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tations in the IL23R g ene are linked to 
ammatory bowel disease susceptibility. Experi­
ntal models have show n that inte rleukin-23 
23) orchest rates innate and T cell-d ep endent 

itis ; however, the cell populations it acts on to 
uce intestinal immune p athology a re unknown. 
re, us ing 1123,- t- T cells, we d emonst rated that 
ell reactivity to IL-23 was critic al for d evelopment 

ntestinal p athology, but not for systemic inflamma­
. Through direct s ignaling into T cells, IL-23 drove 
stinal T cell prolife ration, promoted intestinal Th17 

l accumulation, and enha nced the e mergence of 
IL-17A+IFN-y+ population ofT cells . Furthe rmore, 

3R s igna ling in intestinal T cells suppressed the 
fe rentiation of Foxp3+ cells and T cell lL-10 produc­
. A lthough 1123,- t- T cells displayed unimpaired 
 cell diffe rentiation, these cells show ed impaired 
life ration and failed to accumulate in the intestine . 

gethe r, these results highlight the multiple func­
s of IL-23 s ignaling in T cells that contribute to 

colitogenic activity . 

RODUCTION 

 inflammatory bowel diseases (IBDs), comprising Crohn's 
ase (CD) and ulcerative colitis (UC), are severe inflammatory 
rders of the gastrointestinal tract whose incidence are on 
increase (Xavier and Podolsky, 2007). Current therapeutic 
eting of proinflammatory cytokines such as TNF-a has 

ved to be effective, but can lead to deleterious side 
cts and approximately one-third of patients fail to respond 
dolsky, 2002). These results highlight the need for the identi­
tion of new and more specific therapeutic targets for the 
tment of IBDs. 
terleukin-23 (IL-23), a heterodimeric cytokine comprising 
2p40 and IL-23p19 (Oppmann et al., 2000), is now well docu­
ted to be critical in the pathogenesis of a number of murine 
els of autoimmune and inflammatory conditions such as 
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imental autoimmune encephalomyelitis (EAE), collagen 
ed arthritis (CIA), and intestinal inflammation (Cua et al., 
 Hue et al., 2006; Kullberg et al., 2006; Murphy et al., 
 Uhlig et al., 2006b; Yen et al., 2006). The activity of IL-23 
re prominent in the mucosa! tissues, such as the intestine, 
n the systemic immune compartment enhancing its attrac­
ss as a therapeutic target in IBD (Uhlig et al., 2006b). 
ctional receptor for IL-23 (IL-12Rl31 and IL-23R) (Parham 
 2002) is expressed on al3 and yo T cells as well as innate 
cytes (Awasthi et al., 2009; Parham et al., 2002) and IL-23 
ling is mediated predominantly by the signal transducer 
ctivator of transcription 3 (STAT3) (Parham et al., 2002). 
 functional activity of IL-23 has been primarily linked to 
 helper 17 (Th17) cell subset (McGeachy and Cua, 2008; 
a and Murray, 2008). Development of Th17 cells is 
ted by a combination of the cytokines TGF-13 and IL-6, 
 or IL-1, through the molecular activity of the transcription 
s RORyt, RORa, IRF-4, AHR, and STAT3 (Dong, 2008; 
 et al., 2008). Th17 cells are enriched for expression of 
Langrish et al., 2005) and IL-23 plays an important role in 
ustenance of Th17 cell responses in vivo (Mangan et al., 
 McGeachy et al., 2009). However, the cellular and molec­
athways through which IL-23 promotes inflammatory 

nses in vivo are poorly characterized. 
an IBD is associated with increased expression of IL-23 

h17 cell signature cytokines such as IL-17A and IL-17F 
 et al., 2008). Furthermore, genome-wide association 
s have identified single-nucleotide polymorphisms 
) in IL23R and the STAT3 loci as CD susceptibility regions 
n et al., 2007; Duerr et al., 2006). Interestingly, IL23R vari­
re risk factors for both CD and UC and thus contribute to 
ypes of IBD (Duerr et al., 2006). Together, these data high­
L23R as a key player in the pathogenesis of IBD. 
eed, neutralization of IL-23 has been shown to ameliorate 
ure colitis in a number of mouse models of IBD, including 
 induced by naive T cell transfer (Elson et al., 2007; Hue 
 2006) in which the role for IL-23 has been linked to control 
7 cell responses (Leppkes et al., 2009). Early studies also 

led a key role for Th1 cell responses in T cell-mediated 
 as both T-bet deficiency in T cells (Neurath et al., 2002) 
lockade of IFN-y-inhibited colitis (Powrie et al., 1994). 

tic ablation of 1123a rather surprisingty re • • " • .. _..., 
r than IL-12 drives the Th1-IFN-y inflamr 
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Direct IL-23 Signals into T Cells Drive Colitis 

p<0.01 
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Figure 1. IL 23R Expression on T Cells Is 
Required for Intestinal but Not Systemic 
Inflammation 

WT RZJr' 

C57BL.6.Ragr'- mice were transferred with 4 x 
105 c04•co45RB"' T cells from WT or 1123,-1-

donors. Mice were sacrificed when recipients of 
WT T cells developed clinical signs of disease 
("'9 weeks after transfer) and assessed for intes 
tinal and systemic inflammation . 
(A) Colitis scores. 
(B) Representative photomicrographsof mid colon 
sections. 
(C) Total co4• T cells in colon. 

