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IL-23 is essential for T cell-mediated colitis 
and promotes inflammation via IL-17 and IL-6 
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Uncontrolled mucosal immunity in the gastrointestinal tract of humans results in chronic inflammatory 
bowel disease (IBD), such as Crohn disease and ulcerative colitis. In early clinical trials as well as in animal 
models, IL-12 has been implicated as a major mediator of these diseases based on the ability of anti-p40 mAb 
treatment to reverse intestinal inflammation. The cytokine IL-23 shares the same p40 subunit with IL-12, and 
the anti-p40 mAbs used in human and mouse IBD studies neutralized the activities ofboth IL-12 and IL-23. 
IL-10-deficient mice spontaneously develop enterocolitis. To determine how IL-23 contributes to intestinal 
inflammation, we studied the disease susceptibility in the absence of either IL-23 or IL-12 in this model, as 
well as the ability of recombinant IL-23 to exacerbate IBD induced byT cell transfer. Our study shows that in 
these models, IL-23 is essential for manifestation of chronic intestinal inflammation, whereas IL-12 is not. A 
critical target ofIL-23 is a unique subset of tissue-homing memory T cells, which are specifically activated by 
IL-23 to produce the proinflammatory mediators IL-17 and IL-6. This pathway may be responsible for chronic 
intestinal inflammation as well as other chronic autoimmune inflammatory diseases. 

Introduction 
When mucosal immunity is not countered by antiinflamma­
tory mediators (e.g., IL-10 or TGF-13), excessive proinflammatory 
responses result in chronic inflammatory bowel disease (IBD) (1). To 
investigate the mechanism(s) responsible for IBD, we have studied 
2 murine models: (a) IL-10-KO mice, which spontaneously develop 
enterocolitis (2) resembling Crohn disease and (b) lymphocyce-defi­
cienc Rag-KO mice, which develop colitis after reconstitution with 
CD4• T cells from IL-10-KO mice (3, 4). The intestinal disease char 
occurs in these models is initiated by the excessive generation of 
IFN-y-producingT cells (fhl) driven by IL-12 produced by antigen­
presenting cells. Thus, early treatment with anti-IFN-y mAb (2, 4) or 
anti-IL-12(p40) mAb prevented disease (4). In contrast, treatment 
withanti-IL-12(p40) mAb, bucnotanti-lFN-y mAb, reversed ongo­
ing disease in both of our models ( 4) and in a chemically induced coli­
tis model (5). Based on these outcomes, it was concluded that IL-12 
mighcplayaroleincolitisindependentofirsabilitytogeneracelFN-y­
producing T cells. However, recent studies have indicated char IL-23, 
which, like IL-12, is produced by antigen-presenting cells, and is 
also inhibited by anti-p40 mAb, regulates autoimmune-inflamma­
tory processes in several mouse disease models (6-8). Support for 
a significant role of p40-containing cytokines (IL-12 and/or IL-23) 
in the pathogenesis of human disease comes from 2 early clinical 
trials (on Crohn disease and psoriasis) using p40-specific human 
mAbs (9, 10). In both trials, administration of anti-p40 resulted in 
improved clinical disease, bur it was nor clear whether this was due 
co neutralization ofIL-12 or IL-23. To define the role ofIL-12 versus 
IL-23 in chronic intestinal inflammation, we have conducted stud­
ies using IL-JO-deficient mice to measure the individual contribu­
tions of these related cytokines. 

