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ABSTRACT ARTICLE HISTORY
Background & Aim: Clostridioides difficile infection (CDI) is the leading cause of hospital-acquired Received 9 December 2022
diarrhea and pseudomembranous colitis. Two protein toxins, TcdA and TcdB, produced by  Revised 30 April 2023
C. difficile are the major determinants of disease. However, the pathophysiological causes of ~ Accepted 9 June 2023
diarrhea during CDI are not well understood. Here, we investigated the effects of C. difficile toxins KEYWORDS

on paracellular permeability and apical ion transporters in the context of an acute physiological Clostridioides difficile
infection. infection; paracellular
Methods: We studied intestinal permeability and apical membrane transporters in female permeability; ion transport;
C57BL/6J mice. Ussing chambers were used to measure paracellular permeability and ion toxins

transporter function across the intestinal tract. Infected intestinal tissues were analyzed by

immunofluorescence microscopy and RNA-sequencing to uncover mechanisms of transporter

dysregulation.

Results: Intestinal permeability was increased through the size-selective leak pathway in vivo

during acute CDI in a 2-day-post infection model. Chloride secretory activity was reduced in the

cecum and distal colon during infection by decreased CaCC and CFTR function, respectively. SGLT1

activity was significantly reduced in the cecum and colon, accompanied by ablated SGLT1 expres-

sion in colonocytes and increased luminal glucose concentrations. SGLT1 and DRA expression was

ablated by either TcdA or TcdB during acute infection, but NHE3 was decreased in a TcdB-

dependent manner. The localization of key proteins that link filamentous actin to the ion trans-

porters in the apical plasma membrane was unchanged. However, Sglt1, Nhe3, and Dra were

drastically reduced at the transcript level, implicating downregulation of ion transporters in the

mechanism of diarrhea during CDI.

Conclusions: CDI increases intestinal permeability and decreases apical abundance of NHE3,

SGLT1, and DRA. This combination likely leads to dysfunctional water and solute absorption in

the large bowel, causing osmotic diarrhea. These findings provide insights into the pathophysio-

logical mechanisms underlying diarrhea and may open novel avenues for attenuating CDI-

associated diarrhea.
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Introduction

Clostridioides difficile infection (CDI) is the leading
cause of hospital-acquired diarrhea in the USA,
posing a significant burden on patients and the
healthcare system."” This antibiotic-associated
infection causes ~ 250,000 cases and ~ 14,000
deaths in the USA each year, contributing
$1.5 billion annually to the cost of healthcare.”*
Furthermore, 25% of CDI patients experience
a recurrent infection within two to 8 weeks of the
initial infection, with each episode increasing sub-
sequent risk of recurrence.! C. difficile is trans-
mitted via the fecal-oral route, where hardy
spores traverse the gastrointestinal (GI) tract to
germinate in the small intestine and colonize in
the colon as vegetative cells.” Infection results in
symptoms ranging from mild to severe diarrhea,

pseudomembranous colitis, and, in severe cases,
toxic megacolon, sepsis, and death.” Diarrhea pro-
vides a route of spore dispersal onto skin, clothes,
and environmental surfaces that remain contami-
nated after symptom resolution.® Environmental
contamination is difficult to eliminate and perpe-
tuates pathogen spread.® Therefore, a better under-
standing of the mechanisms underlying diarrhea
and its impact on CDI severity may help improve
patient outcomes and mitigate pathogen spread.
Pathogenesis during CDI is mediated by two
glucosylating protein toxins, TcdA and TcdB, and
may be exacerbated by a third toxin, C. difficile
transferase.” Upon production in the colon, TcdA
and TcdB bind host cell receptors and are
endocytosed.® Acidification of the endosome
causes conformational changes in the toxins that



lead to pore formation and delivery of the gluco-
syltransferase enzymes into the host cytosol.®
There, the enzymes irreversibly inactivate Rho-
family GTPases via glucosylation, disrupting the
host cytoskeleton and leading to the production
of proinflammatory cytokines, ultimately resulting
in cytopathy and cell death.® Additionally, TcdB
concentrations at and above 0.1 nM induce gluco-
syltransferase-independent  epithelial  injury
through the production of reactive oxygen species
that results in a necrotic cell death.® Despite the
understanding that TcdA and TcdB are the main
determinants of disease, the role of each toxin
during infection is not fully defined.”'® A recent
study from our lab reaffirmed that both TcdA and
TcdB alone can cause symptoms in the mouse
model of CDI, and suggested that the toxins syner-
gize to worsen diarrhea symptoms and disease
outcomes.’

Studies of purified C. difficile toxins in the 1980s
demonstrated that injection of TcdA into rabbit
ileal and colonic loops, or challenging ex vivo
intestinal tissue with TcdA caused tissue damage,
increased mucosal permeability, fluid accumula-
tion in the lumen, and increased CI~ secretion.''”
> A follow-up study demonstrated that TcdA, but
not TcdB, significantly increased intestinal perme-
ability in rabbit ileal loops, suggesting that TcdA-
induced paracellular permeability was the major
driver of diarrhea.'® The idea that toxin-mediated
tissue damage increases paracellular water and
solute efflux has been adopted as a likely mechan-
ism of diarrhea in the C. difficile field. However,
our understanding and appreciation of the com-
plex pathophysiology that underlies diarrheal con-
ditions has improved in the past two decades
through the molecular identification of solute and
water transporters.'” An in vitro study demon-
strated that TcdB caused internalization of the
Na'/H" Exchanger 3 protein, NHE3 (ak.a.
SLCY9A3)."® Depletion of NHE3 was confirmed in
CDI patient biopsies, which was accompanied by
elevated Na* and alkaline levels in patient stool."
A more recent study demonstrated that the CI
/HCOj3™ exchanger protein, DRA (Downregulated
in Adenoma; a.k.a. SLC26A3), was depleted in CDI
patient biopsies and during murine rectal instilla-
tion of purified TcdA.*® The coupled function of
NHE3 and DRA is the primary route of
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electroneutral NaCl absorption in the lower GI
tract, and functionally inactivating mutations in
either gene can cause congenital diarrhea.”'”**
Moreover, in models of inflammatory diarrhea,
increased paracellular permeability alone is not
sufficient to cause diarrhea; rather, increased per-
meability and impairment of NHE3 is necessary for
solute malabsorption and diarrhea.”> These find-
ings led us to hypothesize that C. difficile toxins
induce concerted changes in paracellular perme-
ability and solute absorption and secretion during
infection that cause spore-dispersing diarrhea. In
this study, we examined this hypothesis and tested
the previously proposed models of TcdA-induced
diarrhea, with the aim of defining the mechanistic
etiology of diarrhea during acute CDL

