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 INTRODUCTION 
 Interleukin-23 (IL-23) is a myeloid cell derived, disulfide linked, 

heterodimeric cytokine comprised of IL-23p19 and IL-12p40, 

the latter of which is shared with IL-12 and can also exist as a 

homodimer. 1  It signals to cells that co-express the proprietary 

IL-23 receptor (IL-23R) subunit and the shared IL-12R � 1 chain. 2  

A number of cell types have been described as IL-23R posi-

tive and IL-23 responsive, including CD4     +      T cells of the T H 17 

lineage,  �  �  T cells, macrophages, dendritic cells, and innate 

lymphoid cells. 3,4  IL-23 signaling involves the cytoplasmic 

kinases Jak2 and Tyk2, as well as signal transducer and acti-

vator of transcription (STAT) 1, 3, 4, and 5. 2  In mice, global 

deletion of IL-23 or its receptor results in resistance to auto-

immune and inflammatory disorders, such as experimental 

autoimmune encephalomyelitis, 5  collagen-induced arthritis, 6  

and inflammatory bowel disease (IBD). 7,8  

 IBDs such as Crohn ’ s disease and ulcerative colitis are thought 

to result from a dysregulated immune response to the commen-

sal microflora present in the gut. IL23R has been identified as 

an important susceptibility gene in Crohn ’ s disease, 9,10  and in 

other immune diseases 11,12  by several genome-wide association 

studies. Other components of the IL-23 pathway, namely 

IL12p40, Jak2, and STAT3, have also been implicated in IBD, 10,13  

further supporting the concept that IL-23 signaling promotes 

pathogenesis in IBD. However, in spite of the genome-wide 

association study data, clinical trials with an antibody that neu-

tralizes IL-23 and IL-12 (ustekinumab) have thus far failed to 

show robust and reproducible efficacy in patients with Crohn ’ s 

disease, 14,15  demonstrating that the biology of IL-23 in IBD is 

incompletely understood. 

 In murine models of colitis, blockade or deletion of IL-23 

ameliorates disease induced by transfer of naive T cells 7,16  and 

 Helicobacter hepaticus  infection. 8  The activity of IL-23 has been 

linked primarily to the maintenance of a T H 17 response, 17,18  

resulting in increased production of T H 17-associated cytokines 

IL-17A, IL-17F, and IL-22. 19,20  More recently, IL-23 was shown 

to drive the differentiation of pathogenic T H 17 cells in the 

absence of TGF- � . 21  Paradoxically, a predominantly protective 

role in the context of colitis is ascribed to the major cytokines 

downstream of IL-23. For example, IL-22 is protective in naive 

T-cell transfer and chemically induced models of colitis, 22  as well 

as colitis caused by infection with  Citrobacter rodentium . 23  IL-17 
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is either neutral 24  or protective 25  in T-cell transfer models, and 

is protective in chemically induced colitis. 26  Therefore, eliciting 

IL-17 and IL-22 production by T H 17 cells is not likely to be a 

major mechanism by which IL-23 promotes colitis. Interestingly, 

a separate mechanism in which IL-23 drives intestinal inflam-

mation by restraining the development of induced regulatory 

T cells has recently been described. 24  

 In contrast to the relatively well-defined consequences of 

IL-23 stimulation in T cells, the role of the IL-23 pathway 

in non-T cells remains poorly studied. One previous study 

demonstrated that innate immune colitis in Rag2     −     /     −      

mice caused by  H. hepaticus  infection is dependent on IL-23, 

illustrating the relevance of IL-23 signaling in cells other than 

adaptive lymphocytes. 7  We decided to examine the consequences 

of IL-23 signaling in the context of dextran sulfate sodium 

(DSS)-induced colitis. DSS is thought to directly disrupt the 

epithelial integrity of the colon, which rapidly leads to inflam-

mation and weight loss. 27  DSS-induced colitis is commonly con-

sidered an innate model, as severe combined immunodeficiency 

and athymic CD-1 nu / nu mice retain susceptibility. 28  Here we 

reveal an unexpected dichotomy in the function of the IL-23 

pathway in the adaptive and innate immune compartments.   

 RESULTS  
 IL-23p19 and IL-23R promote weight loss and colitis in a 
chemically induced model 
 To determine whether IL-23 / IL-23R signaling is required for 

pathogenesis in the DSS model of colitis, we added 3.5 %  DSS 

(wt / vol) to the drinking water for 5 days and subsequently 

offered normal water. Weight loss is generally reflective of coli-

tis in this model, and consistent with the proposed pathogenic 

role of IL-23, IL23p19     −     /     −      and IL23R     −     /     −      mice lost significantly 

less weight compared with wild-type (WT) mice ( Figure 1a ). 