(D) Total splenocytes. 
(E) Total c04• T cells in spleen. 
(F) Representative photomicrographs of liver 
sections. 
(G) Expression of cytokine mRNA in colon tissue 
homogenates, normalized to Hprt. 
(H) Concentration of cytokines in colon tissue 
homogenates, normalized to total protein. 
Data represent pooled results from two to three 
independent experiments. Bars represent the 
mean, error bars represent the SEM, and each 
symbol represents an individual mouse, n = 11 16 
~T T eel s), n = 13 18 (l/23r-,_ T cells), n = 3 13 
(Controls; Ctl.). Statistical significance was deter 
mined wlh the Mann Whitney test 
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intestine (Hue et al., 2006), although the mechanisms by w
IL-23 promotes Th1 cell responses in vivo is not known. 

Pathogenic effector T cell responses in the intestine are
mally prevented by the presence of regulatory (Treg) T 
derived from both thymic and peripherally induced Fo
Treg (iTreg) cells (lzcue et al., 2009). It has been demonstr
that IL-23 drives intestinal inflammation in part through the
bition of iTreg cell development in the intestine (lzcue e
2008), but precisely how IL-23 controls this process is still po
understood. IL-23 is also known to drive intestinal inflamma
in Rag1-1- mice infected with Helicobacter hepaticus in
absence of T or B cells (Buonocore et al., 2010; Hue e
2006), and this has recently been linked to an IL-23-respon
innate lymphoid population (Buonocore et al., 2010). T
IL-23 can promote intestinal pathogenesis via direct stimula
of the innate immune system raising the possibility tha
effects on T cell responses are indirect through the activi
IL-23 on innate immune cells. 

280 Immunity 33, 279 288, August 27, 2010 ©2010 Elsevier I
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Here, we have utilized ll23r-1
- mice 

assess the role of IL-23R signaling 
T cells in the development of chron
colitis. Our results showed that IL-2
drives intestinal but not systemic inflam
mation through direct effects on T cell
IL-23 signals into T cells promoted the
proliferation and accumulation in th
colon and favored the emergence of a
IL-17A•JFN-y• population of T ce
while inhibiting Foxp3 expression. Thes
results indicate that through its action
on T cells, IL-23 modulates both inflam

atory arms of Th cell responses to orchestra
ich 

or­
lls 
s• 

ted 
hi­
al., 
rly 

ion 
the 
al., 
ive 
us, 
ion 
the 
 of 

. 

matory and regul
intestinal inflammation. 

RESULTS 

IL-23R Expression on T Cells Is Required for Intestinal 
but Not Systemic Inflammation 
To assess the role of IL-23R expression on Teens in the develo
ment of colitis, we transferred c04•co45RBh1 cells so lated fro
wild-type (W1) or ll23r1- mice into B and T cell-deficie
Rag1-1- mice, with the latter allowing us to restrict IL-23 respon
siveness to the innate immune compartment. As previous
described (Powrie et al., 1993; Read et al., 2000), W
CD4•CD45RBh1 T cells vigorously expand upon transfer an
induce both a systemic inflammatory response and severe colit
(Figures 1A--1F). By contrast, the majority of mice restore
with ll23r-1- co4• T cells developed only minimal intestin
inflammation with little cellular infiltrate or epithelial hyperplas
Ex. 1011, p. 2 of 12
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Figure 2. IL Z3 Regulates Intestinal Th Cell Responses via Direct 
Effects on T Cells 
C57BL6.Rag1-1- mice were transferred with 4 x 10• c04•co45RB"' T cells 
from WT or 1123,-1-donors and sacrificed when recipients ofWTTcel sdevel 
oped clinical signs of disease ("'9 weeks after transfer). IL 17A, IFN 'Y, and 
Foxp3 amounts in T cells from various tissues were assessed by n tracellular 
flow cytometry after in vitro restimulation with PMA and ionomycin. 
(A) Representative flowcytometry plots of co4• Tcells from the spleen, MLN, 
and colon. Numbers in quadrants represent frequencies. 
(B) Frequencies of IL 17A• and/or IFN y• Tcells inthespleen, MLN,and colon. 
(C) Total numbers of IL 17 A• and/or IFN y• co4• T cells in the colon. 
(D) Frequencies of Foxp3• co4• T cells in the spleen, MLN, and colon. 
(E) Total number of Foxp3• c04• T cells in the colon. 
Data represent pooled results from two to three independent experi'nents, 
bars represent the mean, error bars represent the SEM, and each symbol 
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s 1A and 18). Transfer of l/23r-1- T cells led to an 80% 
ion in the number of co4• T cells in the colon compared 
 controls illustrating an important requirement for IL-23R 
ing In T cells for their ability to accumulate and orchestrate 
ammatory response in the intestine (Figure 1C). 
pite the impaired mucosal Inflammation, transfer of 
- T cells led to a potent systemic inflammatory response. 
, compared with recipients of IL-23R-sufficient Teens, we 
ed no difference in splenomegaly (Figure 1 D), splenic 
accumulation (Figure 1 E), hepatic infiltrates (Figure 1 F), 
 concentrations of proinflammatory cytokines and chemo­
such as IL-6, MCP-1 , TNF-a., and IFN-y (Figure S1A 

ble online), or weight loss (Figure S1 B) in recipients of 
- T cells. Serum IL-22 concentrations were significantly 
d in the absence of IL-23R expression on T cells, indi­

 a role for IL-23 In the systemic production of certain 
cell-associated cytokines. By contrast, the attenuated 
mation observed in the intestine of recipients of ll23r1-

 was associated with reduced expression of a number of 
ell signature cytokines including 1117a, 1121, and 1122, as 
s in the Th17 cell master transcription factor Rorc 
 1G). However, unlike the systemic Immune compart­

