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The development of T helper 17 (T(;17) cells is a well-established adaptive mechanism for the production of
interleukin-17A (IL-17A), a cytokine involved in neutrophil recruitment. However, pathways contributing to
mucosal expression of IL-17A during the initial phase of a bacterial infection have received less attention. Here
we used the mouse colitis model of Salmonella enterica serotype Typhimurium infection to investigate the
contribution of myeloid differentiation primary response protein 88 (MyD88) to inflammation and mucosal
IL-17A expression. Expression of IL-23 in the cecal mucosa during S. Typhimurium colitis was dependent on
the presence of MyD88. Furthermore, initial expression of IL-17A at 24 h after S. Typhimurium infection was
dependent on MyD88 and the receptor for IL-1(3. IL-23 and IL-1f3 synergized in inducing expression of IL-17A
in splenic T cells in vitro. In the intestinal mucosa, IL-17A was produced by three distinct T cell populations,
including 8y T cells, T;17 cells, and CD4~CD8™ T cells. The absence of IL-1f3 signaling or IL-17 signaling
reduced CXC chemokine expression but did not alter the overall severity of pathological lesions in the cecal
mucosa. In contrast, cecal pathology and neutrophil recruitment were markedly reduced in Myd88-deficient
mice during the initial phases of S. Typhimurium infection. Collectively, these data demonstrate that MyD88-
dependent mechanisms, including an initial expression of IL-17A, are important for orchestrating early

inflammatory responses during S. Typhimurium colitis.

Salmonella enterica serotype Typhimurium is associated with
gastroenteritis in humans, a diarrheal disease characterized by
acute neutrophilic intestinal inflammation (29). Analysis of
responses in bovine, simian, and murine hosts has shown that
IL-17A and IL-22 are among the cytokines whose expression is
most prominently induced in the intestinal mucosa at early
time points after S. Typhimurium infection (8, 24, 25). In the
mouse colitis model of S. Typhimurium infection, IL-17A con-
tributes specifically to neutrophil recruitment into the cecal
mucosa (25) but is not required for the development of other
pathological changes (33). The cytokine IL-17A has received
considerable attention, because one of its cellular sources is a
distinct CD4™ helper T cell subset, termed Ty17, which is
involved in various inflammatory and autoimmune disorders
(16). However, antigen-dependent differentiation of naive T
cells into Ty;17 cells is inadequate to explain the rapid initial
release of IL-17A in response to pathogen exposure (6). For
example, a marked induction of IL-17A expression is observed
within 2 to 5 h after S. Typhimurium infection of bovine or
simian ligated ileal loops (24, 25), which does not provide
enough time for the development of T;17 cells. The mecha-
nisms that lead to this early, innate release of IL-17A during
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infection have received less attention than the role of Ty;17 cell
development in states of deregulated inflammation (16).

The role of IL-23 in enhancing or maintaining adaptive
responses of Ty;17 cells has been well described (14). However,
recent reports suggest that IL-23 also functions in orchestrat-
ing innate inflammatory responses. For example, IL-23 was
necessary for inducing innate IL-17A production in a mouse
model of Helicobacter hepaticus-induced colitis (5). Similarly,
mice deficient for the p19 subunit of IL-23 were unable to
express IL-17A during S. Typhimurium-induced colitis (9). A
second cytokine implicated in inducing innate production of
IL-17A is IL-1B. Ex vivo stimulation with IL-23 or IL-18 elicits
an innate release of IL-17A from NKT cells, v& T cells, or
Ty 17 cells (10, 22, 35). Collectively, these data suggest that
IL-23 and/or IL-1B is an important mediator of an initial,
innate release of IL-17A during infection.

Myd88 is required for signaling through Toll-like receptors
(TLRs) (20) as well as the receptor for IL-18 (21, 41). Salmo-
nella-infected dendritic cells can produce I1L-23 in vitro through
a MyDS88-dependent pathway that involves stimulation of
TLR4 (31). However, IL-23 production can also be induced in
vitro through alternative, MyD88-independent mechanisms,
such as activation of intracellular bacterial sensor nucleotide-
binding and oligomerization domain 2 (NOD2) (37). An initial
report suggests that pathological changes during the early,
innate phase of S. Typhimurium-induced colitis are indepen-
dent of the presence of Myd88 (12), although cytokine re-
sponses were not monitored in that study. As a result, it re-
mains unclear which mechanisms contribute to innate
production of IL-17A during the early phase of S. Typhimu-
rium colitis. The goal of this study was to investigate the role of
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TABLE 1. Scoring criteria for blinded examination of H&E-stained sections from the cecum

Score N eUtTOPhl{I, Inﬁltratlfm by a Submucosal edema Epithelial damage Exudate
infiltration mononuclear cells'

0 No changes (0-5) No changes (0-5)  No changes No changes No changes

1 6-20 -10 Detectable (<10%) Desquamation Slight accumulation

2 21-60 10-20 Mild (10-20%) Mild erosion and mild loss of goblet Mild accumulation
cells/undifferentiated enterocyte
hyperplasia

3 61-100 20-40 Moderate (20-40%) Marked erosion and moderate loss Moderate accumulation
of goblet cells/undifferentiated
enterocyte hyperplasia

4 >100 >40 Marked (>40%) Ulceration and marked loss of Marked accumulation

goblet cells/undifferentiated
enterocyte hyperplasia

“ Numbers in parentheses indicate the numbers of cells per high-power field (magnification, X400).