Because of the inherent variability of the DSS colitis model, 

we repeated this experiment three times, and meta-analysis 

revealed a very significant reduction ( P     <    0.0001) in weight loss 

in IL23p19     −     /     −      or IL23R     −     /     −      mice ( Supplementary Figure S1  

online). In addition, colons shortened to a lesser degree and 

histological scores were less severe in IL23p19     −     /     −      and IL23R     −     /     −      

mice, relative to WT controls ( Figure 1b and c ). Histological 

evaluation of colons deficient in IL-23 signaling revealed 

decreased leukocytic infiltrate, less crypt loss, and reduced 

epithelial hyperplasia ( Figure 1d ).   

 IL-23 signaling is required for maximal neutrophil infiltration 
in DSS colitis 
 To better characterize the mechanism underlying the protec-

tive phenotype in the absence of IL-23p19 or IL-23R, we exam-

ined the expression of genes that are known to be regulated by 

IL-23 in the colons of DSS-treated mice ( Figure 2a ). As expected, 

IL-17A and IL-22 expression was increased following DSS treat-

ment, and this increase was dramatically reduced in colons from 

IL23p19     −     /     −      and IL23R     −     /     −      mice. The Reg3 family of antimicro-

bial peptides, shown previously to be induced by IL-22, 23  was 

also decreased in the absence of IL-23 signaling. In untreated 

IL23R     −     /     −      and IL23p19     −     /     −      mice, there was a trend toward 

decreased expression of Reg3 �  and Reg3 � , but this was not 

statistically significant as expression in WT mice was highly 

variable ( Supplementary Figure S2  online). IL-17A and IL-22 

synergistically promote expression of inflammatory cytokines 

and chemokines, leading to the recruitment of neutrophils. 29  

Consistent with reduced IL-17A and IL-22 expression, recruit-

ment of CD11b     +     Gr1 hi  cells to the colonic lamina propria follow-

ing DSS exposure was dampened in IL23R     −     /     −      and IL23p19     −     /     −      

mice ( Figure 2b and c ). The majority of CD11b     +     Gr1 hi  cells 

were negative for F4 / 80; however, there was also a trend toward 

decreased infiltration of CD11b     +     Gr1 hi F4 / 80     +      inflammatory 

monocytes in IL23R     −     /     −      and IL23p19     −     /     −      mice ( Supplementary 

Figure S3  online).   

 IL-23R is protective in the absence of mature lymphocytes 
 Owing to the innate nature of the DSS model, we hypothesized 

that the pathogenic effects of IL-23 signaling might be medi-

ated by innate immune cells. To confirm the proinflammatory 

role of non-T or B-cell IL-23R in chemically induced colitis, 

we crossed the IL23R     −     /     −      mice with Rag2     −     /     −      mice and again 

challenged with 3.5 %  DSS for 5 days. Surprisingly, however, 

IL23R     −     /     −     Rag2     −     /     −      mice experienced more weight loss than 

IL23R     +     /     +     Rag2     −     /     −      controls ( Figure 3a ). At the high dose of 

3.5 %  DSS, most IL23R     −     /     −     Rag2     −     /     −      mice were moribund at day 

8. In order to elicit milder disease and allow for examination 

of the recovery phase following acute colitis, we administered 

a lower dose of 2.5 %  DSS for 5 days. At this concentration, 

IL23R     +     /     +     Rag2     −     /     −      mice lost only about 5 %  of their weight and 

began recovering after day 7 ( Figure 3b ). In contrast, IL23R     −     /     −     

Rag2     −     /     −      mice lost around 15 %  weight and did not recover 

until after day 10. Consistent with increased weight loss, DSS-

treated IL23R     −     /     −     Rag2     −     /     −      mice had shorter colons ( Figure 3c ). 