the intestines of recipients of /123,-1
- T cells had reduced 

ntrations of more general inflammatory cytokines such as 
, MCP-1, and IFN-y (Figure 1H) . 
ether, these data suggest a tissue-specific role for IL-23R 
ing in T cells for intestinal inflammation, whereas the 

ic inflammatory response is largely independent of the 
effects of IL-23 on T cells. 
 Regulates Intestinal Th Cell Responses through 
t Effects on T Cells 
ransfer colitis is associated with the accumulation of Th1 
h17 cells in the intestine (Hue et al., 2006; lzcue et al., 
 To analyze the direct effects of IL-23R signals on Th cell 
t differentiation in the intestine, we isolated cells from 
leen, mesenteric lymph node (MLN), and colon of mice 
rred with WT or l/23r1- co4• T cells and performed intra­
r flow cytometric analysis of IL-17 A and IFN-y expression. 
 distinct populations emerged in Rag1-1- recipients of WT 

cells: IL-17A•IFN-y-, IL-17A- IFN-y•, and IL-17A•IFN-y• 
 2A). We found significant reductions in the IL-17 A •IFN-y­
tion of T cells in the spleen and MLN but not in the intes­

f recipients of /123,-1- T cells (Figure 28). However, the 
 .. IFN-y• T cell population was significantly reduced in all 
rtments, including the intestine, In recipients of /123,-1

-

, indicating a role for IL-23 in promoting this effector cell 
type (Figure 28). By contrast, there was no difference in 
quency of IL-17A- IFN-y• T cells in any compartment of 
1- mice that received WT or 1123r-1- T cells (Figure 28), 
strating that 1123,-1- T cells were not defective in their 

 to differentiate into IFN-y producing Th1 cells. However, 
was a reduced number of all three effector populations, 
ing IL-17A- IFN-y• T cells in the intestine of mice trans­
with l/23r1- T cells (Figure 2C). Thus, although IL-23 
2023-01444 Ex. 1011, p. 3 of 12

nts an individual mouse. Statistical significance was determined with 
n Whitney test, n = 11 16 (Wl), n = 13 18 q123r-1-). 

unity 33, 279 288, August 27, 2010 ©2010 Elsevier Inc. 281 
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Figure 3. IL 23 Directly Promotes Intestinal 
T cell Proliferation 
(A and B)C57BL6.Rag1....,_ mice were transferred 
with 4 x 106 CFSE labeled co4•c045RB" Tcells 
from WT or 1123,-t- donors and sacrificed 12 days 
after transfer. tA,) Total c04• Tcell numbers and (B) 
representative flowcytometry plots showing CFSE 
dilution profiles of T cells from the spleen and 
colon are 17esented. 

i t_p<OOS 

i' 
~ 1 

.~ 0 

(C E) C57BL6.Rag1 ....,_ mice were transferred 
with 4 x 1 a5 c04•co45RB" T cells from WT or 
Jf23r-t- donors and sacrificed when recipients of 
WT T cells developed clinical signs of dsease 
(-Gweeksaftertransfer). IL 17A, IFN y,and Ki67 
expression in co4• T cells from the colon were as 
sessed by intracellular flow cytometry after in vitro 
restimulation with PMA and ionomycin. (C) Fre 
quencies, (D) representative flow cytometric plots 
(numbers in gate represent frequencies), and 
(E) total numbers of IL 17A•IFN y-Ki Gr, IL 17A• 
IFN y•Ki sr, and IL 17KIFN y•Ki 67• c04• 
T cells i1 the colon. Data re17esent pooled results 
from two ndependent experiments (A and B) or of 
a single experiment (C E), bars re17esent the 
mean, error bars represent the SEM, and each 
symbol represents an individual mouse. Statistical 
significance was determined with the Mann Whl 
ney test, n = 4 11 (WT), n = 5 11 (n23r-1-i. 
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was not required forTh1 cell development, the expansion an
accumulation of this population was facilitated by an IL
driven T cell response. 

Previously, we have shown that IL-23 promotes Intes
inflammation in part through Its ability to antagonize iTreg
development in the intestine (lzcue et al., 2008). Whether th
a direct or indirect activity of IL-23 on T cells was not establis
We observed that /123r-1- T cells gave rise to higher frequen
of Foxp3• T cells in the intestine when transferred into Rag
recipients as compared to their wr counterparts (Figure
although total numbers were not significantly diffe
(Figure 2E). This suggests that IL-23-drlven Foxp3 inhib
can be mediated by the direct activity of IL-23 on T cells. 

IL-23 Controls T Cell Accumulation in the Intestine 
through Effects on Proliferation 
The failure of l/23r1- T cells to accumulate in the inflamed c
could reflect a homing defect or a failure to proliferate an
survive in the colon. To assess the ability of /123r-1- T ce
home to the colon, we transferred Rag1-1- mice with CF

282 Immunity 33, 279 288, August 27, 2010 ©2010 Elsevier I
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labeled wr or ll23r-1- co4• T cells an
sacrificed recipients 12 days after tran
fer, prior to the onset of inflammatio
We found equal numbers of T cells 
the spleen and colon at this time poin
indicating that l/23r1- co4• T cells we
not defective in their ability to migrate 
the Intestine (Figure 3A). In additio
/123r-1- c04• T cells are not impaired 
their ability to express the chemokin

 

receptors Ccr6, Cxcr3, Ccr2, and Cc
rthermore, both populations of T cells ha
/or 

3-

nal 
ell 
 is 

ed. 
ies 
_,_ 
D), 
ent 
ion 

lon 
/or 
 to 
E-

. 