MyD88 in inducing early, mucosal IL-17A expression during S.
Typhimurium infection by the use of the mouse colitis model.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. Typhimurium strain IR715, a fully
virulent, nalidixic acid-resistant derivative of isolate ATCC 14028, was used as
wild-type isolate (34). ZA21 is a noninvasive derivative of S. Typhimurium strain
IR715 carrying mutations in all T3SS-1 effector genes required for invasion
(sipAsopABDE?2) that has been described previously (26, 44). Bacteria were
grown aerobically at 37°C in Luria-Bertani (LB) broth supplemented with anti-
biotics.

Intestinal model epithelia. CaCo-2 cells (ATCC HTB-37) were grown in
minimal essential media (MEM) (Invitrogen) complemented with 10% fetal calf
serum. One day before the assay, the medium of the cells was changed to MEM
complemented with 2% fetal calf serum. Cells were seeded on the apical com-
partment of a 12-mm-diameter Transwell plate (Corning Costar, Lowell, MA).
The cells were utilized when a transepithelial resistance of 0.6 - cm? was
reached. Polarized CaCo-2 cells were stimulated with recombinant human II-18
(eBioscience) (20 ng/ml), IL-17 (R&D Systems) (150 ng/ml), and IL-22 (R&D
Systems) (100 ng/ml) in the basolateral compartment for 3 h.

Animal experiments. Streptomycin (Sigma) (20 mg/mouse)-pretreated
C57BL/6 mice (Jackson Laboratory), MyD88-deficient mice (1), IL-1 receptor-
deficient mice (mutation in the IlIr] gene; Jackson Laboratory), and IL-17
receptor-deficient mice (mutation in the //17ra gene; Jay Kolls) were infected
orally with 1 X 10° CFU (in 0.1 ml of LB broth) of S. Typhimurium strain IR715
or ZA21 or were mock infected with 0.1 ml of sterile LB broth. At 12 h, 24 h, or
48 h after infection, mice were sacrificed, and samples of the cecum were
snap-frozen in liquid nitrogen for isolation of mRNA. For determination of
bacterial numbers, cecal contents, Peyer’s patches, mesenteric lymph nodes, and
liver tissue were homogenized in 1X phosphate-buffered saline (PBS), and serial
10-fold dilutions were plated on LB agar plates containing nalidixic acid.

Histopathology. Formalin-fixed, hematoxylin and eosin (H&E)-stained cecal
tissue sections were evaluated in a blind manner by a veterinary pathologist using
the scoring scheme shown in Table 1. Neutrophil counts were determined by
high-magnification (x400) microscopy, and numbers were averaged from 10
microscopic fields for each animal. Images were taken using an Olympus BX41
microscope.

Isolation and stimulation of splenocytes and T cells. Single-cell suspensions
were prepared by mechanical dissociation of mouse spleens. Prepared single-cell
suspensions were treated with ACK buffer (0.15 M NH,Cl, 10 mM KHCO;, 0.1
mM Na,-EDTA, pH 7.4) in order to lyse red blood cells. Splenocyte single-cell
suspensions were incubated with S. Typhimurium at a multiplicity of infection
(MOI) of 1 for 1 h in complete Iscove’s modified Dulbecco’s medium (IMDM)
(Invitrogen). Cells were washed and placed in complete IMDM containing 25
prg/ml of gentamicin for an additional 3 h. Isolation of untouched splenic T cells
was performed using a pan-T-cell isolation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) per the manufacturer’s instructions. Cells were treated with
10 ng/ml of recombinant mouse IL-23 and/or 10 ng/ml of IL-1B (eBioscience, San
Diego, CA), for a total of 5 h. RNA was isolated using a Qiagen Qiashredder/
RNEdasy kit per the manufacturer’s instructions.

Isolation of intestinal lymphocytes. Three groups of two naive mice each
(CS57BL/6; Taconic) were euthanized, and organ tissue samples from each group

of mice were combined. Intestines were removed beginning at the duodenum
and ending at the proximal colon. Intestines were dissected by removing the
remaining mesentery and vasculature. Then, each segment was opened longitu-
dinally, the luminal content was gently removed, and the tissue was cut into
S-mm-thick sections with a scalpel. The sections were subsequently washed in
cold 1X Hanks balanced salt solution (HBSS) (catalog no. 14185; Gibco) con-
taining 0.015 M HEPES (catalog no. 15630; Gibco) a total of six times to remove
mucus and remaining fecal matter. Intestinal tissue was placed in prewarmed
(37°C) 1 HBSS containing 10% fetal bovine serum (catalog no. 10082; Gibco),
0.015 M HEPES, and 5 mM EDTA and stirred for 15 min at room temperature
and then for 15 min at 37°C, followed by three 15-min washes with buffer
adjusted to room temperature. The remaining tissue was stirred in prewarmed
(37°C) 1xX RPMI medium (catalog no. R1145; Sigma) containing 10% fetal
bovine serum, penicillin-streptomycin (catalog no. 15240-062; Gibco), 0.015 M
HEPES, and 1.6 mg of collagenase (catalog no. C6885; Sigma-Aldrich)/ml for 45
min at 37°C. The resulting cell suspension was washed twice with 1X HBSS
containing 0.015 M HEPES.