Histological analysis of colons following DSS treatment revealed 

increased crypt loss and epithelial damage in IL23R     −     /     −     Rag2     −     /     −      

mice ( Figure 3d and e ). IL-22 expression was virtually absent 

in both DSS-treated and untreated IL23R     −     /     −     Rag2     −     /     −      colons 

( Figure 3f ). In addition, expression of IL-17A and the Reg3 pro-

teins were reduced in the absence of IL-23R. Interestingly, Rag2 

deficiency lead to very high levels of Reg3 protein expression 

even in the absence of DSS challenge, and no significant further 

increase was observed in response to DSS ( Figure 3f , compare 

scale bars with  Figure 2a ). In mice deficient in both Rag2 and 

IL-23R, Reg3 levels were dramatically reduced, and again this 

was independent of DSS challenge ( Figure 3f ). Furthermore, 

levels of IL22, Reg3 � , and Reg3 �  are similar when comparing 

DSS-treated IL23R     +     /     +     Rag2     +     /     +      and IL23R     +     /     +     Rag2     −     /     −      colons, 

but IL-17 is decreased by 5-fold in IL23R     +     /     +     Rag2     −     /     −      samples 

(compare scale bars between  Figures 3f and 2a ). This observa-

tion suggests that adaptive lymphocytes, most likely CD4     +      T 

cells, are the predominant source of IL-17A, and is consistent 

with the observation of Sawa  et al.  30  that IL-22 in the gut is pre-

dominantly derived from innate cells rather than T cells. 

 In light of the nearly complete absence of IL-17 and IL-22, it 

was surprising that the leukocytic infiltrate was similar between 

groups, as indicated by histological evaluation ( Figure 3e ) 

and flow cytometry of CD11b     +     Gr1 hi  neutrophils in the lamina 
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propria ( Figure 3g and h ). The activation of CD11b     +     Gr1 hi  neu-

trophils was not suppressed much either, as CD11b intensity 

was not significantly decreased in cells from IL23R     −     /     −     Rag2     −     /     −      

mice ( Supplementary Figure S4a  online). To investigate the 

mechanism of neutrophil recruitment in the absence of IL-17 

and IL-22, we analyzed the expression of granulocyte-colony – 

stimulating factor, granulocyte – macrophage colony – stimulat-

ing factor, CXCL1, CXCL2, and CXCL5 in whole colons, and 

found these factors to be dramatically more abundant in the 

combined absence of Rag2 and IL-23R. This result indicates 

that a compensating, IL-23-independent mechanism takes over 

to promote neutrophil recruitment when neither IL-23 signal-

ing nor adaptive immune cells are functional ( Supplementary 

Figure S4b  online).   

 IL-22 rescues STAT3 phosphorylation and epithelial repair 
in IL-23R     −     /     −     Rag2     −     /     −      mice 
 Interestingly, the initial kinetics of weight loss following 

DSS treatment are similar in IL23R     −     /     −     Rag2     −     /     −      and IL23R     +     /     +     

Rag2     −     /     −      mice. However, after the initial phase of disease, 

the rate of weight loss in IL23R     +     /     +     Rag2     −     /     −      mice decreases 

and recovery begins. In contrast, IL23R     −     /     −     Rag2     −     /     −      mice 
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    Figure 1             Interleukin (IL)-23 signaling promotes weight loss and histological colitis in dextran sulfate sodium (DSS) model. ( a ) Wild-type (WT), 
IL23r     −     /     −     , and IL23p19     −     /     −      mice were treated for 5 days with 3.5 %  DSS, and weight loss was measured relative to initial weight.  *  P     <    0.05,  *  *  P     <    0.01, 
 *  *  *  P     <    0.001. ( b ) Colon lengths from rectum to cecum were determined at day 8 following DSS treatment. ( c ) Histological scores of colitis and 
( d ) representative hematoxylin and eosin staining for WT, Il23r     −     /     −     , and Il23p19     −     /     −      mice are shown. Scale Bar    =    100   mm. Data are mean ± s.e.m. 
Panels  a  and  b  are representative of three individual experiments, and panels  c  and  d  are from one experiment.  
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continued to lose weight for 2 – 3 additional days, suggesting 

perturbed mucosal repair mechanisms in the absence of IL-23 

signaling in innate immune cells ( Figure 3a and b ). IL-22 has 

been reported previously to promote mucosal wound healing 

through STAT3 activation in epithelial cells. 31  Therefore, we 

questioned whether lack of IL-22 in IL23R     −     /     −     Rag2     −     /     −      mice 

was responsible for the apparent defect in recovery from DSS 

treatment. 
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      Figure 2             Interleukin (IL)-23 signaling induces expression of Th17 cytokines and promotes neutrophil recruitment following dextran sulfate sodium 
(DSS) treatment. ( a ) Relative expression was determined in colons of wild-type (WT), IL23r     −     /     −     , and IL23p19     −     /     −      mice. Arbitrary relative expression 
units were calculated by division of expression of the gene of interest by Rpl19 mRNA expression and multiplication of the result by 1,000.  *  P     <    0.05, 
 *  *  P     <    0.01,  *  *  *  P     <    0.001. ( b ) Flow cytometry of CD11b     +     Gr1 hi  neutrophils in the colonic lamina propria of DSS-treated mice. ( c ) Quantitative analysis of 
frequency of CD11b     +     Gr1 hi  cells. Data are mean ± s.e.m., and are representative of two individual experiments.  