Nonstandard abbreviations used: IBO, inflammatory bowel disease. 
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Results 
IL-12p35 x IL-10-KO but notIL-23p19 x IL-10-KO micedevelcp spon­
taneous IBD. To determine the relative contributions oflL-12 and 
IL-23 in IBD, we backcrossed IL-10-KO mice with mice lacking 
only IL-12 (p3S-I-) or only IL-23 (pJ9-I-). As observed previously, 
IL-10-KO mice developed colitis by 3 months of age (2). At 12 
months, half of the IL-10-KO colony had wasted and died, and 
100% of the survivors exhibited severe colitis (Figure 1, A and lower 
panel of C). Similarly co the IL-JO-deficient animals, IL-12p35 x 
IL-10-KO mice developed signs of colitis, including diarrhea and 
rectal prolapse as early as 7 weeks of age. Histological evaluation 
of colons from these animals at 3 months of age revealed marked 
intestinal inflammation, ruling out that IL-12 is required for 
the development of spontaneous IBD in IL-JO-deficient animals 
(Figure 18). However, when IL-10-KO mice were backcrossed with 
pl 9-KO mice, theIL-10 x p 19-double-KO mice were still disease free 
at 12 months of age (Figure 1, A and upper panel ofC). This result 
suggested that IL-23, but nor IL-12, is required for the manifesta­
tion of chronic intestinal inflammation. CD4• T cells from IL-10 
x p19-KO mice still produced large amounts ofIFN-y, indicating 
that IL-10 x pl 9-KO mice are not impaired in their ability co gen­
erate a Thl cell response (Figure 2A). The level ofIFN-y produced 
by CD4• T cells from IL-10 x p19-KO mice consistently appeared 
increased over that of the IL-10-KO CD4• T cells, suggesting an 
enhanced Thl response in IL-10 x pl 9-KO mice. In contrast, CD4 • 
T cells from IL-10 x p35-KO mice showed reduced levels ofIFN-y 
(Figure 2B) Similar results were recently seen in the pathogenesis 
of2 other chronic inflammatory autoimmune diseases, EAE and 
collagen-induced arthritis (CIA). In both diseases, Th 1 responses 
developed normally in the absence ofIL-23, bur disease manifesta­
tion required the presence oflL-23. 

RecombinantIL-23 accelerates Tcelltransfercolitis. To assess how IL-23 
may be enhancing IBO, we performed studies in a T cell transfer 
model of colitis. The recipients of passively transferred T cells 
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were Rag-KO mice, which are devoid of mature T and B cells. They 
normally develop colitis 10- 12 weeks after reconstitution with 
either naive T cells (CD4•CD4SRBhish) or with memory T cells 
(CD4•CD4SRB10 w) from diseased IL-10- KO mice (3, 4). However, 
recipients that were treated daily with IL-23 developed colitis after 
only 4 weeks (Figure 3A). The accelerated onset of colitis occurred 
regardless of whether IL-23- treated Rag-KO mice were reconsti­
tuted with naive or memory CD4• T cells. IL-23 treatment also 
led to splenomegaly and a blood neurrophilia (4,800 ± 800/ mm3 

of blood), whereas saline-created controls still had normal spleens 
and baseline neutrophil counts (1,500 ± 200/ mm3 of blood). The 
mesenteric LNs of IL-23- treaced recipients contained greatly 
expanded numbers ofCD4•T cells and CD llb·CDllc•F4/ 80- DCs 
(Figure 3B). Continuous infusions with IL-23 did not result in 
colitis in unreconsticuted Rag-KO mice. 

IL-23 promotes memory-acti11ated T cell production of IL-6 and IL-17. In 
order to better define the actions ofIL-23, gene expression studies 
were performed to investigate the mechanism by which IL-23 induces 
colitis using the T cell transfer model. For the gene expression analy­
sis, gene-specific primers were used in TaqMan quantitative RT-PCR 
to detect the modulation of chemokines, cytokines, and cell-associ­
ated activation molecules. Gene expression of colon samples from 
recipients created for 4 weeks with IL-23 (colitis) was compared with 
chat of saline-created controls (no colitis) and naive controls (no cell 
transfer). Many genes were upregulated following IL-23 treatment, 
which signified the influx of activated inflammatory macrophages 
(i.e., IL-if',, TNF-a, NOS-2) and granulocytes (i.e., myeloperoxidase, 
12-lipoxygenase) (dacanocshown). In addition, increased expression 
of monocyte chemoattractant protein-1 and monokine induced by IFN-"I 
(Figure 4A) as well as MMP-7 and MMP-12 (data not shown) may 
contribute to digestion ofbasement membranes and matrix proteins 
and the migration of cells into the mucosa. We also found chat IL-23 
treatment increased gene expression specific to T cells (CD3 e chain; 
Figure 4A), confirming the rapid infiltration of colons by donor 
CD4 • T cells. EarlyT cell engraftment was accompanied by increased 
gene expression for IFN-y, which had already been linked to colitis 
in chis model (2- 4, 11). In addition, IL-23 treatment also resulted in 
increased IL-17 gene expression (Figure 4A). 
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Figure 1 
IL-23, but not IL-12, is essential for sponta­
neous colitis induced by IL-10 deficiency. (A) 
Histologic changes were evaluated at 3 time 
points in the colons of mice that were /L-10 
deficient and/or IL-23 (p19} deficient. (B) His­
tologic changes were evaluated at 3 months 
in the colons of mice that were /L-10 deficient 
and/or IL-12 (p35} deficient. The disease 
scores for each group (n = 5-8} were obtained 
as previously described (41 ). (C) Photomi­
crographs of the descending colons from 12-
month-old IL-10 x p79-KO mice (upper panel 
and /L-10-KO mice (lower panel). The lower 
panel shows marked mucosal thickening and 
epithelial hyperplasia. •inflammation extended 
into the submucosa and tunica muscularis. 
Scale bar: 50 µm. 