Results

Both TcdA and TcdB contribute to diarrhea severity
during murine CDI

We previously observed that diarrhea was most
severe in mice infected with the wildtype R20291
strain when compared to mutants that had muta-
tionally impaired glucosyltransferase activity in
either TcdA or TcdB (A+ Bgrx and Agrx B+).”
To generate tissues for the experiments described
below, we repeated previously published disease
analyses and found consistent results.” Weight
loss was recorded and showed significant differ-
ences in percent weight loss at 2days post-
inoculation (dpi) between R20291 and A+ Bgrx »
Agrx B+, and AtcdAAtcdB (p <.0001) (Figure 1a).
Mice inoculated with A+ Bgrx and Agrx B+ strains
lost significantly more weight than AtcdAAtcdB-
inoculated mice (p <.0001; contrast not shown on
graph), but there was no difference in weight loss
between A+ Bgrx and Agrx B+ (p=0.8531;
Figure 1la). Stool samples were scored by color
and consistency at 2 dpi, demonstrating that
R20291 consistently caused more severe diarrhea
compared to toxin mutant strains (Figure 1b).
These results are reflected by the empty ceca and
colons from R20291-infected mice (Figure 1c,d).
In situ visualization of the GI tract highlighted the
empty and inflamed bowels observed during infec-
tion with wildtype C. difficile R20291 (Figure 1d).
These data indicate that both TcdA and TcdB
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Figure 1. Diarrhea severity during C. difficile infection with R20291 is toxin-additive. (a) Percent weight change of mice inoculated with
wildtype and mutant C. difficile strains demonstrates the toxin-additive nature of weight loss (n = 5-15 per group). (b) Stool scores are
consistently more severe during R20291 infection compared to mutant strains (n=5-15 per group). (c) Representative images of
mouse ceca and colons during infection with wildtype and mutant strains at 2 dpi. Scale bar=2cm. (d) Abdominal cavities of
representative R20291- or vehicle-inoculated mice at 2 dpi. Statistical significance was tested with two-way ANOVA with the Geisser-
Greenhouse correction, followed by Tukey’s multiple comparisons test (A), or one-way ANOVA with unpaired Tukey's t-test
(b). *P < .05, ***P <001, ****P < 0001, P> .05 was considered not significant.

contribute to weight loss and diarrhea in our
mouse model of CDI and provide the framework
to examine the role of toxins in R20291-associated
diarrhea during acute infection at 2 dpi.

Intestinal permeability is increased through a
size-selective paracellular pathway during
C. difficile infection

To define the pathways involved in acute C. difficile
diarrhea, we measured intestinal permeability in
mice inoculated with the wildtype R20291 strain
at 2 dpi by quantifying flux of orally gavaged FD4
and RD70 across the intestinal mucosa into the
bloodstream (Figure 2a). Due to the extensive
epithelial injury in the cecum and colon during
CDI (Supplementary Figure S1), we expected to
observe increased flux of both FD4 and RD70.
Contrary to our expectations, increased intestinal
permeability of FD4 (p = 0.038), but not RD70, was
observed during acute CDI, implicating the size-

selective leak pathway in this process (Figure 2b).
We predicted that FD4 flux would be increased in
ex vivo cecum and colon tissue, where extensive
histopathological damage occurs (Supplementary
Figure S1). Unexpectedly, there was no increase
in permeability in large intestinal tissues, or any-
where in the intestinal tract of C. difficile-infected
mice when tissue was measured in Ussing cham-
bers (Figure 2c and Supplementary Figure S2). As
an orthogonal measurement for barrier integrity,
baseline transmucosal resistance (R,) was measured
60 min after mounting ex vivo tissue in Ussing
chambers. There was no significant change in R,
between CDI and healthy mice across the entire
intestinal tract (Figure 2d). After 60 min, these
tissue segments were subjected to a course of ion
transport inhibitors and stimulants to test electro-
genic ion transport during CDI. Despite the addi-
tion of chemicals over the course of 120 min, there
were no visible ischemic effects that would bias the
barrier function and ion transport analyses
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Figure 2. Intestinal permeability is increased in vivo via the leak pathway during infection. (a) Graphical schematic of C. difficile
infection model and analyses. (b) Paracellular flux is increased in vivo via the leak pathway during CDI, and there is no increase in
permeability through the unrestricted pathway (n =5 per group). (c) There is no difference in 4 kDa FITC-dextran (FD4) permeability
between vehicle- and R20291-inoculated mice at 2 dpi across the intestinal tract when assessed in Ussing chambers (n=2-11 per
treatment per region). (c) Baseline transmucosal resistance (R;) in mucosa-submucosa preparations of the intestines is not significantly
altered during CDI (n = 4-10 per treatment per region). (d) Representative H&E-stained mucosal preparations of distal colons after an
Ussing chamber experiment. Scale bars = 100 um. Statistical significance was tested with one-way ANOVA with unpaired Tukey's t-test

(b-d). *P < .05, P > .05 was considered not significant.

