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Abstract
Background & Aims: Controversy exists as to whether patients with inflammatory bowel disease
have an underlying immunodeficiency. We have focused on a murine model of the Wiskott-Aldrich
syndrome, an immunodeficiency in which autoimmunity can manifest in the form of an inflammatory
bowel disease-like illness. Wiskott-Aldrich syndrome protein (WASP) deficiency in mice results in
similar clinical features. We characterized the colitis in WASP-deficient mice.

Methods: WASP-deficient mice were followed clinically and histologically. Immunological
studies were performed to determine the pathogenic cell population(s), the predominant cytokine
expression pattern, and the role of cytokine(s) in colitis pathogenesis.

Results: All WASP-deficient mice develop colitis by six months of age. Lymphocytes are required
for disease induction, and CD4+ T cells from WASP-deficient mice are sufficient to induce disease
in lymphocyte-deficient hosts. Lamina propria preparations from WASP-deficient mice
demonstrated elevations in IFN-γ, IL-4, and IL-13 levels but decreased IL-6 and no difference in
IL-17 expression in comparison to WT controls. Treatment with neutralizing antibody to IL-4, but
not to IFN-γ, abrogated colitis development. However, mice deficient in both WASP and IL-4,
showed no difference in histologic colitis scores at 24 weeks of age compared to WASP-deficient
mice.

Conclusions: These results demonstrate a critical role for lymphocytes and a relative Th2 cytokine
predominance in the colitis associated with WASP-deficient mice. This is the only model of colitis
with elevated Th2 cytokines and aberrant natural Treg function and is unique in having a human
disease counterpart with similar defects.
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Introduction
The precise abnormalities that lead to inflammatory bowel disease remain unknown. A
dysregulated innate and/or adaptive immune response to the commensal bacterial flora plays
a central role in disease pathogenesis, as highlighted by a wide variety of animal models1-5.
Most animal models of colitis have implicated T cells, especially CD4+ cells, as the mediators
of inflammation, whether through an activated effector T cell population reactive to normal
intestinal flora, regulatory T cell dysfunction, or an imbalance between pro- and anti-
inflammatory cytokine production or function.

The inflammation associated with most IBD models appears to be associated and/or mediated,
at least in part, by Th1 (i.e. IFN-γ, IL-12, TNF-α, and IL-2)3-5 or Th17 cytokines (i.e. IL-17
and IL-23)6-10. Inhibition of Th1 cytokine function or production has been shown to abrogate
colitis development in several Th1-mediated models11-13. No similar increase in IL-4 has
been observed in these models.

Indeed, out of almost 40 murine models of IBD, only a handful have been associated with a
Th2 pattern of cytokine expression14-21. In these models, IL-4 is upregulated, frequently with
elevations of IL-13 and/or IL-5. Treatment with anti-IL-4 antibody (Ab) has been shown to
abrogate disease, at least in part, in some models16, 22, 23.

We have generated a model of IBD that results from the deletion of the gene that encodes for
the Wiskott-Aldrich syndrome protein (WASP)24. WASP is a signaling molecule that
integrates surface-receptor signals to the actin cytoskeleton and is altered or absent in patients
with Wiskott-Aldrich syndrome (WAS)25. This rare X-linked immunodeficiency is
characterized by eczema, thrombocytopenia, lymphoreticular malignancies, and recurrent
infections26 with up to 70% of patients developing autoimmune diseases, including an
inflammatory bowel disease-like colitis27-31. Also as in humans, WASP deficiency in mice
is associated with lymphopenia, mild thrombocytopenia, profound T cell signaling defects24,
32, and a decrease in natural Treg number and function33-36. Hematopoietic cells from WKO
mice, like human WAS cells, have defects in migration37, 38. Importantly, the majority of
WKO mice develop colitis that is characterized by a neutrophilic and lymphocytic infiltrate
into the colonic lamina propria24.

In this study, we investigated the pathogenic processes essential to the induction of colitis in
WKO mice. We characterized the natural history of colonic inflammation, the leukocyte
populations that are critical for disease induction, and the cytokine milieu associated with
disease activity. Our findings have relevance not only to the study of inflammatory bowel
disease but also to those focusing on the pathogenesis and treatment of primary
immunodeficiencies and autoimmunity.