Although IFN-y can be made by accessory cells and T cells, IL-17 
is predominantly made by T cells (12). Previous studies have 
shown chat IL-17 is produced preferentially by human and murine 
T cells with a memory/ activated phenotype (13, 14). To further 
examine the role ofIL-23 in activation of memory T cells, sorted 
CD4•CD4SRBiow memoryT cells from IL-10-KO mice were assessed 
for cytokine gene expression following stimulation in the presence 
or absence of IL-23. As shown in Figure 4B, the mRNA levels of 
TNF and IFN-y were unchanged by IL-23. In contrast, IL-17 gene 
expression was elevated by IL-23. In parallel experiments (data not 
shown), it was found that IL-23 had no effect on gene expression by 
naive T cells, consistent with their failure to express the IL-23 recep­
tor (15). In addition to elevation ofIL-17 gene expression, IL-23 
also strongly induced gene expression ofIL-6 (Figure 4B). 

Memory T cells from WT and mutant mice were then assayed 
for cytokine secretion using ELISA. In the presence of plate-bound 
anti-CD3 mAb, IL-23 specifically stimulated increased IL-17 pro­
duction (Figure SA). The highestlevel ofIL-17 was induced by IL-23 
in cells fromIL-10-KO mice. IL-17 was also produced by cells from 
IL-10xp19- KO mice but was very low in cells from WTandp19-KO 
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Normal production of IFN-y in the absence of IL-23, but not IL-12. CD4• 
splenocytes from /l-70-deficient mice and mice doubly deficient for 
IL-10 and /L-23p19 (A) or /L-12p35 (8 ) were stimulated with anti-CD3 
and anti-CD28 for 3 days. Supernatants were assessed for IFN-y as 
described in Methods. Bars represent 3 mice per group; error bars 
indicate SD. Data shown are representative of 2 experiments. 
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IL-23 treatment accelerates the 
onset of colitis in T cell-reconsti­
tuted immunodeficient recipients. 
(A) Disease scores of Rag-KO 
mice reconstituted with naive or 
memory CD4• Tcells from IL-10-
KO donors followed by daily infu­
sions with IL-23 (1 µg/dose) or 
saline for 4 weeks (n = 8). (8 ) T 
cell and accessory cell numbers in 
mesenteric lymph nodes of recon­
stituted Rag-KO mice treated with 
IL-23 or saline for 4 weeks. 
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mice. Basal levels of IL-4 and IFN-y were not modulated by 
either IL-12 or IL-23 coscimulacion. When we assayed for IL-23-
dependent proliferation in the presence of anci- IL-2 mAb, we 
found chat memory cells from IL-10-KO were the best respond­
ers (Figure SB). In contrast, memory 

in the pathogenesis of chronic IBD (16- 18), while the role ofIL-17 
remains unclear. IL-17 mRNA expression was upregulated in 
inflamed colons of IL-10-KO but not in the noninflamed colons 
ofWT,p19-KO, and IL-10 x p19-double-KO mice (dacanot shown). 