Flow cytometric analysis of intestinal lymphocytes. A total of 4 X 10° intes-
tinal cells were resuspended in 2 ml of IMDM and treated with 25 wg/ml of
phorbol-12-myristate 13 acetate (PMA) (catalog no. P8139; Sigma), 1 uM iono-
mycin (catalog no. 10634; Sigma), and 10 pg/ml of brefeldin A (catalog no.
B7651; Sigma) for a total of 4 h at 37°C and 5% CO,. After stimulation, cells
were stained with Aqua LIVE/DEAD cell discriminator (catalog no. L34597;
Invitrogen) per the manufacturer’s protocol. Cells were then stained for 1 h in
the dark at 4°C with optimized concentrations of anti-CD3 Alexa 750-allophy-
cocyanin (APC) (eBioscience clone 17A2), anti-CD8 Alexa 700 (eBioscience
clone 53-6.7), anti-CD4 Pacific Blue (eBioscience clone RM4-5), and anti-TCR
GD R-PE (BD Pharmingen clone GL3). Cells were washed twice with PBS
containing 1% bovine serum albumin (fluorescence-activated cell sorter [FACS]
buffer). After staining, cells were fixed and permeabilized using BD Cytofix/
Cytoperm (catalog no. 51-2090KZ; BD). Permeabilized cells were then stained
with anti-IL-17A° Alexa Fluor 488 (clone eBiol7B7; eBioscience) and anti-
gamma interferon (anti-IFN-y) APC (clone XMG1.2; eBioscience). Cells were
washed twice and resuspended in FACS buffer and analyzed using an LSR II flow
cytometer (Beckman-Coulter, San Jose, CA). The resulting data were analyzed
using Flowjo software (Treestar, Inc., Ashland, OR). Gates were based on
Fluorescence-Minus-One controls.

Real-time PCR. Samples of the cecum were collected and immediately snap-
frozen in liquid nitrogen and stored at —80°C. RNA was extracted using
TriReagent (Molecular Research) according to the manufacturer’s instructions.
Isolated RNA was treated with DNase (Applied Biosystems), and reverse tran-
scription (RT) was performed usingl pg of DNase-treated RNA with TagMan
reverse transcription reagent (Applied Biosystems). cDNA (4 pl) was used for
each real-time reaction. RT-PCR was performed using Sybr green (Applied
Biosystems) and an ABI 7900 RT-PCR machine (Applied Biosystems). The
change in mRNA levels was determined using the following formula: fold
change = 2lACt(infected) = aCt(control] 'where ACt(control) = threshold cycle (Ct)
for target gene mock infection — Ct for GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) mock infection and ACt(infected) = Ct for target gene infec-
tion — Ct for GAPDH infection.

Protein expression analysis. Proteins from the cecum were extracted using
TriReagent (Molecular Research) according to the manufacturer’s instructions.
The protein concentration was determined using a Micro BCA kit (Thermo
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Scientific) according to the recommendations of the manufacturer. A 0.02-mg
volume of total protein was separated by sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis. Proteins were transferred to a polyvinylidene
fluoride membrane (Millipore) in a semidry transfer process (Bio-Rad). Non-
specific binding was blocked by incubating membranes in PBS containing 3%
nonfat dry milk and 0.05% Tween 20. Membranes were incubated with poly-
clonal primary antibodies raised against tubulin (Cell Signaling Technology) and
murine IL-1B (Abcam) overnight at 4°C. Horseradish peroxidase-conjugated
anti-rabbit IgG (Promega) was used as the secondary antibody. Horseradish
peroxidase activity was visualized by adding Immobilon Western chemilumines-
cent substrate (Millipore) to the membrane. Images were recorded and pro-
cessed using a BioSpectrum imaging system (UVP).

Statistical analysis. To determine the statistical significance of the results
obtained with treatment groups in the animal experiments, an unpaired Student
t test was used. A paired Student ¢ test was used to confirm statistical significance
in the tissue culture experiments. A two-tailed P < 0.05 was taken to represent
statistical significance.

RESULTS

Expression of 1123a during S. Typhimurium colitis is depen-
dent on the presence of MyD88. To initiate our investigation,
we determined the contribution of MyD88 to S. Typhimurium-
induced IL-23 expression by the use of in vitro infections of
splenocytes from wild-type mice (C57BL/6) or congenic
Myd88-deficient mice. S. Typhimurium infection of spleno-
cytes from wild-type mice resulted in increased I/23a (the gene
encoding the p19 subunit of IL-23) mRNA levels compared to
mock-infected control results (P < 0.05) (see Fig. S1 in the
supplemental material). In contrast, /123a expression was not
induced during S. Typhimurium infection of splenocytes from
MyD88-deficient mice.