(Figure S2A). Fu
diluted CFSE to the same degree (Figure 3B), demonstratin
that l/23r1- CD4• T cells did not display an early impairment 
division once present in the colon. Next, we assessed the prol
erative capacity of wr and /123r-1- T cells later in the respons
Thus, Rag1-1- mice were transferred with wr or 1123,-1- c04
T cells and sacrificed upon clinical signs of inflammation in w
transferred recipients. Proliferation was assessed by measurin
the frequency of Ki-6T CD4+ T cells with intracellular flo
cytometry. Under these conditions, we found reduced frequen
cies of Ki-6T cells among all three effector Th cell population
in the colon of l/23r'- T cell-transferred Rag1-1- recipien
compared to those recovered from wr T cell-transferred recip
ents (Figures 3C and 3D). lnll23r-1-T cell- transferred mice, the
were also marked reductions in the total number of proliferatin
effector Th populations (IL-17A•IFN-y-, IL-17A-IFN-y+, an
IL-17A•IFN-y1) in the colon (Figure 3E). By contrast, equivale
frequencies of Ki-67+ T cells were observed in wr and IL23r_
effectorT cell populations recovered from the spleen (Figure S2
and S2C). Together, these data indicate that IL-23 Is a
Ex. 1011, p. 4 of 12
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e 4. IL 23 Controls T cell Accumulation in the Intestine via 
ll Extrinsic Mechanism 
L6.Rag1-t- mice were transferred with 1 :1 mixtures of CD45.r (WT)+ 
.z+ (WT) or CD45.r (WT) + CD45.Z-(l/23r_1_) CD4•CD45RB" T cells. 
were sacrificed upon development of clinical signs of inflammation 
eeks) and populations of T cells were identified on the basis of the 
ssion of CD45.2. 

atio of CD452. /CD45.r CD4• T cells in colon. Data represent pooled 
s from two independent experiments; n = 15 (WT+ WT), n = 12 (WT+ 
1-). Bars represent the mean :t SEM. 
d C) Sublethally irradiated C57BL6.Rag1-t- mice were reconstituted 
1 :1 mixtures of CD45.r (WT) + CD45.z+ (WT) or CD45.r (WT) + 
.z+(//23r-tl bone marrow cells. Ratio of CD45.z+/CD45.r T cells 
ered from the colon during steady state (B) or during colitis induced by 
ion with Helicobacter hepaticus plus treatment with a blocking IL 1 OR 
(C). Data represent results from a single experiment; n = 5 7 (WT + 
n = 5 7 (WT+ 1123r-t-T cells). Bars represent the mean :t SEM. 
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lls
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ortant proliferative signal for colonic T cells, and such a 
ing may directly account for the impaired ability of l/23r_1

_ 

ells to accumulate in the intestine. 

23 Controls T Cell Accumulation in the Intestine 
ough a Cell-Extrinsic Mechanism 
t, we assessed the ability of l/23r1-T cells to compete with 
 T cells under inflammatory conditions. Using a cotransfer 
tem (Figure S3A), we administered an equal number of con­
ie CD45.2- WT and CD45.2• l/23r1- naive co4• T cells 
 Rag1-1- recipients. For a control, we also transferred a 1 :1 

o of CD45.2- and CD45.2• WT naive co4• T cells and al­
ed mice to develop wasting disease and colitis. Assessment 
he relative contribution of c04• cells in the MLN and colon 
t derived from the transferred CD45.2- or CD45.2+ T cell pop­
tions revealed that IL-23R-deficient c04• T cells were indis­
uishable from WT co4• T cells in their ability to accumulate 
he MLN and inflamed colon of colitic mice (Figure S4 and 
ure 4A). These results indicate that the presence of IL-23R­
ficient T cells and their subsequent downstream inflammatory 
als overcomes the requirement for cell-intrinsic IL-23R 
aling for T cell accumulation in the intestine. 
lthough the T cell transfer model offers a unique opportunity 
study the contributions of various cell types to intestinal 
une pathology, the increased T cell proliferation after trans­

to lymphopenic Rag1-1- hosts may overcome a cell intrinsic 
 for IL-23R in intestinal accumulation of T cells. To test this, 

 generated mixed bone marrow chimeras by using a 1 :1 ratio 
D45.2-WTbone marrow with either CD45.2•WT orCD45.2• 
3r1- bone marrow (Figure S38) to assess the capacity of 
3r1- T cells to compete for accumulation in the colon in 
mphocyte-replete host. As shown (Figure 48), even under 
eostatic conditions, in the presence of WT T cells, ll23r1-

ells showed no deficiency in their capacity to accumulate in 
 colon and to compete with WT T cells for this niche. To 
t whether this was also the case during intestinal inflamma­
, we infected similarly generated chimeras with the intestinal 
hogen Helicobacter hepaticus and treated them with a block­
 IL-10R mAb, which we have previously shown leads to IL-23-
endent colitis and typhlitis (Kullberg et al., 2006). In these 
ed chimeras, under inflammatory conditions, we found a 
ilar contribution to the c04• T cell pool in the colon from 
 and ll23r-1- T cells (Figure 4C). These results confirm our 
ervations in the T cell transfer model and show that the pres­
e of IL-23W T cells is sufficient to drive the accumulation of 
r1- T cells in the gut by a cell-extrinsic mechanism. Thus, 

r-1
- T cells are not intrinsically defective in their ability to 

pete and accumulate under inflammatory conditions, but 
uire an IL-23-driven T cell response to do so. Therefore, 
ough IL-23R signals in T cells are required for their effective 
umulation, the effects are not cell autonomous. 