T cells from all 4 strains proliferated 
equally in cultures supplemented A 

30 
with IL-2 (data not shown). Interest-

IL-1/J 
15 

TNF-a. 750 NOS-2 00 F4/80 

40 
ingly, there appeared to be a direct 
correlation between the ability of 
cells to produce IL-17 in response to 
IL-23 and the degree ofIL-23-stimu­
laced growth. To understand the cor­
relation between IL-23- induced T 
cell development and IL-17 produc­
tion, memory T cells were prepared 
for intracellular cytokine staining. 
Cells from IL-10-KO mice and IL-10 
x p19-KO mice contained distinct 
populations that could produce IL-4 
or IFN-y (Figure SC). Strikingly, only 
diseased IL-10- KO mice had a large 
number ofIL-17-positive cells. The 
vast majority of the IL-17- positive 
cells were negative for IL-4 and IFN-y 
staining, showing that they consti­
tute a subset distinct from classi­
cal Thl and Th2 memory cells. The 
small number ofIL-17-staining T 
cells present in IL-10 x p19- KO mice 
(Figure SC) suggests that the genera­
tion of this particular T cell subset 
can occur in the absence of endog­
enous IL-23 production. Data pre­
sented in Figure 5, A and B, indicate, 
however, that optimal expansion 
and IL-17 production require IL-23 
stimulation. 

Blockade of IL-6 and IL-17 ameliorates 
IBD. Our results suggest that IL-23 
promotes production of IL-6 and 
IL-17 by memory activated T cells 
(Figures 4B and 5) from IL-10-KO 
mice with IBD. Many reports have 
shown chat IL-6 plays a crucial role 
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Gene expression induced by IL-23 treatment of Rag-KO mice reconstituted with memory CD4• T cells 
from /L-10-KO mice. (A) Increased mRNA expression in colons of Rag-KO mice reconstituted with 
memory CD4• T cells from /L-10-KO mice and treated with IL-23 for 4 weeks. mRNA from the colons 
of 4 mice were pooled, and gene expression levels were detennined by real-time quantitative PCR. 
Data are presented as values nonnalized to ubiquitin. (8) Gene expression by memory CD4• T cells 
from IL-10-KO mice following in vitro stimulation with anti-CD3 mAb plus IL-2, IL-12, or IL-23 relative 
to stimulation with anti-CD3 mAb alone. 
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splenic T cells (2 x 105/ml; >95% 
purity) were isolated and cultured 
on CD3-coated plates. (A) Cytokine 
production by memory CD4• T 
cells. Supernatants from cells 
stimulated with IL-23 (10 ng/ml) 
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by ELISA. (B) IL-23-dependent 
proliferation of memory CD4• T 
cells was assessed by[3H]-thymi­
dine incorporation after 4 days of 
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mAb. (C) FACS analysis of memo­
ry CD4• T cells from IL-10-KO and 
IL-10 x p19- KO mice after cells 
were stained for intracellular IL-4, 
IL-17, and IFN-y proteins. 
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Heightened IL-6 (19) and IL-17 levels (20) could be detected in 
both serum and intestinal tissue from patients with Crohn disease. 
Blocking the IL-6 signaling pathway prevented the development 
ofT cell-mediated murine colitis (16, 17). Furthermore, several 
potent proinflammatory factors such as IL-1, TNF, as well as IL-6 
are downstream mediators ofIL-17 (21). In order to address wheth­
er IL-23 induction ofIL-6 and IL-17 production plays a role in the 
pathogenesis of bowel inflammation, we cotreated T cell- restored 
recipient mice with IL-23 as well as Abs that neutralize IL-6, 
IL-17, or both cytokines. Isotype control Ab- treated mice devel­
oped enterocolitis (path score= 10) 6 weeks after treatment, while 
the single Ab- created groups (anti- IL-6: 6.5 and anti- IL-17: 6) 
developed an attenuated intestinal inflammation (Figure 6). More 
importantly, anti- IL-6 and anti- IL-17 combination therapy sig­
nificantly ameliorated the severity of intestinal inflammation 
induced by IL-23. Taken together, these results suggest that IL-23 
promotes development and expansion of a pathogenic IL-6/ IL-17-
producing memory-activated T cell population chat can trigger the 
inflammatory cascade leading to intestinal inflammation. 

