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NOD2 and Toll-Like Receptors
Are Nonredundant Recognition Systems
of Mycobacterium tuberculosis

12 3 1 2 3 4Gerben Ferwerda ' , Stephen E. Girardin , Bart-Jan Kullberg ' , Lionel Le Bourhis , Dirk J. de Jong ,
Dennis M. L. Langenberg5, Reinout van Crevel1'2, Gosse J. Adema6, Tom H. M. Ottenhoff5, Jos W. M. Van der Meer1,2, 

12*Mihai G. Netea , ,
1 D epartm ent o f Internal M edicine, Radboud University Medical Center, N ijm egen, Th e  Netherlands, 2 N ijm egen University Center for Infectious Diseases, N ijm egen, The 

Netherlands, 3 Unite de  Pathogenie M icrobienne M oleculaire, INSERM U389, Institut Pasteur, Paris Cedex, France, 4 D epartm ent o f G astroenterology, Radboud University 

M edical Center, N ijm egen, The Netherlands, 5 D epartm ent o f Im m unohem atolo gy and Blood Transfusion, Leiden University Medical Center, Leiden, Th e  Netherlands, 

6  D epartm ent o f Tu m o r Im m unology, Radboud University Medical Center, N ijm egen, Th e  Netherlands

Infection with Mycobacterium tuberculosis is one of the leading causes of death worldwide. Recognition of M. 
tuberculosis by pattern recognition receptors is crucial for activation of both innate and adaptive immune responses. In 
the present study, we demonstrate that nucleotide-binding oligomerization domain 2 (NOD2) and Toll-like receptors 
(TLRs) are two nonredundant recognition mechanisms of M. tuberculosis. CHO cell lines transfected with human TLR2 
or TLR4 were responsive to M. tuberculosis. TLR2 knock-out mice displayed more than 50% defective cytokine 
production after stimulation with mycobacteria, whereas TLR4-defective mice also released 30% less cytokines 
compared to controls. Similarly, HEK293T cells transfected with NOD2 responded to stimulation with M. tuberculosis. 
The important role of NOD2 for the recognition of M. tuberculosis was demonstrated in mononuclear cells of 
individuals homozygous for the 3020insC NOD2 mutation, who showed an 80% defective cytokine response after 
stimulation with M. tuberculosis. Finally, the mycobacterial TLR2 ligand 19-kDa lipoprotein and the NOD2 ligand 
muramyl dipeptide synergized for the induction of cytokines, and this synergism was lost in cells defective in either 
TLR2 or NOD2. Together, these results demonstrate that NOD2 and TLR pathways are nonredundant recognition 
mechanisms of M. tuberculosis that synergize for the induction of proinflammatory cytokines.

Citation: Ferwerda G, Girardin SE, Kullberg B, Le Bourhis L, De Jo n g  DJ, et al. (2005) NOD2 and To ll-like receptors are nonredundant recognition system s o f  Mycobacterium  
tuberculosis. PLoS Pathog 1(3): e34.

Introduction

W orldw ide, 2 b illion  peop le  a re  cu rren tly  believed to be 
in fec ted  w ith Mycobacterium tuberculosis, w ith  an  estim ated  
dea th  toll o f 2 m illion p a tien ts  each year [1]. M. tuberculosis is 
an in trace llu la r p a thogen  capable o f in fec ting  and  surviving 
w ith in  the  h o st’s m o n o n u clear cells (MNCs), an d  a co o rd i
n a ted  response  o f the in n a te  and  adap tive im m une systems is 
req u ired  fo r an effective host defense. This involves seques
tra tio n  o f the m icroorgan ism  in m acrophages w ith in  o rg an 
ized granulom as, and  elim ination  o f the p a thogen  th ro u g h  a 
com b ina tion  o f k illing m echanism s an d  apoptosis o f host 
m acrophages [2]. These responses are  co o rd in a ted  by T 
he lp e r 1-type p ro in flam m ato ry  cytokines, w hich a re  synthe
sized by phagocytes u p o n  reco g n itio n  o f pa thogen-associated  
m olecu lar p a tte rn s  o f m ycobacteria  by p a tte rn  recogn ition  
recep to rs  (PRRs).

Toll-like recep to rs  (TLRs) are  believed to be an  im p o rta n t 
p a tte rn  reco g n itio n  system o f M. tuberculosis. A soluble, heat- 
stable m ycobacteria l frac tio n  was initially  re p o r te d  to  signal 
th ro u g h  TLR2, w hereas heat-lab ile  com ponen ts associated 
w ith the cell wall w ere re p o r te d  to  signal th ro u g h  TLR4 [3]. 
L ater, several com ponen ts o f m ycobacteria  w ere iden tified  as 
be ing  responsib le  fo r T L R 2-dependen t activation: the 19-kDa 
lip o p ro te in  [4], lip o m an n an  [5], phosphatidyl-m yo-inosito l 
m annoside [6], b u t n o t m annosyl-caped  lip o a rab in o m an n an  
from  v iru len t M. tuberculosis, w hich m ainly has an ti-in flam 

m ato ry  effects th ro u g h  its in te rac tio n  w ith th e  m annose 
re c e p to r  and  d en d ritic  cell-specific in te rce llu la r adhesion  
m olecule 3-grabbing  non in teg rin , also te rm ed  DC-SIGN [7,8]. 
D esp ite  an  a b u n d a n c e  o f  in  v itro  d a ta  re g a rd in g  th e  
reco g n itio n  o f m ycobacterial s truc tu res by TLR2 an d  TLR4, 
knock -ou t m ice defic ien t fo r these recep to rs  display rem ark 
ably little  e n h an ced  suscep tib ility  to  in fec tio n  w ith  M. 
tuberculosis. TLR4~I~ m ice show ed variable responses to  the 
challenge w ith M. tuberculosis, w ith  e ith e r no rm al resistance to  
in fec tion  [9,10] o r  ch ron ic  pn eu m o n ia  an d  increased  m o rta l
ity [11,12]. In  one study, TLR2~I~ m ice h ad  a decreased  
c lea rance o f th e  bac te ria  an d  developed  ch ron ic  p n eum on ia  
w hen in fec ted  w ith a low dose o f m icroorganism s [13], 
w hereas in  o th e r studies only m in o r effects have been  found
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Recognition of M. tuberculosis by NOD2