23 Regulates the Balance between Effector and 
ulatory Th Cells through Cell-Intrinsic Mechanisms 

r transfers of l/23r1-T cells into Rag 1-1- mice revealed a role 
IL-23R signaling in T cells in influencing the balance of Th17 
 Foxp3• Treg cells in the intestine. However, we could not 
 out the possibility that the decrease in IL-17A•IFN-y• 
ells and the increase in Foxp3• Treg cell frequency we 
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ed after transfer of ll23r- - T cells was secondary to the 
f inflammation in this setting. To circumvent this, we 

d the cotransfer system described above in which 
sfer of WT and ll23r-1- T cells led to intestinal inflamma­
d similar accumulation of IL-23R-sufficient and IL-23R­
nt T cells. Consistent with our observations in single­
r experiments (Figure 28), in cotransfer experiments we 
ed equivalent differentiation of IL-17A•IFN-y- and 
-IFN-y• cells among the WT and ll23r-1- populations of 
 in the colon (Figures 5A- 5C). By contrast, the frequency 
17A•IFN-y• cells was significantly reduced among the 
- pool of c04• T cells in the intestine (Figures 5A and 
emonstrating a cell-intrinsic role for IL-23 in the in vivo 
ation of the Th17 effector cell phenotype. Thus, even 
 inflammatory conditions in which ll23r-1- T cells 
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Figure 5. IL 23 Modulates Th17 Cell Pheno 
type via a Direct Cell Intrinsic Mechanism 
C57BL.6.Ragr1- mice were transferred with 1 :1 
mixtures of CD45.r (WT) + CD45.z+ (Wl), or 
CD45.r (Wl) + CD45.2•q123r-1-) co4•c045RB"' 
T cells. Mice were sacrificed upon development 
of clinical signs of inflammation ("'8 weeks) and 
IL 17A and IFN y levels in colonic c04• T cells 

were assessed by intracellularflowcytometry after 
in vitro restimulation with PMA and ionom~in. 
(A) Representative flow cytometry plots of co4• 
T cells isolated from the colon; numbers in quad 
rants represent frequencies. 
(B D) Frequencies of IL 17A• and/or IFN y• co4• 
T eel s in the colon of ootransferred mice. .. •• . Data represent pooled results from two indepen 
dent experiments. Bars represent the mean; 
each symbol represents an individual mouse . 
Statistical significance was determn ed w~h the 
Mann Whitney test, n = 12 (WT + Wl), n = 10 
(WT + 1123r- 17. 
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accumulate normally in the Intestine, their differentiation int
17A .IFN-y• c04• T cells is impaired, indicating that th
directly controlled by cell-intrinsic IL-23R signals. 

Analysis of Foxp3 expression in these cotransfer experim
also revealed a cell-intrinsic role for IL-23R signaling in T ce
the inhibition of Foxp3 expression. As shown (Figures
and 68), in the inflamed colon there was a 2- to 3-fold incr
In the frequency of Foxps• cells among 1123,-1- T cells comp
to cotransferred WT T cells. Given that only a very low propo
of naive T cells differentiated into Foxps• iTreg cells after tran
into Rag1-1- recipients, we sought to confirm these findin
lymphocyte-replete hosts in the presence or absence of in
tinal inflammation. We performed similar analysis of Fo
expression in the mixed bone marrow chimeras descr
above, both under steady state conditions and in circumsta
where intestinal inflammation was induced by infection 
H. hepaticus with concomitant administration of a bloc
IL-10R mAb. We again observed a significant increase in
frequency of Foxps• cells derived from l/23r1-T cells comp
to WT T cells under both homeostatic (Figure 6C) and inflam
tory conditions (Figure 6D). Together, these data indicate
IL-23R signaling in T cells is a tissue-specific modulato
T cell function in the intestine where it negatively regulates Fo
expression in a cell-intrinsic fashion. 

Despite the increased frequencies of Treg cells observe
the colon of mice transferred with 1/23,-1- T cells, the incid
and severity of colitis in mice receiving a mixture of CD45.2
plus CD4s.2• WT or CD45.2- WT plus CD45.2• l/23r1- T 
was almost identical, indicating that /l23r-1- T cells do
possess dominant suppressive activity (Figure 6E). We there
assessed whether the regulatory properties of Jl23r-1- T c
specifically IL-10 production, were altered In the cotra
system compared to single transfers. Consistent with redu
intestinal inflammation (Figures 1A and 18), colonic l/2
T cells from single-transfer experiments expressed signific
greater amounts of 1110 mRNA and secreted higher amoun
IL-10 protein than WT T cells (Figure 6F). By contrast, l/2
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T cells isolated from the colon of mice cotransferred with W
cells did not exhibit this enhanced IL-1 0 expression and secr
tion (Figure 6F). Thus, in the presence of IL-23R-responsiv
WT T cells there is a reduction in the ability of 1123r-1- T cells 
produce IL-10, which may explain the development of colitis 
mice given a mixture of WT and ll23r-1-T cells, despite increase
in the percentage of Foxps• Treg cells. 