            Figure 3             IL23R     −     /     −     Rag2     −     /     −      mice have increased weight loss and colitis following dextran sulfate sodium (DSS) exposure. IL23R     −     /     −     Rag2     −     /     −      and 
IL23R     +     /     +     Rag2     −     /     −      mice were given 3.5 %  ( a ) or 2.5 %  ( b ) DSS, and weights are plotted relative to weight at day 0.  *  P     <    0.05,  *  *  P     <    0.01,  *  *  *  P     <    0.001. 
Colon lengths ( c ), colon histology scores ( d ), representative hematoxylin and eosin staining ( e ), and colonic expression profiles ( f ) of mice treated 
with 3.5 %  DSS for 5 days and killed on day 8. Representative flow cytometry ( g ) and quantitation of CD11b     +     Gr1 hi  neutrophils ( h ) in the colonic lamina 
propria of DSS-treated or untreated mice. Data are mean ± s.e.m., panels  a  –  c  are representative of three experiments, panels  d ,  e ,  g , and  h  are from a 
single experiment, and panel  f  is from two individual experiments.  
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 To determine whether IL-22 is sufficient for the protective 

effects of IL-23 signaling in the DSS model, we attempted to 

rescue the phenotype by treatment with recombinant IL-22. To 

maintain IL-22 exposure over time, we used a mIL22-Fc fusion 

protein because it offers superior pharmacokinetic proper-

ties compared to native IL-22. As expected, control treated 

IL23R     −     /     −     Rag2     −     /     −      mice experienced increased weight loss 

relative to the IL23R     +     /     +     Rag2     −     /     −      group following 5 days expo-

sure to 2.5 %  DSS ( Figure 4a ). Remarkably, IL23R     −     /     −     Rag2     −     /     −      

mice that received mIL22-Fc experienced minimal weight loss 

similar to the IL23R     +     /     +     Rag2     −     /     −      group. IL22-Fc also protected 

IL23R     −     /     −     Rag2     −     /     −      mice from colon shortening and histo-

logical parameters of colitis ( Figure 4b and c ). Expression of 

Reg3 proteins returned to normal following IL22-Fc treatment 

( Supplementary Figure S5  online). Immunohistochemical 

analysis revealed a robust induction of STAT3 phosphorylation 

in the colon epithelium of IL23R     +     /     +     Rag2     −     /     −      mice following 

DSS treatment ( Figure 4d ). In contrast, colons from DSS-treated 

IL23R     −     /     −     Rag2     −     /     −      mice had minimal pSTAT3 staining, which 

was rescued to normal levels by mIL22-Fc treatment.   

 Thy1 high SCA-1     +      innate lymphoid cells are a major source of 
IL-22 in DSS colitis 
 The non-T lymphocyte IL-22 producing cell populations 

proposed to be responsive to IL-23 include dendritic cells, 31  

natural killer cells, 22  and most recently Thy1 high SCA-1     +      
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    Figure 4             Increased colitis in IL23R     −     /     −     Rag2     −     /     −      mice is rescued by mIL22-Fc through pSTAT3. IL23R     +     /     +     Rag2     −     /     −      and IL23R     −     /     −     Rag2     −     /     −      mice 
were exposed to 2.5 %  dextran sulfate sodium (DSS), and weights are plotted relative to weight at day 0. Mice were treated with either isotype control 
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innate lymphoid cells. 4  In light of the importance of 

Thy1 high SCA-1     +      innate lymphoid cells in the pathogenesis 

of  H. hepaticus -induced colitis, we assessed the effect of 

DSS treatment on the frequency of this cell population. Unlike 

 H. hepaticus  infection, DSS-induced colitis did not increase 

the absolute numbers of Thy1 high SCA-1     +      cells in the colonic 

lamina propria, and levels were normal in IL23R     −     /     −     Rag2     −     /     −      

mice ( Figure 5a and b ). IL-22 production was detected in 

Thy1 high  cells and also a Thy1 low  population ( Figure 5c ). 

Intracellular staining revealed that the level of IL-22 in 

Thy1 high SCA-1     +      cells was elevated on DSS treatment in IL23R     +     /     +     

Rag2     −     /     −      mice and was significantly decreased in the absence of 

IL-23R ( Figure 5d ). Thy1 high IL22     +      cells from DSS-treated mice 

were characterized to be negative for CD11b, CD11c, and CD4; 

low for CD117 and NKp46; and positive for SCA-1 and ROR �  

( Supplementary Figure S6  online). 