Synopsis

T ubercu losis is o n e  o f  th e  m o st p rev a len t in fec tions w orldw ide, w ith
2 billion p e o p le  believed  to  b e  in fec ted , an d  2 million d e a th s  each  
year. In ad d itio n  to  rep re sen tin g  a m ajor h ealth  care  p ro b lem  in 
dev e lo p in g  cou n tries , co n cern  is also g ro w in g  a b o u t th e  increased  
inc idence  o f  tu b e rcu lo sis  in d e v e lo p e d  cou n tries , especially  in 
im m u n o co m p ro m ised  p a tie n ts  such  as th o se  w ith  AIDS, tra n s
p lan ta tio n , an d  im m u n o su p p ress iv e  th erap y . The p re se n t s tu d y  
d escrib es th e  p a th w ay s th a t  e n a b le  leukocy tes to  reco g n ize  M. 
tuberculosis, an d  d e m o n s tra te s  fo r th e  first tim e  th a t  NOD2, m e m b e r  
o f  a n ew  class o f  in tracellu lar re c e p to rs , is an  in d e p e n d e n t  
reco g n itio n  m ech an ism  for m ycobacteria . NOD2 a c ts  to g e th e r  w ith 
th e  ea rlie r-described  Toll-like re c e p to rs  fo r th e  ac tiva tion  o f  ho st 
d e fe n se s  du ring  th e  e n c o u n te r  o f  leukocy tes w ith  M. tuberculosis. 
U nderstan d in g  th e  m ech an ism s th ro u g h  w hich th e  cells o f th e  
im m u n e  sys tem  reco g n ize  M. tuberculosis can  b e  an  im p o rta n t s te p  
in d es ig n in g  n ew  th e ra p e u tic  ap p ro a c h e s , as well as im prov ing  th e  
lim ited su ccess o f  cu rre n t v accination  s tra teg ies .

[9,14]. T he ro le o f TLRs in  th e  recogn ition  o f m ycobacteria  
was fu r th e r  h igh ligh ted  in  m ice defic ien t fo r MyD88 (an 
a d a p to r m olecule shared  by alm ost all th e  recep to rs  o f the 
TLR family), w hich are  highly susceptib le to  M. tuberculosis 
in fec tion  [15].

Nucleotide-binding oligomerization domain 2 (NOD2), initially 
described  as a susceptib ility  gene fo r C ro h n ’s disease [16,17], 
is an in trace llu la r p ro te in  co n ta in in g  leucine-rich  repeats 
(LRRs) sim ilar to  those fo u n d  in  TLRs. N OD 2 is the PRR 
responsib le  fo r recogn ition  o f bac te ria l pep tidoglycans from  
b o th  gram -positive an d  gram -negative bacte ria , th ro u g h  its 
in te rac tio n  w ith m uram yl d ip ep tid e  (MDP) [18]. In  con trast, 
NOD1 recognizes pep tidoglycans o f g ram -negative bac te ria  
only [19]. T he in trace llu la r localization  o f b o th  N OD 2 and  M. 
tuberculosis, th e  cell wall o f w hich contains peptidoglycans, 
makes NOD 2 a highly suitable cand ida te  fo r the recogn ition  
o f m ycobacteria. O u r results su p p o r t the hypothesis th a t 
TLRs an d  NOD 2 rep re sen t two n o n re d u n d a n t recogn ition  
systems o f M. tuberculosis, an d  th a t an  efficient ac tiva tion  o f 
in n a te  im m unity  requ ires b o th  classes o f recep tors.

Results
The Role of TLR2 and TLR4 in the Recognition of M. 
tuberculosis

TLR2 and  TLR4 have been  suggested to  recognize bacterial 
s truc tu res o f M. tuberculosis [20]. Indeed , a sonicate o f M. 
tuberculosis strong ly  a c tiv a ted  a C h inese  h a m s te r  ovary 
fib rob last (CHO) cell line co transfec ted  w ith  hu m an  TLR2 
and  CD14, w hereas cells tran sfec ted  w ith CD14 alone o r  a 
com b ina tion  o f CD14 and  TLR4 displayed no signaling up o n  
ac tiva tion  w ith  th e  son ica ted  m ycobacteria l p re p a ra tio n  
(Figure 1A). H owever, w hen cells w ere stim ula ted  w ith a 
p re p a ra tio n  o f w hole m ycobacteria, b o th  TLR2 an d  TLR4- 
tran sfec ted  cells w ere activated, a lthough  TLR2 activation  
was s tro n g er (Figure 1A).

In  line w ith these data , m acrophages iso lated  from  TLR2TI~ 
m ice displayed a 50% -75%  red u c tio n  in  tu m o r necrosis 
fac to r (TNF) p ro d u c tio n  a fte r stim ula tion  w ith b o th  M. 
tuberculosis p rep a ra tio n s  (Figure 1B), w hereas TLR 4-deficient 
m acrophages show ed a 30% -40%  red u c tio n  o f TNF release 
only w hen stim ula ted  w ith the w hole m ycobac teria  (Figure

F igure  1. TLR2 and TLR4 Are Partially Responsible for Induction of 
Cytokine Production by M. tuberculosis
(A) CHO cells cotransfected with CD14 and TLR2 (CD14/TLR2, hatched 
bars) induced p o ten t expression of CD25 on th e  cell m em brane as 
m easured by FACS analysis, after stim ulation with both  a sonicated M. 
tuberculosis (MTB-son, 1 ig /m l) or w hole m ycobacteria (MTB-whole, 1 X 
107/ml). In contrast, cells transfected with CD14 and TLR4 (CD14/TLR4, 
black bars) w ere only m oderately activated by w hole M. tuberculosis, but 
no t by th e  sonicated material. LPS (1 ig /m l) and Pam3Cys (5 ig /m l) 
served as control stimuli for TLR4 and TLR2, respectively. As controls, 
cells transfected only with CD14 were used (white bars).
(B and C) Stimulation o f TNF production by M. tuberculosis in peritoneal 
m acrophages of mice deficient for TLR2 (TLR2-KO) (B) or TLR4 (TLR4-def) 
(C). Groups of five mice w ere stim ulated with the  indicated reagents, and 
th e  experim ent was repeated  twice. M edium-stim ulated cells resulted in 
cytokine concentrations below  detection  limit.
Data are presen ted  as m ean ±  SD (n =  5; *p < 0.05).
DOI: 10.1371/journal.ppat.0010034.g001