DISCUSSION 

Immune responses in the Intestine require a delicate balanc
between effector and regulatory pathways and perturbation 
this network can result in chronic intestinal inflammation. IL-2
has been shown to play a key role In both innate and T cell med
ated chronic colitis in mouse models (Hue et al., 2006; Kullbe
et al., 2006; Uhlig et al., 2006b; Yen et al., 2006) and IL23R ha
been identified as a risk gene in I8Ds (Burton et al., 2007; Due
et al., 2006). However, precisely which cell types it works on 
drive the intestinal inflammatory response was not know
Here, utilizing IL-23R-deficient CD4• T cells, we demonstrate
that intestinal, but not systemic, inflammation required the dire
stimulation of CD4• T cells by IL-23 and could not be mediate
by IL-23-driven innate immune or IL-23-independent T ce
responses alone. We further showed that IL-23 signaling 
T cells played a crucial role In their proliferation and accumul
tion in the colon and promoted the emergenceoflL-17A•IFN-y
double-producing c04• T cells while inhibiting the inductio
of Foxps• Treg cells in the gut. These data suggest that th
tissue-specific role of IL-23 in orchestrating intestinal inflamm
tion is mediated through direct effects on T cells that promo
their accumulation and pathogenic effector function in th
intestine. 

The inability of IL-23R-deficient T cells to accumulate in th
colon upon transfer into Rag1-1- hosts, but their unimpaire
ability to mount inflammatory responses in the spleen and live
suggests that IL-23 signaling in T cells is not required for gener
T cell reconstitution of lymphopenic mice but is specifica
023-01444 Ex. 1011, p. 6 of 12
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Figure 6. IL 23 Inhibits Intestinal iTreg Cell Generation via a Direct 
Cell Intrinsic Mechanism 
(A and B) C57BL.6.Rag1-1- mice were transferred with 1:1 mixtures of 
CD4s.r (WT) + CD4s.2• (WT) or CD45r (WT) + co452•q123,-1-) 
c04•co45RB"' T cells. Mice were sacrificed upon development of cln ical 
signs of inflammation ("'8 weeks). 
(A) The frequency of Fox~ cells among T cells in the colon was assessed by 
intracellular flow cytometry. 
(B) Representative FACS plots showing Foxp3 exp-ession in co4• T cells in 
the colon; numbers in quadrants represent frequencies. Data represent pooled 
results from two independent experiments, n = 15 ~+WT), n = 12 CNf + 
1123,-1-). 
(C and D) Sublethally irradiated C57BL6.Rag1 -1- mice were reconstituted 
with 1 :1 mixtures of CD45.r (WT) + CD45.~ (WT) or CD45.r (Wl) + 
CD45.~(H23r_,l bone marrow cells. The frequency of Foxp3• cells among 
c04• cells in the colon was assessed by intracellular FACS during steady state 
(C)orduring colitis induced by infectionwithHe/icobacterhepaticus plus treat 
ment with a blocking IL 1 OR mAb (D). Data represent results from a single 
experiment; n = 5 7 CNf + WT), n = 5 7 (WT+ lf23r_,_ T cells). 
(E) Coit is scores from mice in (A); data represent pooled results from two inde 
pendent experiments. 
(F) 1110 mRNA levels and protein levels in supematants after restimulation of 
c04• T cells purified from the colons of C57BL6.Rag1-1- mice transferred 
with WT or n23r-1- co4•c045RBH T cells as described in Figure 1 (single 
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d for the accumulation of effector T cells in the intestine. 
nistic analysis showed this was not due to impaired 

ion but rather a reduction in the proliferation of effector 
 locally in the colon. This proliferative defect was observed 
 colonic Th17 and Th1 cells, explaining the reduction in 
h1 and Th17 cell numbers in the colon in the absence of 
 signaling in T cells. Recently, we have found that 
-deficient T cells fail to mount either systemic or intestinal 

mation in T cell transfer colitis (Durant et al., 2010). These 
 suggest that IL-23 is a major mediator of STAT3signaling 
lls in the intestinal but not systemic immune compartment. 
sults also raise the possibility that the requirement for 
t expression in T cells for development of T cell transfer 
 (Leppkes et al., 2009) reflects the known activities 
Ryt in promoting l/23r expression (Zhou et al., 2007) on 
. 
tark contrast to the inability of adoptively transferred 
- T cells to accumulate in the intestine, the presence of 
cells, in either the T cell cotransfer experiments or in the 
 bone marrow chimeras, facilitated the efficient accumula­
 l/23r'- T cells in the colon. This suggests that an IL-23R­
ent T cell is required to Initiate the inflammatory cascade 
oduces factors in response to IL-23 that sustain the prolif­
 and accumulation of IL-23R-deficient T cells. Such 

s may be of paramount importance in the context of 
nal inflammation, for which IL-23-driven pathology is char­
ed by the accumulation of both Th1 and Th17 cells in the 

ne (Hue et al., 2006; lzcue et al., 2008). These findings 
st with those described in models of CNS inflammation, 
 Th1 and Th17 cell responses are thought to be antago­
Furthermore, a cell- intrinsic role for IL-23R expression in 
cell accumulation in the brain during EAE was recently 
bed, which could not be overcome by the presence of 
cells (McGeachy et al., 2009). Taken together, these data 
te that the requirements for direct IL-23 signals in T cell 
ulation at inflammatory sites are likely to be context 
dent, modulated by the tissue environment and the pres­
f other inflammatory cells. 

ddition to impaired accumulation in the intestine, l/23r1-
 gave rise to significantly reduced frequencies of T cells 
ing IL-17A, but not IFN-y, compared to WT T cells. This 
sts a specific role for IL-23R signaling in T cells for the 
ntiation, proliferation, or survival of Th17 cells. Similar 
 have been observed in EAE models where IL-23 was 
to drive increased accumulation of Th17 cells (Awasthi 
2009; McGeachy et al., 2009). Recent studies suggest 
17 cells exhibit flexibility of function and can modify their 

type, including acquisition of IFN-y production in 
se to IL-12 or IL-23 in vitro or during induction of diabetes 

olitis (Bending et al., 2009; Lee et al., 2009). Notably, 
+IFN-y• co4• T cells are prominent in T cell-dependent 

 models (Hue et al., 2006; Kullberg et al., 2006) and have 
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) or from recipients of 1 :1 mixtures of WT+ 1123r-1- CD4•CD45RBH 
as described albove (cotransfer). Data represent pooled results from 
ependent experiments (lop, n = 7 10 pergroup)orfromasingleexper 
ottom, n = 5 per group). 

