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Intestinal Epithelium-Specific MyD88 Signaling Impacts Host
Susceptibility to Infectious Colitis by Promoting Protective Goblet
Cell and Antimicrobial Responses
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Bruce A. Vallance
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Intestinal epithelial cells (IECs), including secretory goblet cells, form essential physiochemical barriers that separate luminal
bacteria from underlying immune cells in the intestinal mucosa. IECs are common targets for enteric bacterial pathogens, with
hosts responding to these microbes through innate toll-like receptors that predominantly signal through the MyD88 adaptor
protein. In fact, MyD88 signaling confers protection against several enteric bacterial pathogens, including Salmonella enterica
serovar Typhimurium and Citrobacter rodentium. Since IECs are considered innately hyporesponsive, it is unclear whether
MyD88 signaling within IECs contributes to this protection. We infected mice lacking MyD88 solely in their IECs (IEC-
Myd88~'") with S. Typhimurium. Compared to wild-type (WT) mice, infected IEC-Myd88~'~ mice suffered accelerated tissue
damage, exaggerated barrier disruption, and impaired goblet cell responses (Muc2 and RELMf3). Inmunostaining revealed S.
Typhimurium penetrated the IECs of IEC-Myd88~'~ mice, unlike in WT mice, where they were sequestered to the lumen. When
isolated crypts were assayed for their antimicrobial actions, crypts from IEC-Myd88~'~ mice were severely impaired in their an-
timicrobial activity against S. Typhimurium. We also examined whether MyD88 signaling in IECs impacted host defense against
C. rodentium, with IEC-Myd88~'~ mice again suffering exaggerated tissue damage, impaired goblet cell responses, and reduced
antimicrobial activity against C. rodentium. These results demonstrate that MyD88 signaling within IECs plays an important
protective role at early stages of infection, influencing host susceptibility to infection by controlling the ability of the pathogen to

reach and survive at the intestinal mucosal surface.

ach year, enteric infections cause more than 1.5 billion cases of

diarrheal disease, along with more than 2 million deaths (1).
Many of these cases reflect infection by bacterial pathogens such as
Salmonella enterica serovar Typhimurium and enteropathogenic
Escherichia coli (EPEC) (1, 2). Although bacterial virulence factors
play a significant role in determining whether an infection is suc-
cessful, the host’s innate immune response also plays an integral
role in determining its overall susceptibility to infection, as well as
regulating the course and severity of disease suffered during a
successful infection. A significant aspect of the host’s innate re-
sponse to such infections is mediated by toll-like receptor (TLR)
signaling pathways, most of which signal by recruiting the key
adaptor protein myeloid differentiation factor 88 (MyD88) (3).
Ligation of most TLRs by conserved microbe-associated molecu-
lar patterns, as well as interleukin-1 and -18 receptors (IL-1R and
IL-18R, respectively), by their respective ligands results in recruit-
ment of MyD88 to the receptor complex, initiating its activation
and a cascade of signaling events leading to the activation of an
array of inflammatory genes (3).

Although first recognized for its role in proinflammatory path-
ways, several studies in recent years have uncovered a critical pro-
tective role for MyD88 signaling in the promotion of mucosal
homeostasis following inflammatory insult (4—11). This notion
was first identified when Myd88-deficient (Myd88 /™) mice were
shown to be highly susceptible to dextran sodium sulfate (DSS)-
induced colitis (4). MyD88 signaling was found to play a key pro-
tective role, promoting the production of tissue protective factors
and the increased proliferation of IECs during colitis, with mice
lacking MyD88 suffering widespread mucosal tissue damage and
ulceration. Later work by our group and others found that MyD88
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also played an essential protective role during the infectious colitis
caused by the natural murine pathogen Citrobacter rodentium (5,
6), a close relative of EPEC (12).

Bone marrow transplantation studies have shown that the pro-
tective effects of MyD88 during colitis reflect signaling in both the
hematopoietic and the nonhematopoietic cell compartments (6,
10, 11). While many of the MyD88-dependent changes that prove
protective during colitis reflect changes in intestinal epithelial cell
(IEC) function and/or proliferation, it remains uncertain whether
any of the protective signaling occurs within the IECs themselves.
Considering that the IEC layer is in constant contact with com-
mensal microbes, these cells are known to be innately hypore-
sponsive to most bacterial products as a way to prevent overt
spontaneous inflammatory responses against commensal mi-
crobes (13-15). In fact, several groups have studied the specific
role of MyD88 signaling in IECs during DSS-induced colitis, and
most, but not all, studies found little evidence for its involvement
(9, 16). Correspondingly, in a recent study where we examined
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whether IECs played any role in responding to C. rodentium in-
fection, we found no evidence that IEC-Myd88 '~ mice were
more susceptible to infection than wild-type (WT) mice, although
in this study we focused solely on later stages of infection (15).

