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In Brief

Diarrhea is common in enteric infection,
but whether this reflects disease
progression or host defense is unknown.
Using the C. rodentium model, Tsai et al.
show that diarrhea is critical to pathogen
clearance and demonstrate that diarrhea
development requires claudin-2
upregulation that increases tight junction
permeability to Na* and water.
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SUMMARY

Diarrhea is a host response to enteric pathogens, but
its impact on pathogenesis remains poorly defined.
By infecting mice with the attaching and effacing bac-
teria Citrobacter rodentium, we defined the mecha-
nisms and contributions of diarrhea and intestinal
barrier loss to host defense. Increased permeability
occurred within 2 days of infection and coincided
with IL-22-dependent upregulation of the epithelial
tight junction protein claudin-2. Permeability in-
creases were limited to small molecules, as expected
for the paracellular water and Na* channel formed
by claudin-2. Relative to wild-type, claudin-2-defi-
cient mice experienced severe disease, including
increased mucosal colonization by C. rodentium,
prolonged pathogen shedding, exaggerated cyto-
kine responses, and greater tissue injury. Conversely,
transgenic claudin-2 overexpression reduced dis-
ease severity. Chemically induced osmotic diarrhea
reduced colitis severity and C. rodentium burden in
claudin-2-deficient, but not transgenic, mice, demon-
strating that claudin-2-mediated protection is the
result of enhanced water efflux. Thus, IL-22-induced
claudin-2 upregulation drives diarrhea and pathogen
clearance.

INTRODUCTION

The intestinal barrier is often compromised during enteric infec-
tion. In the case of invasive and toxigenic organisms, this typi-
cally involves direct epithelial damage. In contrast, non-invasive,
attaching and effacing (A/E) pathogens, such as the human
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and mouse pathogens enteropathogenic E. coli and Citrobacter
rodentium, respectively, use a type lll secretion system to inject
proteins into host cells (Deng et al., 2010). These effector pro-
teins promote cytoskeletal reorganization and increase intesti-
nal permeability (Guttman et al., 2006). However, neither the
mechanisms that underlie these permeability increases nor their
significance to pathogenesis are well understood.

Intercellular tight junctions define the epithelial paracellular
barrier but do not form an absolute seal, as paracellular perme-
ability is necessary for ion, water, nutrient, and waste transport.
Flux across tight junctions occurs by two distinct routes, defined
as the pore and leak pathways (Figure 1A). The pore pathway is a
high-capacity, charge- and size-selective route with a maximum
diameter of 6 A (Anderson and Van ltallie, 2009; Turner, 2009).
In contrast, the low conductance leak pathway is relatively
nonselective and accommodates molecules with diameters up
to ~100 A. Finally, materials can cross the barrier via the un-
restricted pathway (Figure 1A), which allows free passage of
ions, water, macromolecules, bacteria, and viruses as a result
of epithelial damage. The unrestricted pathway is therefore tight
junction independent.

Barrier loss in disease is frequently attributed to tight junction
dysregulation, but the tools used in most in vivo analyses cannot
discriminate between increased tight junction permeability and
epithelial damage. As a result, the relative contributions of the
pore, leak, and unrestricted pathways to intestinal barrier loss,
disease progression, and host responses during enteric infec-
tion have not been defined. We developed an in vivo assay
that allowed independent analysis of each permeability pathway
(Figure 1A) during C. rodentium colitis. This made it possible to
identify an early increase in pore pathway permeability resulting
from IL-22-dependent claudin-2 upregulation. Genetic and phar-
macological interventions showed that this claudin-2-mediated
increase in pore pathway permeability increased water efflux
and enhanced C. rodentium clearance. These results identify
an unrecognized mechanism of IL-22-dependent host defense

Cell Host & Microbe 27, 671-681, June 14, 2017 © 2017 Elsevier Inc. 671


mailto:jrturner@bwh.harvard.edu
http://dx.doi.org/10.1016/j.chom.2017.05.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2017.05.009&domain=pdf

Cell’ress

A g B patine & c P th Leak path
pathway pathway ore pathway eak pathway
(<6 A) 570, O @ (<100 4) : 2> w3 2 20 creatinine/ 0 4kDa dextran/

Unrestricted =520 o g # =g 70kDa dextran : 70kDa dextran
pathway an i an *
(no max) ©+ ok © 45 i 15
2015 . oo :
£ Ex
8.3 1.0 Creatinine g.uN, A2 0
@ = - L¥ \damage
'0@) T © 4kDa dextran T o
’ﬁ EEO0S5 70kDa dextran, £ g L damage 05
A QYo g8 880 0
Creatinine = d:)l((t?:n %o dﬂ'i?aan E-" 0T s atozae  E- 0246 8101214 02468101214
(64) (284A) (120A) days post infection days post infection  days post infection
D E
6 6 =)
£°] = cun - Tt — days post D8 CLDN2IFfad 8, CLDN15/Ecad
O 5] - Cldn3 54 - Tjp2 -e- Marveld3 v2 infectiong 2 6 11 15 c.N7 ¢ 7
@] o Cldnd -~ Tjp3 -e- Marveld2 ® ®g 6
@ 44 ~© Cldn7 44 - Ocin -e- Ccdn1 CLDN2 —-— - % E
5 Cldn8 = 5 5 5
X3 3 2c, 4
C) CLDN15 sz, e i3
s? 2 28, ¢+t =+,
4 .o =
E1 Ecad % sl &8 & 2 2 1ly 1'%.3.59%
0 wsol——— ——
0 2 46 8101214 0 2 4 6 8 101214 X 026115 0261115
F days post infection days post infection
days post
15

infection 0 2

Figure 1.

Pore Pathway Permeability and Claudin-2 Expression Are Increased Early in the Course of C. rodentium Infection

(A) Pore, leak, and unrestricted pathway permeabilities were assessed using creatinine, 4 kDa dextran, and 70 kDa dextran, respectively.
(B) Creatinine, 4 kDa dextran, and 70 kDa dextran fluxes increased 2, 4, and 6 days after infection, respectively (n = 6). Error bar represents mean + SEM. *p < 0.05,

*p < 0.01.

(C) Specific pore and leak pathway permeabilities increased shortly after C. rodentium infection but were undetectable by day 6 due to epithelial damage. Creatinine
and 4 kDa dextran flux at these times therefore reflects increased unrestricted pathway, not tight junction, permeability. Error bar represents mean + SEM. *p < 0.05,

**p < 0.01.

(D) Quantitative RT-PCR analysis shows that only claudin-2 mRNA is significantly increased at day 2 of infection. Error bar represents mean + SEM. *p < 0.05,

**p < 0.01.

(E) Western blots and densitometry of isolated colonic epithelial cells demonstrate increased claudin-2 (CLDN2), but not claudin-15 (CLDN15) or E-cadherin

(Ecad), expression. Error bar represents mean + SEM. *p < 0.05, **p < 0.01.