 As DSS exposure induces IL-22 production by Thy1 high SCA-

1     +      cells, we questioned whether depletion of Thy1     +      cells would 

reduce IL-22 levels and exacerbate the severity of DSS-induced 

colitis. As previously reported, 4  anti-Thy1 treatment efficiently 

depleted Thy1 high SCA-1     +      cells in the colons and spleens of 

DSS-fed Rag2     −     /     −      mice, relative to mice treated with an iso-

type control antibody ( Figure 6a ). Thy1 depletion resulted in 

reduced levels of IL-22 secretion from lamina propria cells cul-

tured either in media or media containing IL-23 ( Figure 6b ). 

Furthermore, the expression of IL-17A- and the IL-22-induced 

proteins Reg3 �  and Reg3 �  were reduced ( Figure 6c ). Thy1 

depletion in mice treated with 2.5 %  DSS did not result in altered 

weight loss, even though there was a significant decrease in 

epithelial pSTAT3 staining ( Supplementary Figure S7  online). 

However, when the DSS dose was lowered to 2.0 % , treatment 

with  � Thy1 caused a moderate but significant increase in weight 

loss ( Figure 6d ), increased colon shortening ( Figure 6e ), and 

more severe histological scores ( Figure 6f ). Notably, histo-

logical evaluation revealed a dramatic loss of epithelial integrity 

following  � Thy1 treatment, compared with isotype control 

( Figure 6g ). Thus, Thy1 depletion resulted in a similar, yet 

less severe, phenotype as global absence of IL-23R, suggesting 

that residual IL-22 produced by Thy1-negative cells may still 

afford some degree of protection. Indeed, reverse transcription – 

polymerase chain reaction analysis of whole colons of 

Thy1-depleted animals revealed a lesser difference in IL-22 

mRNA levels than we expected, based on our analysis of  in vitro  

restimulated cells ( Figure 6b  and data not shown). 

 To corroborate this suspicion, we compared the two conditions 

in a second model in which both IL-22 and Thy1-positive cells 

are known to afford protection, namely  C. rodentium -induced 

colitis. 32  We confirmed the previous observations by Sonnenberg 

 et al. , 32  but found again that Thy1 depletion was insufficient 

to completely phenocopy the severity of disease caused by 

IL-23R deficiency ( Supplementary Figure S8  online).    

 DISCUSSION 
 Blockade of the IL-23 pathway has emerged as a promising 

therapeutic strategy for several inflammatory diseases, inclu ding 

IBD. 33  Our data in immunocompetent C57BL / 6 mice support 
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a therapeutic benefit of IL-23 inhibition and highlight a domi-

nant pathogenic role for the IL-23 pathway in a chemically 

induced model of colitis. Consistent with the widely accepted 

colitogenic function of IL-23 signaling, immunocompetent 

mice deficient in IL-23R or IL-23p19 were protected from 

DSS-induced colitis, as determined by weight loss, macro-

scopic scoring of the colon, and colon histopathology analysis. 

We observed highly significant protection from DSS-induced 

weight loss across multiple experiments in both IL23R     −     /     −      

and IL23p19     −     /     −      mice ( Supplementary Figure S1  online). 
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Furthermore, our data are consistent with the observation that 

neutralization of IL-23 (and also IL-12) by  � IL12p40-blocking 

antibody reduces the severity of DSS-induced colitis. 34  It is there-

fore surprising that another publication suggested a protective 

role for IL23p19 in the context of DSS colitis. 35  Unfortunately, 

the data presented in that study did not reach statistical 

significance and were not followed up by any in-depth analysis, 

and therefore it is not possible to determine the mechanistic 

underpinnings of the divergent results. 

 Intriguingly, while receptor and ligand knockouts generally 

phenocopied each other, we nevertheless found reproducibly 

that histological scores of IL23p19     −     /     −      mice were less severe 

than those of IL23R     −     /     −      mice. There were also minor differ-

ences in the degree to which expression of IL-17A and IL-22 

were affected by ligand or receptor deficiency ( Figure 2a ). 