Considering that innate signaling within IECs might have a
greater impact at early stages of infection, prior to the recruitment
of large numbers of inflammatory cells, we decided to reexamine
the role of MyD88 signaling in IECs. Therefore, we infected WT
and IEC-Myd88~'~ mice with the enteric pathogens S. Typhimu-
rium and C. rodentium and examined responses at very early time
points. We found that the loss of MyD88 signaling in IECs in-
creased early susceptibility to infection, impairing the induction
of several key antimicrobial genes as well as the expression of the
goblet cell (GC)-specific factors Resistin-like molecule beta
(Relmp) and mucin 2 (Muc2) during infection. Correspondingly,
the bactericidal activity of crypt supernatants from IEC-
Myd88~'~ mice was significantly reduced against both S. Typhi-
murium and C. rodentium compared to that of crypts isolated
from WT mice. This impairment in antimicrobial defenses ap-
pears to facilitate the ability of these bacterial pathogens to reach
and infect the intestinal epithelium, resulting in accelerated intes-
tinal tissue damage and barrier dysfunction. Thus, our study dem-
onstrates that MyD88 signaling in the intestinal epithelium in vivo
confers protection to the host at the initial stages of an enteric
bacterial infection.

MATERIALS AND METHODS

Mice. MyD38 flox/flox mice and Villin-cre mice (all on a C57BL/6 genetic
background) were purchased from The Jackson Laboratory. IEC-
Myd88~'~ mice were generated by crossing MyD88 flox/flox mice with
Villin-cre mice, and the resulting litters were genotyped. MyD88 flox/flox
mice were used as wild-type controls for all studies. All mice were kept in
sterilized, filter-topped cages and fed autoclaved food and water under
specific-pathogen-free conditions at the Child and Family Research Insti-
tute (CFRI). The protocols employed were approved by the University of
British Columbia’s Animal Care Committee and were in direct accor-
dance with guidelines provided by the Canadian Council on the Use of
Laboratory Animals.

Bacterial strains and infection of mice. The Salmonella Typhimu-
rium SL1344 AaroA mutant (17) and streptomycin-resistant Citrobacter
rodentium DBS100 (formerly C. freundii biotype 4280, strain DBS100)
strains were grown with shaking (200 rpm) at 37°C in Luria-Bertani (LB)
broth supplemented with 100 g/ml streptomycin. Twenty-four h prior
to SL1344 AaroA mutant infection, 6- to 10-week-old mice were treated
with 20 mg of streptomycin (in 100 pl) by oral gavage. Mice were infected
with 3 X 10° CFU of Salmonella in 100 wl phosphate-buffered saline
(PBS) buffer (pH 7.2) by oral gavage. Mice infected with C. rodentium
were inoculated by oral gavage with 100 .l of overnight culture (~2.5 X
10° CFU).

Tissue collection and bacterial counts. Mice were anesthetized with
isoflurane and euthanized via cervical dislocation at various time points
over the course of infection. For bacterial cell counts, the cecum, colon,
and luminal contents each were collected and homogenized separately in
1 ml of sterile PBS. Samples were serially diluted and plated on strepto-
mycin-supplemented LB agar plates and incubated at 37°C overnight, and
colonies were enumerated and normalized to the weight of the tissues. For
histology, cecal samples were fixed in 10% neutral buffered formalin (Fi-
scher Scientific) overnight, transferred to 70% ethanol, embedded in par-
affin, and cut into 5-pm sections.

Histology scoring. Five-pm tissue sections were stained with hema-
toxylin and eosin (H&E) (by the histology laboratory at the CFRI) and
were examined by two blinded observers to assess histological damage.
Tissue sections were assessed for (i) submucosal edema (0, no change; 1,
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mild; 2, moderate; 3, severe); (ii) hyperplasia (0, no change; 1, 1 to 50%; 2,
51 to 100%; 3, >100%); (iii) goblet cell depletion (0, no change; 1, mild
depletion; 2, severe depletion; 3, absence of goblet cells); (iv) epithelial
integrity (0, no pathological changes detectable; 1, epithelial desquama-
tion [a few cells sloughed, surface rippled]; 2, erosion of epithelial surface
[epithelial surface rippled, damaged]; 3, epithelial surface severely dis-
rupted/damaged, large amounts of cell sloughing; 4, ulceration [with an
additional score of 1 added for each 25% of tissue in the cross-section
affected, e.g., a large ulcer affecting 70% of the tissue section would be
scored 4 + 3]); (v) mucosal mononuclear cell infiltration (per X400 mag-
nification field) (0, no change; 1, <20; 2, 20 to 50; 3, >50 cells/field); and
(vi) submucosal polymorphonuclear leukocytes (PMN) and mononu-
clear cell infiltration (per X400 magnification field) (1, <5; 2, 21 to 60; 3,
61 to 100; 4, >100 cells/field). The maximum possible score was 22.