Mice pretreated with streptomycin develop acute inflam-
mation of the cecum in response to S. Typhimurium infec-
tion (mouse colitis model). We determined whether MyD88
contributes to IL-23 expression in the mouse colitis model.
Wild-type mice (C57BL/6) exhibited increased I/23a tran-
script levels in the cecal mucosa by 48 h after infection with
the S. Typhimurium wild type compared to animals infected
with an invasion-deficient mutant (ZA21) or mock-infected
control animals (P < 0.05) (Fig. 1). Increased II23a tran-
script levels were dependent on the presence of MyDS8S,
because no increase in //23a mRNA levels was observed in
MyD88-deficient mice. MyD88 is required for signaling
through TLRs (20) and the IL-1B receptor (21, 41). How-
ever, signaling through the IL-1B receptor was not required
for 1123a expression, because //23a transcript levels were not
blunted in mice deficient for the IL-1R1 chain of the IL-18
receptor (Fig. 1).

Early expression of Il17a during S. Typhimurium colitis is
dependent on the presence of MyD88 and IL-1R1. Next, we
investigated expression of 1117a, I117f, 1122, and Il1b during
S. Typhimurium infection by the use of the mouse colitis
model. Compared to the results seen with mock-infected
animals, transcripts for I/17a and 1122 were induced in the
cecal mucosa by 12 h after S. Typhimurium infection and
mRNA levels continued to increase until 48 h after infection
(Fig. 2). No induction of I/17a mRNA was observed by 24 h
after infection of MyD88-deficient mice or IL-1R1-deficient
mice, suggesting that both MyD88 and IL-1R1 are necessary
for the initial production of IL-17A during colitis (Fig. 2A).
However, by 48 h after S. Typhimurium infection, I/17a
expression was only partially dependent on MyD88 and IL-
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FIG. 1. Expression of /I23a is dependent on the presence of
MyDS88. Relative [I23a transcript levels in the cecal mucosa were
determined by quantitative real-time PCR using the mouse colitis
model. C57BL/6 mice (wild type), MyD88-deficient mice, or IL-1 re-
ceptor-deficient mice were inoculated with wild-type S. Typhimurium,
a noninvasive S. Typhimurium mutant (ZA21), or sterile medium
(Mock infection), and RNA was extracted from the cecal mucosa at
the indicated time points. Bars for mock-infected animals represent
the combined geometric means * standard error of data from samples
collected at 12, 24, and 48 h after inoculation. All other bars represent
geometric means * standard error of data from at least four different
animals. Brackets indicate the statistical significance of differences. *,
P < 0.05; ns, not significant.

1R1. Thus, MyD88-independent mechanisms contribute to
production of IL-17A at later time points in the mouse
colitis model. Expression of /122 was not dependent on IL-
1R1 and was blunted, but not abrogated, in Myd88-deficient
mice (Fig. 2B). These data suggested that expression of
1117a and 1122 is differentially regulated during S. Typhimu-
rium colitis. The pattern of I/17f expression was similar to
that of [l17a (Fig. 2C). Finally, the expression pattern of
111b, the gene encoding IL-13, was similar to that of the 1122
gene (see Fig. S2A in the supplemental material) and IL-18
protein levels were reduced in the cecal mucosa of Myd88-
deficient mice compared to wild-type mice during S. Typhi-
murium infection (see Fig. S2B in the supplemental mate-
rial).

Our finding that IL-1R1 is required for early //17a expres-
sion (Fig. 2A), along with the previous observation that IL-23
is required for I/17a expression in the mouse colitis model (9),
suggested that IL-23 and IL-1B might cooperate in inducing
IL-17A expression. To test this idea, murine splenic T cells
were stimulated with recombinant murine I1L-23 and/or 1I-1B
and expression of //17a and 1122 was measured by quantitative
real-time PCR (Fig. 3). There was a marked synergy between
IL-23 and IL-1B in inducing expression of Il17a (Fig. 2A).
Expression of /122 was induced by incubating splenic T cells
with IL-23, while a small but significant further increase in /22
transcript levels was observed after costimulation with IL-23
and IL-1B (Fig. 2B). Our data suggest that IL-23 and IL-1B can
synergize in inducing antigen-independent induction of 1/17a
expression.

