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ABSTRACT Tumor progression locus 2 (Tpl2) is a serine-threonine kinase that regu-
lates Th1 differentiation, secretion of the inflammatory cytokine gamma interferon
(IFN-v), and host defense against the intracellular pathogens Toxoplasma gondii, Lis-
teria monocytogenes, and Mycobacterium tuberculosis. However, relatively little is
known about the contribution of Tpl2 to Th17 differentiation and immune cell func-
tion during infection with an extracellular pathogen. The goal of this study was to
determine whether Tpl2 influences the immune response generated to the extracel-
lular bacterium Citrobacter rodentium, which induces a mixed Th1 and Th17 re-
sponse. During peak infection with C. rodentium, Tpl2=/~ mice experienced greater
bacterial burdens with evidence of dissemination to the liver and spleen but ulti-
mately cleared the bacteria within 3 weeks postinfection, similar to the findings for
wild-type mice. Tpl2—/~ mice also recruited fewer neutrophils and monocytes to the
colon during peak infection, which correlated with increased bacterial burdens. In
mixed bone marrow chimeras, Tpl2 was shown to play a T cell-intrinsic role in pro-
moting both IFN-y and interleukin-17A production during infection with C. roden-
tium. However, upon CD4 T cell transfer into Rag—/~ mice, Tpl2=/~ CD4 T cells were
as protective as wild-type CD4 T cells against the dissemination of bacteria and mor-
tality. These data indicate that the enhanced bacterial burdens in Tp/l2=/~ mice are
not caused primarily by impairments in CD4 T cell function but result from defects
in innate immune cell recruitment and function.

KEYWORDS Citrobacter, T helper cells, gastrointestinal infection, intestinal immunity,
neutrophils

itrobacter rodentium is a nonmotile Gram-negative rod that is a natural mouse and

gerbil pathogen (1, 2). Upon infection, C. rodentium colonizes the large intestine,
primarily the cecum and distal portion of the colon (3), and forms a close association
with the epithelium and lamina propria that results in attaching and effacing lesions in
the large intestine (4, 5). However, C. rodentium can disseminate out of the intestines
and be found in the nasopharynx, lung, heart, liver, and spleen (6). Early innate
responses to C. rodentium are associated with recruitment and the antimicrobial
functions of neutrophils, macrophages, NK cells, and innate lymphoid cells (7-12).
Neutrophils secrete interleukin-17A (IL-17A) and IL-22, promote the production of
antimicrobial defensins by epithelial cells, and protect against the development of
diarrhea (11, 13). The bacterial association with the lamina propria of the large intestine
subsequently induces a mixed Th1 and Th17 response associated with IL-12, gamma
interferon (IFN-v), tumor necrosis factor (TNF), IL-17A, and IL-22 expression (14-17).
Clearance of the bacteria occurs within 3 weeks in a wild-type host and is dependent
upon both CD4 T cell and B cell functions (18, 19).

Tumor progression locus 2 (Tpl2; also known as MAP3K8) is a serine-threonine
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protein kinase that is expressed in both innate and adaptive immune cells. The role of
Tpl2 in promoting an inflammatory immune response has been extensively studied in
macrophages and dendritic cells (20, 21). Tpl2 has been shown to promote Th1 cell
differentiation and the production of IFN-y (22). Therefore, Tp/2=/~ mice experience
greater susceptibility and infectious burden in response to the protozoan parasite
Toxoplasma gondii (22) or the intracellular bacteria Listeria monocytogenes (21) and
Mycobacterium tuberculosis (23) than wild-type mice. However, Tpl2=/~ mice are resis-
tant to endotoxin-induced septic shock due to the reduced production of TNF (20).
Because Tpl2 promotes TNF processing and secretion (20, 24), it is being investigated
as a therapeutic target for treating autoimmune diseases, especially those exacerbated
by TNF, such as rheumatoid arthritis (25-27).

Th17 cells are a distinct lineage of CD4™ T cells that produce IL-17A, IL-17F, IL-21,
and IL-22 (28-33), with one of their main downstream functions being recruitment of
neutrophils to assist with the clearance of microbes (34-36). Together, Th17 effector
cytokines are required for the clearance of extracellular bacterial and fungal infections,
including those caused by Citrobacter rodentium, Klebsiella pneumoniae, Staphylococcus
aureus, and Candida albicans, while they also contribute to the inflammation associated
with autoimmune diseases (reviewed in reference 37). We have recently shown that
Tpl2 promotes Th17 cell differentiation and the secretion of IL-17A but not the
secretion of I1L-22 in vitro (38). However, Tpl2 has little impact on Th17 cell production
of IL-17A in vivo during myelin oligodendrocyte glycoprotein-induced experimental
autoimmune encephalomyelitis (39) or in a T cell transfer model of colitis (38). It has yet
to be investigated whether Tpl2 influences Th17 cell differentiation, IL-17A production,
or neutrophil accumulation during extracellular bacterial or fungal infections. Under-
standing how Tpl2 regulates Th17 responses during infection may provide valuable
information about the range of potential benefits or risks associated with Tpl2 inhibi-
tion in various disease settings.