Commensal microbe analysis. Microbial composition analysis was
performed by quantitative PCR (qPCR) as described previously (18).
DNA was extracted from at least two fecal pellets per animal using the
Qiagen DNA stool extraction kit. Fifty ng of extracted DNA per reaction
was used for qPCR. 16S rRNA group-specific primers were used to deter-
mine the relative abundance of the selected bacterial phyla: Bacteroidetes
(5"-GAGAGG AAG GTCCCCCAC-3"and 5'-CGCTACTTG GCT GGT
TCA G-3') (19), Firmicutes (5'-GGA GYA TGT GGT TTA ATT CGA
AGC A-3" and 5'-AGC TGA CGA CAA CCA TGC AC-3') (20), and
Gammaproteobacteria (5'-TCG TCA GCT CGT GTY GTG A-3’ and
5'-CGT AAG GGC CAT GAT G-3") (21). Universal Eubacteria primers
(5'-ACT CCT ACG GGA GGCAGCAGT-3" and 5'-ATT ACCGCG GCT
GCT GGC3') (22) were used to determine total bacterial 16S rRNA in
each sample, and the relative abundance of each taxonomic group was
determined by calculating the average threshold cycle (C;) value relative
to this number, normalized to each primer’s determined efficiency.

FITC-dextran intestinal permeability assay. The fluorescein isothio-
cyanate (FITC)-dextran intestinal permeability assay was performed as
previously described (15). Uninfected mice or mice at day 1 (D1), D3, or
D4 postinfection (pi) were gavaged with 150 wl of 80 mg/ml 4-kDa FITC-
dextran (Sigma-Aldrich) in PBS 4 h prior to sacrifice. Mice were anesthe-
tized, and blood (~500 l) was collected by cardiac puncture and added
immediately to a final concentration of 3% acid-citrate dextrose (20 mM
citric acid, 100 nM sodium citrate, 5 mM dextrose). The FITC-dextran
concentration in serum was measured using a fluorometer (Perkin-Elmer
Life Sciences) (excitation wavelength, 485 nm; emission wavelength,
530 nm).

RNA extractions and quantitative real-time PCR. Immediately fol-
lowing euthanization of mice, cecal tissues were placed in RNAlater (Qia-
gen) and stored at —80°C. Total RNA was extracted using a Qiagen
RNeasy kit according to the manufacturer’s instructions. Total RNA was
quantified using a NanoDrop spectrophotometer, and cDNA was synthe-
sized using 1 pg of RNA with an Omniscript reverse transcription (RT) kit
(Qiagen). For the qPCR reaction, 5 pl of a 1:5 dilution of cDNA was added
to 10 pl Bio-Rad SYBR green supermix with primers (final concentration,
300 nM; final volume, 20 pl), and qPCR was carried out using a Bio-Rad
M]J MiniOpticon machine. Quantitation of data was carried out using
Gene Expression Macro OM 3.0 software (Bio-Rad).

Immunohistochemistry. Five-pm paraffin sections were deparaf-
finized by heating to 60°C for 15 min, cleared with xylene, rehydrated
through an ethanol gradient to water, and steamed for 30 min in citrate
buffer for antigen retrieval. Tissues then were blocked using blocking
buffer (goat or donkey serum in PBS containing 1% bovine serum albu-
min [BSA], 0.1% Triton X-100, 0.05% Tween 20, and 0.05% sodium
azide). The primary antibodies used were anti-Muc2, anti-Relmf,
anti-Ki-67, anti-Salmonella lipopolysaccharide (LPS), anti-B-actin, and
anti-Tir, and the secondary antibodies were Alexa Fluor 568- or 488-
conjugated goat anti-rabbit and goat anti-rat IgG and Alexa Fluor 568- or
488-conjugated donkey anti-rabbit or donkey anti-goat IgG. ProLong
gold antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI; Invit-
rogen) to stain DNA was used to mount tissues. Tissues were viewed on a
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FIG 1 IEC-MyD88™'~ mice are more susceptible to S. Typhimurium-induced colitis. (A) Body weights of WT and IEC-MyD88~'~ mice from DO to D7 pi,
plotted as a percentage of starting weight. IEC-MyD88 ™'~ mice exhibited rapid weight loss by D1 pi that remained significantly below that of WT mice until D6
pi. (B) Unlike WT mice, at D1 pi the I[EC-MyD88~'~ intestinal tissues displayed severe damage, with severely shrunken ceca devoid of stool contents. The black
arrow indicates inflamed ceca, and error bars indicate SEM from at least 6 mice. *, P < 0.05; **, P < 0.005.

Zeiss Axio Imager microscope, and images were taken using AxioVision
software and an AxioCam HRm camera.

Fluorescence intensity measurements. The fluorescence intensity of
immunostained samples was assessed using Image] software to determine
the ratio of Muc2 or Relmf in each tissue section to DAPI staining. This
was done using the integrated density measurement tool. Integrated den-
sity for each image was assessed on separate channels to determine the
pixel intensity of DAPI and Muc2 or Relmf for each section. The fluores-
cence intensity then was represented as the integrated density value of
Muc2 or Relmp relative to total DAPI integrated density values.