(Figure 2e). Together, these results demonstrate
that intestinal permeability is increased during
CDI in vivo, potentially through the size-selective
leak pathway. Barrier function measurements in

Ussing chambers also showed that CDI caused no
net change in R, throughout the intestinal tract,
despite the severe epithelial damage caused during
infection.
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C. difficile infection decreases Cl™ secretory activity
in the cecum and colon

The function of intestinal ion transporters during
acute CDI was tested using electrophysiological
measurements in Ussing chambers. The baseline
short circuit current (I,.) was not significantly dif-
ferent between R20291-infected and control mice,
suggesting a minimal effect of CDI on electrogenic
ion transport (Figure 3a). The absorptive Epithelial
Sodium Channel (ENaC), which is functionally
relevant in the distal colon, was tested through
inhibition with amiloride. There was no significant
impairment of ENaC function during CDI
(Figure 3b and Supplementary Figure S3). Cystic
Fibrosis Transmembrane Conductance Regulator
(CFTR) is responsible for most anion secretion in
response to increased intracellular Ca** and cyclic
dinucleotides, and Calcium activated Chloride
Channels (CaCC) contribute to Cl™ secretion. To
assess their function during CDI, the acetylcholine
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analogue, carbachol (Cch), and the adenylate
cyclase-inducing chemical, forskolin (Fsk), were
applied sequentially. The addition of Cch revealed
that the secretory potential of the cecum was
severely decreased during CDI (p <.0001), while
there were no significant effects on other regions
of the intestinal tract (Figures 3c,d). The CFTR-
dependent portion of stimulated secretion was
measured by adding a maximal dose of the inhibi-
tor R-BPO-27. This demonstrated that CFTR func-
tion was significantly impaired in the distal colon
during CDI (p <.05; Figure 3f). CaCC-dependent
secretion was measured by the addition of the
inhibitor CaCC-A01. CaCC activity was reduced
nearly five-fold in the cecum during CDI (p
<.001), accounting for the reduction in secretory
potential after Cch stimulation (Figure 3f). These
results suggest that neither Cl™ hypersecretion nor
ENaC-mediated Na" malabsorption are factors in
diarrhea during CDI.

o

ns

-

Vehicle R20291

@
3

a2 N W
> S & 3o

ENaC-dependent /. (A/cm?)
o

>

500+

ns ns ns ns ns B Vehicle

i

Duodenum Jejunum  lleum

Forskolin-induced /s (uA/cmz)

=

Cecum Proximal Distal

1507

ns H Vehicle
— H R20291

ns ns ns *k*k ns

i i

Cecum Proximal Distal

=
1=

CaCC-dependent
secretory /s (pAIcmz)
a
-

B

Duodenum Jejunum lleum

Figure 3. Chloride secretory channel activity is diminished in the cecum and distal colon during CDI. (a) Baseline short circuit current
(Is0) is not significantly altered in the lower Gl tract during CDI (n =4-10 per treatment per region). (b) Function of the absorptive
Epithelial Sodium Channel (ENaC) is unaltered in the distal colon during infection (n = 8-9 per group). (c) Addition of carbachol causes
Ca®*-induced CI” secretion, revealing reduced CI™ secretory potential in the cecum during CDI (n=2-11 per group per region). (d)
Forskolin-induced cAMP-dependent Cl™ secretion was unchanged during CDI (n=2-10 per group per region). (e) Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR) activity was significantly decreased in the distal colon during infection (n = 2-9 per
group per region). (F) Calcium-activated Chloride Channel (CaCC) activity is significantly impaired in the cecum during CDI (n = 2-9 per
group per region). Statistical significance was tested with one-way ANOVA with unpaired Tukey's t-test (A-F). *P < .05; ***P < .001;

***¥P <0001, P> 0.05 was considered not significant.



C. difficile infection causes loss of SGLT1
expression and function in the colon

We determined the function of Sodium-
dependent Glucose Transporter 1 (SGLT1; a.k.
a. SLC5A1), which is critical for absorption of
glucose/galactose, Na*, and water through the
apical cell membrane in the small intestine.*®
The function of SGLT1 in the presence of 11
mM glucose was tested through inhibition with
phlorizin. There was no effect in SGLT1 activity
in the jejunum or ileum, but unexpectedly, its
function was significantly impaired in the
cecum, proximal colon, and distal colon during
CDI (p < .05) (Figure 4a). Using immunofluor-
escence microscopy, we found that SGLT1
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expression was completely ablated in the colon
during infection with R20291 (Figure 4b).
SGLTI is responsible for the majority of small
intestinal glucose uptake, and the physiological
relevance of SGLT1 in the colon is unknown.
However, analysis of fecal samples revealed
a greater than two-fold increase in stool glucose
in R20291-infected mice at the same timepoint
at which SGLT1 function and expression are
decreased, suggesting that SGLT1 may be
important for reabsorbing excess glucose in the
colon (Figure 4c). The role of SGLT1 in carbo-
hydrate, Na*, and water absorption is consistent
with a model where loss of SGLT1 expression
could contribute to diarrhea during CDI.>’
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Figure 4. Colonic SGLT1 function is impaired, and expression diminished during CDI. (a) Sodium-dependent Glucose Transporter 1
(SGLT1) activity is reduced in the cecum, proximal colon, and distal colon during CDI (n=5-10 per group per region). (b)
Representative immunofluorescence images of the distal colon show a near complete ablation of SGLT1 expression at the apical
surface during infection. Magnification is 20x and scale bars =50 pm. (c) As a correlation to loss of colonic SGLT1, stool glucose
concentration is increased two-fold during infection (n =5 per group). Statistical significance was tested with a one-way ANOVA with
unpaired Tukey’s t-test (A & C). * P < .05, ** P < .01, P> .05 was considered not significant.