Identification of cellular sources of IL-17A production in
the intestinal mucosa. We have recently shown that deple-



3134 KEESTRA ET AL.

A 10000 1w Wild-type .
— I1rt *
. Myd88
1000
17a * *
mRNA *
(fold 100
change *
over —
uninfected 10
wild-type |L|
control) s,
14
0.1 12h 24h 48 h 48 h
Mock | Il ]
infection Wild type S. Typhimurium ZA21
B *
10000 1w Wild-type
— I1r1 'I‘ .
. Myd88 * 1
1000 4 '—‘
1122
mRNA
(fold 100
change
over ns
uninfected 10 ns
wild-type
control)
14
12h 24h 48 h 48 h
o Mock | Il |
’ infection Wild type S. Typhimurium ZA21
C —
100 . \Vild-type *
— 1r1 — *
nmzf -
mRNA Myd88
(fold
change
over
uninfected
wild-type
control) 01 12h 24h 48h 48h
Mock . Il ]
infection Wild type S. Typhimurium ZA21

FIG. 2. Expression of Il117a, 1117, and 1122 in the mouse colitis
model. Relative I117a (A), 1122 (B), and I117f (C) transcript levels in
the cecal mucosa were determined by quantitative real-time PCR using
the mouse colitis model. C57BL/6 mice (wild type), MyD88-deficient
mice, or IL-1 receptor-deficient mice were inoculated with wild-type S.
Typhimurium, a noninvasive S. Typhimurium mutant (ZA21), or ster-
ile medium (Mock infection), and RNA was extracted from the cecal
mucosa at the indicated time points. Bars for mock-infected animals
represent the combined geometric means * standard error of data
from samples collected at 12, 24, and 48 h after inoculation. All other
bars represent geometric means *+ standard error of data from at least
four different animals. Brackets indicate the statistical significance of
differences. *, P < 0.05.

tion of T cells results in markedly reduced //17a expression
in the cecal mucosa during S. Typhimurium infection (8).
These data suggest that IL-17A is produced by a subset of
intestinal T cells. To test this prediction, we isolated intes-
tinal lymphocytes from mice, stimulated them with PMA-
ionomycin in the presence of brefeldin A, and analyzed
them by flow cytometry for expression of surface markers

INFECT. IMMUN.
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FIG. 3. IL-23 or IL-1B synergizes in inducing //17a expression. Rel-
ative /l17a (A) and 1122 (B) transcript levels determined by quantita-
tive real-time PCR after stimulation of splenic T cells with IL-23 or
IL-1B for 5 h. Bars represent geometric means * standard error of
data from three independent experiments. Brackets indicate the sta-
tistical significance of differences. *, P < 0.05.

(CD3, CD4, CDS, and vyd T cell receptor) and intracellular
production of IL-17A and IFN-y (Fig. 4). CD3" cells (T
cells) were divided into cells expressing the y3 T cell recep-
tor (yd T cells) and v& T cell receptor-negative cells (rep-
resenting af T cells). The af T cell population was further
subdivided into CD4"CD8 T cells (T helper cells),
CD4~CD8™" T cells (cytotoxic T cells), and CD4~CD8™ T
cells. The gating strategy is shown in Fig. S3 in the supple-
mental material.

Expression of IFN-y was detected in a subset of T helper
cells, a subset of cytotoxic T cells, a subset of CD4 " CDS§™ T
cells, and a subset of yd T cells (Fig. 4A). In contrast, only
three T cell populations from the mouse intestine, including a
subset of T helper cells, a subset of CD4~CD8™ T cells, and a
subset of yd T cells, produced IL-17A. IFN-y-producing T
helper cells and IL-17A-producing T helper cells formed dis-
tinct subsets, presumably representing Ty;1 cells and Ty17
cells, respectively (Fig. 3B). Similarly, IFN-y and IL-17A were
produced by distinct subsets of CD4 " CDS8™ T cells and yd T
cells.

IL-22 and IL-1$ cooperate in inducing epithelial expression
of CXC chemokines in vitro. Epithelial cells are an important
cellular target of IL-17A and IL-22 (17). For example, IL-
17A and IL-22 cooperate in inducing CCL20 expression in
polarized human T84 colonic epithelial cells (23). Similarly,
we found that CCL20 expression in a model epithelium of
polarized CaCo-2 human colonic cells was induced cooper-
atively by basolateral stimulation with recombinant human
IL-17A and IL-22 (Fig. 5A). However, CCL20 expression
was induced at a larger magnitude when model epithelia
were stimulated basolaterally with recombinant human
IL-1B (Fig. 5B).

Epithelial cells are the predominant producers of CXC
chemokines in the intestinal mucosa during S. Typhimurium
infection (28, 43). We therefore investigated expression of
the neutrophil chemoattractants CXCL1 and IL-8 (CXCLS)
after stimulation of model epithelia with IL-1B, IL-17A, or
IL-22. Transcripts of /L-8 were markedly elevated in model
epithelia after stimulation with IL-1f but not after stimula-
tion with IL-17A or IL-22 (Fig. 5C). Stimulation with IL-
17A or IL-22A resulted in a small increase in CXCL1 ex-
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FIG. 4. Identification of cellular sources for IL-17A expression in the intestine. CD3 ™ intestinal lymphocytes (T cells) were differentiated
based on expression of surface markers (CD4, CDS8, and yd TCR) and analyzed by flow cytometry for intracellular expression of IL-17A and
IFN-vy after stimulation with PMA-ionomycin in the presence of brefeldin A for 4 h. (A) Average number of IFN-vy- or IL-17A-producing
intestinal T cells as a fraction of the total number of cells in the indicated subpopulation of T cells. Each bar represents geometric means =+
standard error of data from three independent experiments. (B) Representative flow cytometry images for detection of IFN-y expression (y
axis) and IL-17A expression (x axis) within the indicated subsets of intestinal T cells. Gates for detection were set using Fluorescence-

Minus-One controls.

pression, while stimulation with IL-18 markedly increased
CXCLI transcript levels (Fig. 5D). A small but significant
further increase in IL-8 and CXCL1 mRNA levels was ob-
served when model epithelia were costimulated with IL-13
and IL-22 (Fig. 5C and D).