Upon infection with C. rodentium, Tpl2=/— mice experienced greater bacterial
burdens during peak infection than wild-type mice but were capable of clearing the
bacteria within 3 weeks, similar to the findings for wild-type mice. Infection in Tp/l2—/—
mice was not confined to the intestines and was also detected in the liver and spleen
of infected mice. At 11 days postinfection (dpi), lymphocytes in the lamina propria
expressed IL-17A, IL-22, and IFN-vy, with Tp/2=/— CD4 T cells trending toward reduced
proportions of IL-17A-, IL-22-, and IFN-y-positive cells. This defect was confirmed to be
intrinsic to T cells, as Tpl2=/— CD4 T cells in mixed bone marrow chimeras were less
likely to differentiate into Th1 and Th17 cells expressing IL-17A and IFN-y, respectively.
Despite this T cell-intrinsic defect, Tp/l2—/— CD4 T cells transferred into Rag—/~ mice
were as protective as wild-type CD4 T cells in preventing bacterial dissemination and
mortality, suggesting critical T cell-extrinsic functions for Tpl2 in protection against C.
rodentium infection. Interestingly, the colons of Tp/2=/~ mice had reduced inflamma-
tion relative to those of wild-type mice, indicating that impaired neutrophil recruitment
and function may contribute to enhanced bacterial burdens in Tp/l2—/~ mice. Overall,
our findings confirm the importance of Tpl2 in driving the development of the
proinflammatory Th1 lineage as well as promoting IL-17A expression and neutrophil
recruitment during infection with extracellular bacteria.

RESULTS

Tpl2—/— mice have greater bacterial burdens and dissemination than wild-type
mice during peak infection with Citrobacter rodentium. Wild-type and Tp/l2=/~ mice
were infected with 2 X 10° CFU of Citrobacter rodentium 1CC180. Bioluminescent
images from the gastrointestinal region were collected throughout infection until
clearance of the bacteria at 21 days postinfection (dpi). Infection was confirmed by
measuring the fecal burdens of C. rodentium. Beginning at 7 dpi, Tp/2=/~ mice had
significantly greater bacterial burdens than wild-type mice, as detected by changes in
luminescence (Fig. 1A and B). This trend continued until approximately 12 to 14 dpi, at
which point both wild-type and Tp/2=/~ mice similarly cleared the bacteria (Fig. 1).
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FIG 1 Tp/l2—/~ mice have a greater bacterial burden during peak infection. Wild-type (WT) and Tp/l2—/~
mice were gavaged with 2 X 10° CFU of Citrobacter rodentium (ICC180). Bioluminescent images from the
gastrointestinal region are displayed as pseudocolor images, with variations in color representing the
light intensity at a given location. Red represents the most intense light emission, while purple
corresponds to the weakest signal. (A and B) Representative (A) and pooled (B) luminescence data for
wild-type and Tp/2~/~ mice from 3 to 21 dpi are shown. (C) The fecal burden was quantified at 0 to 21
dpi. Dashed line, limit of detection. When no fecal burden was detected, a value of 3 X 102 CFU/g
was assigned. Data from two independent experiments were pooled (n = 8 mice). Error bars
represent SEMs. P values were determined by two-way ANOVA. *, P < 0.05; **, P < 0.005.