8 e F. C. PERITORE-GALVE ET AL.

SGLT1 and DRA expression is decreased by either
TcdA or TcdB, but decreased NHE3 expression is
TcdB-dependent

NHE3 and DRA are depleted during human CDI
and are predicted factors in causing diarrhea.'®
Given our observation that both TcdA and TcdB
contribute to weight loss and diarrhea, we hypothe-
sized that each toxin could have a different effect
on the expression of ion transporters implicated in
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diarrhea. Using immunofluorescence microscopy,
we found that SGLT1 expression was significantly
decreased in the distal colon in response to either
or both toxins but was largely present during colo-
nization with a toxin-negative strain (Figures 5a,
b and Supplementary Figure S4). Specifically, the
expression of SGLT1 was ablated in the presence of
functional TcdB, but in the A+ Bgrx-infected mice,
partial expression remained in the crypt base
(Figure 5a).
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Figure 5. SGLT1 and DRA expression is decreased by TcdA or TcdB activity, but NHE3 depletion is TcdB-dependent during infection. (a,c,e)
Immunofluorescence staining of ion transporters (gold), F-actin (magenta), and nuclei (blue) in the distal colon. (a & b) SGLT1
expression in the distal colon is decreased completely by TcdB, but low crypt expression remains in the presence of functional TcdA
alone (n = 3 per group). (c,d) Distal colon DRA expression is decreased by either active TcdA or TcdB. (e,f) Distal colon NHE3 expression
is only significantly reduced by functional TcdB (n =3 per group). (a, ¢, e) Magnification is 20x and scale bars =50 um. Statistical
significance was tested with a one-way ANOVA with unpaired Tukey’s t-test (b, d, f). *P <.05, ***P < .001, ****P < .0001, P > .05 was

not considered significant.



DRA is functionally linked to NHE3 and is
expressed in a low-to-high gradient from the prox-
imal to distal colon in rodents.”® DRA has been
shown to be downregulated at the protein but not
mRNA level in mice intrarectally instilled with TcdA,
but this has not been assessed during infection.*’
Immunofluorescence analysis revealed that DRA
expression was significantly decreased in the distal
colon in response to functional TcdA or TcdB, with
no additive outcome when both functional toxins
were present (Figures 5c,d and Supplementary
Figure S4).

NHE3 is present in a gradient of high-to-low
expression from the proximal to the distal colon in
rodents.”® No studies have examined NHE3 expres-
sion in animal models of CDI. NHE3 expression was
significantly decreased in a TcdB-dependent manner
in the distal colon (Figure 5e,f and Supplementary
Figure S4). Unexpectedly, NHE3 expression in the
proximal colon, where it is more highly expressed,
was unaffected during CDI (Figure 6a-c).

N N
@ .

NHES3 relative intensity
-
o
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NHES3 is internalized in response to TcdB glu-
cosyltransferase activity in vitro.'® It was hypothe-
sized that internalization is caused by TcdB-
dependent deactivation of Rho-GTPases, which
disrupts the cytoskeletal protein group Ezrin/
Radixin/Moesin (ERM) that is linked to Na™-H™"
Exchanger Regulatory Factor (NHERF) family
proteins that anchor NHE3 to the cell
membrane.'®** We used immunofluorescence
microscopy to quantify the expression and
observed localization of NHERF1 and the active,
phosphorylated ERM (pERM). There was no sig-
nificant effect on NHERF1 or pERM expression
and localization during infection with R20291,
suggesting the potential for another mechanism
of NHE3 depletion during infection (Figure 7a-
d). Together, these data demonstrate the ability of
both TcdA and TcdB to affect the expression of
absorptive ion transporters in the distal colon,
which likely contributes to the pathophysiology
of diarrhea during CDI.

R20291

Figure 6. NHE3 expression in the proximal colon is unaltered during infection with wildtype or mutant C. difficile strains. (a)
Representative images show that apical NHE3 expression in the proximal colon is unchanged when inoculated with the vehicle
control or toxigenic C. difficile. Magnification is 20x and scale bars = 50 um. (b) The relative intensity of NHE3 show that there are no
quantifiable changes in NHE3 expression in the proximal colon during CDI (n = 3 per group). (c) Higher magnification imaging (100x)
show the apical staining patterns of NHE3 on proximal colon epithelial cells in a mouse infected with wildtype C. difficile
(scale bars=10um). Statistical significance was tested with one-way ANOVA with unpaired Tukey’s t-test (b). P>.05 was not

considered significant.
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Figure 7. Expression of the cytoskeletal proteins NHERF1 and pERM is not altered in the colon during CDI. (a,b) Na*/H* Exchanger
Regulatory Factor 1 expression and localization is unaltered during infection (n =3 per group per region). Magnification is 60x and
scale bars =20 pm. (c,d) Phosphorylated-Ezrin/Radaxin/Moesin (pERM) expression is not significantly altered in the colon during
infection (n =3 per group per region). Magnification is 40x and scale bars = 20 um. Statistical significance was tested with one-way
ANOVA with unpaired Tukey's t-test (b & d). P > .05 was not considered significant.

