cl e v al u e ( C T) c o m p aris o n m et h o d w as us e d. T h e f ol d c h a n g e of e a c h t ar g et g e n e
e x pr essi o n w as us e d f or st atisti c al a n al ysis. A n u n p air e d t-t est w as us e d t o c o m p ar e t h e f ol d
c h a n g e of e a c h t ar g et g e n e c o m p ar e d t o c o ntr ol g e n e e x pr essi o n f or u nsti m ul at e d P B M Cs. T o
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Fi g u r e 1. A m o u nt of C R B N pr o d u c e d i n t h e P B M Cs i n r es p o ns e t o M. l e pr a e w h ol e c ell sti m ul ati o n Di fl er e nt
l ett ers s h o w st atisti c all y si g ni ff c a ntl y di fi er e nt at 9 5 % C o n fi d e n c e i nt er v al a n d 5 % l e v el of si g ni fi c a n c e. ( A) C R B N
pr o d u cti o n i n M. l e pr a e sti m ul at e d v ers us u nsti m ul at e d P B M Cs irr es p e cti v e of t h e B C G v a c ci n ati o n st at us.
( B)  C R B N pr o d u cti o n i n B C G v a c ci n at e d ( B C G+ ) a n d B C G u n v a c ci n at e d ( B C G− ) P B M Cs s a m pl es i n r es p o ns e t o
M. l e pr a e sti m ul ati o n.

c o m p ar e t h e e x pr essi o n l e v el of t h e d esir e d g e n e b ef or e a n d aft er C R B N bl o c k a d e, a p air e d
t-t est w as us e d.

R es ults

D E M O G R A P H I C F A C T O R S

T hirt y-t w o h e alt h y v ol u nt e ers w er e r e cr uit e d, a n d 5 0 % w er e f e m al e. T h e m e a n a g e of p arti ci-
p a nts w as 3 8. 6 9 ± 1. 7 8 st a n d ar d err or of t h e m e a n ( S E) y e ars, wit h a r a n g e of 2 7 t o 6 3 y e ars. 1 7
( 5 3. 1 %) p arti ci p a nts w er e M y c o b a ct eri u m b o vis b a cill us C al m ett e – G u éri n ( B C G) v a c ci n at e d,
a n d 1 5 ( 4 6. 9 %) h a d n o hist or y of B C G v a c ci n ati o n.

C R B N G E N E E X P R E S S I O N A N D P R O T E I N P R O D U C T I O N

P B M C s a m pl es fr o m p arti ci p a nts w er e sti m ul at e d wit h M. l e pr a e wit h a n d wit h o ut C R B N
bl o c ki n g pr es e nt. U nsti m ul at e d P B M C a n d P H A w er e us e d as n e g ati v e a n d p ositi v e c o ntr ols,
r es p e cti v el y. P B M C sti m ul ati o n wit h M. l e pr a e h a d i n cr e as e d C R B N pr o d u cti o n ( 7 7 3. 3
p g/ ml) c o m p ar e d t o u nsti m ul at e d P B M Cs ( 6 7 3. 7 p g/ ml) ( p ≤   0. 0 5). Si mil arl y, C R B N g e n e
e x pr essi o n b y P B M Cs w as i n cr e as e d wit h M. l e pr a e sti m ul ati o n ( Fi g ur e  1 A, Ta bl e  1 ). I n a
s u b gr o u p a n al ysis, C R B N pr o d u cti o n a n d g e n e e x pr essi o n w er e si g ni fi c a ntl y i n cr e as e d i n
B C G- v a c ci n at e d i n di vi d u als c o m p ar e d t o t h e u n v a c ci n at e d gr o u p i n b ot h u nsti m ul at e d a n d
M. l e pr a e- sti m ul at e d s a m pl es ( p ≤   0. 0 5) ( Fi g ur e 1 B, Ta bl e  1 ).