C. rodentium is known to disseminate out of the intestines (6). Because Tp/l2—/~ mice
showed greater luminescence than wild-type mice at 7 to 12 dpi (Fig. 1B) but no
differences in fecal burdens between Tp/2—/~ and wild-type mice were seen until 12 dpi
(Fig. 1C), we hypothesized that greater bacterial dissemination was occurring in Tpl2—/~
mice. As expected, Tpl2=/~ mice had greater bacterial burdens in the liver and spleen
than wild-type mice at 8 and 11 dpi (Fig. 2C and D). Pinpoint lesions were also more
frequently observed on the livers of Tpl2=/~ mice than on those of wild-type mice
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FIG 2 Tpl2—/~ mice have greater bacterial dissemination during peak infection. Wild-type and Tp/2—/~
mice were gavaged with 2 X 10° CFU Citrobacter rodentium (ICC180). Mice were euthanized at 8 or 11
dpi. Livers and spleens were collected, assessed for lesions (A and B), and homogenized to measure the
bacterial burden (C and D). Dashed lines, limit of detection. Data from two or more independent
experiments per time point were pooled (n = 4 mice). *, P < 0.05 by two-way ANOVA.
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FIG 3 Tpl2 regulates claudin expression during C. rodentium infection. (A) Wild-type and Tp/2—/~ mice were
gavaged with 2 X 10° CFU Citrobacter rodentium (ICC180). Mice were euthanized at 8 or 11 dpi. The relative
levels of expression of claudin 2 (Cldn2) and claudin 5 (Cldn5) in the colon were measured. Data from two
or more independent experiments per time point were pooled (n = 8 mice). *, P < 0.05 by two-way ANOVA.
(B) Wild-type and Tpl2—/~ mice were gavaged with 2 X 10° CFU of Citrobacter rodentium (ICC180) followed
by FITC-dextran at 8 dpi. The concentrations of FITC-dextran in serum were quantified at 4 h posttreatment.
Outliers were excluded from analysis using Grubb’s test. **, P < 0.005 compared to control mice using
one-way ANOVA.

(Fig. 2A and B), although differential aerobic culture of pinpoint lesions did not result
in bacterial growth (data not shown). Combined, Tp/2—/~ mice not only showed greater
bacterial burdens in the intestines than wild-type mice (Fig. 1) but also showed greater
dissemination to other organs, including the liver and spleen (Fig. 2). Increased C.
rodentium dissemination is consistent with the findings in our recent report describing
the dissemination of the commensal bacterium Staphylococcus xylosus, normally found
on the skin of healthy mice, into the lungs and lymph nodes of Rag—/~ Tpl2—/~ mice
(40).

The greater dissemination of C. rodentium indicates that Tpl2 may regulate intestinal
permeability. Claudins aid in maintenance of the integrity of the epithelial barrier
through the formation of tight junctions. Because Tpl2 signals upstream of the MEK/
extracellular signal-regulated kinase (ERK) pathway (41) and the expression of claudins
2 and 5 on epithelial cell lines requires signaling through the MEK/ERK pathway (42, 43),
we hypothesized that the expression of these claudins may be reduced by Tpl2
deficiency. Tp/2=/~ mice showed a significant reduction in claudin 2 expression com-
pared to wild-type mice at 8 dpi (Fig. 3A). A similar trend was also seen for claudin 5,
although this was not statistically significant. By 11 dpi, both wild-type and Tp/l2—/—
mice showed a further reduction in the levels of expression of claudin 2 and claudin 5
(Fig. 3A). We hypothesized that an early reduction in the level of claudin expression
during infection of Tpl2=/~ mice may impair their intestinal barrier function and
contribute to the greater bacterial dissemination seen in these mice (Fig. 2). To evaluate
intestinal permeability directly, wild-type and Tp/2—/~ mice were orally gavaged with
fluorescein isothiocyanate (FITC)-dextran at 8 dpi. As expected, mice infected with C.
rodentium had greater intestinal permeability with higher concentrations of circulating
FITC-dextran (Fig. 3B). However, despite the reduced level of claudin expression in
Tpl2—/~ mice, no corresponding increase in intestinal permeability was detected in
Tpl2—/~ mice compared to wild-type mice. We therefore conclude that the greater
bacterial burdens within the intestines of Tp/l2—/~ mice are likely sufficient to promote
greater dissemination without a measurable change in barrier function per se.

Tpl2 enhances Th1 and Th17 responses to C. rodentium via a T cell-intrinsic
mechanism. The elevated bacterial burdens in Tp/l2—/~ mice at 8 to 12 dpi (Fig. 1B), as
detected by luminescence, indicated a Tpl2-dependent defect in the adaptive immune
response. As expected, lymphocytes in the lamina propria expressed IL-17A, IL-22, and
IFN-vy (14-17). Compared to wild-type mice, Tp/2~/~ mice consistently trended toward
reduced levels of induction of Th1 and Th17 cells expressing IL-17A, IL-22, and IFN-vy
(Fig. 4A and B). IL-6, IL-23, and transforming growth factor 8 are known to promote
Th17 cell differentiation (44-47). Despite the elevated levels of cytokine production
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FIG 4 Tpl2 promotes a Th1/Th17 response. Wild-type (Tp/2+/* and Tpl2+/~) and Tpl2~/~ mice (A and B)
or mixed bone marrow chimeras (C) were gavaged with 2 X 10° CFU Citrobacter rodentium (ICC180).
Representative plots of LPLs isolated at 11 dpi (A) and stained for wild-type or Tp/l2—/— CD4+ TCRB* cells
expressing IL-17A, IL-22, or IFN-vy (A and B) are shown. The values in panel A represent percentages. The
lines in panel B represent means (n = 5 mice). (C) Relative frequency of CD45.1+ CD45.2+ wild-type or
CD45.1~ CD45.2" Tpl2~/— CD4* TCRB* cells expressing IL-17A, 1L-22, or IFN-y. Connecting lines
represent percent cytokine-positive CD4 T cells from within the same host. Data from two or more
independent experiments were pooled (n = 12 mice). *, P < 0.05 by paired Student’s t test.