Materials and Methods
Mice

WASP KO (WKO) mice were generated on a 129 SvEv background24. Wildtype (WT) and
RAG-2 KO mice were obtained from Taconic (Hudson, NY) on a 129 SvEv background.
WASP/RAG double KO (WRDKO) mice were generated by crossing WKO mice with RAG-2
KO mice. WASP/IL-4 double KO mice were generated by crossing WKO mice with IL-4 KO
mice (C57BL6 background) and backcrossed onto 129 for five generations. Mice were
maintained in specific pathogen free (SPF) animal facilities at Massachusetts General Hospital
(Boston, MA). All experiments were conducted upon approval and according to regulations
of the Subcommittee on Research Animal Care (SRAC) of the Massachusetts General Hospital.
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Clinical, histologic, and immunohistochemical analysis
Please see Supplemental Information

Cell isolation and CD4+ T cell purification
Please see Supplemental Information

Flow Cytometric Analysis
Please see Supplemental Information.

Analysis of cytokine production
Please see Supplemental Information.

Antibody treatment
Seven to eight WKO mice were administered weekly intraperitoneal injections of 1mg/mouse
of either rat anti-mouse IL-4 antibody or control rat IgG antibodies diluted in PBS starting at
10 weeks of age for eight weeks, following a modified protocol16, 22. Rat anti-mouse IL-4
antibody was purified from the 11B11 hybridoma cell line as described23. Seven to eleven
WKO mice were administered weekly intraperitoneal injections of 2mg/mouse of either rat
anti-mouse IFN-γ antibody39 or control rat IgG antibodies diluted in PBS starting at 10 weeks
of age for eight weeks as described13. Rat anti-mouse IFN-γ antibody was purified from the
XMG1.2 hybridoma cell line39. Rat IgG antibodies were obtained from Antibodies
Incorporated (Davis, CA). Mice were weighed weekly, and sacrificed one week after the last
injection.

Adoptive Cell Transfer of CD4+ T cells
Please see Supplemental Information

Bone Marrow Transplantation
Please see Supplemental Information

Intracellular Cytokine Staining
Please see Supplemental Information

Th1 and Th2 skewing of CD4+ T cells
CD4+ T cells from mesenteric and peripheral lymph node cells and spleens were isolated from
10-week-old female WT (n = 3) and WKO (n = 3) mice, and after RBC lysis, Th polarization
was performed as previously described40 with a few modifications (please see Supplemental
Information for details). On day 6, cells were split into two groups, one for intracellular
cytokine staining and one for cytokine secretion analysis via ELISA. Cells that were cultured
for ELISA were stimulated with PMA (1.25ng/ml) and ionomycin (250ng/ml) for 48 hours,
after which, the supernatants were collected and analyzed by ELISA.

Statistical analysis
All comparisons were done using two-tailed Student's t-test.
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Results
WKO mice develop an IBD-like disease limited to the colon by four months of age

Our initial studies of WKO mice revealed frequent signs of colitis, including wasting, rectal
prolapse, diarrhea, and sometimes early death24. In the current study, we characterized, in
detail, the colonic inflammation of WKO mice.

Gross examination of the gastrointestinal tract demonstrated a normal small intestine but a
substantial thickening of the colon (Figure 1A, upper left panel) throughout its entire length.
Some mice developed rectal prolapse. Severe disease was often associated with shortening of
the colon, adhesion to neighboring tissues, and extensive enlargement of mesenteric lymph
nodes. The spleen was often enlarged (Figure 1A), usually correlating with disease activity,
where WKO spleens weighed, on average, three times as much as WT spleens (220mg in 6-
month old WKO mouse [n=4] compared to 61mg in 6-month old WT mice [n = 4], p < 0.0005).