N F - K B P R O D U C T I O N A N D G E N E E X P R E S S I O N

N F- k B w as si g ni fi c a ntl y i n cr e as e d i n M. l e pr a e- sti m ul at e d P B M Cs ( 1 3 7. 4 0 n g/ ml) c o m p ar e d
t o u nsti m ul at e d P B M Cs ( 1 9. 6 6 n g/ ml) (p ≤   0. 0 5). Sti m ul ati o n of P B M Cs wit h M. l e pr a e aft er
C R B N bl o c k a d e w as ass o ci at e d wit h gr e at er t h a n f o ur-f ol d a u g m e nt ati o n of N F- k B pr o d u cti o n
( 6 2 9. 2 0  n g/ ml) c o m p ar e d t o P B M Cs sti m ul ati o n b y M. l e pr a e b ef or e C R B N bl o c k a d e ( 1 3 7. 4 0
n g/ ml), w hi c h is st atisti c all y si g ni fi c a nt ( p ≤   0. 0 5) ( Fi g ur e 2 A, Ta bl e  1 ).

I n a s u b gr o u p a n al ysis, N F- k B pr o d u cti o n w as si g ni fi c a ntl y hi g h er i n B C G- v a c ci n at e d
i n di vi d u als ( 7 7. 4 3 n g/ ml) c o m p ar e d t o B C G- u n v a c ci n at e d i n di vi d u als ( 1. 2 3 n g/ ml) (p ≤   0. 0 5)
i n u nsti m ul at e d P B M C s a m pl es ( Fi g ur e 2 B). M. l e pr a e sti m ul ati o n h as i n cr e as e d N F- k B
pr o d u cti o n t o 3 2 2. 7 0 n g/ ml a n d 7. 2 6 n g/ ml i n B C G- v a c ci n at e d a n d B C G- u n v a c ci n at e d
P B M C s a m pl es, r es p e cti v el y ( p ≤ 0. 0 5). C R B N bl o c k a d e di d n ot si g ni fi c a ntl y c h a n g e N F- k B
pr o d u cti o n a n d its g e n e e x pr essi o n i n b ot h B C G + a n d B C G − P B M Cs s a m pl es ( Fi g ur e  2 B).



C er e bl o n e x pr essi o n i n r e p o ns e t o M. l e pr a e sti m ul ati o n  7

Fi g u r e 2. A m o u nt of N F- k B pr o d u c e d i n t h e P B M Cs i n r es p o ns e t o M. l e pr a e w h ol e c ell sti m ul ati o n. Di fl er e nt
l ett ers s h o w st atisti c all y si g ni ff c a ntl y di fi er e nt at 9 5 % C o n fi d e n c e i nt er v al a n d 5 % l e v el of si g ni fi c a n c e. ( A)  N F- k B
pr o d u cti o n i n M l e pr a e sti m ul at e d v ers us u nsti m ul at e d P B M Cs irr es p e cti v e of t h e B C G v a c ci n ati o n st at us.
( B)  N F- k B pr o d u cti o n i n B C G v a c ci n at e d ( B C G+ ) a n d B C G u n v a c ci n at e d ( B C G− ) P B M Cs s a m pl es i n r es p o ns e t o
M. l e pr a e sti m ul ati o n.

Fi g u r e 3. A m o u nt of P A R K 2 pr o d u c e d i n t h e P B M Cs i n r es p o ns e t o M. l e pr a e w h ol e c ell sti m ul ati o n. Di fi er e nt
l ett ers s h o w st atisti c all y si g ni fi c a ntl y di fi er e nt at 9 5 % C o n fi d e n c e i nt er v al a n d 5 % l e v el of si g ni fi c a n c e. ( A)  P A R K 2
pr o d u cti o n i n M. l e pr a e sti m ul at e d v ers us u nsti m ul at e d P B M Cs irr es p e cti v e of t h e B C G v a c ci n ati o n st at us.
( B)  N F- k B pr o d u cti o n i n B C G v a c ci n at e d ( B C G+ ) a n d B C G u n v a c ci n at e d ( B C G− ) P B M Cs s a m pl es i n r es p o ns e t o
M. l e pr a e sti m ul ati o n.