within the lamina propria lymphocytes (LPLs) at 11 dpi compared to sham-infected
controls (Fig. 4B), the mRNA expression levels of //23a and Tgfb were reduced to similar
levels in the colon tissue of C. rodentium-infected wild-type and Tp/l2—/~ mice com-
pared to sham-infected mice, whereas /l6 was more highly expressed in the colons of
Tpl2—/~-infected mice than those of wild-type mice (see Fig. ST in the supplemental
material).

To determine whether Tpl2 influences T helper cell polarization in vivo via a T
cell-intrinsic mechanism, mixed bone marrow chimeras were generated and similarly
infected with C. rodentium. In mixed bone marrow chimeras, a significantly lower
proportion of Tpl2=/~ T cells (CD45.2") than wild-type T cells (CD45.1/27) in the same
host expressed IL-17A and IFN-vy (Fig. 4C). However, Tpl2—/~ T cells were similarly able
to express IL-22 as wild-type T cells (Fig. 4C). These data confirm an accessory role for
Tpl2 in Th1 cell differentiation and IFN-y expression as well as Th17 cell differentiation
and expression of IL-17A but not expression of IL-22 in response to C. rodentium
infection.
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FIG 5 Tpl2=/~ CD4 cells are as protective as wild-type CD4 cells once they are transferred into Rag—/~ mice. Rag—/~ mice receiving
wild-type CD4 cells, Tpl2—/~ CD4 cells, or no CD4 cells were infected with low-dose Citrobacter rodentium. (A) Percent survival is shown.
Body weights were recorded, and mice exhibiting severe signs of disease, including more than 20% weight loss, were euthanized. (B and
C) Pooled luminescence data and fecal burden (B) plus representative images (C) from 3 to 21 dpi are shown. Dashed lines, limit of
detection. Error bars represent SEMs. (D) Dissemination into the blood, liver, and spleen was quantified at the time of death. Lines
represents means. Dashed lines, limits of detection for blood (top), liver (middle), and spleen (bottom). Data from two independent
experiments were pooled (n = 5 mice). P values were determined by one-way ANOVA. *, P < 0.05 comparing Rag—/~ mice with or without
CD4 cells; **, P < 0.005 comparing Rag—/~ mice with or without CD4 cells.

Tpl2—/— CD4 T cells adoptively transferred into Rag7—/— mice are protective
against C. rodentium. To evaluate whether defects in Th1 and Th17 cell differentiation
in the large intestines influenced the disease outcome, wild-type or Tp/2=/— CD4 T cells
were adoptively transferred into Rag?—/~ mice. At approximately 2 to 3 weeks post-
transfer, mice were infected with a low dose of C. rodentium. Because Rag—’~ mice are
deficient in T cells and B cells (48), they are incapable of clearing the bacteria and
quickly succumb to infection (49). The recipients of either wild-type or Tpl2=/— CD4 T
cells survived up to 21 dpi (Fig. 5A) and had elevated bacterial burdens similar to those
in Rag1—/~ mice not receiving wild-type or Tp/l2=—/~ CD4 T cells (Fig. 5B). The localiza-
tion of C. rodentium was visualized using luminescent images taken throughout the
time course (Fig. 5C), and dissemination was quantified at the time of death. Notably,
transfer of either wild-type (50) or Tp/l2=/— CD4 T cells into Rag?—/~ mice partially
restored the intestinal barrier function to Rag?—/~— mice. Rag?—/~ mice that received
either wild-type or Tp/l2=/— CD4 T cells had similarly reduced levels of dissemination of
C. rodentium into the blood, liver, and spleen (Fig. 5D). For most Rag1—/— mice that
received CD4 T cells, C. rodentium was no longer detected in the circulation (Fig. 5D).
These results indicate that Tp/2=/— CD4 T cells are as protective as wild-type CD4 T cells
upon transfer into Rag?—/— mice and that Tpl2 primarily functions in a CD4 T cell-
extrinsic manner to influence bacterial burdens and dissemination during C. rodentium
infection.