1C). To confirm  th e  ro le o f TLR4 in th e  stim ula tion  of 
cytokines by M. tuberculosis, we stim ula ted  hu m an  MNCs w ith 
the  w hole m ycobacteria l p re p a ra tio n  in  th e  absence o r 
p resence  o f 10 ig lm l o f a b locking anti-TLR 4 antibody. 
TLR4 b lockade  com plete ly  in h ib ite d  lip o p o ly sacch arid e  
(LPS)-induced TNF secretion , and  red u ced  M. tuberculosis- 
induced  TNF secre tion  from  0.9 ±  0.2 to  0.5 ±  0.2 ngIml (p <
0.05). These da ta  confirm  the ro le  played by TLR2 and  TLR4 
in th e  recogn ition  o f M. tuberculosis; how ever, the significant 
rem ain ing  p ro d u c tio n  o f cytokines induced  by M. tuberculosis
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A

RPM I M TB zym osan

□ co n tro l

RPM I M TB zym osan

F ig u re  2 . Blockade of Internalization  o f M. tuberculosis Im pairs 
Recognition and Cytokine Production
Blockade of M. tuberculosis internalization by cytochalasin B (20 ig /m l) 
impairs TNF (A) and IL-10 (B) stim ulation in hum an MNCs stim ulated with 
sonicated M. tuberculosis (1 X 106 m icroorganism s/m l), b u t not zymosan 
(1 ig /m l). Data are p resen ted  as m ean ±  SD (n =  5; *p <  0.05).
DOI: 10.1371/journal.ppat.0010034.g002

in  T L R 2 ^  o r  TLR 4-defective m ice po in ts to  th e  presence  o f 
add itiona l signaling pathway(s) fo r cytokine induction .

The Role of Intracellular Recognition Systems in the 
Recognition of M. tuberculosis

T he ro le o f in te rn a liza tio n  in cytokine in d u c tio n  by M. 
tuberculosis was assessed by b locking it w ith  cytochalasin B, an 
in h ib ito r o f ac tin  polym erization . B locking in te rn a liza tio n  o f 
M. tuberculosis p a rtia lly  in h ib ite d  M. tuberculosis- in d u ced  
cytokine release in freshly iso lated  hu m an  MNCs (Figure 2). 
In  con trast, cytochalasin B increased  th e  zym osan-induced 
cytokine p ro d u c tio n  in  these MNCs, w hich likely results from  
p ro longed  stim ula tion  o f recep to rs  a t the cell surface by 
zymosan. T he d ifference  in  the effect o f cytochalasin  B on  M. 
tuberculosis- o r  zym osan-induced cytokines strongly suggests 
th a t in te rn a liza tio n  o f M. tuberculosis is im p o rta n t fo r the 
in d u c tio n  o f  cy tok ine  p ro d u c tio n  th ro u g h  in tra c e llu la r  
recep tors.

The Role of NOD1 and NOD2 in the Recognition of M. 
tuberculosis

Next, hu m an  em bryonic  k idney 293T cells (HEK293Ts) 
w ere tran sfec ted  w ith e ith e r NOD1 o r  N OD 2 expression 
vectors, an d  the ability  o f M. tuberculosis sonicates to  activate 
these  p a th o g e n  re c o g n itio n  re c e p to rs  was fo llow ed by 
m o n ito rin g  the  level o f N O D -dependen t activation  o f a 
n uc lea r fa c to r kB (N F-jB )-driven luciferease re p o r te r  gene. 
S trikingly, M. tuberculosis son icates efficiently  s tim u la ted  
NOD2, while N O D 1-transfected  cells re sp o n d ed  only m odestly 
to  th e  bac te ria  (Figure 3).

To investigate fu r th e r  the ro le o f NOD1 an d  N OD 2 in the 
re c o g n itio n  o f M. tuberculosis, we s tim u la ted  p e rito n e a l 
m acrophages from  N O D T ^  o r  NOD2~'~ mice. We observed 
th a t perito n ea l m acrophages from  NOD2~'~ m ice p ro d u ced
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significantly less TNF th an  did  co n tro l cells, su p p o rtin g  a role 
o f N OD 2 in  the reco g n itio n  o f M. tuberculosis (Figure 4). In  
con trast, m acrophages from  NOD1~'~ m ice re sp o n d ed  n o r 
mally to  M. tuberculosis (Figure 4), a lthough  as a con tro l, th e ir  
response  to the NOD1 ligand  FK156 was ab roga ted  (u n p u b 
lished data). T ogether, these results strongly  su p p o r t the 
n o tio n  th a t N O D 2 rep resen ts  an  in trace llu la r recogn ition  
system fo r M. tuberculosis.

Stimulation of Cells from Patients with Defective NOD2 
Recognition

In  line w ith th e  hypothesis th a t N O D 2 is involved in  the 
reco g n itio n  o f m ycobacteria, MNCs iso lated  from  patien ts 
hom ozygous fo r the 3020insC  m u ta tio n  synthesized 65% -80%  
less cytokines a fte r  stim ula tion  w ith  M. tuberculosis th an  did 
C ro h n ’s disease pa tien ts heterozygous fo r the m u ta tio n  o r 
p a tien ts  and  vo lun teers hom ozygous fo r the  w ild-type varian t 
(Figure 5A). This d em onstra tes th a t N OD 2 is critical fo r the 
recogn ition  o f M. tuberculosis cell wall. In  co n tro l experim ents, 
cells from  p a tien ts  hom ozygous fo r the 3020insC  m u ta tio n  
w ere defective in  th e ir  response to  MDP, b u t n o t LPS (Figure 
5B), as previously described  [21].