Crypt-killing assay. As described previously (15, 23), cecal and co-
lonic crypts were isolated from uninfected WT (C57BL/6) and IEC-
Myd88 '~ mice. Ceca and colons were extracted from mice following
euthanization and placed in 50 pg/ml gentamicin in sterile PBS following
removal of fecal contents. Tissues were washed 3 X in the gentamicin-PBS
solution, cut into small (0.5-cm) sections, and placed in a petri dish con-
taining 10 ml of BD cell recovery solution at 4°C for 2 h. Crypts then were
dislodged by gently flicking with forceps in the dish. Following centrifu-
gation, crypts were resuspended in iPIPES buffer [10 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES), pH 7.4, 137 mM NaCl] at 2,000
crypts per 40 pl buffer and incubated at 37°C for 30 min. Samples then
were centrifuged, and supernatant was collected. Eleven l of supernatant
was added to 10° S. Typhimurium AaroA mutant cells, 10° C. rodentium
cells, or 20 M ReglII-y as a positive control and incubated at 37°C for 2
h. Antimicrobial activity was assessed by counting overnight growth of
crypt supernatant-treated S. Typhimurium AaroA mutant or C. roden-
tium and expressed as percent bacterial growth relative to overnight
growth observed in cultures treated with sterile iPIPES alone.

Statistical analysis. All results presented in this study are expressed as
the mean values = standard errors of the means (SEM). Nonparametric
Mann-Whitney ¢ tests or Student’s ¢ tests were performed using GraphPad
Prism software, version 5.00, for Mac. A P value of 0.05 or less was con-
sidered significant.

RESULTS

IEC-Myd88~'~ mice suffer exaggerated S. Typhimurium-in-
duced gastroenteritis. To assess whether IEC-specific MyD88 sig-
naling plays any role in regulating host defense and intestinal in-
flammation in response to S. Typhimurium, we infected Myd88
flox/flox (WT) and IEC-Myd88 ™'~ mice with the S. Typhimurium
AaroA mutant and assessed body weights over the ensuing 7 days.
This Salmonella strain was chosen because it does not kill mice on
a C57BL/6 genetic background, whereas it still causes severe gas-
troenteritis in infected mice (24, 25). Although 6- to 8-week-old
WT and IEC-MyD88 '~ mice displayed similar body weights
(data not shown), infected WT mice showed an early weight gain
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at DI to 3 pi, followed by modest weight loss, while IEC-
Myd88~'~ mice exhibited significantly greater (*, P < 0.05)
weight loss (~5%) over the first 6 days of infection (Fig. 1A).
Following their euthanization at specific time points, infected
IEC-Myd88 ™'~ mice showed greater macroscopic intestinal dam-
age than WT mice, with severely shrunken ceca that were devoid
of stool content as early as D1 pi (Fig. 1B).

As the majority of the pathology seen in this model occurred in
the cecum, we focused our subsequent analysis on this region. At
both D1 and D3 pi, IEC-Myd88™'~ mice displayed significantly
greater cecal histopathology scores than WT mice, represented by
increased GC depletion, IEC damage, and inflammatory cell infil-
tration (P < 0.001) (Fig. 2A and B). Specifically, we noted the
presence of more macrophages and neutrophils infiltrating the
cecal tissues of the IEC-Myd88~'~ mice, although infected WT
and IEC-Myd88~'~ mice showed similarly increased gene tran-
script levels for the chemokines MCP-1 and MIP-2a (Fig. 2C).
While IEC-Myd88~'~ mice showed decreased induction of gene
transcript levels for the inflammatory cytokine tumor necrosis
factor alpha (TNF-a) compared to WT mice, gamma interferon
(IFN-v), IL-1B, and IL-17A were induced to similar levels at D1 pi
(*, P < 0.05) (Fig. 2C).

IEC-Myd88~'~ mice show altered localization of S. Typhi-
murium within ceca. As increased intestinal pathology often is
associated with higher pathogen burdens during infection, we
enumerated the S. Typhimurium AaroA mutant within cecal tis-
sues and within the lumen, as well as in the spleen and liver tissues
of mice at D1 and D3 pi. Surprisingly, no significant differences in
pathogen burdens were found at any of these sites at either time
point (Fig. 3A). Since exaggerated inflammation also could reflect
deeper penetration of tissues by the pathogens, we next used im-
munostaining to visualize the location of S. Typhimurium within
the intestine. Immunostaining for Salmonella LPS revealed that
the majority of S. Typhimurium remained sequestered within the
cecal lumen in WT mice, whereas in IEC-Myd88™ '~ mice, the S.
Typhimurium organisms were found in close proximity to the
epithelial surface, as outlined by staining for B-actin (Fig. 3B).