To quantify the incidence and severity of colitis development, 11 WT and 30 WKO mice were
followed for four months starting at two months of age. Weekly observations of clinical signs
(i.e. diarrhea, weight loss, rectal prolapse, death) revealed disease prevalence in WKO mice to
be 10% by three months and approximately 50% by five months with no WT mice developing
clinical disease (Figure 1B). Almost half of those affected had severe or fatal colitis. Course
of disease was progressive; death started to occur at four months of age.

Epithelial hyperplasia and leukocyte infiltration characterize the colonic mucosa in WKO
mice

Microscopic evidence of colitis in WKO mice occurred earlier than the development of clinical
signs. Six to eight WKO mice in each group were sacrificed at various ages to determine the
prevalence of disease at specific time points. The results demonstrated that 71% of WKO mice
at 3 months of age showed microscopic evidence of colonic inflammation with an overall
average microscopic colitis score of 2.4 out of 8 (Figure 1B). By 6 months of age, 100% of
WKO mice had signs of colitis with an average microscopic score of 5.7. None of the 11 WT
mice at 6 months of age showed any macroscopic or microscopic evidence of colitis.

Histologically, the colitis was characterized by crypt elongation, epithelial hyperplasia, and an
extensive infiltration of inflammatory cells into the lamina propria (LP - Figure 1A, right panel)
with occasional crypt abscesses. Goblet cells were often depleted, and mucosal architecture
was lost in severe cases, but granulomas were never observed. Correlating with mucosal
thickening, WKO colons have an almost ten-fold increase in colonic LP cells per colon
compared with WT colons (9.55×106 cells/colon, n = 18 vs. 1.15×106 cells per colon, n = 78,
respectively). Immunohistochemical staining demonstrated the LP infiltrate to consist of
CD4+ T cells24, CD8+ T cells, F4/80+ macrophages, and CD11c+ dendritic cells (Figure 2).
The presence of neutrophils in the colonic LP was reported previously24. In addition, clusters
of plasma cells are found scattered throughout the lamina propria (data not shown).

Activated T cells are expanded in both WKO LP and peripheral lymphoid organs
Next, we examined the immunophenotype of the WKO LP T cells from 3-4 month old mice.
We observed that the majority of these cells were activated (CD69+, CD62Llo, CD45RBlo,
Figure 3). This expanded population of activated T cells consists of both CD4+ cells and
CD8+ cells (data not shown). We then investigated whether the expansion of activated T cells
in WKO mice is unique to the LP compartment. In mesenteric and subcutaneous lymph nodes
and spleen, there is an increase in activated CD4+ T cells (CD69+, CD62Llo, Figure 3) in WKO
mice compared to WT. However, in contrast to the activated cells in the LP, these cells express
a higher level of CD45RB (Figure 3).
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WKO lymphocytes are essential and T cells are sufficient for initiating colitis
Since WASP is expressed predominantly in hematopoietic cells, we expected that the
pathogenic cell population(s) must originate from this lineage. To confirm this assumption,
bone marrow transplant experiments were performed using total bone marrow cells (BMCs).
All mice receiving WKO BMCs (n = 4) developed macroscopic and microscopic signs of
colitis; whereas there was no evidence of colitis in recipients of WT BMCs (n = 5).
Representative sections of each group are shown in Figure 4A.

We next examined whether lymphocytes were required for colitis development. To address
this issue, we generated WASP and RAG-2 double KO mice (WRDKO), which lack T and B
lymphocytes while other hematopoietic lineages remain intact. Initial observations of
approximately 30 WRDKO mice have found them to be viable with normal development but
a shorter lifespan in a small percentage of mice. Of note, none of the 30 mice had diarrhea, and
analyses of WRDKO intestines, both macroscopically and microscopically, did not reveal any
sign of colitis (Figure 4B). Three out of 14 WRDKO mice aged 4-6 months developed minimal
thickening of colonic crypts without inflammatory cell infiltration (overall average
microscopic colitis score: 0.25, p < 0.0001 compared to 4-month old WKO mice whose scores
averaged 3.8) in comparison to 87% of WKO mice of the same age with average microscopic
colitis scores ranging from 3.8 to 5.7 (Figure 1C). These data indicate that lymphocytes are
essential for colitis development in WKO mice.