TLR2 and NOD2 Synergize for the Induction of Cytokine 
Release

In  o rd e r  to  study th e  cross talk  betw een TLR2 and  N O D 2 in 
the  recogn ition  o f M. tuberculosis, we investigated  w hether 
m ycobacteria l TLR2 an d  N O D 2 ligands synergize fo r the 
in d u c tio n  o f cytokine release. Indeed , th e  N OD 2 ligand  MDP, 
the  m inim al co m p o n en t o f pep tidoglycan  responsib le  fo r 
N O D 2 activation , h ad  stro n g  synergistic effect on  TNF 
p ro d u c tio n  induced  by the 19-kDa lip o p ro te in  o f M. tuber
culosis, a specific m ycobacterial TLR2 ligand  (Figure 6A). 
S im ilar synergistic effects betw een  the 19-kDa lip o p ro te in  
an d  MDP w ere observed w hen IL-6 (4.5-fold synergism ), and  
IL-1P (7.2-fold synergism ) w ere m easured. This synergism  was 
lost in individuals hom ozygous fo r th e  N O D 2 3020insC  
m u ta tio n  (F igure  6B) o r  m acro p h ag es  h a rv e s te d  fro m  
TLR2_I_ m ice (5.7-fold synergism  betw een lip o p ro te in  19- 
kD a a n d  FK-156 in  c o n tro l m acrophages, an d  1.9-fold 
synergism  in  TLR2_I_ cells). No such synergy was observed 
betw een  MDP and  m annosy l-caped  lip o a rab in o m an n an , a 
co m p o n en t o f M. tuberculosis th a t does n o t in te ra c t w ith TLR2 
(unpublished  data).

Discussion

In  the  p resen t study, we investigated  the ro le  o f TLRs and  
NODs, th e  two m ost im p o rta n t classes o f PRRs in  the 
reco g n itio n  by m acrophages o f M. tuberculosis. A lthough  we 
confirm ed  the ro le o f TLR2 and  TLR4 fo r in  m ycobacterial 
recogn ition , strong  residual activity was detec tab le  in  cells 
lacking TLR2, w hich suggests th e  existence o f T LR -independ- 
e n t reco g n itio n  m echanism s; this idea is su p p o rted  by a study 
dem o n s tra tin g  M yD 88-independent pathw ays o f m acrophage 
stim ula tion  by M. tuberculosis [22]. U sing cell lines tran sfec ted  
w ith NOD1 an d  NOD2 , as well as p rim ary  MNCs defective in 
these recep to rs, we d em o n s tra ted  that, in  ad d itio n  to  TLRs, 
N O D 2 rep resen ts  a n o n re d u n d a n t reco g n itio n  system o f M. 
tuberculosis. We also d em o n s tra ted  th a t m ycobacterial TLR2 
an d  N O D 2 ligands synergize fo r th e  p ro d u c tio n  o f p ro in -
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Figure 3. Stimulation o f HEK Cells Transfected with NOD1 or NOD2 
HEKs transfected with NOD2 w ere strongly activated by whole M. 
tuberculosis, in contrast to  cells transfected with NOD1, which w ere only 
weakly activated by M. tuberculosis. MDP (100 nM) and TriDAP (100 nM) 
served as control stimuli for NOD2 and NOD1, respectively. Data are 
p resen ted  as fold increase over unstim ulated cells (mean ±  SD).
DOI: 10.1371/journal.ppat.0010034.g003

flam m atory  cytokines, an d  th a t this synergism  is lost in  cells 
lacking e ith e r o f these recep tors.

Several studies have d em o n s tra ted  th e  ro le  o f TLR2 and  
TLR4 in  th e  reco g n itio n  o f M. tuberculosis. T he 19-kDa 
lip o p ro te in  [4], lip o m a n n a n  [5], a n d  phosphatidy l-m yo- 
inosito l m annoside [6], all com ponen ts o f m ycobacteria, have 
b een  iden tified  as be ing  responsib le  fo r T L R 2-dependent 
activation , w hereas heat-lab ile  com ponen ts associated  w ith 
the cell wall w ere fo u n d  to  signal via TLR4 [3]. A ro le fo r 
TLRs in  an tim ycobacteria l defense was also suggested by the 
en hanced  susceptib ility  to  M. tuberculosis in fec tion  in  m ice 
defic ien t fo r MyD88, an ad ap te r m olecule shared  by alm ost all 
TLR fam ily m em bers [15]. Similarly, T L R 2 I_ m ice h ad  a 
decreased  c learance o f the bac te ria  and  developed  ch ron ic  
pn eu m o n ia  w hen in fec ted  w ith low doses o f m icroorganism s
[9,13,14], w hereas TLR4_I~ m ice show ed variable responses to 
challenge w ith M. tuberculosis [9,10].

O u r da ta  confirm  th e  im p o rta n t ro le played by TLRs, and  
especially TLR2, in  the recogn ition  o f M. tuberculosis, b u t at 
the sam e tim e d em o n stra te  strong  T L R -independen t in d u c 
tion  o f cytokines by this m icroorganism . T he co n tr ib u tio n  o f 
TLR4 was fo u n d  to be less crucial in  o u r study, and  could  be 
observed only w hen cells w ere stim ula ted  w ith in tac t m icro 
organism s.

Because M. tuberculosis is an  in trace llu la r pathogen , we 
hypothesized  th a t in trace llu la r recogn ition  systems could 
co n tr ib u te  to  th e  sensing o f m ycobacteria  an d  stim ula tion  o f 
in n a te  im m unity. To test this hypothesis, we stud ied  the  effect 
o f  b lo ck in g  th e  in te rn a l iz a t io n  o f  M. tuberculosis w ith  
cytochalasin B. B locking in te rn a liza tio n  o f M. tuberculosis 
partia lly  in h ib ited  M. tuberculosis-induced  cytokine release in 
MNCs, w hereas cytochalasin  B p o te n tia te d  the  cytokine 
in d u c tio n  by zym osan, likely due to  p ro lo n g ed  stim ula tion  
o f recep to rs  a t the cell surface by zymosan. T he d ifferen tia l 
effects o f cytochalasin B on  M. tuberculosis- o r  zymosan- 
induced  cytokine secre tion  d em o n stra te  tha t, in ad d itio n  to 
the in te rac tio n  w ith  cell-m em brane b o u n d  TLRs, M. tuber
culosis is recognized by and  induces cytokine p ro d u c tio n  
th ro u g h  in trace llu la r recep to rs.