(F) Immunofluorescence microscopy shows claudin-2 (red), F-actin (green), and DNA (blue) during infection. Brackets indicate zone of claudin-2 expression.

Scale bar represents 50 pm.

and elucidate the essential roles of tight junction regulation and
diarrhea in enteric pathogen clearance.

RESULTS

C. rodentium Infection Disrupts the Intestinal Barrier in
Three Distinct Phases

C. rodentium infection disrupts the intestinal barrier, but the
evolution of barrier loss and its role in disease pathogenesis
have not been determined. Most studies have relied on a single
probe, FITC-4 kDa dextran, which cannot distinguish between
leak and unrestricted pathways (Figure 1A). We characterized
barrier loss during disease progression using three probes:
creatinine, FITC-4 kDa dextran, and rhodamine-70 kDa dextran,
which have hydrodynamic diameters of 6 A, 28A, and 120 A, and
can be used to probe pore, leak, and unrestricted pathways,
respectively (Figure 1A).
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Intestinal permeability to creatinine was elevated within
2 days of C. rodentium infection and continued to increase
thereafter (Figure 1B). 4 kDa dextran permeability increased
1 day later, but 70 kDa dextran flux did not increase until
day 6 of infection. To specifically asses pore and leak path-
ways, creatinine or 4 kDa dextran fluxes were normalized to
70 kDa dextran permeability. These ratiometric analyses
demonstrated specific increases in pore and leak pathways
at 2 and 3 days post-infection, respectively (Figure 1C). The
increased 70 kDa dextran permeability that occurred as a
result of epithelial damage and increased unrestricted pathway
flux at day 6 caused pore and leak pathway ratios to return to
baseline values (Figure 1C). The increased creatinine and
4 kDa dextran flux at 6 days after C. rodentium infection and
beyond is therefore a function of unrestricted pathway perme-
ability rather than specific upregulation of tight junction pore
and leak pathways.
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Figure 2. IL-22 Induces Claudin-2 Expression during C. rodentium Infection
(A) Cytokine expression at indicated times during C. rodentium infection (n = 6). Error bar represents mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
(B-D) IL-22 upregulates claudin-2 mRNA and protein expression in mouse organoids, as shown by qRT-PCR (B, n=3), western blots (C), and densitometry
(D, n = 3). Error bar represents mean + SEM. *p < 0.05, ***p < 0.001.
(E) Immunofluorescence microscopy of IL-22-treated organoids demonstrates increased claudin-2 (red) expression at tight junctions and lateral membranes.
F-actin (green), DNA (blue). Scale bar represents 20 pm.
(F) Western blots and densitometry of claudin-2 (CLDN2) and E-cadherin (Ecad) expression in isolated colonic epithelial cells after in vivo IL-22 treatment (n = 3).
Error bar represents mean + SEM. *p < 0.05.
(legend continued on next page)
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Increased Pore Pathway Permeability Is Accompanied
by Increased Epithelial Claudin-2 Expression

Pore pathway permeability is primarily regulated by claudin pro-
tein expression and function. Quantitative RT-PCR analyses of
isolated colonocytes showed that claudin-2 mRNA was uniquely
upregulated within 2 days of C. rodentium infection (Figure 1D).
Limited increases in mRNA encoding Cldn15, which comple-
ments claudin-2 functionally (Wada et al., 2013), were only signif-
icant at day 11. mRNA encoding other tight junction proteins was
unchanged in the first week of infection (Figure 1D). Immunoblots
confirmed increased claudin-2 protein expression within 2 days
of C. rodentium infection (Figure 1E).

Immunofluorescence microscopy demonstrated expansion
of the zone of claudin-2 expression within 2 days of infection
(Figure 1F), well before histologically detectable inflammatory
changes or epithelial damage were present (Figure S1). Clau-
din-2 expression within transit-amplifying cells peaked by
day 11 and, consistent with gqRT-PCR and western blot data,
regressed by day 15 of infection (Figures 1E and 1F). Although
marked mucosal hyperplasia does occur during C. rodentium
infection, the absence of increased claudin-15 expression dem-
onstrates that claudin-2 is specifically upregulated and not
merely a consequence of increased cell numbers (Figures 1D
and 1E). Given the well-established role of claudin-2 as a
mediator of pore pathway permeability, these data suggest
that claudin-2 upregulation drives the increased pore pathway
permeability detected within 2 days of infection.

C. rodentium Upregulates Claudin-2 via IL-22 Signaling
Cytokine-mediated claudin-2 transcriptional regulation has been
described in vitro and in vivo (Mankertz et al., 2009; Suzuki et al.,
2011; Weber et al., 2010). Analyses of mucosal cytokines during
infection showed that only IL-22 was significantly increased
by day 2 (Figure 2A). IL-22 has not, however, been reported
to regulate claudin-2 transcription. Cytokines that have been
linked to claudin-2 upregulation were increased only at later
times (IL-6, TNF, IL-17A) or were unchanged (IL-13).

Despite many advantages, the presence of numerous cell types
and potential for complex intercellular signaling limit utility of in vivo
models to determine whether IL-22 signals directly to intestinal
epithelia. We used intestinal epithelial organoid cultures to over-
come this limitation. In organoid cultures IL-22 significantly upre-
gulated claudin-2, but not claudin-15, mRNA and protein expres-
sion (Figures 2B-2D). Induced claudin-2 was localized to tight
junctions and lateral membranes (Figure 2E). IL-22 is therefore a
direct, potent, and selective inducer of epithelial claudin-2.

To determine whether IL-22 could induce claudin-2 upregula-
tion in vivo, wild-type mice were treated with recombinant IL-22.
This increased colonic epithelial claudin-2 expression within
24 hr (Figure 2F). Similar to upregulation during infection, both
the magnitude of claudin-2 expression within individual cells
and the number of cells expressing claudin-2 were increased

(Figure 2G). IL-22 is therefore sufficient to induce colonic
epithelial claudin-2 expression in vivo. We cannot, however,
exclude contributions from other cytokines at later times during
C. rodentium infection, as IL-22 expression peaks at 6 days after
infection, but claudin-2 upregulation progresses until day 11.