MyDS88 contributes to CXC chemokine expression during S.
Typhimurium colitis. We next investigated the contribution
of MyD88-dependent mechanisms to CXC chemokine pro-
duction in the mouse colitis model (Fig. 6). Expression of
Kc, the gene encoding keratinocyte-derived cytokine (KC
[CXCL1]), and Cxcl5, encoding epithelial neutrophil-acti-
vating protein 78 (ENA-78 [CXCLS5]), was induced in the
cecal mucosa by 24 h after S. Typhimurium infection in
wild-type mice and IL-1R1-deficient mice but not in
MyD88-deficient mice (Fig. 6A and C). Expression of Kc
and Mip2, the gene encoding macrophage inflammatory pro-
tein 2 (MIP2 [CXCL2]), was blunted in the cecal mucosa
24 h after S. Typhimurium infection of IL-1R1-deficient
mice (Fig. 6A and B), suggesting that IL-1B signaling con-
tributes to the production of neutrophil chemoattractants
during colitis.

By 48 h after S. Typhimurium infection, MyD88-depen-
dent and MyD88-independent mechanisms contributed to
expression of Ke, Mip2, and Cxcl5 (Fig. 6). The MyD8§8-
independent mechanism contributing to elevated Kc, Mip2,
and Cxcl5 expression required S. Typhimurium invasion,

because a noninvasive S. Typhimurium mutant (ZA21) was
unable to induce CXC chemokine expression in MyDS§8-
deficient mice. Expression of Kc and Cxcl5 was blunted in
IL-17 receptor (IL-17RA)-deficient mice 48 h after infection
(Fig. 6A and C), suggesting that IL-17 signaling contributes
to the production of CXC chemokines during S. Typhimu-
rium colitis.

MyDS88 contributes to the development of cecal pathology
48 h after S. Typhimurium infection. To further explore the
consequences of blunted cytokine responses in MyD88-de-
ficient mice during S. Typhimurium infection, we performed
an analysis of histopathological changes in the cecum ob-
served at 48 h after infection of wild-type (C57BL/6) mice,
MyD88-deficient mice, IL-1R1-deficient mice, and mice de-
ficient for the IL-17 receptor A chain (IL-17RA). Consistent
with a recent report (33), IL-17RA deficiency did not mark-
edly reduce the overall severity of intestinal lesions (Fig. 7A
and 8). Furthermore, the levels of severity of intestinal le-
sions were similar for IL-1R1-deficient mice and wild-type
(C57BL/6) mice. However, both IL-1R1-deficient mice and
IL-17RA-deficient mice exhibited reduced neutrophil re-
cruitment in the cecal mucosa during S. Typhimurium in-
fection (Fig. 7B), which correlated with the blunted CXC
chemokine expression observed in tissue (Fig. 6). These
data suggested that IL-1p and IL-17A aid in the recruitment
of neutrophils but contribute little to other inflammatory
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FIG. 5. Cytokine expression by model epithelia after stimulation with IL-17A, IL-22, or IL-1B. Relative CCL20 (A and B), IL-8 (C), or CXCLI
(D) transcript levels were determined by quantitative real-time PCR after basolateral stimulation of polarized CaCo-2 cells with IL-17A, IL-22,
or IL-1B. Bars represent geometric means * standard error of data from three independent experiments. Brackets indicate the statistical

significance of differences. *, P < 0.05.

changes observed in tissue. Neutrophil recruitment was re-
duced at a greater magnitude in MyD88-deficient mice (Fig.
7B), which exhibit a defect in IL-17A production (Fig. 2A)
and cannot signal through IL-1R1 (21, 41). These data were
consistent with the idea that multiple pathways for neutro-
phil recruitment were impaired in MyD88-deficient mice,
including both IL-1R1-dependent mechanisms and IL-
17RA-dependent mechanisms.

The severity of pathological lesions (Fig. 7A and 8) was
markedly reduced during S. Typhimurium infection of
MyD88-deficient mice compared to wild-type (C57BL/6)
mice (P < 0.05). These data suggested that MyD88-depen-
dent mechanisms contributed significantly to inflammation
at 48 h after S. Typhimurium infection, which had been
previously noted by gross pathological analysis (39). Since
the severity of intestinal lesions was not reduced in IL-1R1-
deficient mice, the MyD88-dependent mechanisms contrib-
uting to the development of pathological lesions likely rep-
resent TLR signaling and/or IL-18-dependent responses.
Importantly, mild inflammatory changes still developed in
MyD88-deficient mice infected with the S. Typhimurium
wild type, which was indicative of the contribution of a
MyD88-independent pathway to inflammation at that time
point. This MyD88-independent inflammation was no lon-
ger observed when MyD88-deficient mice were infected with
an invasion-deficient S. Typhimurium mutant (ZA21), which

confirms the previous notion that MyD88-independent in-
flammation is dependent on invasion (12).