present the mean; each symbol represents an individual mouse; statis 
nificance was determined with the Mann Whitney test. 
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also been recovered from the intestinal lesions of human
patients (Annunziata et al., 2007; Cosmi et al., 2008). 
results extend these studies to show that in the intestine
emergence of IL-17A•IFN-y• double-producing Th cells, bu
IL-17A•IFN-y- Th cells, requires T cell-intrinsic IL-23 signa
Together, these results suggest that IL-23 is an important m
fier of the Th17 cell phenotype in the intestine, promoting
emergence of IL-17A•IFN-y• Th cells. The dependence of th
cells on IL-23 suggests they play an important role in patho
esis. The ability of IL-23 to promote IFN-y expression in T
cells is T-bet dependent in vitro (Lee et al., 2009), raising
possibility that in addition to driving conventional Th1 
responses, the requirement for T-bet in T cell transfer c
(Neurath et al., 2002) involves IL-23-dependent modulatio
the Th17 cell phenotype. Indeed, there is evidence of a rol
T-bet in the pathogenicity of Th17 cells in EAE (Yang et al., 20

Under homeostatic conditions, the intestine has been sh
to be a preferential site for the differentiation of Foxps• i
cells (Coombes et al., 2005). Our previous work showed
during intestinal inflammation, IL-23 could antagonize deve
ment of Foxps• Treg cells, facilitating the development of in
tinal inflammation (lzcue et al., 2008). Whether IL-23 w
directly on T cells or indirectly through APC to mediate this e
was not established. Here, we show that IL-23 inhibits the a
mulation of Foxps• Treg cells in the intestine through a direc
intrinsic mechanism. This effect was observed in T cell tra
colitis as well as in lymphocyte-replete bone marrow chim
in the presence or absence of intestinal inflammation, indic
that the effects of IL-23R signaling into T cells on Foxp3 exp
sion are not secondary to a lack of inflammation or the lym
penic Rag1-1- environment. Recently it has been shown 
prior to differentiating into Th17 or Foxps• if reg, T cells 
pass through a RORyt•Foxps• intermediate stage (Loc
et al., 2008; Zhou et al., 2008). Such RORyt•Foxp3• double p
tive cells are more frequent in the intestine raising the possi
that IL-23 acts directly on these cells to promote Th17 diffe
tiation and inhibit induction of Foxps• Treg cells. Altho
IL-23R deficiency was associated with impaired EAE, t
was no increase in the frequency of Foxps• Treg cells in
CNS among ll23r1- T cells in mixed bone-marrow chima
with active EAE (McGeachy et al., 2009). Differences in
actions of IL-23 on Treg cells in the gut and CNS may re
the additional influence of the microbiota which is known to i
ence accumulation of Treg in the intestine (Ivanov et al., 20
Alternatively, other STATS signaling cytokines such as IL-6
IL-21 may be more important negative regulators of Fo
expression outside the intestine (Bettelli et al., 2006; 
et al., 2007; Nurieva et al., 2007; Zhou et al., 2007). In con
with the induction of Foxps• Treg cells in the periphery, t
is evidence that in the tumor microenvironment, STATS sign
through IL-23R expression increases Foxp3 and IL-10 exp
sion by Treg cells (Kortylewski et al., 2009). These opposing 
of IL-23R signaling on Foxp3 expression in the tumor and
may reflect differences in the tissue microenvironments o
differentiation state of responding T cells. One possibility
we favor is that in the intestine the effects of IL-23 are to res
iTreg cell development, whereas in the tumor microenvironm
IL-23 may act on established thymic-derived Treg cel
enhance their function. 
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Reduced colitogenic activity among /123r-1
- T cells was als

associated with increased expression of IL-10. These resul
are consistent with ourear1ierfinding that IL-1 O plays a function
role in the amelioration of intestinal inflammation in /123a-1- mic
(lzcue et al., 2008). By contrast with the cell- intrinsic role 
IL-23R in the negative regulation of Foxp3 expression, we foun
that the presence of WT cells was sufficient to abroga
increased IL-10 expression by /123r-1- T cells. The ability 
IL-23 to act through a cell-extrinsic mechanism to reduc
T cell-derived IL-10 may be a further pathway through whic
IL-23 promotes intestinal inflammation. Further studies a
required to identify the molecular mechanism involved. 

In summary, we describe a crucial role for IL-23-driven T ce
responses in the development of intestinal but not system
inflammation. Our findings underscore genetic studies th
pinpoint a role for IL-23R-mediated pathways in 180 pathoge
esis (Burton et al., 2007; Duerr et al., 2006) and provide insig
into the mechanism of action of IL-23 in vivo. Our results highlig
the dual nature of IL-23 activity on T cells and suggest th
blockade of IL-23 will ameliorate intestinal inflammation by inhi
iting the accumulation and pathogenic activity of helper T ce
and promote mucosal tolerance by facilitating expansion of if re
cells and production of IL-10. 