The essential contributions of IL-22 to host defense (Zheng
et al., 2008) constrain use of IL-22-deficient mice to further probe
the role of IL-22 in claudin-2 upregulation during advanced
C. rodentium infection. However, such comparisons are possible
at 2 days after C. rodentium infection, when claudin-2 upregula-
tion first occurs, as no differences between wild-type and either
IL-22-deficient or anti-IL-22-treated mice are apparent at this
early time. Treatment with anti-IL-22 prior to infection prevented
C. rodentium-induced increases in claudin-2 expression (Fig-
ures 2H and 2I). In contrast, robust claudin-2 upregulation was
apparent in mice treated with a control IgG (Figures 2H and 2l).
These data show that IL-22 is essential for claudin-2 induction
during early stages of C. rodentium infection. Claudin-2 upregu-
lation may therefore be an unrecognized mechanism by which
IL-22 activates innate host defense.

Transgenic Claudin-2 Expression Increases Fecal Na*
and Water Content
To define the impact of intestinal epithelial claudin-2 expression
on C. rodentium infection, transgenic mice with intestinal epithe-
lial specific expression of EGFP-claudin-2, which we have shown
to be functional (Raleigh etal., 201 1), were developed. Analyses of
isolated colonic epithelial cells from uninfected claudin-2 trans-
genic, wild-type, and claudin-2 knockout (Wada et al., 2013)
mice showed a 12-fold increase in claudin-2 mRNA in transgenic
mice relative to wild-type littermates (Figure 3A). Endogenous
claudin-2 protein was expressed at similar levels in wild-type
and transgenic mice, but EGFP-claudin-2 expression was
8-fold greater than endogenous claudin-2 (Figure 3B). No clau-
din-2 transcripts or protein were detected in knockout mice (Fig-
ures 3A and 3B). Neither claudin-2 overexpression nor claudin-2
deficiency affected mRNA or protein expression of claudin-15
or any other tight junction components (Figures 3A and 3B).
Neither transgenic claudin-2 expression nor claudin-2 knockout
affected colonic histology (Figure 3C). Nevertheless, fluorescence
microscopy demonstrated that EGFP-claudin-2 was expressed
within an expanded population of epithelial cells (Figure 3D).
Thus, both the magnitude and distribution of total claudin-2
expression in uninfected claudin-2 transgenic mice are similar to
thatin C. rodentium-infected wild-type mice. Claudin-2 transgenic
mice can, therefore, be used to represent maximal claudin-2
expression. Conversely, claudin-2 knockout mice can be used
to model the low endogenous claudin-2 expression seen in adult
mice (Holmes et al., 2006; Wada et al., 2013). Claudin-2 transgenic
and knockout mice can therefore serve as stable reference points
for the low and high claudin-2 expression, respectively, seen in
wild-type mice before and during infection.

(G) Claudin-2 (red) expression after IL-22 treatment in vivo. F-actin (green), DNA (blue). Brackets indicate zone of claudin-2 expression. Scale bar repre-

sents 20 pm.

(H) Western blots and densitometry of claudin-2 (CLDN2) and E-cadherin (Ecad) expression in isolated colonic epithelial cells from mice pre-treated with control
1gG or anti-IL-22 after 2 days of infection (n = 3). Error bar represents mean + SEM. *p < 0.05.

() Immunofluorescence microscopy of claudin-2 (red) expression after C. rodentium infection in mice pre-treated with control IgG or anti-IL-22 at day 2 of
infection. Uninfected mice are shown for reference. E-cadherin (green), DNA (blue). Brackets indicate zone of claudin-2 expression. Scale bar represents 20 pm.
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Figure 3. Transgenic Claudin-2 Expression
Increases Fecal Na* and Water

(A) Tight junction protein mRNA expression in wild-
type (WT), claudin-2 transgenic (Vil-Cldn2 Tg), and
claudin-2 knockout (Cldn2 KO) mice (n = 5). Only
claudin-2 expression differed between genotypes.
Error bar represents mean + SEM. ***p < 0.001.
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(B) Immunoblots of claudin-2 (21 kDa) and EGFP-
claudin-2 (48 kDa), claudin-15 (21 kDa), E-cadherin
(80 kDa), and B-actin (42 kDa).

(C) Histology of wild-type, claudin-2 transgenic,
and claudin-2 knockout mice. Scale bar represents
50 pm.

(D) Immunofluorescent microscopy of claudin-2
and EGFP-claudin-2 (red), F-actin (green), and
DNA (blue). Brackets indicate zone of claudin-2
expression. Scale bar represents 50 um.

(E) Fecal Na* content of wild-type, claudin-2
40 transgenic, and claudin-2 knockout mice (n > 21).
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Uninfected claudin-2 transgenic mice demonstrated signifi-
cantly increased fecal Na* relative to wild-type or claudin-2
knockout mice (Figure 3E), thereby demonstrating that the trans-
genically expressed EGFP-claudin-2 did function as a cation
channel. Further, fecal water, defined as the fraction of total stool
mass lost upon desiccation, of claudin-2 transgenic mice was
significantly greater than that of wild-type or claudin-2 knock-
out mice (Figure 3F). These data, which confirm that EGFP-clau-
din-2 is functional, are consistent with the ability of claudin-2
to conduct Na* and water across the tight junction (Rosenthal
et al., 2017). As expected given the low claudin-2 expression in
adult mice, fecal Na* and water content were similar in wild-
type and claudin-2 knockout mice (Figure 3F).

Claudin-2 Promotes C. rodentium Clearance and Limits
Mucosal Immune Activation

C. rodentium infection induced significant weight loss in
claudin-2 knockout mice (Figure 4A). In contrast, neither
wild-type nor claudin-2 transgenic mice lost weight, as is
typical of C. rodentium colitis. In addition to weight loss,
fecal C. rodentium shedding in claudin-2 knockout mice was
increased 10-fold on day 9 and 100-fold on days 15 and 18
of infection relative to wild-type or transgenic mice (Figure 4B).
On day 11 of infection, which represents both the nadir of body
weight in claudin-2 knockout mice (Figure 4A) and the peak of
claudin-2 expression in wild-type mice (Figures 1D-1F), wild-
type and claudin-2 transgenic mice had 8- and 40-fold fewer
mucosa-associated C. rodentium than claudin-2 knockout
mice, respectively (Figure 4C). These differences in mucosal
colonization were evident morphologically, as bacteria pene-
trated into colonic crypts of claudin-2 knockout mice, yet
were restricted to the surface in wild-type and transgenic
mice (Figure 4D, arrows). Although this could reflect an effect
of claudin-2 on C. rodentium colonization, the observation
that claudin-2 knockout, claudin-2 transgenic, and wild-type
mice shed similar numbers of fecal C. rodentium until day 9

Vil-Cldn2 Tg 1

*

Error bar represents mean + SEM. *p < 0.05.
(F) Fecal water content of wild-type, claudin-2
transgenic, and claudin-2 knockout mice (n = 15).
Error bar represents mean + SEM. *p < 0.05.

WT+

Cldn2 KO Py
Vil-Cldn2 Tg

Cldn2 KO

suggests that overall colonization was not affected by clau-
din-2 expression.