Sglt1, Dra, and Nhe3 mRNA expression is
downregulated in the colon in a toxin-specific
manner

Since NHERF1 and pERM expression were unal-
tered during CDI, we hypothesized that NHE3 was
decreased at the transcript level. We used RNA-
sequencing as an unbiased approach to uncover
toxin-dependent effects on mRNA levels.
Transcriptomic analysis of the distal colon identi-
fied the potent upregulation of genes involved in
the innate immune response including Retnlb,
Clca4b, Prss22, S100a9, Chil3, and Saa3 (Figure 8a
and Supplementary Table S1). The most highly
downregulated gene during infection was the cyto-
chrome p450 family protein-encoding gene
Cyp2c55, which has been previously reported.'’
Dra (Slc26a3) was the second-most downregulated
gene, followed by other solute and water transpor-
ters Aqp8, Clcal, Slc20al, Slc26a2, Nhe3 (Slc9a3),
and Sglt1 (Slc5al).

Transcript expression comparisons between
vehicle control mice and A+ Bgrx, Agrx B+, and
R20291-inoculated mice were conducted to explore
toxin-dependent  effects on  expression
(Suplementary Tables S2 and S3). Consistent with
protein expression data, there was a significant

decrease in Sglt1 and Dra expression in mice inocu-
lated with mutant and wildtype strains (Figure 8b,
c). Transcript data also supported TcdB-dependent
downregulation of Nhe3 (Figure 8b,c). Transcript
expression changes in Sgltl, Dra, and Nhe3 were
confirmed in epithelial cells isolated from the
cecum, proximal colon, and distal colon of control
and wildtype C. difficile R20291-infected mice at 2
dpi using qQRT-PCR. Relative gene expression ana-
lyses supported the downregulation of Sgltl and
Dra from the cecum to distal colon, as well as
downregulation of Nhe3 in the cecum and distal
colon, but not the proximal colon (Figure 8d).
These data demonstrate that the absorptive ion
transporters SGLT1, NHE3, and DRA are
decreased at the transcript level during acute CDI.

We assessed transcript changes of ion transpor-
ters that were tested using Ussing chambers in the
distal colon using the RNA-seq dataset. There were
significant decreases in Cftr expression in mice
inoculated with TcdB-positive strains only
(Figure 8b), which may affect CFTR activity
(Figure 3e). All three strains caused significant
decreases in the putative CaCCs, Tmem16a (a.k.a.
Anol) and Clcal. There was also significant down-
regulation of the ENaC-encoding genes Scnnla,
Scnnlb, and Scnnlg (Figure 8b). Decreased
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Figure 8. Transcriptomic analyses indicate that Sg/t1, Nhe3, and Dra transcripts are downregulated in the distal colon during infection.
(a) A volcano plot of differential expression data generated through RNA-sequencing of the distal colon during infection with R20291
or the vehicle control at 2 dpi (n =3 per group) (b) Heatmap showing expression averages (n = 3 per group) of genes implicated in
water and solute transport. High expression is shown in yellow and low in dark blue. (c) Gene expression of Sgit1, Nhe3, and Dra as
measured by RNA-sequencing. Data are shown as counts per million, where the counts of each transcript were divided by the sum of
library counts, then multiplied by one million. (d) Relative fold gene expression (2722<") of Sglt1, Nhe3, and Dra in isolated epithelial
cells from healthy and infected tissues as measured by gRT-PCR (n = 3-6 per group). Gapdh C; values were subtracted from the C; of
Sglt1, Dra, or Nhe3 to generate AC; values. AAC; values were calculated against a reference sample that consisted of cDNA from all
mice in the vehicle control group. Statistical significance for RNA-sequencing data (a & b) was tested by normalizing transcriptomic
data by trimmed mean of M-values, then performing differential expression analysis by estimating the mean-variance relationship of
log, counts per million of each transcript per samples in limma-voom and applying a False Discovery Rate cutoff of P < .05 for adjusted
p-values. Statistical significance for expression comparisons between multiple strains (c) or two conditions (d) were tested with two-
way ANOVA and multiple Tukey’s t-tests, or one-way ANOVA with unpaired Tukey’s t-test, respectively. *P < .05, **P < .01, ***P <001,
P > .05 was not considered significant.
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transcript abundance of CaCC- and ENaC-
encoding genes did not reflect the relatively stable
function of these ion transporters in the distal
colon during CDI (Figures 3b,f and 6b), highlight-
ing the complexity of expression and function of
ion transporters during disease states.

Finally, aquaporins 1, 4, 8, and 11 were among
the most differentially expressed genes during CDI
(Figure 8b). Transcript levels of aquaporins 1 and 4
were decreased or increased, respectively, and were
dependent on TcdB activity (Figure 8b). The A+
Bgrx strain reduced the expression of Agp8 and
Aqgpll, but Agp8 downregulation was more potent
in mice infected with strains that possess functional
TcdB (Figure 8b). Decreased expression of Agpl1l
was most severe in R20291-infected mice, suggest-
ing a synergistic effect in the presence of both
functional toxins (Figure 8b). These data suggest
that aquaporin proteins could also have
a previously uncharacterized role in pathophysiol-
ogy of water and solute transport during CDIL.

Discussion

Diarrhea during CDI can be mild and self-limiting,
but in severe cases can cause dehydration through
significant water and electrolyte loss. Additionally,
diarrhea is the main source of pathogen spread
between patients and onto environmental surfaces,
which can be spore reservoirs for future outbreaks.
Despite the importance of diarrhea during CDI, we
do not fully understand the mechanisms underly-
ing this symptom. Previous studies have used cell
culture models, intrarectal instillation of toxins in
mice, ileal loop injections in rabbits, and human
patient samples to examine the effects of toxins and
CDI on tight junctions and the expression of key
ion transporters.''>1>1%1%2% These studies impli-
cate increased paracellular leakage, Cl™ secretion,
and/or expression loss of electroneutral ion
exchangers NHE3 and DRA as potential causes of
diarrhea. However, we are not aware of a paper that
takes a comprehensive view of these mechanisms in
the context of an in vivo infection. In this study, we
sought to define the factors underlying diarrhea
and to determine the effect of C. difficile toxins on
this process using a physiologically relevant acute
infection model.