DISCUSSION

S. Typhimurium causes a typhoid fever-like disease in mice
(mouse typhoid model) in which bacterial loads in the liver and
spleen are controlled by TLR4-dependent mechanisms (3, 27,
36, 38, 40). In the mouse typhoid model, inflammatory foci of
neutrophils develop in Peyer’s patches by day 4 after S. Typhi-
murium infection in a MyD88-dependent fashion, but neutro-
phils remain scarce in other parts of the intestinal mucosa (28).
This model is therefore not well suited to the study of gastro-
enteritis, a disease characterized by the rapid development of
infiltrates in the ileum and colon that are dominated by neu-
trophils (29). S. Typhimurium infection of streptomycin-pre-
treated mice (mouse colitis model) results in a robust and
rapidly developing neutrophil influx in the cecum that better
models the intestinal pathology characteristic of human gas-
troenteritis (2). Here we used the mouse colitis model to in-
vestigate the contribution of MyD88 to intestinal inflammation
during S. Typhimurium infection.

Initial studies using the mouse colitis model suggested
that pathological changes in the cecal mucosa are caused by
the induction of two distinct pathways. One pathway de-
pends on the action of the invasion-associated type III se-
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FIG. 6. Expression of K¢, Mip2, and Cxcl5 in the mouse colitis
model. Relative K¢ (A), Mip2 (B) or Cxcl5 (C) transcript levels in
the cecal mucosa were determined by quantitative real-time PCR
using the mouse colitis model. C57BL/6 mice (wild type), MyD88-
deficient mice, IL-17 receptor-deficient mice, or IL-1 receptor-de-
ficient mice were inoculated with wild-type S. Typhimurium, a non-
invasive S. Typhimurium mutant (ZA21), or sterile medium (mock
infection), and RNA was extracted from the cecal mucosa at the
indicated time points. Bars for mock-infected animals represent the
combined geometric means * standard error of data from samples
collected at 12, 24, and 48 h after inoculation. All other bars rep-
resent geometric means * standard error of data from at least four
different animals. Brackets indicate the statistical significance of
differences. *, P < 0.05.

cretion system (T3SS-1) and is independent of the presence
of MyDS88, while a second pathway is dependent on the
presence of MyDS88 but independent of the presence of
T3SS-1 (12). Similarly, we found that pathological changes,
neutrophil recruitment, and the expression of K¢ and Mip2
were induced at 48 h after S. Typhimurium infection by a
combination of an invasion-dependent but MyD88-indepen-
dent mechanism and a MyD88-dependent but invasion-in-
dependent mechanism. However, previous studies, which
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were limited to a histopathological analysis, did not detect a
contribution of MyD88 to host responses in the cecal mu-
cosa during the initial 2 days after S. Typhimurium infection
(4, 12). Here we show that MyD88 is a major contributor to
cytokine production in the cecal mucosa during this early
phase of S. Typhimurium infection. For example, expression
of Kc and 1l17a early (i.e., at 24 h) after S. Typhimurium
infection was fully dependent on the presence of MyDS8S. A
role of innate immune recognition through TLR4 in induc-
ing an early expression of IL-17A was first demonstrated in
a mouse model of pulmonary Klebsiella pneumoniae infec-
tion (13). Subsequent studies implicated MyD88 in induc-
tion of IL-17A expression during infections with the
pulmonary pathogens Chlamydia muridarum (45) and Strep-
tococcus pneumoniae (18). However, the work presented
here represents the first demonstration that MyD88 is re-
quired for the initial induction of 1/17a expression during an
enteric infection, namely, S. Typhimurium-induced colitis.

MyDS88 is an adaptor protein required for signaling
through receptors for IL-1B (21, 41) and IL-18 (1) and all
TLRs recognizing conserved bacterial molecular patterns
(TLR1, TLR2, TLR4, TLRS5, TLR6, and TLR9) (20). Thus,
MyD88 might contribute to an early induction of IL-17A
production in the cecal mucosa through at least two distinct
pathways. First, a MyD88-dependent mechanism might in-
duce expression of IL-23 (31), a cytokine that mediates
innate release of IL-17A in vitro (22, 35). Here we show that
expression of IL-23 in the cecal mucosa during S. Typhimu-
rium colitis was dependent on the presence of MyD88. Sec-
ond, signaling through the MyD88-dependent receptor for
IL-1B (21, 41) might stimulate an innate release of IL-17A
(10, 35). Our data demonstrate that ///7a expression in the
cecal mucosa 24 h after S. Typhimurium infection was de-
pendent on the presence of IL-1R1. Previous studies sug-
gested that early expression of ///7a in the S. Typhimurium
mouse colitis model also requires IL-23 (9, 32). Collectively,
these data indicate that IL-13 and IL-23 are both necessary
for the initial production of IL-17A in the intestinal mucosa
during S. Typhimurium colitis. Consistent with this idea, we
observed a marked synergy between IL-1B and IL-23 in
inducing 1l17a expression in vitro.