Increased mucosal C. rodentium numbers might be expected
to result in greater immune activation in claudin-2 knockout
mice. Consistent with this, infection-associated IL-1B, IL-6,
IL-22, and TNF expression were significantly greater in
knockout, relative to wild-type or transgenic, mice (Figure 4E).
Conversely, TNF expression was significantly reduced in clau-
din-2 transgenic mice. These differences were not due to pre-ex-
isting alterations, as mucosal IL-18, IL-6, IL-17, IL-22, TNF, and
IFN-y expression were similar in uninfected wild-type, claudin-2
transgenic, and claudin-2 knockout mice (Figure 4E). The mark-
edly increased IL-22 expression in infected claudin-2 knockout
mice further suggests that claudin-2 may participate in a nega-
tive feedback loop that, by reducing IL-22 production, limits
the degree of claudin-2 upregulation.

Claudin-2 Upregulation Limits C. rodentium-Induced
Tissue Damage

Transgenic expression or knockout of claudin-2 had no effect on
intestinal epithelial proliferation or apoptosis in healthy mice (Fig-
ure 5A). C. rodentium infection markedly increased epithelial
proliferation and apoptosis in all mice, but these changes were
far greater in claudin-2 knockout, relative to wild-type or trans-
genic, mice (Figure 5A). The greater epithelial damage and pro-
liferative responses of claudin-2 knockout mice to infection
were accompanied by significantly more severe colonic histopa-
thology. While isolated intraepithelial neutrophils were readily
identified in wild-type and claudin-2 transgenic mice, neutrophil
aggregates were associated with surface epithelial erosions in
claudin-2 knockout mice (Figure 5B, arrows).

Consistent with the presence of surface erosions and more
frequent apoptotic epithelial cells, increases in creatinine, 4 kDa
dextran, and 70 kDa dextran permeability were exaggerated in
C. rodentium-infected claudin-2 knockout mice at day 11 of infec-
tion (Figure 5C). However, the increases for each probe were
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transgenic, and claudin-2 knockout mice at indi-
cated times after infection (n = 5). Error bar repre-
sents mean + SEM. *p < 0.05.

(C) Mucosa-associated C. rodentium in wild-type,
claudin-2 transgenic, and claudin-2 knockout mice
11 days after infection (n = 5 per condition). Error
bar represents mean + SEM. *p < 0.05, **p < 0.01.
(D) Immunofluorescent microscopy of C. rodentium
(red), F-actin (green), DNA (blue) 11 days after
infection. Crypt spaces were only colonized in

E 2 g claudin-2 knockout mice (p < 0.05). Scale bar rep-
E o resents 50 pm.
o 8 (E) Mucosal cytokine content in wild-type, clau-
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proportional, such that the ratios of creatinine and 4 kDa
dextran permeabilities to 70 kDa dextran permeability were un-
changed (Figure 5D). This indicates that the increased absolute
permeabilities observed reflect increased flux across the unre-
stricted, i.e., epithelial damage, pathway. The greater perme-
ability increases in claudin-2 knockout mice are therefore indica-
tive of severe mucosal damage, consistent with the analyses of
histopathology, apoptosis, and compensatory proliferation.

As shown in Figure 3, fecal water content of uninfected clau-
din-2 transgenic mice was greater than that of uninfected wild-
type or claudin-2 knockout mice (Figure 5E). However, fecal
water content of claudin-2 transgenic and wild-type mice was
similar beginning at day of infection, consistent with the kinetics
of claudin-2 upregulation in wild-type mice. More strikingly, fecal
water content in claudin-2 knockout mice increased dramatically
at day 11 and remained significantly greater than that of both
wild-type and claudin-2 transgenic mice until day 21 (Figure 5E).
The increase in fecal water coincided with the peak of disease in
claudin-2 knockout mice and correlated with the markedly
greater tissue damage experienced by these mice at that time.
As a whole, the analyses of apoptosis, histopathology, perme-
ability, and fecal water content therefore indicate that increased
fecal water from days 11 to 18 in claudin-2 knockout mice was
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ability allows diarrhea to develop. The
temporal correlation between increased
fecal water and bacterial shedding in claudin-2 knockout mice
further indicates that diarrhea resulting from water efflux is critical
to pathogen clearance.

Osmotically Driven Water Efflux Rescues Claudin-2
Knockout Mice from Severe Infectious Colitis

As noted above, claudin-2 forms a paracellular channel that con-
ducts Na* and water. We therefore hypothesized that the protec-
tion against C. rodentium colitis observed in wild-type and clau-
din-2 transgenic, relative to claudin-2 knockout, mice might
simply be due to increased paracellular water efflux. To test
this idea without expressing claudin-2, mice received polyeth-
ylene glycol (PEG) in their drinking water. PEG is a nontoxic,
nonabsorbable molecule that, due to its osmotic activity within
the lumen, draws fluid across the paracellular space and induces
diarrhea. This approach is used routinely in patients in order to
cleanse the bowel prior to colonoscopy.

The bowel-preparation solutions used to induce diarrhea in
patients generally contain low molecular mass, 3.35 kDa PEG,
at 6% (w/v). Preliminary studies showed that administration
of low molecular mass PEG at a much lower dose (2%) was
insufficient to cause diarrhea in mice but did increase fecal water
content to a level similar to that in uninfected claudin-2
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the possibility that PEG might interfere
with C. rodentium growth, but this was
excluded by in vitro analyses of bacterial
growth (Figure S5) as well as the failure
of PEG to reduce fecal C. rodentium
numbers in wild-type or claudin-2 trans-
genic mice (Figure 6C).

Morphologically, PEG prevented
C. rodentium from colonizing colonic
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transgenic mice when given continuously for 7 days (Figure S2).
Importantly, PEG treatment did not alter expression of claudin-2
or other tight junction proteins (Figure S3).

Treatment with PEG for 7 days, beginning at day 4 of infection
(Figure 6A) significantly reduced numbers of mucosa-associated
C. rodentium in wild-type and claudin-2 knockout mice (Fig-
ure 6B). In contrast, PEG did not reduce mucosa-associated
C. rodentium numbers in claudin-2 transgenic mice (Figure 6B).
This was expected, as water efflux is increased in claudin-2
transgenic mice even in the absence of PEG treatment. The
data, therefore, support the conclusion that the PEG-induced
water efflux maximizes pathogen clearance in wild-type and
claudin-2 knockout mice. These results also suggest that path-
ogen clearance was maximized by transgenic claudin-2 expres-
sion and could not be enhanced further. Consistent with this,
PEG treatment eliminated genotype-dependent differences in
fecal C. rodentium shedding (Figure 6C).