To determine whether CD4+ WKO T cells are sufficient to cause disease, CD4+ T cells derived
from either WT or WKO mesenteric lymph nodes (MLN) were adoptively transplanted into
RAG-2 KO recipient mice. Analysis ten weeks post cell transfer revealed significant colitis
(average microscopic colitis score 3.4, Figure 4C) in all recipients of WKO CD4+ cells. RAG-2
KO control mice without cell transfer and RAG-2 KO recipients of WT CD4+ cells did not
develop colitis (Figure 4C), with a p < 0.01 comparing colitis scores of WKO CD4+ cell
recipient colons versus those of WT CD4+ cell recipient colons. To assess whether CD4+ T
cells from young, healthy (2-month-old) WKO mice were also colitogenic, we performed a
second set of experiments comparing recipients of CD4+ T cells from either non-colitic (young)
or colitic (older) WKO mice. Recipient animals of both groups developed colitis with no
significant difference in their colitogenic potential (data not shown). These results demonstrate
the pathogenic potential of WKO CD4+ T cells, even from young, pre-colitic mice.

WKO colitis is associated with an increase in Th2 cytokines
The Th2 cytokines IL-4 and IL-13 and the Th1-cytokine IFN-γ were found to be markedly
elevated in WKO colonic LP cells compared to WT LP cells (Figure 5A). Levels of IL-4 and
IL-13 elevation correlated with the extent of gross colonic thickening (data not shown). Similar
results were seen after stimulation with anti-CD3 + anti-CD28 antibodies (data not shown). In
contrast, there was no increase in levels of IL-5, IL-12p70, or IL-17 (Figure 5A). Expression
of IL-10 was mildly elevated and IL-6 decreased to approximately 50% of levels seen in WT
mice (Figure 5A). IL-2 expression was significantly elevated in WKO LP cells stimulated with
PMA and ionomycin (Figure 5A) but not when cells were stimulated with anti-CD3 and anti-
CD28 Ab (data not shown), consistent with our previous observations in peripheral WKO T
cells24. Lastly, stimulated LP cells show elevated levels of TNF-α in most but not all WKO
mice (Figure 5A). Overall, the profound elevations in IL-4 and IL-13, even with some elevation
of Th1 cytokines, indicates a relative Th2 skewing.

We next investigated whether the same cytokine expression pattern existed in the MLN and
spleen in WKO mice. Only IL-4 and IL-10 were elevated in MLN from WKO mice compared
to WT mice (Figure 5B). There was no elevation of any cytokines tested (IL-4, IL-10, IL-13,
IL-5, and IFN-γ) in the spleen (data not shown). Consistent with the increase in Th2 cytokines
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in WKO LP in vitro, immunoperoxidase staining revealed IL-4 protein expression in five-
month old WKO, but not WT, colon (Figure 5C).

IFN-γ Neutralization Does not Alleviate WKO Colitis
Given the elevation in IFN-γ levels of WKO mouse colonic LP cells, we investigated the role
of IFN-γ in colitis pathogenesis by the administration of anti-IFN-γ antibody. The anti-IFN-γ
Ab has been used previously for neutralizing IFN-γ39 and, as shown below, is effective at
inducing a Th2 phenotype. Anti-IFN-γ Ab-treated mice (n = 7) weighed less than control IgG
Ab-treated mice (n = 11) throughout the treatment course (Figure 6A), and consistent with this
finding, at 9 weeks after initiation of antibody treatment, histologic colitis scores were slightly
higher in anti-IFN-γ Ab-treated mice than control IgG Ab-treated mice (4.9 versus 3.0, p =
0.07; Figure 6B). These results demonstrate that IFN-γ does not play a major pro-inflammatory
role in colitis development in WKO mice.