The underlying mechanism for these discrepancies is cur-

rently unknown, but several potential explanations can be 

proposed. First, it remains a formal possibility that IL-23p19 

can functionally interact with proteins other than IL-12p40, 

IL-12R � 1, and IL-23R. Such subunit promiscuity would not be 

unprecedented in the IL-12 family of cytokines, as it has been 

shown that the IL-12p35 subunit can bind both to IL-12p40 

and also to a structurally related protein, EBI3. 36  An alterna-

tive second explanation would be that IL-23p19 and IL-23R 

deficiency are not functionally equivalent, because they may 

affect IL-12 signaling in opposing ways. In the case of IL-23R 

deficiency, IL-23 would still be produced, and would likely 

accumulate because receptor-mediated endocytosis and deg-

radation could no longer happen in the absence of IL-23R. This 

free IL-23 would be predicted to bind to IL-12R � 1, 1  thereby 

sequestering it and making it unavailable to serve as a recep-

tor for IL-12, and hence it would functionally act as an IL-12 

antagonist. Conversely, if IL-23p19 is removed, it can no longer 

compete with IL-12p35 for available p40 subunits, and thus 

IL-12 production is expected to be increased in the absence of 

IL-23p19. Third, although both mouse strains are housed in the 

same room, they have never been in direct contact with each 

other, and it is thus possible that their gut microflora differs 

generically, which may lead to subtle differences in intestinal 

inflammation. Finally, while the IL23R     −     /     −      strain was generated 

in C57BL / 6 embryonic stem cells, the IL23p19     −     /     −      allele was 

made in the 129 background and backcrossed to C57BL / 6 for 

more than 25 generations. 37  Although the strain is considered 

fully backcrossed, genes in the immediate vici nity of IL23p19 

will still be of 129 origin due to tight genetic linkage. 

 The cardinal finding of this study is that IL23R     −     /     −     Rag2     −     /     −      

mice experienced more severe colitis and delayed recovery from 

mucosal damage. In these mice, production of the downstream 

cytokines IL-17A and IL-22 is severely compromised, as is the 

expression of antimicrobial Reg3 family members. We present 

several lines of evidence that implicate Thy1 high SCA-1     +      innate 

lymphoid cells and IL-22 as important mediators of this previ-

ously underappreciated protective function of IL-23. First, while 

the absence of lymphocytes had a dramatic effect on IL-17 pro-

duction, IL-22 levels were barely affected, suggesting that the 

majority of IL-22 is produced by an innate cell type in the colon, 

while IL-17 predominantly comes from lymphocytes. Second, 

we found epithelial pSTAT3 staining to be severely reduced in 

IL23R     −     /     −     Rag2     −     /     −      mice, which is consistent with the previous 

observation by Pickert  et al.  31  that IL-22 promotes mucosal heal-

ing through elaboration of STAT3 signaling in epithelial cells. It 

was therefore not surprising that treatment with recombinant 

IL-22 rescued mice from severe colitis and restored epithelial 

pSTAT3 staining in IL23R     −     /     −     Rag2     −     /     −      mice. Finally, deple-

tion of Thy1     +      cells in Rag2     −     /     −      mice was sufficient to decrease 

IL-22 production by lamina propria cells  ex vivo  by 75 %  and 

exacerbate disease. However, the effect of Thy1 depletion was 

milder than that of genetic ablation of IL-23R, both in terms 

of IL-22 reduction as well as disease exacerbation. This differ-

ence could not be readily explained by incomplete depletion of 

Thy1-positive cells, and may therefore reflect the fact that other 

lamina propria cell types, such as dendritic cells 31  and natural 

killer cells, 22  are also known to produce IL-22 in response to 

DSS treatment. 

 In our experiments, we identified noteworthy differences 

between WT and Rag2     −     /     −      mice. As expected, based on the 

well-described neutrophil attracting properties of IL-17, 38  

IL23p19     −     /     −      and IL23R     −     /     −      mice had reduced levels of neu-

trophil infiltration following DSS treatment, correlating with 

decreased colitis and weight loss. Unexpectedly, however, 

IL-23R deficiency had no effect on neutrophil infiltration in 

DSS-treated Rag2     −     /     −      mice, despite complete absence of IL-17 

expression, suggesting that compensatory mechanisms pre-

dominate in the absence of T and B lymphocytes. In support 

of this hypothesis, we found dramatically increased expression 

of granulocyte-colony – stimulating factor, CXCL1, CXCL2, 

and CXCL5 in colons in the absence of IL-23R, and while the 

mechanism leading to this induction remains unknown at this 

time, it could be due to an increase in bacterial exposure or 

due to alterations in the commensal microbial profile in the 

absence of Rag2. Indeed, the basal levels of CD11b     +      Gr1 hi  

cells in the colon lamina propria are elevated in untreated 

Rag2     −     /     −      mice compared with untreated Rag2     +     /     +      mice 

( Figures 2b and 3g ). Therefore, our observations suggest 

altered leukocyte recruiting mechanisms in the absence of 

adaptive lymphocytes. 