IEC-specific MyD88 signaling does not overtly alter the gut
microbiome. Host susceptibility to enteric bacterial infections
can be influenced by differences in the makeup of the intestinal
microbiota. A recent study reported that the commensal microbe
populations of IEC-Myd88~'~ mice differed from that of WT
mice under baseline conditions (16). While our pretreatment of
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FIG 2 IEC-MyD88™'~ mice suffer accelerated tissue damage during S. Typhimurium infection. (A) Representative H&E staining of cecal tissues from WT and
IEC-MyD88~'~ mice taken under uninfected conditions or at D1 and D3 pi. IEC-MyD88 '~ mice exhibited increased edema, inflammatory cell infiltrate (*,
mucosal infiltration; #, submucosal infiltration), and damage to IEC integrity (arrows) at D1 and D3 pi. (B) Comparative histological damage scores of uninfected
and infected (D1 and D3 pi) IEC-MyD88~'~ and WT mice. Cecal tissues of IEC-MyD88 '~ mice displayed significantly higher histological damage scores at both
D1 and D3 pi. Bars represent the damage scores from at least 3 experiments, each with 3 to 5 mice. Error bars indicate SEM. **, P < 0.005; ***, P < 0.0005. (C)
Infected WT and IEC-MyD88 '~ mice show similar increases in gene transcript levels for the chemokines MCP-1 and MIP2-q, as well as for IFN-+y, IL-1(3, and
IL-17A. In contrast, compared to WT mice, the IEC-MyD88™'~ mice showed significantly decreased transcript levels for TNF-a after infection with the .

Typhimurium AaroA mutant. Results are representative of 3 independent infections. Original magnification, X200.

mice with the antibiotic streptomycin likely minimized any im-
pact of the microbiota in our infections, we decided to assess the
intestinal microbiomes of the mice at our facility both pre- and
poststreptomycin treatment. Using qPCR analysis of fecal pellets,
we found that members of the phylum Bacteroidetes were the
dominant commensals present under uninfected conditions in
both groups (~50 to 70%), whereas smaller numbers of Firmic-
utes (~5 to 10%) and other bacteria represented the remainder of
the commensals. There was a substantial shift in bacterial popula-
tions after streptomycin treatment at D1 pi, with significant de-
creases seen in both Bacteroidetes and Firmicutes and a significant
increase in Gammaproteobacteria (~35 to 60%, likely largely rep-
resenting Salmonella) in both WT and IEC-Myd88~'~ mice (Fig.
3C). Despite modest differences in the exact percentages of the
different phyla between WT and IEC-Myd88™'~ mice, no overt/
significant differences in commensals were noted between strains
under uninfected conditions or poststreptomycin treatment, in-
fected conditions (Fig. 3C).

MyD88 signaling in IECs protects barrier integrity during
infection. Several previous studies have implicated MyD88-de-
pendent signaling as driving profound protective changes in IEC
proliferation and barrier function (4, 5) during infectious or
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chemically induced models of colitis. Moreover, defects in IEC
responses could be responsible for the exaggerated cecitis suffered
by the IEC-Myd88 ™'~ mice. Therefore, we examined whether the
barrier maintenance and increased IEC proliferation that develop
during S. Typhimurium infection were mediated by MyD88 sig-
naling within the IECs.

Following oral gavage of FITC-dextran, we found that IEC-
specific MyD88 signaling had no effect on baseline barrier func-
tion, as serum FITC-dextran levels were similar in uninfected WT
and IEC-Myd88~'~ mice (Fig. 4A). In contrast, although the S.
Typhimurium AaroA mutant was able to cause a modest impair-
ment in epithelial barrier function in WT mice by D1 that lasted
until D3 pi (¥, P < 0.05), infected IEC—Myd887’7 mice demon-
strated significantly greater (2-fold) intestinal permeability at D1
(*, P < 0.05) than WT mice. By D3 pi, while the FITC-dextran
levels in IEC-Myd88~'~ mice still were significantly higher than
those of uninfected mice (**, P < 0.005) (Fig. 4A), they were no
longer significantly higher than the levels in WT mice.

We next immunostained tissues for Ki-67, a nuclear factor
marking cell proliferation (Fig. 4B), and noted similar levels of
baseline IEC proliferation in uninfected WT and IEC-Myd88 '~
mice. In contrast, at D1 pi, IEC proliferation was significantly
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(blue) in cecal tissues at D1 pi. The presence of MyD88 in IECs (WT) prevents the S. Typhimurium AaroA mutant (location indicated by white arrow) from
associating closely with the epithelium, sequestering them to the lumen, whereas S. Typhimurium in the IEC-MyD88 '~ ceca was found in close proximity to the
epithelial surface. Original magnification, X200. (C) The commensal microbiota found in WT and IEC-MyD88~'~ mice under uninfected conditions and after
streptomycin treatment at D1 pi, as measured by qPCR. No significant differences were found between the intestinal bacterial populations (at phylum level)

present in WT and IEC-MyD88 ™/~ mice.

increased (measured as percent Ki-67-positive cells per crypt) in
IEC-Myd88~'~ crypts compared to WT crypts (***, P < 0.0005)
(Fig. 4C). By D3 pi, IEC proliferation continued to increase in
both groups, such that there were no significant differences be-
tween the two groups (Fig. 4C). These data indicate that MyD88
signaling within IECs plays a critical role in promoting protective
barrier responses early during S. Typhimurium AaroA mutant
infection. In contrast, MyD88 signaling within IECs is not re-
quired for the increased proliferation of IECs seen during infec-
tion, with the more rapid induction of proliferation in the IEC-
Myd88~'~ mice likely reflecting the accelerated inflammation
these mice suffer.