Tpl2 promotes neutrophil accumulation in the colon during C. rodentium
infection. Because Tpl2 expression by CD4 T cells did not influence the total bacterial
burdens in Rag?—/~ mice (Fig. 5B), we next investigated the innate immune responses
generated during peak infection. C. rodentium infection induces neutrophil recruitment
into the large intestines (11, 12). Neutrophils not only phagocytose and kill bacteria (11,
12) but also contribute to inflammation and pathology (51). A comparison of the
pathology between wild-type and Tp/2—/~ mice showed reduced total inflammation in
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FIG 6 Tp/l2—/— mice have reduced neutrophil recruitment to the colon during the adaptive immune response. Wild-type
and Tpl2—/~ mice were gavaged with 2 X 10° CFU Citrobacter rodentium (ICC180). Mice were euthanized at 8 or 11 dpi.
(A) Representative images are given. The inflammatory cells in the colons at 11 dpi are mostly histiocytes (red dashed
arrows) and lymphocytes (black solid arrows), with some neutrophils (red arrowheads) being seen. Asterisks denote areas
where the intestinal glands are missing. The solid red arrow points to a colonic gland that is markedly dilated due to the
accumulation of cellular debris and large numbers of bacteria in the lumen of the colonic gland. Magnifications, X200. (B
and C) Colons were isolated and scored for pathology (B), and the proportion of myeloid cells in the epithelial layer was
quantified by gating on CD45* events (C). Lines represent means (n = 3 mice). (B) Data from three independent
experiments were pooled. (C) Data are representative of those from one (monocytes and dendritic cells) or four
(neutrophils) independent experiments. P values were determined by unpaired Student’s t test (B) and one-way ANOVA
(Q). *, P < 0.05.

the large intestines of Tp/l2=/~ mice at 8 and 11 dpi (Fig. 6A and B), despite the
significantly increased bacterial burdens over the same time period (Fig. 1A and B). The
histopathology of colons isolated from C. rodentium-infected Tpl2—/~ mice also showed
colonic glands that were missing or markedly dilated due to the accumulation of
cellular debris and large numbers of bacteria (Fig. 6A). Accordingly, an evaluation of
innate immune cell infiltrates showed that reduced proportions of neutrophils and
monocytes (Fig. 6C) were recruited to the epithelial barrier of the colons of Tpl2=/~
mice during infection. Consistent with this finding, a 1:1 ratio of neutrophils and
monocytes was observed in colon sections of wild-type and Tp/2=/~ mice infected with
C. rodentium (data not shown). Tpl2 did not significantly impact the recruitment of
dendritic cells into the epithelial layer (Fig. 6C). The reduced levels of neutrophil
recruitment in Tp/2=/~ mice are consistent with previous reports of impaired neutrophil
recruitment in models of inflammation primarily due to factors extrinsic to neutrophils
(52-55).

DISCUSSION

Understanding how Tpl2 regulates Th17 responses during infection may provide
valuable information about the range of potential benefits or risks associated with Tpl2
inhibition in various disease settings. In this study, we investigated the role of Tpl2
during host defense against the Gram-negative extracellular bacterium Citrobacter
rodentium, which induces a mixed Th1 and Th17 response for protection. During peak
infection with C. rodentium, Tpl2—/~ mice had greater bacterial burdens than wild-type
mice, as detected by luminescence and fecal burdens. Interestingly, the colons of
Tpl2—/~ mice had reduced levels of inflammation and recruitment of neutrophils and
monocytes relative to wild-type mice, indicating that impaired innate immune cell
recruitment and function may contribute to enhanced bacterial burdens in Tpl2—/~
mice. Even with greater bacterial burdens and dissemination, Tp/l2=/~ mice were as
capable as wild-type mice of clearing the bacteria within 3 weeks. Evaluation of Tp/l2—/~
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CD4 T cells in the lamina propria of mixed bone marrow chimeras indicated a T
cell-intrinsic role for Tpl2 in IL-17A and IFN-y expression by CD4 T cells. However,
Tpl2—/= CD4 T cells transferred into Rag—/— mice were as protective as wild-type CD4
T cells against bacterial dissemination and mortality, suggesting critical T cell-extrinsic
functions for Tpl2 in protection against C. rodentium infection.