P A R K 2 G E N E E X P R E S S I O N A N D P A R K I N P R O T E I N P R O D U C T I O N

P ar ki n pr o d u cti o n w as si g ni fi c a ntl y d e cr e as e d i n M. l e pr a e- sti m ul at e d P B M Cs ( 4 3 6. 7  p g/ ml)

c o m p ar e d t o u nsti m ul at e d P B M Cs ( 9 2 5  p g/ ml) ( p ≤   0. 0 5). C R B N bl o c k a d e h as i n cr e as e d

p ar ki n pr o d u cti o n ( 9 4 8. 8 0  p g/ ml) i n M. l e pr a e- sti m ul at e d P B M Cs. C R B N bl o c k a d e r e v ers e d

t h e n e g ati v e i m p a ct of M. l e pr a e o n p ar ki n pr o d u cti o n a n d P A R K 2 g e n e e x pr essi o n ( Fi g ur e  3 A

a n d Ta bl e  1 ).

T h e l e v el of p ar ki n pr o d u cti o n a n d P A R K 2 g e n e e x pr essi o n w er e si mil ar i n u nsti m ul at e d

B C G + ( 9 4 7. 4 0  p g/ ml) a n d B C G− ( 8 5 5. 1 0  p g/ ml) P B M Cs s a m pl es (p ≥   0. 0 5). H o w e v er,

aft er sti m ul ati o n wit h M. l e pr a e, p ar ki n a n d P A R K 2 g e n e e x pr essi o n h a v e si g ni fi c a ntl y

i n cr e as e d i n B C G+ s a m pl es ( 7 4 8. 5 0 p g/ ml) c o m p ar e d t o B C G- n aï v e ( 4 7 6. 2 0 p g/ ml) ( p ≤   0. 0 5)

P B M Cs s a m pl es. C R B N bl o c k a d e f urt h er i n cr e as e d p ar ki n pr o d u cti o n a n d P A R K 2 g e n e

e x pr essi o n i n b ot h B C G + ( 8 9 7. 5 0 p g/ ml) a n d B C G- n aï v e s a m pl es ( 8 1 7. 3 0 p g/ ml) P B M Cs

s a m pl es ( p ≤   0. 0 5) ( Fi g ur e 3 B a n d Ta bl e  1 ).



8 E. N e g er a et al .

T a bl e  1. C R B N, P A R K 2 a n d N F -flff g e n e e x pr essi o n i n t h e M. l e pr a e sti m ul at e d P B M Cs fr o m h e alt h y i n di vi d u als
wit h or wit h o ut C R B N bl o c k a d e. ( 1 A) G e n e e x pr essi o n i n M. l e pr a e sti m ul at e d v ers us u nsti m ul at e d P B M Cs. ( 1 B)
G e n e e x pr essi o n i n B C G v a c ci n at e d ( B C G + ) a n d B C G u n v a c ci n at e d ( B C G− ) P B M Cs