WKO colitis is ameliorated by IL-4 neutralization but is not entirely dependant on IL-4
Given the marked elevation in IL-4 expression by WKO colonic LP cells, we next determined
the importance of this cytokine in colitis development by a similar neutralizing antibody
administration as that above. IL-4 neutralization attenuated the development of colitis in WKO
mice (Figure 7A-7B). The majority of mice treated with anti-IL-4 antibody, but not control
IgG antibodies, gained weight (Figure 7A, p < 0.05 one week after last injection). Given the
young age of these mice, weight gain at this period is expected; the failure to gain weight
suggests a pathologic process. In addition, microscopic colitis scores on necropsy one week
after the last injection demonstrated moderate to severe colitis in three out of seven mice treated
with control rat IgG (overall average microscopic colitis score: 2.2), while only one out of eight
mice treated with anti-IL-4 Ab had minimal signs of colitis (overall average microscopic score
0.1, p < 0.05). Representative sections of colons from mice treated with anti-IL-4 Ab and mice
treated with control IgG Ab that developed colitis are shown in Figure 7B.

We confirmed the efficacy of the IL-4 neutralization by analyzing IL-4 secretion in LP cells
(Figure 7C). IL-4 expression was elevated in IgG antibody-treated mice with colitis, up to the
level seen in untreated colitic WKO mice. In contrast, IL-4 levels were normalized in anti-IL-4
antibody-treated WKO mice. LP cells from IgG antibody-treated WKO mice without colitis
had similar IL-4 expression as WKO mice treated with anti-IL-4 antibody or WT mice. As
seen in untreated colitic WKO mice (Figure 5A), LP cells from colitic mice treated with control
IgG antibodies had marked elevations in IL-4, IL-13, and IFN-γ and mild elevation in IL-10
(Figure 7C).

To further examine the role of IL-4 in the development of colitis in WKO mice, we generated
WASP/IL-4 double KO (DKO) mice and followed them concurrently with WKO mice over a
six-month period of time. As shown in Figure 7D, at 18 weeks of age, DKO mice had higher
average weight (represented by the average of the percentage of initial weight, p < 0.01) and
lower clinical scores than the WKO mice. By six months of age, this delayed development of
disease was no longer apparent and there was no clear difference in histologic scores between
WKO (n = 26) and WASP/IL-4 DKO (n = 27) mice (data not shown).

WKO CD4+ T Cells Are Able to be Skewed to Th1 or Th2 Phenotypes
Given the markedly elevated levels of IL-4 and IL-13 in WKO colonic LP, we explored whether
WKO CD4+ T cells express IL-4 at baseline and their relative ability to be skewed in vitro to
either Th1 or Th2 cytokine secreting cells. CD4+ T cells from age-matched, gender-matched
WT and pre-colitic WKO mice were cultured in non-polarizing (Th0) or either Th1 or Th2
polarizing conditions. Cells were stained for intracellular cytokine production (Figure 8) and
protein levels determined by ELISA (data not shown). Analogous to WT cells, WKO cells
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were capable of being skewed to either Th1 (i.e., IFN-γ-producing) or Th2 (i.e. IL-4 producing)
cells (Figure 8). Furthermore, there was no difference in baseline IL-4 production in WKO
Th0 cells when compared with WT cells (Figure 8).

Discussion
Murine models of IBD have permitted intense investigation into the pathogenesis of mucosal
inflammation3-5. The colitis observed in WKO mice is unique because of both the presence
of disease in human patients with the same genetic defect and the relative Th2 cytokine
skewing. WKO mice develop spontaneous colitis starting at three months of age with 100%
of mice affected by six months of age. The disease is progressive, eventually leading to early
death in most cases. A similar observation of colitis, although milder and without further
characterization, has recently been reported in WKO mice on the C57BL/6 background34.

Most murine models of IBD require CD4+ T cells for disease induction3, 4. Similarly, we
demonstrated that WKO lymphocytes are required for disease initiation and CD4+ T cells are
sufficient to induce disease. CD4+ T cells from both young, non-colitic as well as older, colitic
WKO mice induce colitis in lymphocyte-deficient recipients. For further categorization of CD4
+ T cell-associated disease, animal models of IBD have been classified into type 1 models
where an abnormal effector cell population is present, and type 2 models where a lack and/or
dysfunction of regulatory cells appears to be the triggering event3. Although our data are not
yet sufficient to fully classify the colitis in WKO mice into one of these two categories, we and
others have recently described aberrant generation and function of natural Tregs in WKO
mice34-36, an observation consistent with that found in humans WAS patients34-36. Thus,
abnormal production and/or survival and/or function of regulatory T cells may be one
mechanism leading to colitis associated with WASP deficiency. Although we have
demonstrated that CD4+ T cells from WKO mice are able to transfer disease to
immunodeficient hosts, it remains to be determined whether an aberrant non-T cell population
is required for the priming of dysregulated T cells.