Tpl2 has previously been shown to promote Th1 cell differentiation and the pro-
duction of IFN-+y in vitro and in vivo (22), as well as Th17 cell differentiation and the
secretion of IL-17A but not the secretion of IL-22 in vitro (38). Accordingly, Tp/2—/~ mice
are more susceptible than wild-type mice to the Th1-inducing intracellular pathogens
Toxoplasma gondii (22), Listeria monocytogenes (21), and Mycobacterium tuberculosis
(23). M. tuberculosis is known to induce a mixed Th1/Th17 response (reviewed in
reference 56), but whether Tpl2 impacted Th17 cell differentiation in this model was
not investigated. Consistent with our previous reports of Tpl2 regulating Th1 and Th17
cell differentiation, Tp/2=/— CD4 T cells in the lamina propria were less likely to
differentiate into Th1 and Th17 cells expressing IFN-y and IL-17A, respectively, during
infection with C. rodentium. In contrast, Tpl2 did not influence CD4 T cell expression of
the Th17-associated cytokine IL-22 during infection. These findings are similar to those
observed for Th17 cells cultured in vitro, in which IL-17A expression was significantly
reduced but the expression of IL-22 or the Th17-associated transcription factors RORe,
RORyt, and interferon regulatory factor 4 (IRF4) was unaffected (38), suggesting a
specific defect in IL-17A expression rather than a global defect in Th17 cell differenti-
ation.

The greater dissemination of C. rodentium into the organs of Tp/2=/~ mice than into
those of wild-type mice initially suggested that Tpl2 may regulate the permeability of
the intestinal barrier. Lymphocytes in the lamina propria are known to assist with
maintenance of the intestinal barrier by promoting epithelial cell differentiation (50);
therefore, CD4 T cell- and B cell-deficient mice display a reduced ability to limit the
dissemination of C. rodentium (57). However, because Ragl—/— mice that received
either wild-type or Tpl2=/— CD4 T cells had similarly reduced levels of dissemination
into the liver and spleen, Tpl2 expression by CD4 T cells did not appear to influence
intestinal permeability. The absence of B cells and antibody production during infection
with C. rodentium is associated with a significantly delayed clearance as well as an
enhanced fecal burden over time (19, 58). B cell proliferation, activation, and secretion
of antibodies are initialized through cross-linking of the CD40 expressed on the surface
of B cells (reviewed in reference 59), which signals via Tpl2 to activate ERK and promote
class switching to IgE (60). However, Tpl2 ablation does not impair B cell activation,
proliferation, or secretion of 1gG1 (60). Therefore, although B cells do not appear to
influence bacterial clearance due to the ability of Tp/l2=/~ mice to clear infection
similarly to wild-type mice, we cannot exclude the possibility that Tpl2-deficient B cells
contribute to greater bacterial burdens and higher levels of dissemination at 2 weeks
postinfection.

Prior to induction of an adaptive immune response, innate cells in the intestines
respond to the pathogen-associated molecular patterns expressed by C. rodentium,
including lipopolysaccharide (LPS) and lipoproteins that activate Toll-like receptor 2
(TLR2) (61) and TLR4 (62), leading to downstream signaling through MyD88. TLR2-,
TLR4-, and MyD88-deficient mice infected with C. rodentium have significant mortality
associated with epithelial barrier damage and reduced barrier function (12, 51, 61, 62).
Because Tpl2 is activated downstream of TLR2 and TLR4, among others (20, 21, 63, 64),
we would expect a severe pathology and reduced barrier function in Tp/l2=/~ mice.
Contrary to this expectation, Tp/2=/~ mice did not have a pathology more severe than
that in wild-type mice but did have enhanced bacterial dissemination. Claudins are
known to play a significant role in maintaining intestinal integrity through the forma-
tion of tight junctions. Claudin 2 and claudin 5 require signaling through the MEK/ERK
pathway for protein expression on epithelial cell lines (42, 43), and expression of the
genes for claudin 1 and 2 can be upregulated by IL-17A stimulation (42). Because Tpl2
signals upstream of the MEK/ERK pathway (41) and contributes to IL-17A production in
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vitro (38) and in vivo (this study), we tested the possibility that Tpl2 regulates intestinal
barrier integrity by regulating the expression of claudin 2 and/or 5 on the surface of
epithelial cells. Indeed, the expression of claudin 2 was significantly reduced and the
expression of claudin 5 trended toward a reduction in Tp/l2=/~ mouse colon tissue at
8 dpi. Despite the reduction in claudin expression, intestinal permeability was
similarly enhanced by infection in both wild-type and Tp/2=/~ mice. It is possible
that differences in intestinal permeability may exist at earlier time points or with
different particle sizes that were not examined in the present study. However, it is
likely that the greater bacterial burdens within the intestines of Tp/l2=/~ mice are
sufficient to promote increased dissemination without a measurable change in
barrier function per se.