IEC-Myd88 '~ mice are impaired in antimicrobial and gob-
let cell-specific responses. While impaired IEC barrier function
could help drive the exaggerated inflammation suffered by in-
fected IEC-Myd88~ '~ mice, we examined whether there were
other defects in IEC function/defense that could be involved. In-
terestingly, IEC-dependent MyD88 signaling previously has been
found to maintain a microbial free zone above the host’s mucosal
surface in the small intestine (26). Upon assessment of several
antimicrobial factors by qPCR, we found that they were expressed
similarly in cecal tissues of the two mouse strains under uninfected
conditions. As Vaishnava et al. (26) have previously reported a
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significant reduction of ReglIII-y gene transcript levels in the ter-
minal ileum of uninfected IEC—MyD887/ ~ mice, we assessed its
levels in the terminal ileum of our IEC-MyD88 '~ mice and con-
firmed that compared to WT mice, ReglII-y gene transcript levels
in the ilea of IEC-MyD887/ " mice are impaired (data not shown).
By D1 pi, transcription was significantly increased for several of
these antimicrobial genes in WT mice; however, this induction
was dramatically impaired for RegIII-y (*, P < 0.05) (Fig. 5A) in
the IEC-Myd88~'~ mice. The induction of ReglII-B also seemed
impaired, although the difference from WT mice did not reach
significance.

Aside from antimicrobial factors, the mucosal surface of the
large bowel is protected from luminal bacteria by a thick mucus
layer that is largely comprised of the goblet cell-derived mucin
Muc2. Therefore, we examined whether intrinsic MyD88 signal-
ing affected goblet cell-specific factors. We assessed three goblet
cell mediators, including Muc2, the proinflammatory mediator
Relmp, and the reparative trefoil factor 3 (TFF3). At the gene
transcript level, all three were similar between IEC-Myd88~'~ and
WT mice under uninfected conditions. However, by D1 pi the
transcript levels for all three factors were significantly lower in
IEC—Myd887/7 mice than in WT mice (*, P < 0.05; **, P < 0.005)
(Fig. 5B).
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Based on the impaired transcriptional induction of goblet cell-
specific factors in IEC-MyD88'~ mice, along with the ability of
Relmp to induce antimicrobial genes (27), i.e., the ReglII pro-
teins, and the role played by Muc2 in generating the protective
mucus barrier (28), we wanted to further assess changes in these
factors during infection. We used immunostaining to determine
whether Relmf3 and Muc2 were differentially expressed in the two
mouse strains at the protein level during S. Typhimurium AaroA
mutant infection. Whereas similar levels of Relmf staining were
seen in uninfected cecal tissues of WT and IEC-MyD88 '~ mice
(Fig. 6A), by D1 up to D7 pi there was a significant increase in
detection of this protein within the goblet cells in WT mice (Fig.
6A), whereas there was little to no positive staining seen in tissues
from infected IEC—Myd887/ ~ mice (Fig. 6A).

To semiquantify the expression of these proteins, Relmf fluo-
rescence intensity relative to that of DAPI in each section was
assessed using the Image] integrated density analysis tool. By D1
pi, there was a 2-fold greater fluorescence intensity of Relmf3 (rel-
ative to DAPI) in WT tissues than in IEC—M)/d887/ ~ tissues. This
increased to 6-fold by D3, which continued (and was significant)
at D7 pi (Fig. 6C). Similarly, although comparable Muc2 staining
was observed in uninfected WT and IEC-Myd88 ™'~ tissues (Fig.
6B), by D1 up to D7 pi, WT tissues showed significantly increased
Muc?2 staining compared to that of [IEC-Myd88 ™'~ mice. Fluores-
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cence intensity of Muc2 relative to that of DAPI was significantly
greater in WT tissues at D1 pi (4-fold increase; *, P < 0.05) as well
asat D3 (2-fold increase; **, P << 0.005) and D7 (2-fold increase; *,
P < 0.05) pi (Fig. 6C).