Discussion 
Our studies with IL-23-deficient mice show that IL-23 is essential 
for the manifestation of intestinal inflammation. This is consis­
tent with the recently described dominant role for IL-23 in both 
CNS and joint autoimmune inflammation (6, 7). Together these 
findings point to IL-23, but not IL-12, as the necessary mediator 

IFN-y • 

of organ-specific autoimmune diseases. Although IL-23 and IL-12 
share structural homologies, they have very distinct biological 
activities. The first striking difference between IL-23 and IL-12 is 
that IL-23 specifically stimulates memory CO4• T cells, whereas 
IL-12 is a potent stimulant for naive CO4• T cells (22, 23). The 
selective activation of memory T cells by IL-23 is especially rel­
evant to tissue inflammation. Memory T cells are well known for 
their tissue-homing properties. In the case of our IBO models, 
memory CO4 • T cells constitute 60-80% of the T cells found in 
the intestines of mice with colitis (3). Furthermore, reconstitu­
tion of immunodeficient SCIO or Rag-KO mice with naive CO4• 
T cells rapidly leads co the selective expansion and intestinal 
engrafcmenc of donor T cells expressing a memory phenotype 
(24). Lamina propria OCs, particularly in the distal end of the 
small intestine and driven by the intestinal flora, were recently 
described as constitutively expressing IL-23, suggesting a pre­
disposition of this part of the small intestine to initiate chronic 
inflammatory responses through IL-23 (25). Incerescingly, the 
constitutive expression ofIL-23 in this part of the small intestine 
was accompanied by a peak in IL-17 expression. 

A second important difference is that IL-23, unlike IL-12, induc­
es the production ofIL-17 by a unique subset of memory T cells. 
Therefore, IL-23 regulates a highly potent T cell-derived cycokine 
that has broad actions on the immune system. IL-17 is known co 
stimulate fibroblasts, endothelial cells, macrophages, and epi­
thelial cells to secrete multiple proinflammatory mediators (i.e., 
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Blocking IL-6 and IL-17 significantly reduced the intestinal inflamma­
tion, by 50%. Recipient mice were dosed i.p. with isotype, anti-lL-6, 
anti-lL-17, or anti-lL-6 plus anti-lL-17 Abs (2 mg/mouse) a day prior 
to T cell reconstitution. Rag-KO mice were reconstituted with sorted 
splenic CD4•CD45R8hi (naive) T cells (5 x 105 cells/mouse) from dis­
eased IL-10-KO mice and treated daily with 1 µg/mouse IL-23 protein. 
Subsequent rounds of Ab were administered weekly for 6 weeks. The 
graph shows the path scores from 2 independent but identical experi­
ments. The disease scores for each group were obtained as previously 
described (41 ). Horizontal bars represent the median value for each 
group . .. p < 0.05, compared with isotype Ab (unpaired Student's t test). 
Histologic examination was performed and scored using formalin-fixed 
tissue sections stained with H&E, as previously described (40}. 

IL-1, IL-6, TNF, NOS-2, mecalloproteases, and chemokines) (14). 
lmporcancly, in vivo studies have indicated that the local produc­
tion ofIL-17 may cause a site-specific influx and activation of 
inflammatory cells. In mice, IL-17 administered into the perito­
neal cavity elicited periconicis (26), and intracracheal administra­
tion elicited lung inflammation (27, 28). IL-17 has been identified 
in the synovial fluids of patients with rheumatoid arthritis (29, 30) 
and Lyme disease (31 ). T cells isolated from the inflamed joints of 
patients with Lyme disease contained a subset ofIL-17- producing 
T cells that were distinct from those producing IL-4 or IFN-y. This 
pattern is similar to what we observed wich memory T cells iso­
lated from mice with colitis. It is also similar co the observations by 
Murphy et al. in a model of collagen-induced arthritis using IL-23-
deficient mice (7). Resistance co che development of joint and bone 
pathology in these mice correlated wich an absence ofIL-17-pro­
ducing CD4• T cells despite normal induction of collagen-specific, 
IFN-y-producing Th 1 cells. In separate studies, it was shown chat 
either neutralizing Thl responses by anti-p40 mAb (32- 34) or 
blocking IL-17 (35) led co diminished chronic joint inflammation 
in mice. The connection between these 2 successful treatments was 
not understood, since IL-17 is noc associated with "classical" Th 1 
cycokine responses (36). Given che data presented here, it is not 
surprising chat both treatments were protective. A similar unique 
CD4 T cell activation state characterized by the production ofIL-17 
in response to IL-23 has recencly been observed by Aggarwal et 
al. (37). Our results show chat CD4• T cells from IL-10 x p19- KO 
mice still produce high levels of IFN-y. If anything, che level of 
IFN-y produced by cells from these mice appears co be somewhat 
higher, suggesting an increased Thl response in these animals in 
the absence ofIL-23, although ocher Th 1 cycokines were largely 
unchanged. In contrast, CD4• T cells from IL-10 x p35- KO mice 
showed reduced production ofIFN-y. Since the production of 
IFN-y is highly dependent on the presence ofIL-12, this result was 