Although a previous study reported that 5% PEG reduced
C. rodentium attachment to cultured colonic epithelial mono-
layers by downregulating B4-integrin (Qi et al., 2011), PEG did
not affect intestinal epithelial B1-integrin expression in vivo (Fig-
ure S4). Moreover, as treatment was not initiated until 4 days af-
ter infection, PEG would not be expected to affect initial bacterial
adherence in the experiments shown here. We also considered

0 2 4 6 8 10 12 14 16 18 20
days post infection

crypts in claudin-2 knockout mice,
although surface colonization persisted
(Figure 6D, arrows). Finally, PEG signifi-
cantly diminished mucosal IL-18, IL-6,
TNF, IFN-y, and IL-22 mucosal cytokine content in claudin-2
knockout, but not wild-type or claudin-2 transgenic, mice (Fig-
ure 6E). In contrast, PEG had no effect on mucosal cytokine
expression in uninfected mice (Figure S6). These data suggest
that, by increasing water efflux and promoting pathogen clear-
ance, claudin-2 or PEG provide negative feedback that limits
IL-22 production. PEG-induced water efflux therefore promotes
C. rodentium clearance and limits mucosal immune activation in
a manner similar to claudin-2 upregulation.

Osmotic Diarrhea Limits Barrier Loss, Epithelial
Apoptosis, and Tissue Damage

PEG treatment of uninfected mice had no effect on creatinine,
4 kDa dextran, or 70 kDa dextran permeabilities (Figure S7). In
contrast, PEG markedly reduced infection-associated increases
in creatinine (Figure 7A), 4 kDa dextran (Figure 7B), and 70 kDa
dextran (Figure 7C) permeabilities in claudin-2 knockout mice
and had more modest effects on wild-type mice. The magnitudes
to which PEG limited infection-induced permeability increases in
wild-type and claudin-2 knockout mice were proportional for all
probes, including 70 kDa dextran. This effect of PEG must there-
fore reflect reduced tissue damage, i.e., decreased unrestricted
pathway flux, as that is the only route that accommodates
70 kDa dextran. Consistent with their increased basal fecal water
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content, claudin-2 transgenic mice did not benefit from PEG treat-
ment (Figures 7A-7C). Creatinine, 4 kDa dextran, and 70 kDa
dextran permeabilities were therefore similar in C. rodentium-

infected, PEG-treated mice regardless of genotype.

Epithelial apoptosis is characteristic of C. rodentium infection
and is further increased in claudin-2 knockout mice (Figure 4B).
PEG treatment reduced apoptotic frequency in both wild-type
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Figure 6. Osmotic Diarrhea Reduces Bacte-
rial Colonization and Mucosal Immune Re-
sponses Induced by C. rodentium Infection
(A) Schematic of infection and PEG treatment.

(B) Mucosa-associated C. rodentium numbers in
wild-type (WT), claudin-2 transgenic (Vil-Cldn2 Tg),
and claudin-2 knockout (Cldn2 KO) mice at day 11
(n=5). Error bar represents mean + SEM. *p < 0.05,
*p < 0.01.

(C) Fecal C. rodentium at day 11 after infection
(n=5). Error bar represents mean + SEM. *p < 0.05,
**p < 0.01.

(D) Immunofluorescent microscopy of C. rodentium
(red) and DNA (blue) 11 days after infection. Colo-
nization of crypt spaces in claudin-2 knockout mice
is blocked by PEG treatment (p < 0.05). Scale bar
represents 50 um.

(E) Mucosal cytokines on day 11 of infection
(n = 5). Error bar represents mean x SEM.
*p < 0.05, *p < 0.01, **p < 0.001.

and claudin-2 knockout mice (Figure 7D)
and was mirrored by reductions in epithe-
lial proliferation (Figure 7E). As with
C. rodentium colonization, cytokine pro-
duction, and probe permeability, PEG
reduced fecal water content in claudin-2
knockout and wild-type mice at day 11
(Figure 7F), when water efflux is primarily
mediated by the unrestricted pathway.
Consistent with these benefits, PEG treat-
ment reduced histopathology in claudin-2
knockout mice (Figures 7G and 7H). Taken
together, these results demonstrate that
the impaired C. rodentium clearance and
more severe disease observed in claudin-2
knockout mice are due to reduced paracel-
lular water transport and can be largely
reversed by induction of an osmotic diar-
rhea that draws water into the gut lumen
by claudin-2-independent mechanisms.

DISCUSSION

The hypothesis that diarrhea clears
enteric pathogens has been debated for
centuries (Davison, 1922). Data support-
ing this idea are limited to the observation
that antimotility agents, which can lessen
diarrhea severity, can also delay path-
ogen clearance (DuPont and Hornick,
1973). Nevertheless, support for the idea

that diarrhea is beneficial is weak, and, despite limited evidence
of efficacy in most infections, efforts to develop therapeutic ion
channel modulators that may prevent diarrhea continue. We

sought to define the role of diarrhea in pathogen clearance using

the model A/E pathogen C. rodentium.
Infection by A/E pathogens results in intestinal barrier loss due
to tight junction dysregulation and epithelial damage. Here, we
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developed an assay that allows size-specific analysis of intesti-
nal permeability and dissection of three distinct modes of barrier
loss during C. rodentium infection. The results indicate that,
within 2 days of infection, before morphological features of
inflammation or tissue damage have developed, IL-22-depen-
dent signaling promotes colonic epithelial claudin-2 expression
that enhances permeability of small probes, e.g., creatinine,
but not more commonly used larger probes such as 4 kDa
dextran. The increased fecal water induced by transgenic clau-
din-2 expression in uninfected mice provides further evidence
that inflammation and epithelial damage are not required for
the permeability increases or diarrhea that develop during infec-
tion. Claudin-2-dependent water efflux does, however, promote
pathogen clearance and limit disease severity. Whether these
claudin-2-dependent increases in water efflux simply wash
away adherent C. rodentium or, alternatively, have some other
effects on the microbiome has not been addressed here but
could be an interesting question. Regardless of the mechanism,
the claudin-2-dependent pathogen clearance described here is
distinct from IL-13-dependent helminth expulsion, where clau-
din-2 upregulation occurs but does not contribute significantly
to host defense (Sun et al., 2016).