IEC-Myd88 '~ mice also show early susceptibility to C. ro-
dentium infection. While our results clearly showed that IEC-
Myd88~'~ mice display increased susceptibility to early stages of
S. Typhimurium infection, in an earlier study we found that
MyD88 signaling within IECs played little role in regulating host
responses to C. rodentium infection (15). Notably, the earliest time
point we had studied with these mice was D6 pi. Therefore, we
examined whether IEC-Myd88~'~ mice showed any defects in
promoting host defense against C. rodentium at an earlier time
point, i.e., at D4 pi. Following euthanization and removal of the
entire large bowel, IEC-Myd88~'~ mice showed increased macro-
scopic damage in the form of shrunken ceca and shortened colons
compared to WT mice (Fig. 7A). Interestingly, no differences in
pathogen burdens were found between WT and IEC-Myd88™'~
mice upon enumeration of C. rodentium in cecal tissue, luminal
contents, and colonic tissues of infected mice (Fig. 7B).

To ensure consistency in our examination of responses, we once
again focused our analysis on the cecum. Although the ceca of WT
and IEC-Myd88 '~ mice appeared similar under uninfected condi-
tions, at D4 pi the IEC-Myd88™'~ mice exhibited significantly in-
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creased histological damage scores compared to WT mice (Fig. 7C
and D). Specifically, IEC-Myd88~'~ mice displayed increased crypt
hyperplasia, edema, and greater inflammatory cell infiltration at D4
pi (Fig. 7D), but by D6 pi, pathology was similar between the two
strains. FITC-dextran again was used to assess intestinal barrier per-
meability, and although there was a greater increase in FITC-dextran
serum levels in IEC-Myd88 ™'~ mice than in WT mice at D4 pi, it did
not reach statistical significance (Fig. 8A).

Consistent with our assessment of S. Typhimurium infection,
we next examined whether goblet cell-derived factors as well as
antimicrobial responses were impaired in IEC-Myd88~'~ mice
during C. rodentium infection. Immunostaining revealed that at
both D4 and D6 pi, WT tissues had greater Muc2-positive staining
than IEC-Myd88~'~ mice (Fig. 8B). To examine the effects of
these changes on C. rodentium localization during infection, we
stained tissues for the C. rodentium translocated effector Tir. In
WT tissues, most C. rodentium organisms were found segregated
within the cecal lumen at D4 pi; however, at the same time point in
IEC-Myd88™'~ mice, C. rodentium had successfully infected most
of the cecal crypt epithelium (Fig. 8C).

Based on the impaired induction of goblet cell mediators and an-
timicrobial factors in IEC—Myd887’ ~ mice, as well as much closer
epithelial association of bacteria during both S. Typhimurium and C.
rodentium infection, we examined whether the antimicrobial ac-
tivity at the intestinal mucosal surface was impaired in these mice.
We isolated crypts from uninfected IEC-Myd88~'~ and WT mice
and collected their stimulated crypt supernatants to examine their
bactericidal activity against the S. Typhimurium AaroA mutant
and C. rodentium. As shown in Fig. 8D, relative to the growth of
bacteria exposed to the negative control of iPIPES buffer alone,
WT mouse crypt supernatants had direct bactericidal activity against
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Salmonella as well as C. rodentium (Fig. 8D), similar to that seen
with purified ReglII-y (positive control). When incubated with
supernatants from IEC-Myd88 ™'~ crypts, although some bacteri-
cidal activity was observed, it was significantly decreased against
both bacterial strains compared to that of WT supernatants (P <
0.0005) (Fig. 8D). Thus, MyD88 signaling within IECs plays a key
role in promoting antimicrobial defenses at the intestinal mucosal
surface. Taken together, these results indicate that MyD88 signal-
ing in IECs can actually determine host susceptibility to infection,
potentially by controlling the ability of the pathogen to reach and
survive at the surface of the intestinal epithelium and avoid sub-
sequent accelerated intestinal tissue damage.

DISCUSSION

MyD88-dependent signaling previously has been shown to play a
critical role in host defense against a number of bacterial patho-
gens (5, 6, 10); however, its role in the gastrointestinal tract ap-
pears to be unique, not only controlling pathogen burdens but
also limiting pathogen access to mucosal tissues and limiting the
tissue damage resulting from these infections. As many of these
protective MyD88-dependent responses involve changes in the
level of proliferation or function of the IEC layer, it was of signif-
icant interest to clarify whether these changes arose from intrinsic
MyD88 signaling within the IECs themselves. In this study, we
clearly showed that loss of MyD88 signaling in IECs leads to in-
creased susceptibility to infection and to worsened intestinal tis-
sue damage at the early stages of infection by two different bacte-
rial pathogens. Mice lacking MyD88 signaling within their IECs
were impaired in their ability to maintain barrier integrity or up-
regulate the expression of goblet cell or antimicrobial mediators
during infection, allowing enteric pathogens to come into closer
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proximity with the intestinal epithelium and more rapidly cause
infection. Through crypt-killing assays we found that crypts from
mice lacking IEC-MyD88 signaling displayed significantly de-
creased antimicrobial capacity against both S. Typhimurium and
C. rodentium. Thus, these findings expand our understanding of
the role played by innate IEC signaling during in vivo enteric bac-
terial infections.