Even with greater bacterial burdens, Tp/l2=/~ mice had reduced pathology and
neutrophil recruitment to the large intestine compared with those in wild-type mice.
These results are consistent with the finding that Tpl2 regulates the expression of
inflammatory cytokines and chemokines and the recruitment of neutrophils to sites of
inflammation (52-55, 65). The reduced intestinal pathology in Tp/2=/— mice may also
be due to greater dissemination, which would induce a more diffuse and less localized
inflammatory response in the host. Because a reduction in intestinal pathology was
observed during the adaptive phase of the immune response, defects in neutrophil
recruitment in Tp/l2=/~ mice may be an indirect result of reduced TNF production
and/or reduced signaling in Tp/2=/~ mice in response to LPS (20), as well as reduced
IL-17A production. IL-17A and TNF in combination enhance neutrophil recruitment
through elevated secretion of CXCL1, CXCL2, CXCL8, granulocyte-macrophage colony-
stimulating factor, and granulocyte colony-stimulating factor (36, 66, 67). Similarly to
Tpl2=/~ mice, Cxcr2=/~ mice, which are deficient in neutrophil recruitment, showed
elevated fecal burdens at 2 weeks postinfection with C. rodentium as well as greater
dissemination of the bacteria into the liver and spleen (11). These data suggest that the
observed defects in neutrophil recruitment into the large intestine of Tp/l2—/~ mice may
explain both the greater bacterial burdens and the increased dissemination in Tp/l2—/—
mice.

Overall, our findings underscore that Tpl2 is a contributor to the development of the
proinflammatory Th1 lineage as well as promotes IL-17A expression. These results also
confirm the importance of Tpl2 in promoting neutrophil recruitment and the develop-
ment of pathology during inflammation. Furthermore, they highlight the important role
of Tpl2 in the prevention of bacterial dissemination.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6 and Rag1~/~— mice were obtained from The Jackson Laboratory. B6-Ly5.1/Cr
(CD45.1*) mice were obtained from Charles River Laboratories and were intercrossed with wild-type
mice to generate heterozygous CD45.1/CD45.2 mice at the University of Georgia (UGA). Tpl2-deficient
mice backcrossed more than 10 generations onto the C57BL/6 genetic background were kindly provided
by Philip Tsichlis and Thomas Jefferson University. Tp/l2*/~ matings generated the Tp/2*/* and Tpl2—/~
mice used for infections. Animals were used at 6 to 12 weeks of age and were age and sex matched for
individual experiments. All experiments involving mice were performed according to the University of
Georgia guidelines for laboratory animals and were approved by the UGA Institutional Animal Care and
Use Committee.

Adoptive transfer and bone marrow chimeras. Cells from the spleens and lymph nodes from
wild-type or Tpl2—/— mice were disaggregated by pressing them through a 70-um-pore-size filter, and
CD4 cells were purified by negative selection using a CD4 isolation kit (Stemcell Technologies, Vancouver,
Canada) according to the manufacturer’s guidelines. CD4 cells (2 X 106 to 3 X 106) were transferred into
Rag1~/~ mice intravenously (i.v.). At 2 to 3 weeks posttransfer, the reconstitution of CD4 cells was
measured by tail bleed. CD45.1* mice were lethally irradiated with a dose of 1,100 rads. On the following
day, the mice were reconstituted with bone marrow from CD45.1+ CD45.2+ and Tp/2=/~ mice. Bone
marrow was isolated from the femurs and tibiae of naive mice. T cells were depleted using CD3-biotin
(clone number 145-2C11; eBioscience) and antibiotin (Miltenyi Biotech, Auburn, CA) microbeads. The
negative fraction, devoid of T cells, was collected using an AutoMACS separator (Miltenyi Biotech)
according to the manufacturer’s guidelines. Cells were counted and mixed, and 3 X 10° to 4 X 10° mixed
bone marrow cells were injected into CD45.1* mice i.v.

Citrobacter rodentium infection and burden quantification. The C. rodentium strain used was a
luminescent strain (ICC180) kindly provided by Gad Frankel at Imperial College, London, United Kingdom
(68). Mice were inoculated with a low dose (1 X 107 to 2 X 107 CFU) or a high dose (1 X 10° to 2 X 10°
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CFU) in a total volume of 200 ul via a gastric gavage. The dose was confirmed by retrospective plating
on LB agar plates. For quantification of the bacterial burden, feces were diluted in 100 ul phosphate-
buffered saline (PBS) per 0.01 g feces, spleens were homogenized in 1 ml PBS, livers were homogenized
in 2 ml PBS, and 100 ul of blood was immediately diluted in 900 wl PBS followed by serial dilution and
plating on LB agar in triplicate. The plates were imaged for luminescent colonies using an IVIS imager
(PerkinElmer), and the bacteria were counted to determine the number of CFU per gram of feces, the
number of CFU per spleen, the number of CFU per liver, and the number of CFU per milliliter of blood.
The limit of detection was set at 103 CFU/g of feces, 500 CFU/ml blood, 50 CFU/liver, and 25 CFU/spleen.
For imaging, mice were anesthetized using either tribromoethanol or isoflurane and imaged for 1 min
using an IVIS Lumina imager (PerkinElmer) to collect luminescence data.