The data presented here show that IL-22 is required for
claudin-2 upregulation in vivo. In vitro studies indicate that
claudin-2 upregulation depends on STAT3 and STAT6 signaling
(Rosen et al., 2013; Weber et al., 2010). Separate studies have
shown that epithelial STAT3 signaling is essential for effects
of IL-22 on epithelial homeostasis and repair during acute
colitis (Pickert et al., 2009). Available data therefore indicate
that IL-22 upregulates epithelial STAT signaling in vivo and that

claudin-2 upregulation in C. rodentium
infection, these data link the previous ob-
servations and lead to the conclusion that IL-22-mediated clau-
din-2 expression occurs via a STAT-dependent process.
Although IL-22 has not been previously recognized as a regulator
of claudin-2 expression, other effects of IL-22-dependent
epithelial STAT3 signaling, such as inhibition of enteric viral
infection, might also reflect claudin-2 upregulation (Xue et al.,
2017). Thus, claudin-2-mediated water efflux may be a widely
used mechanism of innate defense.

Our data indicate that diarrhea, whether driven by claudin-
2-mediated paracellular Na* and water flux or an osmotic agent,
promotes pathogen clearance. Although not tested in vivo,
in vitro studies suggest that increased water flux driven by other
means, such as chloride secretion induced by activation of api-
cal chloride channels, could have similar effects (Keely et al.,
2012). Water efflux might also occur via transcellular, rather
than paracellular, transport. Consistent with this idea, epithelial
aquaporin-4 expression has been reported to be enhanced by
IL-22 signaling (Pham et al., 2014). However, most studies
have failed to identify a role for aquaporins in intestinal water
transport, and recent data suggest that intestinal epithelial aqua-
porins are more important for transport of bioactive signaling
molecules, such as H,0,, than water (Thiagarajah et al., 2017;
Yang et al., 2005). Thus, despite the potential involvement of
many processes, including several activated by IL-22, in trig-
gering the water efflux that enhances bacterial clearance, clau-
din-2 upregulation is the primary mechanism employed in
C. rodentium colitis.

In addition to promoting pathogen clearance, the diarrhea
driven by claudin-2 expression limited epithelial apoptosis and
the associated repair response. Epithelial proliferation and
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apoptosis were not, however, affected by claudin-2 knockout or
transgene expression in the absence of challenge. This contrasts
with the increased colonic epithelial proliferation reported in a
different claudin-2 transgenic mouse (Ahmad et al., 2014). Given
the absence of mucosal hypertrophy in that mouse, one can
conclude that the previously reported claudin-2 transgenic
mouse suffered from chronic, low-grade epithelial damage.
The absence of this phenotype in the claudin-2 transgenic
mouse reported here indicates that the damage is not a direct
result of increased claudin-2 expression. Further, our data sug-
gest that increased fecal water content and resulting
DSS dilution may be a simple explanation for the DSS-resistant
phenotype of the previously reported claudin-2 transgenic
mice (Ahmad et al., 2014). Given the increased claudin-2 expres-
sion that normally occurs during DSS colitis, this hypothesis is
also consistent with the enhanced DSS colitis severity described
in claudin-2 knockout mice (Nishida et al., 2013).

Multiple immune cell subsets produce IL-22 during C. rodentium
infection (Basu et al., 2012; Rankin et al., 2016). This IL-22 pro-
duction requires epithelial NF«B signaling (Giacomin et al., 2015),
thereby explaining how a noninvasive pathogen can activate sub-
epithelialimmune cells. Previous studies have shown that intestinal
epithelial IL-22RA signaling contributes to host defense during
C. rodentium infection and that intestinal epithelial IL-22RA
knockout results in exaggerated mucosal IL-22 production
(Pham et al., 2014). This is remarkably similar to the effects of clau-
din-2 knockout and supports the hypothesis that IL-22-dependent
claudin-2 upregulation feeds back to limit IL-22 production.

In sum, the results presented here indicate that innate immune
activation and IL-22-dependent increases in claudin-2 expres-
sion and pore pathway paracellular permeability are essential
to host defense. This suggests that, while inhibition of perme-
ability increases might limit diarrhea in early stages of infection,
this intervention may also delay pathogen clearance and prolong
disease. Thus, while therapeutic claudin-2 inhibition has been
proposed, it may be contraindicated in infectious enterocolitis.
As a whole, our studies provide direct evidence that increased
tight junction permeability and the diarrhea that follows are crit-
ical to enteric pathogen clearance and define these as a previ-
ously unrecognized contribution of IL-22 to host defense.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-claudin-2 (ab53032) Abcam RRID: AB_869174

Rabbit polyclonal anti-claudin-15 (38-9200)

Rabbit polyclonal anti-Citrobacter koseri (ab37056)
Rabbit polyclonal anti-Ki67 (ab15580)

Rabbit monoclonal anti-cleaved caspase-3 (9664)
Rabbit monoclonal anti-E-cadherin (3195)

Mouse monoclonal anti-E-cadherin (76055)

Mouse monoclonal anti-p actin (A1978)

Goat anti-rabbit IgG (H+L), HRP conjugate (7074)
Horse anti-mouse IgG (H+L), HRP conjugate (7076)

Donkey anti-rabbit IgG (H+L), Alexa 594 conjugate, highly
cross-adsorbed F(ab’), fragments (711-586-152)

Donkey anti-mouse IgG (H+L), Alexa 488 conjugate, highly
cross-adsorbed F(ab’), fragments (715-546-151)

IRDye 800CW Goat anti-rabbit IgG (H+L) (925-32211)
IRDye 680RD Goat anti-Mouse IgG (H+L) (925-68070)

ThermoFisher

Abcam

Abcam

Cell Signaling Technology
Cell Signaling Technology
Abcam

Sigma-Aldrich

Cell Signaling Technology
Cell Signaling Technology
Jackson ImmunoResearch

Jackson ImmunoResearch

LI-COR Biosciences
LI-COR Biosciences

RRID: AB_2533391
RRID: AB_726896
RRID: AB_443209
RRID: AB_2070042
RRID: AB_2291471
RRID: AB_1310159
RRID: AB_476692
RRID: AB_2099233
RRID: AB_330924
RRID: AB_2340622

RRID: AB_2340850

RRID: AB_2651127
RRID: AB_2651128

Monoclonal anti-IL-22 neutralizing antibody (IgG1, clone 8E11.9) Genentech RRID: AB_2651129
Mouse anti-OVA control antibody (IgG1, clone F2-3.58) BioXCell RRID: AB_2651130
Bacterial and Virus Strains

Citrobacter rodentium (strain DBS100) ATCC Cat#ATCC51459
Biological Samples

Organoids were derived from isolated intestinal epithelium N/A N/A

of 8-10 week old C57BL/6J mice

Epithelial cells isolated from distal colon of 8-10 week old N/A N/A

C57BL/6J, claudin-2 knockout/C57BL/6J, or claudin-2

transgenic/C57BL/6J mice; all were bred on-site as

cage- or litter-mates

Chemicals, Peptides, and Recombinant Proteins

Recombinant murine IL-1f (211-11B) PeproTech N/A
Recombinant murine IL-6 (216-16) PeproTech N/A
Recombinant murine IL-17 (210-17) PeproTech N/A
Recombinant murine IL-22 (210-22) PeproTech N/A
Recombinant murine TNF (315-01A) PeproTech N/A
Recombinant murine IFN-vy (315-05) PeproTech N/A