noc unexpected. However, despite che reduced level ofIFN-y, these 
animals develop colitis very early, while che IL-10 x p19- KO mice 
remain resistant to colitis development. 

Since our studies were conducted in IL-JO-deficient mice and 
employed cells in the transfer colitis model obtained from IL-10-
deficienc mice, one could question whether similar results would 
be obtained in mice with normal IL-10 levels. The absence ofIL-10-
relaced regulatory effects could account for che increased disease 
proclivity in these mice. In this context, it is interesting to note 
that there was increased IL-17 production in IL-10-deficient mice 
as compared with WT mice (Figure SA). It is possible thac in che 
presence of normal IL-10 levels, IL-23-mediated inflammation 
alone would not be sufficient co support mucosa! inflammation 
and would require additional inflammatory signals such as chose 
mediated by IL-12. Several recent EAE and CIA studies, repre­
senting commonly used models of chronic inflammation and 
autoimmunity, have shown chat mice deficient in IL-23, but with 
otherwise normal expression ofIL-10, are procecced from disease 
(6-8), making it less likely thac our resulcs are only relevant in che 
absenceofIL-10. 

Very recencly, Langrish et al. (8) have identified a pathogenic 
IL-23-dependent T cell population chat is essential for the estab­
lishment of organ-specific inflammation associated with aucoim­
municy. This Thn..11 population, characterized by the production 
ofIL-17, IL-6, and TNF, can be distinguished from IL-12- driven 
T cells wich respect co che expression pattern of proinflammacory 
cycokines and ocher factors. Furthermore, transfer studies showed 
that these IL-23-dependent Th1L-11 CD4• T cells, but not IL-12-
dependent Thl CD4 • T cells, are essential for the establishment of 
inflammation associated with CNS autoimmunity. The data pre­
sented here are strikingly similar. CD4•CD4SRB1ow memoryT cells 
isolated from IL-10- KO mice produce IL-6 and IL-17 following 
stimulation in the presence ofIL-23. These cells also produce TNF, 
hue chis cycokine is induced in response co both IL-23 and IL-12, 
suggesting that TNF may play a role in both IL-12- and IL-23-
linked immune responses. A similar resulc was obtained after in 
vitro stimulation ofThu,.11 and Th 1 CD4• T cells (8). In addition 
to IL-17, the production ofIL-6 by these CD4•CD4SRB10w mem­
ory T cells is also uniquely dependent on the presence ofIL-23. 
Langrish et al. (8) speculate chat IL-6 produced by the pathogenic 
Thu,.11 CD4 • T cells may in fact inhibit the action of regulatory T 
cell function, allowing effector T cell activation (38). Although che 
data presented here do not address that question, it is evident that 
neutralization ofIL-6 has a beneficial effect on the IL-23-induced 
intestinal inflammation. The significant amelioration of disease 
observed with combined anci-IL-6 and anci-IL-17 treatment dem­
onstrates thac the action ofIL-6 and IL-17, both produced by chis 
pathogenic T cell population, is noc redundant and thac these 2 
inflammatory mediators are to a large extent responsible for the 
IL-23-driven intestinal inflammation. It is interesting to note that 
a small number ofIL-17-staining T cells remain in IL-10 x pl 9- KO 
mice. Similarly, Aggarwal ec al. also noced that not all IL-17 pro­
duction is abrogated in the absence ofIL-23 (37). 