Overall, the cytokine produced by stimulated LP cells isolated from inflamed WKO mice
exhibit a mixed Th1/Th2 pattern with an unique Th2 predominance. WKO LP cells produce
elevated levels of IFN-γ, IL-4, and IL-13 in vitro, and increased IL-4 expression was
demonstrated in situ. There was no difference in IL-17 production, and IFN-γ is not pathogenic,
since IFN-γ neutralization failed to alleviate disease. In contrast, IL-4 neutralization attenuated
disease development, suggesting an important role of IL-4 in colitis initiation. However,
although weight and clinical colitis scores were attenuated at 18 weeks of age in DKO mice
when compared to WKO mice, this delay in disease development was no longer apparent at
six months of age suggesting that, in the absence of IL-4, other cytokines can drive colitis
development in this model. Although the underlying mechanism responsible for the relative
Th2 cytokine skewing in WKO LP remains unknown, aberrant expression of Th1 associated
transcription factors may be contributing factor, as has been recently reported in human WAS
cells41.

Since Th2 cytokines (IL-5 and IL-13) have been identified in the LP of patients with ulcerative
colitis42, the colitis associated with WASP deficiency may offer unique insight into the
pathogenesis of this form of human IBD. Unlike the other well-characterized spontaneous Th2
model of IBD (i.e., TCRα KO mice), WKO mice have near-normal levels of TCRα+β+ T cells
in the periphery. In addition, WKO mice share the common feature of elevated IL-13 expression
with the oxazolone-induced colitis model and human UC, in which NK-T cells have been
demonstrated to be the source of IL-13 and possibly the initiating colitogenic cell
population15, 42. Studies are underway to investigate whether NK-T cells play a pathogenic
role in the immune dysregulation associated with WASP deficiency in our model.
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Finally, colitis in WKO mice, unlike other animal models of IBD, offers the advantage of being
the only model to have a human correlate where patients with the same genetic defect can also
present with intestinal inflammations, Treg dysfunction, and clinical immunological sequelae
associated with a Th2 phenotype (e.g., eczema and elevated IgE)29. Our data have implications
to those investigators focusing on the pathogenesis of the WAS and the development of
treatment strategies for this immunodeficiency that may utilize improvement of colitis as a
measure of clinical efficacy43.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A majority of WKO mice develop spontaneous colitis and splenomegaly
(A) Upper left panel shows normal WT (top) compared to thickened WKO (bottom) colons.
H&E staining reveals crypt elongation and a large inflammatory cell infiltrate into the lamina
propria of WKO colon (right, objective: 10x) compared to normal WT colon (lower left,
objective: 10x). Splenomegaly is often associated with colitis in WKO mice (upper middle
panel). Bar represents 1cm. (B) Prevalence of clinical (weight loss, diarrhea, rectal prolapse,
or death) and microscopic (wall thickening, LP infiltration, crypt abscess) signs of colitis by
age. Note, none of the 11 WT mice followed concurrently demonstrated any clinical or
histologic signs of colitis.
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Figure 2. WKO colonic LP is infiltrated with several distinct leukocyte subsets
Note an increase of macrophages (F4/80+ cells, black arrowheads), CD8+ cells (black arrows),
and dendritic cells (CD11c+ cells, black curved arrows) in WKO colonic lamina propria. Data
are representative of stainings of 2-4 WT and WKO samples each. Staining was performed on
WKO colons with severe colitis (age > 6 months). All micrographs were taken with 10x
objective.
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Figure 3. WKO colonic LP contains activated T cells
Lymphocytes from WT and WKO colonic lamina propria (LP), mesenteric lymph nodes
(MLN), subcutaneous lymph nodes (SLN), and spleen (SPL) were analyzed for activation