Matrigel (356234) Corning N/A

Cell Recovery Solution (354253) Corning N/A

Epidermal growth factor (315-09) PeproTech N/A

Noggin (250-38) PeproTech N/A

R-spondin (315-32) PeproTech N/A

Fluorescein isothiocyanate-4 kDa dextran (46944) Sigma-Aldrich N/A

Rhodamine B isothiocyanate-70 kDa dextran (R9379) Sigma-Aldrich N/A

Creatinine (C4255) Sigma-Aldrich N/A

MacConkey agar (M7408) Sigma-Aldrich N/A
Polyethylene glycol, MW 3,350 (P4338) Sigma-Aldrich N/A
Zirconia-silica beads, 0.1mm dia (110791012) Biospec N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Alexa Fluor 647 Phalloidin (A22287) Invitrogen N/A
Alexa Fluor 594 Phalloidin (A12381) Invitrogen N/A
Hoechst 33342 (H3570) Invitrogen N/A
Bio-Plex Cell Lysis Kit (171-304011) Bio-Rad N/A
Critical Commercial Assays

RNeasy Mini Kit (74106) QIAGEN N/A
RNase-Free Dnase Set (79254) QIAGEN N/A
iScript cDN/A kit (1725038) Bio-Rad N/A
SsoFast EvaGreen supermixes (1725202) Bio-Rad N/A
Protein Assay Kit Il (5000002) Bio-Rad N/A
Mouse IL-1B ELISA Ready-SET-Go! (88-7013-86) eBioscience N/A
Mouse IL-6 ELISA Ready-SET-Go! (88-7064-86) eBioscience N/A
Mouse IL-17 ELISA Ready-SET-Go! (88-7371-86) eBioscience N/A
Mouse IL-22 ELISA Ready-SET-Go! (88-7422-86) eBioscience N/A
Mouse TNF ELISA Ready-SET-Go! (88-7324-86) eBioscience N/A
Mouse IFN-y ELISA Ready-SET-Go! (88-7314-88) eBioscience N/A
Mouse IL-10 ELISA Ready-SET-Go! (88-7137-86) eBioscience N/A
Mouse IL-13 ELISA Ready-SET-Go! (88-7105-86) eBioscience N/A
Oligonucleotides

qPCR primers, see Table S1 This paper N/A
Experimental Models: Organisms/Strains

Mouse: C57BL/6J (000664) The Jackson Laboratory N/A
Mouse: claudin-2 knockout Wada et al., 2013 N/A
Mouse: claudin-2 transgenic This paper N/A

Software and Algorithms

MetaMorph 7.8 Molecular Devices N/A
Autoquant X3 MediaCybernetics N/A
ImageJ NIH N/A
GraphPad Prism 6.0 GraphPad Software N/A
ImageStudio 5.0 LI-COR Biosciences N/A
Microsoft Excel Microsoft N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Jerrold R Turner, MD,
PhD (jrturner@bwh.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 mice (Stock# 000664) were purchased from The Jackson Laboratory. Claudin-2 knockout mice on a C57BL/6 background
were obtained from Dr. Sachiko Tsukita (Wada et al., 2013). A mammalian expression construct with the 9kB villin promoter (Pinto
et al., 1999) followed by EGFP and mouse claudin-2 was injected into C57BL/6 embryos by the Transgenic Mouse and Embryonic
Stem Cell Facility at the University of Chicago. Claudin-2 transgenic pups were born at expected Mendelian proportions, grew and
gained weight identically to their littermates, and did not develop spontaneous disease. Preliminary experiments demonstrated that
EGFP-claudin-2 was expressed, trafficked to the tight junction, and was functional. EGFP-claudin-2 expression was not detected in
the kidney. Individual experiments were segregated, but all studies were performed in both sexes. Mice were bred under specific
pathogen-free conditions and used at 6 — 8 weeks of age. Littermates or co-housed mice were used for all experiments. All studies
were approved by the Animal Care and Use Committees of the University of Chicago, Brigham and Women’s Hospital, and Boston
Children’s Hospital.
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METHOD DETAILS

Epithelial Cell Isolation

Colonic epithelium were isolated using Cell Recovery Solution (Corning) as described (Nik and Carlsson, 2013). Briefly, colons were
removed and flushed several times with ice-cold PBS. The tissue was inverted by inserting a gavage needle, securing the needle end
with suture, and pulling the needle back. Following inversion, the other end of the inverted colon was secured with a suture. The
gavage needle was then attached to a 1 mL syringe and the tissue was submerged in at 3 mL ice-cold Cell Recovery Solution in
a FACS tube. The tissue was deflated and re-inflated with the plunger every 5 min for 30 min to recover epithelial sheets.

Primary Cell Culture and Cytokine Stimulation

For stem cell culture, intestinal epithelial cells were harvested from 8-10-week-old C57BL/6 mice and cultured in Matrigel (Corning)
and fed with media containing epidermal growth factor, Noggin, and R-spondin, as previously described (Sato et al., 2011). Two days
after splitting, organoid cultures were treated with recombinant murine IL-18 (10 ng/mL), IL-6 (50 ng/mL), IL-17 (10 ng/ml), IL-22
(10 ng/mL), TNF (10 ng/mL), or IFN-y (10 ng/mL) for 48 hr. Cells were harvested from Matrigel using Cell Recovery Solution.

Citrobacter rodentium Infection
C. rodentium strain DBS100 (ATCC 51459; American Type Culture Collection) was grown in LB broth overnight with shaking at 37°C.
Mice were fasted for 4 hr before oral inoculation of 2 x 10° colony-forming unit (CFU) C. rodentium in a volume of 0.2 mL sterile phos-
phate-buffered saline (PBS). Bacterial concentration was measured as absorbance at ODggg and confirmed independently for each
experiment by serial dilution and growth on MacConkey agar.

For analysis of the effect of low molecular weight polyethylene glycol (PEG) on infection, filter-sterilized 2% PEG (MW 3,350) was
added to the drinking water beginning on day 4 of C. rodentium infection.

Citrobacter rodentium Quantification
For analysis of C. rodentium shedding, feces were collected, weighed, homogenized in sterile PBS using with 0.1mm diameter zir-
conia-silica beads and a beadbeater (Biospec) for 20 s at room temperature. Mucosa-associated bacteria were assessed in 0.5 cm
segments of distal colon that had been flushed with ice-cold sterile PBS to removal luminal contents and loosely adherent bacteria.
Colonic segments were then weighed and homogenized identically to fecal samples. Serial dilutions of fecal and colonic homoge-
nates were plated on MacConkey agar. C. rodentium were identified as pink colonies after 20 hr of growth at 37°C.