 Similarly, the antimicrobial lectins Reg3 �  and Reg3 �  have 

been previously described as being induced directly by IL-22 in 

colonic epithelial cells. 23  Indeed, IL-22 and Reg3 proteins are 

upregulated following DSS treatment of WT immunocompe-

tent mice. However, in colons from untreated IL23R     +     /     +     Rag2     −     /     −      

mice, the basal levels of Reg3 �  and Reg3 �  were considerably 

higher than in Rag2     +     /     +      mice, yet IL-22 remained low. This 

heightened basal expression of Reg3 �  and Reg3 �  is dependent 

on IL-23, because expression was almost undetectable in either 

untreated or DSS-treated IL23R     −     /     −     Rag2     −     /     −      colons. The mecha-

nism leading to increased Reg3 �  and Reg3 �  in mice lacking 

mature T and B cells is currently unknown. However, it is plau-

sible that increased bacterial burden and / or altered composition 

of the microbial flora in Rag2     −     /     −      mice contribute to elevated 

Reg3 expression. Aberrant expansion of anaerobic microbes, 

including segmented filamentous bacteria, has been observed 
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in the small intestine of Rag2     −     /     −      mice and was attributed to 

IgA deficiency. 39  Further, expression of Reg3 �  and Reg3 �  are 

induced by increased bacterial exposure 40,41  apparently through 

direct recognition of bacterial pathogen-associated molecular 

patterns (PAMPs) by Paneth cells in a MyD88-dependent man-

ner. 40,42  As such, the mechanism by which IL-23 promotes Reg3 

expression in Rag2     −     /     −      mice, in a seemingly IL-22 independent 

manner, warrants further investigation. 

 In summary, we describe a previously underappreciated pro-

tective effect of the IL-23 / IL-22 axis that is partially mediated by 

Thy-1-positive innate lymphoid cells. As these cells are ROR � T 

positive, our observations complement a recent report by Sawa 

 et al. , 30  in which ROR � T / Rag2-double – deficient mice also suf-

fered from exacerbated DSS colitis. Furthermore, we previously 

also described a protective function of the IL-23 / IL-22 axis in the 

 C. rodentium  model of colitis, in which survival of IL23p19     −     /     −      

mice was reduced upon infection. 23  We confirmed that IL23R     −     /     −     

Rag2     −     /     −     -double – deficient mice are also more susceptible to 

 C. rodentium -induced weight loss ( Supplementary Figure S8  

online), suggesting that promotion of epithelial repair by 

IL-23 / IL-22 is critical for control of this pathogen by the host. 

In contrast, IL-23 signaling has pathogenic consequences not 

only in the context of DSS colitis in immunocompetent C57BL / 6 

mice as shown here, but also in T-cell – mediated transfer colitis 7  

and, intriguingly, in innate inflammation elicited by  H. hepati-

cus  infection in the context of Rag1 deficiency. 4,7  Together, 

these results illustrate impressively that various inflammatory 

triggers, host cell types, and signaling pathways can disturb 

mucosal homeostasis by distinct mechanisms, all of which may 

result in phenotypically similar inflammation and pathology. In 

light of this, it becomes clear that the successful development 

of therapies for human IBD will be critically dependent on our 

understanding of the inflammatory triggers that lead to inflam-

mation in specific diseases and / or patients.   

 METHODS     
  Mice   .   IL23p19     −     /     −     , 37  IL23R     −     /     −      ( Supplementary Figure S9  online), 
and IL23R     −     /     −     Rag2     −     /     −      mice on C57BL / 6 background were bred and 
maintained under pathogen-free conditions, and tested negative for 
 H. hepaticus ,  rodentium , and  typhlonius  and positive for segmented fila-
mentous bacteria. All experiments were approved by the Institutional 
Animal Care and Use Committee of Genentech.   