Several previous studies have shown that the global loss of
MyD88 signaling in all cell types dramatically increased suscepti-
bility of mice to colitis, leading to rapid mortality following induc-
tion of DSS or C. rodentium colitis (4-7). This susceptibility was
found to reflect the loss of microbe-driven responses that pro-
moted epithelial homeostasis and protection from epithelial in-
jury. Striking defects observed in Myd88~ '~ mice included an in-
ability to protect their IEC barrier function, resulting in
exaggerated gut leakiness (4, 5). Moreover, these mice were unable
to undergo the typical protective increases in colonic epithelial cell
proliferation that develop during colitis, leaving them unable to
readily replace damaged cells, resulting in widespread mucosal
ulceration. In the current study, we clarify that at least in part, it is
MyD88 signaling within the IECs themselves that protects/pro-
motes IEC barrier function during infection, whereas this signal-
ing is not required for the induction of increased IEC prolifera-
tion. In contrast, our results suggest that the proliferative status of
IECs is driven by MyD88-dependent signaling by other cell types
rather than IECs themselves.

There are three main subsets of IECs present within the large
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bowel, namely, enterocytes/colonocytes (80%), goblet cells
(20%), and enteroendocrine cells (~1%). The intestinal epithelial
monolayer acts as a physical barrier between the external environ-
ment, including the commensal microbes, and host tissues (13).
In addition, a thick mucus layer is present, composed primarily of
mucins secreted by GCs, which separates potentially hazardous
luminal bacteria from the mucosal surface to avoid spontaneous
and/or maladaptive inflammatory activation. The underlying en-
terocytes and goblet cells produce several types of antimicrobial
peptides (RegllIl-y, B-defensin-III, ReglII-B8, and mCRAMP) as
well as tissue protective factors (Relmf, Muc2, and TFF3). Many
of these proteins are thought to localize within the overlying mu-
cus layer as an optimal location to impact invading pathogens or
repair damage to underlying tissues. At least in the small bowel, it
has been shown that the mucus layer and the apical release of
antimicrobials creates a sterile zone overlying the epithelium that
helps limit contact between the microbiota and the epithelial bar-
rier (26). Impaired function of this barrier, due to either reduced
mucus production or dysfunctional antimicrobial responses, may
allow bacteria to reach the epithelial surface where they can trigger
detrimental and prolonged inflammatory responses. Our results
suggest that MyD88 also regulates this zone of separation in the
large bowel, at least during infection, and that in its absence, S.
Typhimurium and Citrobacter rodentium were able to come into
much closer association with the mucosal surface and more
quickly invade tissues, causing more rapid tissue damage.

Our results noted overt impairment in the infection-induced ex-
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kP < 0.0005.

pression of GC mediators in IEC-Myd88~'~ mice compared to WT
mice. At present, it is unclear whether these results indicate that
MyD88 signaling in IECs preferentially controls GC responses or
whether they are simply the easiest changes to detect in our system. As
GCs have a secretory phenotype, immunohistochemical techniques
allowed us to easily visualize the changes occurring in several GC-
specific mediators; however, these techniques are not as easily em-
ployed to assess changes in antimicrobial factors. Future work using
mice lacking MyD88 signaling within the goblet cell subset alone
would aid in clarifying the role of GC MyD88-dependent innate sig-
naling in conferring host susceptibility to infection.

It is also notable that IEC intrinsic MyD88 signaling appears to
play a significant role in host defense only at early stages of infection.
When we previously assessed the role of MyD88 signaling in IECs
during C. rodentium infection at a later time point (D6 pi), we were
unable to identify a significant defect in the protective host re-
sponses elicited during colitis (15). This was attributed to the pre-
viously described innate hyporesponsive status of IECs that is
maintained by negative regulators, including Single Ig IL-1-re-
lated receptor (SIGIRR), a negative regulator of TLR and IL-1R
signaling (14, 15). However, we report here that during the initial

September 2014 Volume 82 Number 9

stages of enteric infection in vivo, MyD88 signaling within IECs
plays a critical role in maintaining barrier integrity and limiting
tissue damage through induction of several goblet cell-specific
protective factors. We hypothesize that this early role for MyD88
signaling in IECs is lost at later time points due to increasing
involvement of MyD88 signaling in infiltrating inflammatory
cells, such as macrophages, which likely also regulate IEC prolif-
eration and function.

Although we found no differences between WT and IEC-
Myd88~'~ mice under uninfected conditions, a recent study pub-
lished by Frantz et al. reported baseline differences in the expres-
sion of Reglll-y and Muc2 (16). Our inability to detect these
differences may simply reflect differences in the commensal mi-
crobiota present in the different facilities. Correspondingly,
Frantz et al. noted baseline differences in the commensal compo-
sition of IEC-Myd88™~'~ mice compared to WT mice after exten-
sive and detailed analysis. They also observed a baseline increase in
the translocation of commensal bacteria as well as compromised
epithelial barrier integrity in the IEC-Myd88~'~ mice. In contrast,
we noted only modest differences in commensal composition be-
tween strains; using the FITC-dextran permeability assay, we
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