Previous studies have tested the impact of toxins
on permeability and Cl™ secretion using Ussing
chambers.'>">?%! These studies used ex vivo rab-
bit ileal tissue that was exposed to crude or purified
toxins in the chamber system over the course of
several hours. The mouse infection model allows us
to study permeability and electrogenic ion trans-
port in a physiological disease setting that includes
a fully functioning immune response. We tested
permeability in vivo by gavage fasted mice with
FD4 and RD?70. Since C. difficile causes significant
epithelial damage, we expected to see increased
permeability of RD70 through the unrestricted
pathway, similar to the dextran sodium sulfate
model of colitis.> Instead, this experiment revealed
that permeability is increased through the leak
pathway, shown by increased FD4 in plasma.
Based on previous studies, this result suggests that
intestinal permeability during CDI is increased
through tight junction-dependent
mechanisms.’”>> We tested tissue permeability in
Ussing chambers to delineate where in the intest-
inal  tract permeability = was increased.
Unexpectedly, there was no increase in tissue per-
meability in the duodenum, jejunum, ileum,
cecum, proximal colon, or distal colon, despite
the extensive pathological damage in the cecum
and colon during CDI. The simplest explanation
is that the small tissue size used for the Ussing
chamber permeability analysis may not provide
the sensitivity necessary to measure FD4 perme-
ability. However, it is tempting to speculate that
permeability may be increased through dynamic
processes such as transmigration of polymorpho-
nuclear immune cells through the epithelial layer,
which would require circulating immune cells.**
An alternative explanation could be that
C. difficile infection increases sampling of luminal
antigens, resulting in increased FD4 in sera.

Maintaining ion transport is essential for gut
homeostasis and solute absorption and
secretion.'” There were no significant changes in
baseline R, or I, in Ussing chambered tissues dur-
ing CDI. Previous studies have found that both
tissue R; and transepithelial resistance in cell cul-
tures are decreased after acute exposure to
C. difficile toxins."**>*° To the best of our knowl-
edge, this is the first time that R, has been evaluated
in tissues during a physiological C. difficile



infection. These data, along with permeability data,
suggest that dynamic epithelial remodeling occurs
in the lower GI during infection, which may not be
active in homogenous cell culture and explant
intoxication models. Indeed, studies have reported
increased crypt length and epithelial cell differen-
tiation during infection, which may serve, in part,
to reinforce the mucosal barrier during CDI.>"*®
Electrogenic ion transport measurements revealed
no effects on ENaC function during infection.
Contrary to previous findings,"*'” there was no
increase in Cl” secretion after addition of carbachol
and forskolin to infected tissue. In fact, there was
a decrease in Cl™ secretory potential in the cecum
during CDI. CFTR activity was decreased signifi-
cantly in the distal colon, and the loss of Cl™ secre-
tion in the cecum was accounted for by reduced
CaCC activity. Decreased CaCC and CFTR activity
might be a result of the severe epithelial damage
that occurs in the cecum and distal colon in the
mouse CDI model. However, specific decreases in
function of either CaCC in the cecum and CFTR in
the distal colon may suggest the involvement of
more physiological mechanisms of regulation dur-
ing infection. Overall, these results strongly suggest
that diarrhea during acute CDI is not a result of CI”
hypersecretion, as exemplified by Cl™ rich cholera
diarrhea, nor is it mediated by lack of Na* absorp-
tion by ENaC, which is a pathophysiological factor
of diarrhea  during  Salmonella-induced
enteritis.'”**°

Electrogenic measurements in Ussing chambers
revealed that SGLT1 function was significantly
impaired in the cecum and colon during CDI.
Immunofluorescence imaging further suggested
that this loss of function is due to a near complete
ablation of SGLT1 expression. There was a two-
fold increase in stool glucose during acute CDI
compared to zero dpi. SGLT1-mediated carbohy-
drate absorption is thought to be mostly relevant in
the small intestine and is only expressed at low
levels in both rodent and human colons, thus, its
function in the «colon is incompletely
understood.*"** SGLT1 can actively uptake glucose
in rat, pig, and human colons, albeit at a lower rate
compared to the small intestine.*>** This result is
intriguing since C. difficile represses toxin produc-
tion in the presence of glucose in vitro through
a mechanism of carbon catabolite repression.*>*
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Moreover, a high-carbohydrate diet rich in corn
starch, casein, maltodextrin, and sucrose was pro-
tective against severe CDIL.*’ Finally, the two dpi
timepoint is when mice undergo the most severe
CDI symptoms, and they typically begin resolving
by 4 dpi.” It is therefore conceivable that inactiva-
tion of SGLT1 in the colon during severe CDI
would increase luminal glucose, decrease toxin
production, and thus promote disease resolution.
We previously observed that diarrhea and
weight loss were increased during infection with
the epidemic B1/NAP1/PCR-ribotype 027 R20291
strain, when compared to mutants with impaired
glucosyltransferase activity of TcdA or TcdB.” This
led us to hypothesize that each toxin had unique
effects on host physiology that synergize to cause
severe diarrhea. We used immunofluorescence
microscopy to quantify the relative abundance of
SGLT1, NHE3, and DRA during acute infection.
These experiments revealed that both TcdA and
TcdB decrease DRA and SGLT1 expression signifi-
cantly during infection. This finding is in contrast
to a previous study, where DRA protein expression
was reduced by intrarectal administration of TcdA,
but not TcdB.*® The difference in our results are
most likely due to the repeated exposure of host
cells to TcdA and TcdB during the course of infec-
tion compared to 4 h of exposure to either toxin
alone.”® An alternate explanation could be that
TcdA  decreases  DRA  expression  in
a glucosyltransferase-independent manner, which
is why DRA abundance was decreased in mice
infected with either A+ Bgrx and Agrx B +.
Congruent with a previous study,'® NHE3 expres-
sion was only decreased by strains that expressed
functional TcdB. Unexpectedly, NHE3 expression
was only decreased in the distal colon, where its
expression is already very low, but not in the prox-
imal colon. It has previously been shown that TcdB
causes internalization of NHE3 in cell cultures.'®
The authors hypothesized that glucosylation of
Rho GTPases by TcdB could lead to disruption of
ERM and NHEREF proteins, leading to internaliza-
tion of NHE3."> We examined the expression of
pERM and NHERF1 during infection at 2 dpi and
found no quantifiable differences. However, this
does not preclude the possibility of internalization
by this pathway, rather, we may be capturing
a snapshot of infection where NHE3 has already