markers. WKO LP is comprised of a higher percentage of T cells (i.e., TCRβ+) than WT. There
is marked expansion of activated T cells (as evidenced by CD69+ and CD62L− staining) in the
LP and less striking expansion in other lymphoid compartments in WKO mice compared to
WT mice. Data are representative examples of at least three individual experiments. Mice used
in the experiment were 3-4 months old.
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Figure 4. WKO lymphocytes are required and CD4+ T cells are sufficient for colitis induction
(A) Representative cross sections of colons from WKO or WT bone marrow cells (BMC) →
RAG-2 KO transfer recipients (objective: 4x). Note the absence of colitis in recipients that
received only WT BMCs compared to the markedly thickened colon of recipients of WKO
BMCs. (B) WRDKO mice do not develop colitis (objective: 4x). (C) Macroscopic (upper
panels) and microscopic analyses (lower panels, objective: 10x) demonstrated that CD4+ T
cells from WKO (right) but not WT mice (center) can transfer colitis to RAG-2 KO recipients.
RAG-2 KO control mouse colons are shown on the left.
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Figure 5. Relative Th2 skewing associated with colitis in WKO mice
(A) WKO LP cells secrete markedly elevated levels of IL-4 and IL-13 as well as IFN-γ, TNF-
α, and IL-2 with a decrease in IL-6. Results shown are means ± SEM pooling from two to four
experiments, *p < 0.05 between WT and WKO stimulated with P+I. (B) Only IL-4 and IL-10
are mildly elevated in WKO MLN compared to WT. Results shown are means ± SEM pooling
from two to four experiments, *p<0.05 between WT and WKO stimulated with P+I. (C) Shown
are representative sections of two independent experiments of WT (left panel, objective: 10x)
and inflamed (5-month-old) WKO (right panel, objective: 10x; inset, objective: 40x) colonic
sections stained for IL-4 by immunohistochemistry. US = unstimulated; P+I = stimulated with
PMA and ionomycin.
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Figure 6. Neutralization of IFN-γ does not alleviate colitis in WKO mice
(A) Mice treated with weekly injections of anti-IFN-γ antibody (n = 7), but not mice treated
with control IgG antibodies (n = 11), lost weight. (B) Average histologic score of anti-IFN-γ
Ab-treated mice compared to control IgG Ab-treated mice one week after final antibody
treatment (p = 0.07).
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Figure 7. Neutralization of IL-4 attenuates WKO colitis
(A) Mice treated with weekly injections of anti-IL-4 antibody, but not mice treated with control
IgG antibodies, gained weight. (B) Representative sections from mice treated with anti-IL-4
antibody and mice treated with control IgG antibodies that developed colitis (objective: 10x).
(C) LP cells from mice treated with anti-IL-4 antibody secreted negligible amounts of
cytokines. In contrast, LP cells from mice treated with control rat IgG antibodies that developed
severe colitis secreted a moderate amount of IL-10 and a large amount of IL-4, IL-13, and IFN-
γ, *p < 0.05 between cells stimulated with P+I from mice treated with anti-IL-4 antibody and
mice treated with control IgG antibodies that developed colitis. Shown are means ± SEM
pooling from two to four mice in each group. US = unstimulated; P+I = stimulated with PMA
and ionomycin. (D) WASP/IL-4 DKO mice demonstrated higher weights and lower clinical
colitis scores at 18 weeks of age than WKO counterparts that were followed concurrently.
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Figure 8. CD4+ T cells from WKO can be skewed to secrete Th1 or Th2 cytokines
(A) Representative flow cytometry plots of intracellular IL-4 and IFN-γ staining in WT (n =
3) and WKO (n = 3) CD4+ T cells polarized to Th0, Th1, or Th2 by appropriate stimulations.
(B) Graph representing the mean percentage ± SD of CD4+ T cells expressing IL-4 or IFN-γ
in cells isolated from WT (n = 3) and WKO (n = 3) mice polarized in Th0, Th1, or Th2
conditions.

Nguyen et al. Page 18

Gastroenterology. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