N O D 2 an d  NOD1 are  m em bers o f th e  expand ing  CATER- 
PILLER fam ily o f p ro te in s, w hich share an  LRR dom ain

F igure  4 . Stim ulation of Cells from Mice Deficient in NOD1 or NOD2 
Stimulation o f cytokine production by sonicated M. tuberculosis in 
peritoneal m acrophages of mice deficient for either NOD1 (A) or NOD2 
(B). Groups o f four mice w ere stim ulated; m edium -stim ulated cells 
resulted in cytokine concentrations below  detection  limit.
Data are presen ted  as m ean ±  SD (*p <  0.05).
DOI: 10.1371/journal.ppat.0010034.g004

sim ilar to th a t fo u n d  in TLRs [23]. N OD 2 has b een  linked 
genetically  to  increased  risk fo r C ro h n ’s disease [16,17], and  is 
a sen so r o f b a c te ria l pep tidog lycans [18]. W hen  HEKs 
tran sfec ted  w ith e ith e r  NOD1 o r  NOD2 w ere stim ula ted  w ith 
M. tuberculosis cell wall p rep a ra tio n s, b o th  o f th em —b u t m ost 
m arkedly  those tran sfec ted  w ith NOD2—show ed a dose- 
d ep en d en t response. These da ta  a re  consisten t w ith the 
conclusion th a t N OD 2 is a genera l senso r o f bac te ria  th ro u g h  
the  d e tec tio n  o f MDP, a pep tidoglycan  su b stru c tu re  p resen t 
in bac te ria l cell walls [18]. H owever, th e  fac t th a t NOD1 was 
fo u n d  to  be a p o o r senso r o f M. tuberculosis n o t only in  NOD1- 
tran sfec ted  HEK cells, b u t also th ro u g h  th e  lack o f a defective 
response  in  NOD 1_I~ m acrophages, is som ew hat puzzling. 
In d eed , N O D 1 d e tec ts  d iam in o p im e lic  ac id  (D AP)-type 
peptidoglycans, and  ea rlie r rep o rts  h ad  suggested th a t M. 
tuberculosis pep tidoglycan  is o f this category. F u rth e r  inves
tiga tion  is th e re fo re  req u ired  to  discover why NOD1 detects 
M. tuberculosis poorly.

To tes t w hether the  da ta  in tran sfec ted  cell lines could  be 
rep ro d u ced  in  p rim ary  cells, we stim ula ted  MNCs isolated 
from  C ro h n ’s disease pa tien ts hom ozygous fo r th e  3020insC  
n u ll-m u tan t allele w ith M. tuberculosis. This m u ta tio n  leads to  
the  de le tion  o f th e  last 32 am ino  acids o f the  LRR reg ion  
responsib le  fo r the  d e tec tio n  o f pep tidoglycan, an d  we have 
recen tly  show n th a t cells iso lated  from  these patien ts are 
com p le te ly  u n ab le  to  recogn ize  MDP o r  g ram -positive  
pep tidoglycan  [21]. In  line w ith th e  hypothesis th a t N OD 2 is 
involved in  th e  reco g n itio n  o f m ycobacteria, b o th  perito n ea l 
m acrophages from  N O D 2-deficient m ice an d  MNCs isolated 
from  patien ts hom ozygous fo r the  3020insC  m u ta tio n  of 
NOD2 w ere fo u n d  to  synthesize significantly less cytokines 
a fte r  stim ula tion  w ith  M. tuberculosis. In terestingly , the very 
stro n g  defect in  th e  response  to  M. tuberculosis o f the cells o f 
p a tien ts  w ith th e  NOD2 3020insC  m u ta tio n  suggests th a t
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Figure 5 . Human NOD2 Is a Receptor for M. tuberculosis
(A) MNCs isolated from four patients with Crohn's disease hom ozygous 
for the  3020insC NOD2 m utation (NOD2fs), five patients heterozygous for 
NOD2 m utations (NOD2het), five patien ts with th e  wild-type n Od2 allele 
(NOD2WT), and five healthy volunteers with wild-type NoD2 (control) 
w ere stim ulated with 10 ig /m l sonicated M. tuberculosis. TNF (white 
bars) and IL-10 (black bars) w ere m easured after 24 h o f stim ulation at 37 
°C by specific RIA and ELISA, respectively.
(B) MNCs isolated from four patients with Crohn's disease hom ozygous 
for the  3020insC NOD2 m utation (NOD2fs, black bars), five patients with 
the  wild-type NOD2 allele (NOD2WT, gray bars), and five healthy 
volunteers with wild-type NOD2 (control), w ere stim ulated with 1 ig /m l 
MDP or 10 ng/m l LPS. TNF w ere m easured after 24 h of stim ulation at 37 
°C by specific RIA. M edium -stim ulated cells resulted  in cytokine 
concentrations below  detection  limit.
Data are p resen ted  as m ean ±  SD (*p <  0.05).
DOI: 10.1371/journal.ppat.0010034.g005

F igure  6 . NOD2 and TLR2 Have Synergistic Effects on Cytokine 
Production
(A) MNCs isolated from five healthy volunteers with wild-type NOD2 were 
costim ulated with 1 ig /m l MDP and increasing concentrations of 19-kDa 
lipoprotein (indicated on th e  x-axis). TNF w as m easured after 24 h of 
stim ulation a t 37 °C by specific RIA.
(B) The synergistic effects observed in the  five control volunteers, as well 
as in five Crohn's disease patien ts heterozygous for NOD2 m utations 
(NOD2-het), and in five patients with th e  wild-type NOD2 allele (NOD2- 
WT), was lost in patients hom ozygous for the  NOD2 3020insC m utation. 
M edium-stim ulated cells resulted in cytokine concentrations below 
detection  limit. Data are p resen ted  as m ean ±  SD (*p <  0.05).
DOI: 10.1371/journal.ppat.0010034.g006

NOD1 is n o t able to  com pensate  fo r the  defective N OD 2 
recognition . This is in  line w ith the weak stim ula tion  o f 
N O D 1-transfected HEKs by M. tuberculosis an d  o u r recen t 
find ing  th a t N O D 2 is n eed ed  fo r no rm al signaling by NOD1 
ligands such as M ur-Tri-D A P [24]. T he reverse is n o t tru e  in 
the case o f NOD1: M acrophages harvested  from  NOD1 
m ice re sp o n d ed  norm ally  to  M. tuberculosis, d em o n stra tin g  
th a t the absence o f NOD1 can be com pensa ted  by o th e r 
recogn ition  systems, m ost likely NOD2.