14 (&) F.C.PERITORE-GALVE ET AL.

been internalized and the cytoskeleton has under-
gone rearrangements that do not include returning
NHES3 to the apical cell surface.

We wused an untargeted RNA-sequencing
approach to interrogate dysregulation of ion trans-
porters in the distal colon during infection. These
data revealed a significant decrease in transcript
levels of Sgltl, Nhe3, and Dra during infection.
Downregulation of Nhe3 at the transcript level is
supported by a previous study, where Nhe3 expres-
sion was decreased in human colonic organoids that
were exposed to C. difficile."” The decreased mRNA
levels of Dra we observed during infection contra-
dicts existing data from mice intrarectally instilled
with TcdA or TcdB.*® Those mice were exposed to
toxins for 4 h before mice were euthanized and gene
expression analyses performed. Taken together, the
data from these two studies suggest that the patho-
physiological mechanisms leading to downregula-
tion of Dra at the mRNA level likely require
extended exposure to C. difficile toxins during infec-
tion. Finally, the untargeted RNA-sequencing
approach also highlighted four aquaporin genes
that were either up- or down-regulated during infec-
tion, which may play a role in water transport that
contributes to diarrhea.

Downregulation of NHE3, DRA, and SGLT1 at
the transcript level is likely a major factor contri-
buting to diarrhea during CDI, since the absence of
each of these transporters alone in humans can
cause congenital Na*, Cl7, or glucose-galactose
malabsorption diarrhea.”*>*' This downregula-
tion response could augment or conflict with the
idea that toxin-mediated perturbation of the cytos-
keleton may disrupt trafficking of ion transporters
to the apical membrane, leading to loss of
function.'® Rapid regulation of NHE3 and DRA
relies on endocytic recycling and trafficking of
these transporters to the apical membrane of
epithelial cells.*® It is possible that toxins disrupt
membrane trafficking by inactivating Rho
GTPases, which leads to downstream signals that
decrease expression of each transporter gene.
During chronic inflammatory bowel diseases,
Nhe3, Dra, and Sglt]1 expression is inhibited by
circulating proinflammatory cytokines.*’™>' The
inflammatory response to acute C. difficile infec-
tion leads to high serum levels of proinflammatory
cytokines including interleukin-1p, IL-6, IL-8, IL-

17A, interferon-gamma, and tumor necrosis fac-
tor-alpha.” It is, therefore, conceivable that toxin-
mediated inflammatory responses during CDI
cause widespread transcriptional downregulation
of Sgltl, Dra, and Nhe3 in the cecum and colon.
Additionally, increased paracellular flux through
the leak pathway is upregulated in response to
T cell-mediated increases in TNFa and TFNy.*>
These findings lead us to hypothesize that host
inflammatory responses during CDI may increase
paracellular efflux through the leak pathway, and
decrease solute absorption by NHE3, DRA, and
SGLT1 in the colon, leading to coordinated dys-
function and malabsorptive diarrhea. Paracrine
signaling events would amplify the impact of toxins
beyond the cells that undergo direct intoxication.
Further experiments are needed to define the
mechanisms underlying the pathophysiological
changes in solute and water transport during CDI.
In conclusion, these data demonstrate that both
TcdA and TcdB are necessary in the R20291 strain
to cause pathophysiological changes leading to diar-
rhea during CDI. Diarrhea associated with CDI is
likely a multifactorial condition caused by increased
intestinal permeability, and decreased water, Na,
Cl', and carbohydrate absorption by SGLTI,
NHE3, and DRA. Questions remain about the
pathophysiological cues that dysregulate these trans-
porters, which will be addressed in future studies.

Materials & methods
Animals and ethics statement

Nine-week-old female C57BL/6] mice purchased
from The Jackson Laboratory were allowed to
acclimate to the facility for a week before any
procedures were performed. Mice were housed
in specific pathogen-free conditions with 12-h
cycles of light and dark and used at 9-11 weeks
of age. Cages were changed every 2 weeks to
ensure clean bedding, and unless otherwise
mentioned, they had free access to food and
water. All studies were approved by the
Institutional Animal Care and Use Committee
at Vanderbilt University Medical Center under
protocol M1700185-01. All authors had access
to the study data and have reviewed and
approved the final manuscript.



Clostridioides difficile culturing

Mutant and wildtype C. difficile strains (Table 1)
were cultured at 37°C in supplemented brain-heart
infusion medium (BHIS) in an anaerobic chamber
(90% N,, 5% H,, 5% CO,). Strains were stored at ~
80°C in 20% glycerol stocks for long-term use. Spore
stocks were prepared as previously described and
stored at 4°C until use.”
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Clostridioides difficile infection

Ten-week-old C57BL/6] mice were treated with
cefoperazone (0.5 mg/ml) antibiotics in drinking
water ad libitum for 5 days, then returned to nor-
mal drinking water 2 days before inoculation. Mice
were inoculated with 10° CFU/ml spores sus-
pended in 100 ul sterile PBS by transoral gastric
gavage. Spore stocks and diluted inoculum from

Table 1. Key resources.