Although we find that memory CD4 • T cells are a critical target 
ofIL-23 in the development of chronic intestinal inflammation, 
ic is likely not the only cell population that responds to IL-23. In 
CNS autoimmune inflammation, IL-23 was found to act more 
broadly as an end-stage effector cytokine through direct actions 
on macrophages in addition to its effect on memory CD4• T cells 
(6, 7). Other studies have identified DCs as a potential target cell 

1314 TheJoumalofClinicallnvestigation http://www.jci.org Volume 116 NumberS May2006 



BIOCON BIOLOGICS LIMITED                IPR2023-01444 Ex. 1013, p. 6 of 7

population for IL-23 (39). The relative contributions of these cell 
subsets with respect to IL-23 and disease pathogenesis have not 
yet been determined. 

Our data provide evidence that the activation of tissue-hom­
ing memory T cells by IL-23 is responsible for chronic intestinal 
inflammatory disease. We show that this cytokine induces a dis­
tinct T cell activation state that is characterized by the production 
of several proinflammatory cytokines, including IL-17 and IL-6, 
but not IFN-y. A similar IL-23- responsive, IL-17 /IL-6/ TNF- pro­
ducing activated memory T cell subset is essential in the patho­
genesis of other chronic autoimmune diseases, highlighting the 
importance of this novel pathway in chronic autoimmune inflam­
matory disease. This is even more relevant, since recent clinical 
trials demonstrate improved clinical disease after treatment with 
anti-p40 Abs (9, 10). Since these anti-p40 Abs neutralize both IL-12 
and IL-23, it is not clear whether the therapeutic effects are due 
co neutralization oflL-12 or IL-23. Our data identify IL-23 as the 
relevant target in colitis. 

Methods 
Experimental mice. IL-10-KO mice and lictermateIL-J0 x pl9-KO,pl9-KO 

(6), IL-10 x p35-KO, and WT mice on the C57BL/ 6 x 129/ SvEv back­
ground were generated and maintained at DNAX. C57BL/6 mice, Rag-KO 
mice, and IL-12 (p40)-KO mice on the BALB/ c mouse background as 
well as IL-12 (p40)- and IL-12 (p35)-KO mice on the C57BL/ 6 back­
ground were purchased from the Jackson Laboratory. Rag-KO 129/ SvEv, 
IL-JO-KO 129/ SvEv, and IL-10-KO BALB/ c mice were bred at DNAX. All 
animal procedures were approved by the Schering-Plough Biopharma 
Institutional Animal Care and Use Committee committee, in accordance 
with the Association for Assessment and Accreditation of Laboratory 
Animal Care International. 

Histopathology. Hiscologic examination of colons from IBO experiments 
was performed by a veterinary pathologist using formalin-fixed tissue sec­
tions stained with H&E, as previously described (40). 

T cell reconstitution of Rag-KO mice. Splenic T cells from IL-10-KO donors 

were enriched by red cell lysis and magnetic bead depletion using lin­
eage-specific mAb supernatancs B220 (B cells), 8C5 (neutrophils), Mac-1 
(macrophages), Ter 119 (erythrocytes), and anti-CDS (BO Biosciences 
- Pharmingen). Stained cells were removed in a magnetic field using goat 
anti-rat IgG (Fe)- and anti -rat IgG (H + L)-coated magnetic beads (Per­
septive Diagnostics). The remaining cells were stained with CD4-PE and 
CD45RB-FITC (BD Biosciences - Pharmingen) for sorting on a FACSVan­
tage SE (BO). 5 x 105 CD4'CD45RBwgh (naive) T cells or CD4'CD45RB1ow 

(memory) T cells were injected i.p. into Rag-KO recipients. Recipients were 
injected i.p. daily with 1 µg purified mouse IL-23 (22). 