T he find ing  o f strongly red u ced  cytokine p ro d u c tio n  a fte r 
stim ula tion  w ith M. tuberculosis in  cells o f pa tien ts w ith a 
defective N OD 2 and  o f N OD 2 knock -ou t m ice dem onstra tes 
th a t N O D 2 is a key sensor o f M. tuberculosis in  m am m alian  
cells. In teresting ly , in h ib itio n  o f b o th  N O D 2 an d  TLR2 
systems b locked stim ula tion  o f cytokines by M. tuberculosis 
by substantially  m ore  th an  50%. This suggests th a t the 
signaling pathw ays induced  by these recep to rs  in te rac t and  
p o ten tia te  each o ther, and, conversely, th a t defects in  one 
pathw ay lead  to a loss o f synergy. We have recen tly  show n th a t 
NOD 2 signals strongly synergize w ith specific TLR pathways 
such as TLR2, TLR4, and  TLR3 [25]. We th e re fo re  inves
tiga ted  w hether NOD 2 activation  leads to  sim ilar synergistic 
cytokine stim ula tion  by TLR2 ligands specifically derived  
from  M. tuberculosis. Indeed , MDP h ad  strong  synergistic effect 
on  th e  cytokine p ro d u c tio n  induced  by the 19-kDa lip 
o p ro te in  o f M. tuberculosis, an d  this synergy was lost b o th  in 
individuals hom ozygous fo r the NOD2 3020insC  m u ta tio n  and  
in  m acrophages harvested  from  TLR2_I_ mice.

'•¿8)'. PLoS Pathogens | www.plospathogens.org

A n issue y e t to  be  re so lv ed  is re p re s e n te d  by th e  
m echan ism  th ro u g h  w hich m ycobac teria l pep tidoglycans 
com e in co n tac t w ith  NOD2. N OD 2 is an in tracy top lasm ic 
m olecule, while M. tuberculosis rem ains loca ted  m ainly in 
phagosom es. A lthough  shedding  o f cell wall com ponen ts 
from  the  m icroorgan ism  is likely responsib le  fo r th e  release 
o f pep tidoglycans th a t a re  u ltim ately  recognized  by NOD2, 
the  precise  m echanism  th ro u g h  w hich peptidoglycans tra n s 
locate  from  the phagosom e in to  th e  cytoplasm  rem ains to  be 
identified.

T he da ta  p resen ted  in  this study dem o n s tra te  th a t NOD2 
an d  TLRs are  two n o n re d u n d a n t reco g n itio n  m echanism s of 
M. tuberculosis. B oth  are  essential fo r effective activation  o f the 
p ro in flam m ato ry  cytokine p ro d u c tio n  by M. tuberculosis, and  
they s tren g th en  each o th e r’s activity th ro u g h  synergistic 
effects. This d em onstra tes th a t h o st cells sense th e  p resence 
o f M. tuberculosis using m ultip le  reco g n itio n  systems in w hich 
d iffe ren t classes o f recep to rs , in  this case N O D 2 an d  TLRs, 
in te ra c t w ith  each other.

T he  invo lvem ent o f N O D 2 in  th e  reco g n itio n  o f M. 
tuberculosis has several im plications. First, it is possible th a t 
N O D 2 is involved in  recogn ition  o f o th e r  gram -positive 
b ac te ria  w ith cell walls rich  in  peptidoglycans. T he recen t 
r e p o r t  o f N O D 2 serving as a re c e p to r  fo r  Streptococcus 
pneumoniae suppo rts this idea [26]. Second, o u r da ta  suggest 
th a t N OD 2 is involved in  th e  reco g n itio n  o f o th e r  Mycobacteria 
species. F rom  this p o in t o f view, M. paratuberculosis is o f 
p a rticu la r in te rest, due to  its possible involvem ent in  the
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pathogenesis o f C ro h n ’s disease [27]. A defective host defense 
against M. paratuberculosis in  indiv iduals b ea rin g  loss-of- 
fu n c tio n  NOD2 m u ta tions may be responsib le  fo r the invasion 
o f th e  in testin e  and  may p ro m o te  ch ron ic  in flam m ation  
ultim ately  lead ing  to  C ro h n ’s disease. This hypothesis is 
su p p o rted  by the  recen tly  described  presence  o f M. para
tuberculosis in  th e  c ircu la tion  o f pa tien ts w ith  C ro h n ’s disease 
[28]. R egard ing  th e  ro le o f N OD 2 in tuberculosis, one m ust, 
how ever, acknow ledge th a t th e  p re s e n t study prov ides 
in fo rm atio n  only on  th e  in v itro  recogn ition  o f M. tuberculosis, 
and  studies investigating  the ro le o f N OD 2 in in fec tion  
m odels are  w arran ted .

In  conc lu s ion , N O D 2 a n d  TLRs a p p e a r  to  serve as 
in d ep en d en t, n o n re d u n d a n t PRRs o f M. tuberculosis. T he 
in trace llu la r pathw ays induced  by N OD 2 an d  TLR2 d u ring  
recogn ition  o f m ycobacteria l com ponen ts synergize, and  the 
stim ula tion  o f cytokine p ro d u c tio n  by M. tuberculosis is greatly  
im p aired  in  individuals w ith  NOD2 m utations.

Materials and Methods
R eagents and m icroorganism s. Synthetic  Pam 3Cys an d  19-kDa 

lip o p ro te in  w ere p u rch ase d  f ro m  EMC M icroco llections (Tubingen, 
G erm any). MDP an d  LPS (E. coli se ro type  055:B5) w ere pu rch ased  
fro m  C alb iochem  (San D iego, C a lifo rn ia , U n ite d  S tates) an d  Sigm a 
(St. Louis, M issouri, U n ite d  States), respectively. T he syn thetic  MDP 
was tes te d  fo r  c o n ta m in a tio n  w ith  lip o p ro te in s  o r LPS in  m ice 
defic ien t in  TLR2 o r  TLR4, respectively. N o d efect in  cytokine 
p ro d u c tio n  was a p p a re n t in  these m ice a f te r  s tim u la tio n  w ith  MDP, 
d e m o n s tra tin g  the  absence o f  co n tam in a tio n .