  DSS treatment and assessment of colitis   .   Male mice aged 8 – 12 weeks 
were given 2.5 or 3.5 %  DSS (36,000 – 50,000   MW, MP Biomedical, Santa Ana, 
CA) in drinking water  ad libitum  as indicated for 5 days. Where indicated, 
mice were injected intraperitoneally on days 0, 3, and 6 with 0.05   mg 
mIL22-Fc (mIgG2a) protein or mouse IgG2a as a control. In Thy1-deple-
tion studies, mice were injected intraperitoneally with 1.0   mg rat- � Thy1 
(clone 30H12, eBioscience, San Diego, CA) or rat IgG2b isotype control 
on days 0, 3, and 6. Mice were killed by CO 2  asphyxiation and colons were 
removed, flushed, and the length was measured from rectum to cecum. 
Tissues were immediately fixed in 10 %  buffered formalin, and 4 – 5    � m 
paraffin-embedded sections were stained with hematoxylin and eosin. 
Colitis severity was scored in the proximal colon, medial colon, distal 
colon, and rectum on a scale of 0 – 5, with 0 and 5 representing a nor-
mal colon and severe colitis, respectively. The scores of four anatomical 
regions were summed for each mouse to yield a total histological score. 
Immunohistochemical analysis was performed with pSTAT3 (Tyr705) 
(Clone D3A7, Cell Signaling Technologies, Danvers, MA).   

  Flow cytometry   .   For flow cytometry, lamina propria leukocytes 
were isolated as described previously 23  and surface stained with the 
following antibodies from BD Biosciences (San Diego, CA): CD11b 
(M1 / 70), CD3 �  (145-2C11), B220 (RA3-6B2), Gr1 (RB6-8C5), Thy1.2 
(53-2.1), and SCA-1 (D7). For intracellular cytokine staining, single-
cell suspensions from lamina propria were restimulated for 4   h in 
RPMI containing 10 %  fetal bovine serum with 50   ng   ml     −    1  of phorbol 
12-myristate 13-acetate and 500   ng   ml     −    1  of ionomycin in the presence 
of 5    � g   ml     −    1  of brefeldin A (Sigma-Aldrich, St Louis, MO). Cells 
were then fixed in 1 %  paraformaldehyde in phosphate-buffered 
saline, permeabilized with 0.5 %  saponin in flow cytometry buffer 
(0.5 %  bovine serum albumin in phosphate-buffered saline), and stained 
intracellularly with PerCP eFluor710-conjugated anti-mouse IL-22 
(eBioscience).   

  Quantitative reverse transcription – polymerase chain reaction   .   
Colons were collected in RNA later  (Ambion, Austin, TX) and 
homogenized with the Tissuelyser (Qiagen, Hilden, Germany). Total 
RNA from colons was isolated with the RNeasy kit (Qiagen) using 
DNA-free DNAse I digestion (Ambion). Taqman one-step RT-PCR 
(Applied Biosystems, Foster City, CA) was performed with a 7500 
Real Time PCR System according to the instructions of the manu-
facturer (Applied Biosystems). Expression of the gene of interest was 
normalized to expression of the  ‘ housekeeping ’  ribosomal protein L19 
mRNA. Arbitrary relative expression units were calculated by division 
of expression of the gene of interest by ribosomal protein L19 mRNA 
expression and multiplication of the result by 1,000 for ease of display. 
Primer and probe sequences for each target are as follows or as described 
previously: 23  RPL19, forward, 5 � -AGCGCATCCTCATGGAGC-3 � , 
reverse, 5 � -GTCAGCCAGGAGCTTCTTGC-3 � , and probe, 5 � -GCC
TTGTCTGCCTTCAGCTTGTGGA-3 �  (FAM, TAMRA); mIL-23R, 
forward, 5 � -TGGACTTTTGTCGGGAATGG-3 � , reverse, 5 � -TCGAAGT
GATCTGTTAAATATCCCAA-3 � , and probe, 5 � -TGGCCATCATGT
TGCCGATTTTTTCT-3 �  (FAM, TAMRA); mIL-17A, forward, 
5 � -TCGAGAAGATGCTGGTGGGT-3 � , reverse, 5 � -CTCTGTT
TAGGCTGCCTGGC-3 � , and probe, 5 � -CTGCACCTGCGTGG
CCTCGA-3 �  (FAM, TAMRA); mIL-17F, forward, 5 � -CCCAGGGTC
AGGAAGACA-3 � , reverse, 5 � -CCGAAGGACCAGGATTTCT-3 � , and 
probe, 5 � -CACCATGAACTCCGTCGCCATT-3 �  (FAM, TAMRA).   

  IL-22 enzyme-linked immunosorbent assay   .   Lamina propria cells 
were cultured in 96-well round-bottom plates (1 × 10 5  per well) 
in complete Iscove ’ s Modified Dulbecco ’ s Medium media with or without 
10   ng   ml     −    1  rmIL-23 (R & D Systems, Minneapolis, MN). After overnight 
incubation, supernatants were removed. IL-22 enzyme-linked immuno-
sorbent assay was performed as described previously. 20         

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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