For analysis of the effect of PEG on bacterial growth, stationary phase cultures were diluted 1:100 into fresh LB media with or
without 2% PEG and ODggg was measured at indicated intervals.

Cytokine and Antibody Treatment
Mice were injected i.p. with 5 pg recombinant murine IL-22 (PeproTech). Colonic epithelia were harvested after 24 hr. Mice were in-
jected i.p. with 100 pg anti-IL-22 neutralizing or isotype-matched control monoclonal antibodies 48 hr prior to infection.

Intestinal Permeability Assay

Mice were denied access to food but allowed water for 3 hr prior to gavage with 0.2 mL saline containing 12 mg fluorescein isothio-
cyanate-4 kDa dextran, 8 mg rhodamine B isothiocyanate-70 kDa dextran, and 20 mg creatinine (Sigma). Serum was harvested after
5 hr. Creatinine was measured as described previously (Clayburgh et al., 2005). Recovery of creatinine and fluorescent probes was
measured in a Synergy HT plate reader (BioTek) using freshly prepared standards. Fluorescence of fluorescein and rhodamine B
were measured using excitation wavelengths of 495 nm and 555 nm and emission wavelengths of 525 nm and 585 nm, respectively.

Fecal Na* and Water Determination

Fresh stools were collected into pre-tared 1.5 mL tubes and immediately sealed. After weighing, tubes were uncapped and
completely desiccated by incubation in a dry oven at 60°C for 24 hr. Tubes were then re-weighed, and fecal water was determined
as the fraction of total mass lost upon desiccation. In order to provide sufficient sample for the Na* assay, dried stools were rehy-
drated with 5x the initial water volume and homogenized using a beadbeater, as above. After brief centrifugation to pellet insoluble
debris, Na* content of the supernatant was measured using a B-722 LAQUAtwin Compact Sodium lon Meter (Horiba). Fecal Na*
mass was normalized to dry fecal mass.

RNA Isolation and Quantitative Real-Time RT-PCR

For gRT-PCR, total RNA was extracted using the RNeasy Mini Kit and on-column DNase | digestion (QIAGEN). cDNA synthesis was
performed using the iScript cDNA kit (Bio-Rad). Real-time PCR used primers indicated (Table S1), and reactions were run using the
SsoFast EvaGreen supermixes on a CFX96 thermocycler (Bio-Rad). Raw data were analyzed by the ACt method using the epithelial-
specific gene keratin 8 for normalization. Changes were calculated by the AACt method.
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ELISA

Portions of distal colon (0.5 cm) were washed using Bio-Plex wash buffer (Bio-Rad). and then homogenized in 0.5 mL Bio-Plex cell
lysis buffer with 2mM PMSF using a sterile, 7 cm polypropylene pestle (Kimble). After freeze-thaw, samples were sonicated on ice,
centrifuged for 5 min at 4,500 x g, and total protein within the supernatant was quantified using a Bradford protein assay (Bio-Rad).
Supernatant (0.25 mg protein in 0.1 mL) was assayed for cytokines using Ready-SET-Go! ELISA kits (eBioscience).

Western Blots

Isolated epithelial cell and organoid lysates were separated by SDS-PAGE, transferred to PVDF membranes, and blotted using
primary antibodies to claudin-2 (1:2,000 dilution, Abcam), claudin-15 (1:2,000 dilution, ThermoFisher), E-Cadherin (1:5,000 dilution,
Cell Signaling Technologies), or B-actin (1:5,000 dilution, Sigma-Aldrich) overnight at 4°C. Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated or infrared dye-conjugated secondary antibodies for 1 hr at room temperature. Protein
was detected using HyBIlotCL film and quantified using ImageJ (HRP conjugates) or a LI-COR Odyssex Fc imager and quantified
using ImageStudio (infrared conjugates).

Immunofluorescence Staining and Microscopy

Distal colons were snap-frozen as described previously (Clayburgh et al., 2005). Snap-frozen distal colons were incubated in 1% PFA
in PBS for 10 min after cutting 5 um sections. Sections were permeabilized with 0.5% NP-40 and blocked with 10% goat serum for
1 hr at room temperature. Sections were incubated with primary antibody diluted in PBS with 5% goat serum. Primary antibodies
consisted of the same antibodies used for western blots or antibodies to C. rodentium (1:250 dilution, Abcam), Ki67 (1:250 dilution,
Abcam), or cleaved caspase-3 (1:250 dilution, Cell Signaling Technologies). After washing, sections were incubated with secondary
Alexa 594 goat anti-rabbit IgG, Alexa 488-conjugated phalloidin, and Hoechst 33342 (Key Resources Table). In some tissues, mouse
anti-E-cadherin was included with the primary antibodies and Alexa 488 goat anti-mouse IgG was included with the secondary
antibodies in place of Alexa 488-conjugated phalloidin. Images of tissue sections were collected as stacks at 0.2 um intervals using
an Axioplan 2 (Zeiss), Chroma single channel ET filter sets, 63X NA 1.4 Plan-Apochromat oil immersion objective, and Coolsnap HQ
camera. Images were deconvoluted using Autoquant X3 (MediaCybernetics). Images of organoids were collected using a DMI6000
(Leica) with a 63X NA1.3 Plan-Apo glycerol immersion objective, CSUX Yokogawa spinning disc (Andor), Borealis illumination
system (Andor), and Zyla Plus camera (Andor). Both microscopes were controlled by MetaMorph 7.8 (Molecular Devices). Images
of H&E-stained sections were acquired using a DMLB microscope (Leica) with a 40X NA 0.65 FL-Plan objective, and Micropublisher
3 camera (QImaging) controlled by QCapPro 7 (Qlmaging).

Histopathological Scoring

Histopathological analysis of colitis was performed by a pathologist blinded to the experimental conditions. Colon tissues were
scored on a scale of 0-3 for eight parameters, yielding a maximum score of 24. Scoring parameters were goblet cell depletion,
mucosal hyperplasia, crypt cell apoptosis, erosion, lymphocytic infiltrate, polymorphonuclear (PMN) leukocyte infiltrate, crypt archi-
tectural distortion, and involvement of the submucosa.

Quantification and Statistical Analysis

All data are representative of at least 3 independent experiments with 3-10 mice per group. Specific numbers of mice per group is
annotated in corresponding figure legends. Data are presented as mean + SEM. Statistical significance was determined by two-tailed
Student’s t test, two-tailed Mann-Whitney U test, or Kaplan-Meier log-rank test. p values are indicated in the figures (*p < 0.05,
**p <0.01, ** p <0.001).
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