C ultu res o f  M. tuberculosis H 37Rv w ere g row n to  m id-log  phase in 
M idd leb rook  7H 9 liq u id  m ed ium  su p p le m e n te d  w ith oleic acid/ 
album inIdextroseIca talase (Difco, B ecton-D ickinson, Palo A lto, C al
ifo rn ia , U n ite d  States), w ashed th re e  tim es in  ste rile  saline, an d  
re su sp en d ed  in  RPMI 1640 m ed ium  at th e  various co n cen tra tio n s. 
S ep ara te  cu ltu re  suspensions w ere so n ica ted  fo r  10 m in  on  ice, in 
o rd e r  to o b ta in  cell lysates.

Genotyping o f  NOD2 variants. B lood  was co llec ted  fro m  74 p a tien ts  
w ith C ro h n ’s disease an d  te n  healthy  vo lun teers. PC R  am p lifica tion  o f 
NOD2 gene  fragm en ts c o n ta in in g  th e  p o lym orph ic  site 3020insC was 
p e rfo rm e d  in  5 0 - il  reac tio n  volum es co n ta in in g  100-200 ng  o f 
genom ic DNA as previously  describ ed  [21]. T he 3020insC poly
m o rp h ism  was analyzed by G enescan  analysis o n  an  A B I-Prism  3100 
G enetic  A nalyzer acco rd in g  to th e  p ro to co l o f  th e  m a n u fac tu re r  
(A pplied Biosystem s, N ieuw erkerk  aId IJssel, T he N etherlands).

F o u r p a tien ts  w ith  C ro h n ’s disease w ere fo u n d  to  be  hom ozygous 
fo r  th e  3020insC m u ta tio n , an d  they  w ere fu r th e r  investiga ted  in  the  
cy tokine studies. As co n tro l g roups, five p a tien ts  w ith  C ro h n ’s disease 
who w ere heterozygous fo r  th e  3020insC NOD2 m u ta tio n , five p a tien ts  
w ith C ro h n ’s disease b ea rin g  th e  w ild-type allele, an d  five healthy  
vo lun teers hom ozygous fo r  the  w ild-type NOD2 allele w ere included . 
N one o f th e  p a tien ts  w ith  C ro h n ’s disease used  im m unosuppressive  
m ed ica tio n  a t th e  tim e o f  th e  study.

Isolation o f  MNCs and stim ulation o f  cytokine production. A fter 
in fo rm ed  consen t, venous b lo o d  was d raw n fro m  th e  cub ita l vein  o f 
p a tie n ts  an d  h ea lth y  v o lu n teers  in to  th re e  10-ml EDTA tubes 
(M onoject, s-H ertogenbosch , T h e  N etherlands). Iso la tio n  o f  MNCs 
was p e rfo rm e d  as desc rib ed  elsew here [29], w ith m in o r m odifications. 
T he MNC f ra c tio n  was o b ta in e d  by density  c e n tr ifu g a tio n  o f  b lood  
d ilu ted  1:1 in  p y rogen-free  saline over F icoll-Paque (Pharm acia 
B io tech  AB, U ppsala , Sweden). Cells w ere w ashed tw ice in  saline an d  
susp en d ed  in  cu ltu re  m ed iu m  (RPMI 1640 DM) su p p le m e n te d  w ith 10 
igIm l g en tam icin , 10 mM L -glu tam ine, an d  10 mM  pyruvate. T he cells 
w ere c o u n te d  in  a C o u lte r  c o u n te r  (C oulter E lectronics, M ijdrecht, 
T he N etherlands), an d  th e  n u m b er was ad ju s ted  to 5  X 106 cells/ml.

MNCs (5 X 10 ) w ere ad d ed  in  a 100-il volum e to  ro u n d -b o tto m  
96-well p la tes (G reiner, A lp h en  aId Rijn, T he N etherlands) an d  
in cu b a ted  w ith e ith e r  100 i l  o f  cu ltu re  m ed iu m  (negative con tro l), o r 
the  various stim uli: M. tuberculosis b a c te r ia  (1 X 105 to  1 X 107 
m icroorganism sIm l), M. tuberculosis son ica te  (10 igIm l), MDP (1 igIml), 
LPS (10 ngIml), 19-kDa l ip o p ro te in  (co n cen tra tio n s as described  
below), o r  co m b in a tio n s o f  MDP an d  19-kDa lip o p ro te in . T he 
influence o f  in te rn a liz a tio n  o f  M. tuberculosis o n  cytokine p ro d u c tio n  
was investiga ted  by ad d in g  20 ig Im l cytochalasin  B d u rin g  stim u la tion  
w ith th e  m icroo rgan ism . Positive co n tro l s tim u la tio n  fo r  th e  effects

o f  cytochalasin  B was p ro v id ed  by s tim u la tio n  o f  cells w ith  zym osan (1 
igIm l; Sigma). All stim uli w ere checked  fo r  th e  co n tam in a tio n  w ith 
LPS in  the  L im ulus am oebocy te  lysate assay a n d  fo u n d  to  be negative. 
C ytochalasin  B d id  n o t in fluence  cell viability  (u npub lished  data). To 
evaluate th e  ro le  o f  TLR4 in  th e  in d u c tio n  o f  cytokines, cells w ere 
p re in c u b a te d  w ith 10 ig Im l o f  a b lock ing  m o noclonal anti-TLR 4 
an tib o d y  (eBioscience, San Diego, C alifo rn ia , U n ite d  States).