Intraepithelial cells and LPLs. Lamina propria lymphocytes (LPLs) were purified from the colons of
mice as previously described (69, 70). For isolation of intraepithelial cells, the colons were cut into
fragments and washed 3 times with RPMI 1640 medium containing 5% fetal calf serum (FCS; Invitrogen)
and 5 mM EDTA (Fisher Scientific) for 15 min at 37°C in a shaking incubator. For LPLs, tissue was further
subjected to two digestions with 0.5 mg/ml collagenase (Sigma-Aldrich) and 0.1 mg/ml DNase (Roche)
in RPMI 1640 medium containing 5% FCS and 15 mM HEPES (Invitrogen) with continuous shaking at 37°C
for 20 min. Supernatants from each digestion were passed through a 70-um-pore-size cell strainer.
Lymphocytes were enriched by Percoll (GE Healthcare) gradient purification using a 30-45-70% gradient
and collection of the cells at the 45%-70% interface. Cells were stimulated for 4 h at 37°C with 50
ng/ml phorbol myristate acetate (Sigma-Aldrich), 0.5 ug/ml ionomycin (Sigma-Aldrich), and Golgi
transport inhibitor (BD Biosciences) according to the manufacturers’ specifications. The following
anti-mouse immunoglobulin monoclonal antibodies used were from eBioscience: CD16/CD32 (an-
tibody 93), CD45.1 (antibody A20), CD45.2 (antibody 104), CD4 (antibody RM4-5), TCRB (antibody
H57-597), Gr-1 (antibody RB6-8C5), CD11b (antibody M1/70), CD11c (antibody N418), Ly-6C (anti-
body HK1.4), IL-17A (antibody eBio17B7), IFN-y (antibody XMG1.2), and IL-22 (antibody 1TH8PWSR).
Samples were run on a BD LSRII flow cytometer, and the results were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR).

Pathology. Colonic sections from mice were collected and fixed in 10% neutral buffered formalin for
24 h at room temperature. Complete cross sections of formalin-fixed intestinal tissue sections were
placed in cassettes, embedded in paraffin, sectioned to a thickness of 4 um, mounted on glass slides, and
stained with hematoxylin and eosin. Histological sections were evaluated by a veterinary pathologist
(T.N.) and scored according to the following criteria: for the distribution of inflammation, 0 indicated no
inflammation, 1 indicated focal inflammation, 2 indicated multifocal inflammation, and 3 indicated
diffuse inflammation; for the degree of inflammation, 0 indicated no inflammation, 1 indicated mild
inflammation, 2 indicated moderate inflammation, and 3 indicated severe inflammation; and for the
extent of erosion and/or ulceration, 0 indicated no erosion and/or ulceration, 1 indicated superficial
erosion and/or ulceration (erosion and/or ulceration in the lamina propria only), 2 indicated
moderate erosion and/or ulceration (erosion and/or ulceration extends to the submucosa), and 3
indicated severe erosion and/or ulceration (transmural erosion and/or ulceration). Scores were
pooled to give a total pathology score.

FITC-dextran assay. Food and water were withdrawn, and mice were gavaged with 150 ul the
permeability tracer FITC-dextran (Sigma-Aldrich) at a concentration of 80 mg/ml. Blood was collected via
cardiac puncture or the tail vein at 4 h posttreatment, and the FITC-dextran concentration in serum was
measured with a fluorescence spectrophotometer using emission and excitation wavelengths of 485 nm
and 535 nm, respectively. Concentrations were calculated from standard curves generated by serial
dilution of FITC-dextran.

RNA isolation and reverse transcription-PCR. RNA was isolated from colon tissue using an EZ-RNA
extraction kit (Omega Bio-Tek, Norcross, GA) and converted to cDNA using a high-capacity cDNA reverse
transcription kit (Life Technologies). The relative levels of 116, 1122, 1123a, 1112b, 1123r, Tgfb, Cldn2, and Cldn5
expression were measured using a SensiFAST Probe Hi-ROX kit (Bioline, Taunton, MA) and prede-
signed TagMan probe and primer sets (Applied Biosystems, Grand Island, NY). Samples were run on
a StepOnePlus quantitative PCR machine (Applied Biosystems). The results given are relative to those
for wild-type sham-infected controls and the actin housekeeping gene using the AAC; threshold
cycle (C;) method.

Statistics. P values were derived by paired or unpaired Student’s t test, the log-rank test, one-way
analysis of variance (ANOVA), or two-way ANOVA, as indicated in the figure legends, using Prism
software. Differences were considered statistically significant if P was =0.05.
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