Depletion of T cells markedly reduces //17a expression in
the mouse colitis model of S. Typhimurium infection, suggest-
ing that T cells are an important cellular source for this cyto-
kine (8). Here we show that three distinct T cell populations,
including y8 T cells, T;17 cells, and CD4~ CD8™ ydTCR™ T
cells, produced IL-17A in the intestinal mucosa. A contribu-
tion of y& T cells to IL-17A production is suggested by the
finding that the absence of this cell type reduces 1/17a expres-
sion in the cecal mucosa of streptomycin-pretreated mice dur-
ing S. Typhimurium infection (9). Similarly, T(;17 cells have
been implicated in early responses to bacterial invasion by the
observation that simian immunodeficiency virus-mediated
T17 depletion correlates with reduced mucosal IL-17A and
IL-22 expression during S. Typhimurium infection of simian
ligated ileal loops (25). CD4 " CD8 y3TCR™ T cells likely
represent NKT cells, a known cellular source of IL-17A (22).
However, the relative contribution of NKT cells to S. Typhi-
murium colitis remains to be investigated.

IL-17A is highly induced at early time points after S. Typhi-
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FIG. 7. Histopathological analysis of the cecal mucosa after S. Typhimurium infection. C57BL/6 mice (wild type), MyD88-deficient mice, IL-17
receptor-deficient mice, or IL-1 receptor-deficient mice were inoculated with wild-type S. Typhimurium, a noninvasive S. Typhimurium mutant
(ZA21), or sterile medium (Mock infection), and the cecum was collected 48 h after infection for histopathological analysis (Table 1). (A) Boxes
in whisker plots represent the second and third quartiles of combined histopathology scores, while lines indicate the first and fourth quartiles.
(B) Neutrophil infiltration of the cecal mucosa was quantified. Bars represent averages *+ standard error. Brackets indicate the statistical

significance of differences. ns, not significant.

murium infection of simian and bovine ligated ileal loops (24,
25). A recent study showed that neutralization of IL-17A in the
lumen of murine ligated ileal loops exacerbates epithelial dam-
age induced by S. Typhimurium infection (19), which points to
a role of IL-17A in the immediate early protection against S.
Typhimurium in this model. In the mouse colitis model, IL-
17A functions largely in inducing CXC chemokine expression
and neutrophil recruitment (25). That is, IL-17RA deficiency
modestly reduced neutrophil recruitment to the cecal mucosa.
However, IL-17RA deficiency had little effect on the develop-
ment of submucosal edema, recruitment of mononuclear cells,
or the formation of exudates, thus resulting in no significant
changes in the overall pathology score, which was consistent
with a previous report (33). Similarly, IL-1R1 deficiency mod-
estly reduced neutrophil recruitment without affecting the de-
velopment of other pathological changes. It appears likely that
the more pronounced reduction of neutrophil infiltration ob-
served in MyD88-deficient mice was due to impairment of both
IL-17A-dependent and IL-1B-dependent neutrophil recruit-
ment mechanisms. In addition, MyD88-deficient mice were
impaired in production of IL-22, a cytokine functioning in
defense against luminal bacteria (23) and contributing to pro-

tection against systemic Salmonella infection (30). Finally, in-
activation of MyD88 prevents signaling through the receptor
for IL-18 (1), a cytokine important for IFN-y production. The
impairment of at least four distinct inflammatory pathways
(IL-17A, IL-1B, IL-22, and IL-18) might account for the pro-
nounced reduction in cecal pathology observed in MyD88-
deficient mice.

Although the severity of pathological lesions was markedly
reduced in MyD88-deficient mice, mild inflammatory changes
were still observed in these animals 2 days after infection with
the S. Typhimurium wild type but not after infection with an
invasion-deficient mutant. One MyD88-independent mecha-
nism contributing to intestinal inflammation during S. Typhi-
murium infection is the activation of nucleotide-binding and
oligomerization domain 1 (NOD1) and NOD2, two intracel-
lular sensors of bacterial cell wall fragments (7, 15). A second
mechanism that might contribute to invasion-dependent but
MyD88-independent mechanisms of inflammation is comple-
ment activation by invading bacteria. After T3SS-1-mediated
penetration of the epithelial lining, S. Typhimurium becomes
exposed to complement, a humoral component of the innate
immune system that senses conserved microbial structures,
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mice 48 h after inoculation with wild-type S. Typhimurium, a noninvasive S. Typhimurium mutant (ZA21), or sterile medium (Mock-infected) are

shown.

such as lipopolysaccharide (42). The resulting activation of
complement through the alternative pathway generates the
complement fragments C3a and C5a, which are potent induc-
ers of inflammatory responses (11). However, a possible con-
tribution of complement to S. Typhimurium-induced inflam-
mation has not yet been investigated using the mouse colitis
model.
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