EXPERIMENTAL PROCEDURES 

Mice 
Wi d type C57BL6., C57BL6.//23r-1-, congenic B6.SJL Cd45.1, a
C57BL6.Rag1-1- mice were bred and maintained under specific pathoge
free conditions in accredited animal faci ities at the University of Oxford a
Merck Research Laboratories. Experiments were conducted i1 accordan
with the UK Scientific Procedures Act of 1986. Mice were routinely screen
for He/icobacter spp. and were >6 weeks old when used. 

Generation of Mixed Bone Marrow Chimeras 
Bone marrow isolated from C57BL6.or C57BL6.6 //23r-1- mice was mixed
a 1:1 ratio with bone marrow taken from B6.SJL Cd45.1 mice and inject
intravenously into gamma irradiated (5.5 Gy, 550 rad) C57BL6.Rag1-1- reci
ients and chimaeras were used in experiments >20 weeks after injection. 

Transfer of Naive co4•co4sRB'" T Cells 
NaiveCD4•CD45RB" T cells were purified (>98%)from spleens of C57BL6
C57BL6 //23r_,_ mice via FACS sorting as previously described (lzcue et a
2008) with a cell sorter (MoFlo; DakoCytomation). In cotransfer experimen
C57BL6 or C57BL6 1123r-1- naive c04•co45RB"' T cells were mixed 1
with naive CD4•CD45RB" T cells isolated from congenic B6.SJL Cd45

mice. Naive T cell suspensions were washed i1 sterile PBS and sex match
Rag1-1- recipient mice received 4 x 1 o' CD4•CD45RB" T cells by intrape
toneal 0.p.) injection. For cotransfer experiments, 8 x 1 o' cells were tran
ferred per mouse in one of the two experi'nents. For mice sacrificed on d
12 after transfer, 4 x 1a6 CD4•CD45RB"' T eel s labeled with 5 µM CFS
were transferred per mouse. 

Assessment of Intestinal Inflammation 
Mice were monitored regularly and sacrificed when symptoms of clinic
disease (signWicant weight loss and/or diarrhea) became apparent. Intestin
inflammation was assessed as previously described (see •Assessment 
Intestinal Inflammation" i1 the Supplemental Experimental Procedures) 0zc
et al., 2008). 

Isolation of Leukocyte Subpopulations and FACS 
Cell suspensions from spleen, MLN, and the lamn a propria were prepared 
described previously (Uhlig et al., 2006a). Cells were surface stained for flo
cytometry with combinations of the following panel of antibodies: anti CD
023-01444 Ex. 1011, p. 8 of 12
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jugated to PerCp or FITC, anti mouse TCR ll conjugated to APC, and anti 
5.2 conjugated to ATC. Intracellular staining was performed as follows: 
 were restimulated for 4 hr as previously described (Hue et al., 2006). 

s were washed and incubated with anti Fe receptor (anti CD16/32 from 
science) to prevent nonspecific staining at 4°C. Cells were washed and 
ed for surface markers n dicated above, washed agan , and fixed 
night in eBioscience Fix/Perm buffer at 4°C. Cells were then washed 
then permeabilized in eBioscience Permeabilisation buffer for 1 hr at 

, and subsequently, cells were stained w ith anti IL 17A conjugated to 
anti IFN y conjugated to APC or FITC (both from BO Biosciences), 
Foxp3 conjugated to APC or ATC (from eBiosciences), and anti Ki 67 

jugated to FITC (BO Biosciences) or appropriate isotype controls (BO 
ciences) for 30 min at 4°C. Cells were washed twice and acquired with 
CSCalibur, FACSor1 (BO Biosciences), or Cyan (Dake), and analysis was 
ormed with FlowJo (Tree Stary software. 

okine Quantitation in Intestinal Tissues and Serum 
en samples of the proximal, mid, and distal colon were processed as 
cribed previously (Hue et al., 2006) wlh homogenization performed with 
stPrep 24 homogenizer (MP Biomedicals) with lysing matrix D beads 

 Biomedicals). Colonic cy1okines were measured with cy1ometric bead 
y (BO Biosciences) (TNF a, IFN y, and MCP 1)and normalized to protein 

ls as determined by Bradford Assay (Bio Rad). Alternatively cy1okines 
 quantified by RT qPCR (Hue et al., 2006). For determination of IL 10 

ein levels and gene expression, co4• T cells were purified from the colon 
 a cell sorter (MoAo; DakoCytomation) and cells were restimulated over 
t as above without Brefeldin A. Sequences for primers sets and probes 
described in Table S1. Ccr6, Ccr5, Ccr2, and Cxcr3 qPCR primer sets 
taken from PrimerBank (Spandidos et al., 2008, 2010; Wang and Seed, 
3). Serum cy1okines (IL 17A, IL 22, TNF a, IFN y, MCP 1, and IL 6) 
IL 10 levels in supernatants of overnight cultures were assessed with 
 Cytomix (Bender MedSysterns) in accordance w ith the manufacturer's 

ocol. 

teria 
cobacter hepaticus was grown and used for coit is induction with concern 
t administration of a blocking IL 1 OR mAb as previously described (see 
cteria" in the Supplemental Experimental Procedures) (Buonocore et al., 
). 

istics 
nonparametric Mann Whitney test was used for assessment of statistical 
ificance (Olsen, 2003). Differences were considered statistically significant 
n p < 0.05. 
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(Immunity 33, 279--288; August 27, 2010) 
In this paper, there was an error in Figure 1 F. The histology panel on the left is incorrect; it is the same as the image on the right taken in
a different frame. Thus, both images depict the liver of a Rag1-1- host transferred with ll23r-1- T cells. The correct image o
a representative liver section of a Rag1-1- host transferred with WT T cells is published here, along with the rest of the figure. Th
authors regret any inconvenienoe this error has caused. 
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