1 A

G e n e P B M C sti m ul ati o n Δ Δ C T F C P   v al u e

C R B N M e di a o nl y
M. l e pr a e

− 1. 6 7
− 3. 4 2

3. 1 8 2 1 4 5 9 3 5
1 0. 7 0 3 4 2 0 4 4

< 0. 0 0 1

N F -fifi M. l e pr a e
C R B N B   + M. l e pr a e

− 3. 5 7
− 4. 1 5

1 1. 8 7 6 1 8 8 5 7
1 7. 7 5 3 1 1 1 5 5

< 0. 0 0 1

P A R K 2  M. l e pr a e
C R B N B   + M. l e pr a e

2. 7 3
0. 1 3

0. 1 9 0 7 8 2 4 0 1
0. 4 6 3 2 9 4 0 3 1

< 0. 0 0 1

1 B

G e n e P B M C sti m ul ati o n  B C G st at us  Δ Δ C T F C P   v al u e

C R B N M e di a o nl y B C G +

B C G −
− 2. 6 2
− 1. 5 1

6. 1 4 7 5 0 0 7 2 5
2. 8 4 8 1 0 0 3 9 1

0. 0 0 7

M. l e pr a e B C G +

B C G −
− 3. 9 8
− 1. 7 1

1 5. 7 7 9 7 2 3 2 7
3. 2 7 1 6 0 8 2 3 4

< 0. 0 0 1

N F -fifi M. l e pr a e B C G +

B C G −
− 2. 1 7
− 3. 0 2

4. 5 0 0 2 3 3 9 3 9
8. 1 1 1 6 7 5 8 3 8

0. 0 0 1

C R B N B   + M. l e pr a e B C G +

B C G −
− 2. 1 2
− 1. 2 9

4. 3 4 6 9 3 9 4 5
2. 4 4 5 2 8 0 5 5 5

0. 0 0 5

P A R K 2  M. l e pr a e B C G +

B C G −
0. 4 8
0. 8 7

0. 7 1 6 9 7 7 6 2 4
0. 5 4 7 1 4 6 8 5 1

0. 0 4 1

C R B N B   + M. l e pr a e B C G +

B C G −
0. 0 3
0. 4 5

0. 9 7 9 4 2 0 2 9 8
0. 7 3 2 0 4 2 8 4 8

0. 0 8 5 4

S t atisti c al t est: u n p air e d t-t est; fi = 0. 0 5; Δ Δ C T = d elt a d elt a Ct; Ct = t hr es h ol d v al u e; F C = f ol d c h a n g e; B = bl o c k a d e.
G A P D H w as us e d as a h o us e k e e pi n g g e n e; B C G + = B C G- v a c ci n at e d, B C G − = B C G- u n v a c ci n at e d.

Dis c ussi o n

T h e P A R K 2 g e n e pr o d u ct, p ar ki n, r e g ul at es s e v er al p at h w a ys of t h e i m m u n e s yst e m i n
i nf e cti o us dis e as es. A si n gl e n u cl e oti d e p ol y m or p his m of t his g e n e h as b e e n r e p ort e d as a
m aj or ris k f a ct or f or s us c e pti bilit y t o l e pr os y. 2 9 P A R K 2 is r e g ul at e d b y C R B N t hr o u g h t h e E 3-
u bi q uiti n-li g as e c o m pl e x, 3 0 b ut t h e e x a ct m e c h a nis m is y et t o b e el u ci d at e d. T w o cir c u mst a nti al
f a ct ors h a v e attr a ct e d o ur att e nti o n t o i n v esti g at e C R B N a n d P A R K 2 g e n e e x pr essi o n a n d t h eir
c orr es p o n di n g pr ot ei n pr o d u cti o n i n r es p o ns e t o h u m a n P B M Cs sti m ul ati o n wit h M. l e pr a e .
Firstl y, P A R K 2 g e n e p ol y m or p his m h as b e e n i d e nti fi e d as a m aj or ris k f a ct or f or l e pr os y, a n d
P A R K 2 is e x pr ess e d i n S c h w a n n c ells a n d m a cr o p h a g es, t h e i ntr a c ell ul ar ni c h e of M. l e pr a e .
S e c o n dl y, C R B N h as b e e n f o u n d t o b e t h e bi n di n g sit e f or t h ali d o mi d e, w hi c h is e fi e cti v e i n
t h e m a n a g e m e nt of E N L.

We f o u n d t h at sti m ul ati o n of P B M Cs wit h M. l e pr a e di d n ot a fi e ct C R B N pr ot ei n pr o d u cti o n
n or its g e n e e x pr essi o n. H o w e v er, C R B N g e n e e x pr essi o n a n d pr ot ei n pr o d u cti o n w er e



Cereblon expression in reponse to M. leprae stimulation  9
significantly increased in PBMCs of BCG-vaccinated individuals in response to M. leprae
stimulation compared to unstimulated cells. This increased CRBN gene expression in response
to M. leprae could be due to previous exposure to mycobacteria (BCG).