Cytoldne and proliferation assays. FACS-purified CD4•CD45RB1•w T cells 

from the spleen (2 x lOS/ ml; >95% purity) were cultured on CD3-coaced 
plates in medium supplemented with 50 ng/ ml IL-12 (R&D Systems) or 
50 ng/ml IL-23. Supernatants were collected after 96 hours and assayed 
for IL-4, IFN-y (Ab pairs from BO Biosciences - Pharmingen), and IL-17 

by ELISA kit (R&D Systems) according co the manufacture's directions. 
For IFN-y assay, CD4' splenocyces were purified using CD4-specific mag­
netic beads on an automated magnetic cell sorter (Miltenyi Biocec) fol­
lowing the manufacturer's instructions. Cells were cultured for 72 hours 
with 1 µg/ml anci -CD28 (BO Biosciences - Pharmingen) on anci -CD3-

coaced plates. IFN-y was assessed in supernacancs by fluorescent bead 
array using IFN-y-specific beads (Upstate USA Inc.) on a Luminex 100 
analyzer instrument (Luminex Corp.) according co the manufacturer's 
recommendation. For proliferation assays, T cells were cultured on anci ­
CD3-coated plates supplemented with IL-2 or with IL-23 and neutral-

research article 

izing anci-IL-2 mAb. Cell cultures were pulsed after 96 hours with 1 µCi 
[3 H)chymidine per well for 24 hours. Incorporation was measured by 
liquid scintillation spectroscopy, and data are expressed as mean counts 
per minute of triplicate wells. DCs were obtained from spleens of Rag-KO 

mice by depleting macrophages (F4/80) and erythrocytes by magnetic 
bead depletion as described above. The remaining cells were stained with 
anti-I-A, anti -CDllc,and anci-Mac-1 mAbs and sorted co greater than 95% 
purity. Cells were cultured with LPS (10 µg/ ml) and/ or IL-23 (50 ng/ ml). 
Cell supernacancs were harvested after 72 hours and assayed by ELISA. 
For intracellular cycokine analysis, memory CD4' T cells were stimulated 
with PMA and ionomycin for 4 hours. Brefeldin A (EPICENTRE Biotech­

nologies) was adding during the last 2 hours of stimulation. Cells were 
harvested, fixed in 4% formaldehyde, permeabilized with 0.1% saponin, 
and then stained with FITC- or PE-conjugated anci -cycokine or isocype 
control mAb (BO Biosciences - Pharmingen). Cells were analyzed using a 
FACSCalibur and Cell Quest software (BO). 

RNA expression analysis. Total RNA was prepared from frozen colon 
tissue san1ples or from activated CD4'CD45RB1ow T cells using RNeasy 

kit (QIAGEN) according co the manufacturer's p rotocols. Total RNA 
(5 µg) was treated with DNAse I (Ambion Inc.) co remove contaminat­

ing genomic DNA, then reverse transcribed with Superscript ll reverse 
cranscripcase (lnvicrogen Corp.) with oligo p(DT)15 (Roche Applied Sci­
ence) and random hexan1ers (Promega), according co the manufacturer's 

protocol. Gene expression levels were determined by real-time quantita­
tive PCR using an AB! 5700 sequence detector system (Applied Biosys­
tems) and SYBR Green PCR Master Mix according to the manufacturer's 

instructions (Applied Biosystems). Primers were designed co ensure no 
cross-reactivity with other genes and, where possible, were designed to 
span intron/ exon boundaries. PCR an1plificacion of the housekeeping 
gene ubiquicin was performed for each sample co control for loading 
and co allow normalization between san1ples. Both water and genomic 

DNA controls were included co ensure specificity. Each data point was 
evaluated for integrity by analysis of the amplification plot and disso­
ciation curves. Data normalized co ubiquitin were then compared and 
expressed as the fold induction of gene expression in treated samples 
versus control samples. 

In vivo administration of mAbs. Rag-KO recipient mice were injected i.p. 
with 2 mg/ mouse of isotype control (rat IgGl GL113), anti-IL-17 (rat 
anti-mIL-17 IgGl 18Hl0), anci-IL-6 (rat anti-mIL-6 IgGl MP5-20F3), or 
anti-IL-6 and anci-ll,.17 combination mAb 1 day priorto naive IL-JO-KO 

T cell reconstitution. Following T cell reconstitution, mice were dosed i.p. 
with 1 µg/mouse IL-23 protein daily and 2 mg/ mouse total Ab weekly for 
6 weeks. The health of mice was monitored daily co observe any gross signs 
of colitis (wasting and diarrhea). 

Statistics. Unpaired Student's t test was used co analyze data. Differ­
ences were considered significant at P < 0.05. 
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