Cytokine production by m urine peritoneal m acrophages. R esiden t 
p e rito n ea l m acrophages fro m  e ith e r  ScC r (TLR4-defective) o r  C57BlI 
10J (TLR4 co n tro l) m ice, TLR2—1— o r co n tro l TLR2+^  m ice (kindly 
p ro v id ed  by S. A kira, Osaka, Ja p an ) [30], N O D 1—1— an d  N OD1+I+ 
litte rm a tes  (kindly p ro v id ed  by E. A braham , D enver, C olorado , 
U n ite d  States), o r  N OD2+I+ an d  N O D 2—— (from  M. G iovannini, 
CEPH, Paris), backcrossed  to th e  seven th  g en e ra tio n  in to  th e  C57BL6I 
J  background , w ere h a rv ested  by in jec tio n  o f  4 ml o f  ste rile  PBS 
co n ta in in g  0 .38%  sod ium  c itra te  [31]. A fte r c e n tr ifu g a tio n  and  
w ashing, the  cells w ere re su sp en d ed  in  RPMI 1640 co n ta in in g  1 mM 
pyruvate, 2 mM L -glu tam ine, 100 ig Im l g en tam icin , an d  2% fresh  
m ouse plasm a. Cells w ere c u ltu re d  in  96-well m ic ro tite r  p lates 
(G reiner) a t 1 X 105 cellsIwell, in  a volum e o f  100 i l .  T he  cells w ere 
s tim u la ted  w ith p u rified  LPS (1 igIm l), Pam 3Cys (1 igIm l), FK-156 
ligand  o f  m u rin e  N OD1 (1 igIm l) as a co n tro l s tim u la tion , o r  a 
son icate  o f  M. tuberculosis (1 igIm l). A fte r 24 h  in c u b a tio n  a t 37 °C, the 
su p e rn a ta n ts  w ere co llec ted  an d  s to red  a t —70 °C u n til cy tokine assays 
w ere p erfo rm ed .

Cytokine m easurem ents. H u m an  an d  m u rin e  T N Fa co n cen tra tio n s 
w ere d e te rm in e d  by specific RIAs as describ ed  [32,33]. IL-10 an d  IL-6 
w ere m easu red  by a com m ercia l ELISA k its (Pelikine C om pact, CLB, 
A m ste rdam , T he N etherlands), acco rd in g  to  the  in stru c tio n s  o f  the 
m an u fac tu re r.

Signaling through human TLR2 and TLR4 in  transfected cell lines.
C H O s stably tran sfec ted  w ith h u m a n  CD14 (3E10-CD14), a co m b in a
tio n  o f  CD14 an d  TLR2 (3E10-TLR2), o r  TLR4 (3E10-TLR4), w ere a 
k in d  gift fro m  R. Ingalls [34]. All cell lines express inducib le  
m em b ran e  CD25 u n d e r  co n tro l o f  a reg io n  fro m  the  h u m a n  E- 
selectin  (ELAM-1) p ro m o te r  c o n ta in in g  NF-kB b in d in g  sites. Cells 
w ere m a in ta in ed  a t 37 °C a n d  5%  CO2 in  H A M ’s F12 m ed iu m  (Gibco, 
In v itrogen , B reda, T he N etherlands) su p p le m e n te d  w ith  10% FCS,
0.01%  L -g lu tam ine, 50 ig Im l g en tam ic in , an d  e ith e r  400 UIml 
hygrom ycin  an d  0.5 mgIml o f  G418 (for 3E10-TLR2) o r  0.05 mgIml 
o f  p u ro m y cin  (for 3E10-TLR4) as ad d itio n a l se lection  an tib io tics. 
TLR2 an d  TLR4 expression  was con firm ed  by flow cytom etry  (C oulter 
Epics XL-MCL, B eckm an C oulter, M ijdrech t, the  N etherlands) using 
PE -labeled  anti-TL R 2 (clone TL2.1) o r  an ti-T L R 4 (clone h Ta 125) 
(Im m unosource, H alle-Zoersel, Belgium).

F o r s tim u la tio n  ex perim en ts, 500 i l  o f  cells in  cu ltu re  m ed iu m  at a 
density  o f  1 X 105Iml w ere p la ted  in  24-well cu ltu re  p lates. A fte r  an 
overn ig h t in cu b a tio n , cells w ere in cu b a ted  w ith  co n tro l m edium , M. 
tuberculosis son ica te  (10 igIm l), Pam 3Cys (10 igIm l), o r  LPS (1 igIm l) 
fo r  20 h, an d  th e re a f te r  cells w ere harv ested  using  trypsinIED TA  
(C am brex, East R u th e rfo rd , New York, U n ite d  States) an d  p re p a re d  
fo r  flow cy tom etry  (C oulter FACS-scan). CD25 exp ression  o f  the 
C H O s was m easu red  using  F IT C -labeled  anti-C D 25 (DAKO, G lostrup , 
D enm ark), an d  ex pressed  as fo lds-over-m ean  increase.

Stim ulation o f  NOD-transfected cell lines and NF-kB translocation. 
S tudies exam in ing  th e  ac tiv a tio n  o f  NF-kB by M. tuberculosis in  cells 
overexp ressing  N OD1 o r  N O D 2 w ere c a rr ie d  o u t as previously 
describ ed  [19]. Briefly, 1 X 106Iml H EK 293T cells w ere tran sfec ted  
overn ig h t w ith  1 ng  o f  e ith e r  N OD1 o r  N O D 2 plus 75 ng  luciferase 
r e p o r te r  p lasm id. A t th e  sam e tim e, heat-k illed  w hole M. tuberculosis 
p re p a ra tio n s  (ratio  o f  m icroo rgan ism s an d  effec to r cells 1:10, 1:1, and  
10:1) w ere ad d ed  to  cell cu ltu re  m edium , an d  th e  N F -jB -d e p e n d e n t 
luciferase ac tiv a tio n  was th e n  m easu red  follow ing 24 h  o f  incub a tio n . 
N F - jB -d e p e n d e n t luc iferase  assays w ere p e rfo rm e d  in  dup licate , and  
d a ta  re p re se n t th re e  in d e p e n d e n t ex p erim en ts  [19].

Statistical analysis. T he h u m a n  ex p erim en ts  w ere p e rfo rm e d  in 
tr ip lica te  w ith b lo o d  o b ta in e d  fro m  p a tien ts  an d  vo lun teers. T he 
m ouse ex p erim en ts  w ere p e rfo rm e d  tw ice in  10 m ice p e r  g roup , an d  
th e  d a ta  are  p re se n te d  as cum ulative resu lts o f  all experim en ts  
p e rfo rm e d . T he d iffe ren ces b e tw een  g ro u p s w ere analyzed  by 
u n p a ire d  S tu d en t t-test, an d  w here a p p ro p ria te  by p a ire d  t-test. 
T he level o f  significance betw een  g roups was set a t p <  0.05. T h e  da ta  
a re  given as m eans ±  s ta n d a rd  dev ia tio n  (SD).
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