M. leprae stimulation with CRBN blockade significantly increased NF-kB production and
its gene expression compared to PBMCs without CRBN blockade. CRBN-knockdown THP-
1 cells show enhanced NF-𝜅B activation leading to up-regulation of NF-𝜅B-dependent gene
expression and increased pro-inflammatory cytokine levels in response to TLR4 stimulation.31

Previously our group has shown that M. leprae activates TLR4, and TLR4 protein expression
was upregulated on macrophages derived from healthy volunteers after incubation with
M. leprae.32 Therefore, it could be postulated that incubation of PBMCs with M. leprae after
CRBN blockade enhanced the TLR4 signaling pathway, which in turn upregulates NF-kB.

We found that NF-kB was significantly upregulated in unstimulated PBMCs from BCG-
vaccinated participants, while it was almost abolished in the BCG-unvaccinated individuals.
Several studies have suggested that BCG vaccination induces either antigen-independent
memory T cells by a process called heterologous immunity or through inducing trained
innate immunity.33–35 Therefore, we suggest that the higher production of NF-kB protein
and its gene expression in unstimulated PBMCs of BCG-vaccinated individuals compared
to BCG-naïve cells could be due to the non-specific protection of BCG vaccination.36 The
mechanism through which BCG induces trained immunity (nonspecific protections) has not
been fully elucidated, but epigenetic reprogramming, metabolic reprogramming, and long-
term protection mediated by hematopoietic stem cells have been suggested mechanisms.36

We also investigated PARK2 gene expression and parkin production by incubating PBMCs
with or without CRBN blockade. We found that PARK2 gene expression and parkin levels were
significantly decreased in cells incubated with M. leprae compared to unstimulated PBMCs.
Incubation of PBMCs cells with M. leprae after CRBN blockade reverses the downregulation
of PARK2 gene expression and parkin protein production. In a subgroup analysis, PARK2
gene expression and parkin protein were decreased in the PBMCs of unvaccinated individuals
following incubation with M. leprae compared to the vaccinated group. This lower production
in the unvaccinated following incubation with M. leprae compared to vaccinated individuals
suggests that BCG-naïve individuals are more susceptible to M. leprae infection compared to
vaccinated individuals. Previous studies have reported that the upregulation of parkin plays
an important role in vivo against a broad range of intracellular bacterial infections, which
supports our hypothesis.29,37 The downregulation of the parkin and PARK2 gene expression
by M. leprae may be mediated by CRBN. To our knowledge, this is the first report to show that
M. leprae downregulates parkin and PARK2 gene expression in vitro. Our findings provide a
new insight, making PARK2 gene expression and parkin putative targets for the diagnosis of
subclinical M. leprae infection. The inhibitory effect of M. leprae on PARK2 and parkin is
eliminated by blocking CRBN. This is an interesting new insight into the modulation of the
transcriptional response of PARK2 to M. leprae and possible mechanisms of CRBN-mediated
infection control.15,38 

Although this study was conducted in the UK, the volunteers were from 14 countries.
Some volunteers were born in leprosy-endemic countries. However, we did not compare the
CRBN gene expression of PBMCs in response to M. leprae stimulation from leprosy-endemic
countries with non-endemic countries for two reasons. Firstly, the sample size from each
country is too small to draw a conclusion. Secondly, being born in an endemic country does not
necessarily confirm exposure to mycobacterium. However, we used BCG vaccination status as
a proxy indicator and compared the response between BCG-vaccinated and BCG-unvaccinated
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individuals. Future studies should include clinical samples and blood samples from household
contacts to further establish our first-ever findings of CRBN expression in PBMC samples in
response to M. leprae stimulation.
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