CONCENTRATION/  IDENTIFIER, CATALOG NO., OR
REAGENT or RESOURCE SUPPLIER DOSE CITATION
Antibodies
Rabbit serum anti-Dra Dudeja Lab 1:100 455
Rabbit monoclonal anti-pERM (37265) Cell Signaling 1:200 AB_10560513
Rabbit polyclonal anti-Nhe3 (NBP1-82574) Novus Biologicals 1:100 AB_11038394,
Rabbit polyclonal anti-NHERF-1 (ab3452) Abcam 1:100 AB_303814
Rabbit polyclonal anti-Sglt1 (576-610) Kaji Lab 0.5 ug/ml 37
Goat anti-rabbit Alexa Fluor 488 (A-11008) Invitrogen 1:1000 AB_143165
Goat anti-rat Alexa Fluor 568 (A-11077) Invitrogen 1:1000 AB_2534121
Bacterial Strains
C. difficile R20291 Minton Lab 10% CFU 958
R20291 Agrx B+ Kuehne Lab 10* CFU °
R20291 A+ Bgrx Kuehne Lab 10* CFU °
R20291 AtcdA AtcdB Minton Lab 10* CFU 939
Chemicals, Reagents, and Other Materials
Alex Fluor 647 Phalloidin Invitrogen 1:200 A22287
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) Invitrogen 1 pg/ml D1306
Fluorescein isothiocyanate-4 kDa dextran Sigma Aldrich 80 mg/ml 46944
Rhodamine B isothiocyanate-70 kDa dextran Sigma Aldrich 40 mg/ml R9379
Amiloride hydrochloride Sigma 10 M BP008
Phlorizin dihydrate Sigma 0.1 mM 274313
Indomethacin Sigma 10 uM 17378
Carbachol Sigma 10 uM PHR1511
Forskolin Sigma 10 M F3917
(R)-BPO-27 MedChemExpress 10 uM HY-19778
CaCC-A01 Sigma 100 uM 208293
Spin-X UF 500 pL Centrifugal Concentrator, 10 kDa MWCO Membrane Corning 431478
Micro sample tube Citrate 3.1%, 1.3 mL screw cap Sarstedt 41.1350.105
Brain Heart Infusion Broth Research Products B11000
International
Cefoperazone sodium salt Sigma Aldrich 0.5 mg/ml 4292
Taurocholic acid sodium salt hydrate Sigma Aldrich T4009
D-Cycloserine Sigma Aldrich C6880
Cefoxitin sodium salt Sigma Aldrich C4786
RNAlater Stabilization Solution Invitrogen AM7020
Zirconia-silica beads, 1 mm diameter BioSpec 110791102
TagMan Fast Advanced Master Mix Thermo Fisher 4444557
MmO00445313_m1 Slc26a3 Gene Expression Assay (FAM-MGB) Thermo Fisher N/A
MmO01352473_m1 Slc9a3 Gene Expression Assay (FAM-MGB) Thermo Fisher N/A
MmO00451203_m1 Sic5al Gene Expression Assay (FAM-MGB) Thermo Fisher N/A
Mm99999915_g1 Gapdh Gene Expression Assay (FAM-MGB) Thermo Fisher N/A
Commercial Kits
Glucose Assay Kit Abcam ab65333
TURBO DNA-free kit Invitrogen AM1907
Monarch RNA cleanup kit (50 pg) NEB T2040
NEBNext rRNA depletion kit v2 (human/mouse/rat) NEB E7400
NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina NEB E7760
NEBNext Multiplex Oligos for lllumina (96 Unique Dual Index Primer NEB E6444
Pairs Set 3)
QIAShredder Qiagen 79656
RNeasy Plus Mini Kit Qiagen 74134
QuantiTect Reverse Transcription Kit Qiagen 205311
Experimental Models: Organisms
Mice: Female C57BL/6) The Jackson Laboratory 000664

Software
FUI

GraphPad Prism
Microsoft Excel

National Institutes of
Health

GraphPad Software Inc.

Microsoft
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mutant and wildtype C. difficile strains were serially
diluted onto BHIS + taurocholic acid (TA; 10% w/
v) media to enumerate concentration before and
after inoculation.

Mice were monitored daily, and weight and
symptom severity were recorded. Stool samples
were collected daily by scruffing mice and catching
fresh stool in sterile, pre-weighed 1.5 ml microcen-
trifuge tubes. Stool samples were scored using
a modified Bristol Stool Chart by color and con-
sistency. In this scheme 1 = normal stool; 2 = well-
formed, discolored stool; 3 = moist, soft, and dis-
colored stool; 4 = wet tail, watery diarrhea, and
empty bowels.” Stool was then weighed, homoge-
nized in PBS, and serially diluted on TCCFA media
(TA 10% w/v; D-cycloserine 10 mg/ml; cefoxitin
10 mg/ml; fructose) to quantify C. difficile burden.
At the experimental endpoint, mice were humanely
euthanized by CO, followed by cervical dislocation.
The entire intestinal tract was excised and imaged.
Tissues were processed as described below based
on the experiment performed.

In vivo paracellular permeability measurement

Mice were pre-treated with antibiotics then inocu-
lated with wildtype C. difficile R20291, A+ Bgrx,
Agrx B+, Agrx Barx, or PBS as described above.
Paracellular permeability was measured using an
established method.>* Two days post-inoculation
(dpi), mice were placed into a new cage with
water, but without food or bedding for 3 h to
clear gut contents. A probe solution containing
80 mg/ml 4 kDa fluorescein isothiocyanate (FITC)
dextran (FD4) and 40 mg/ml 70 kDa rhodamine
B dextran (RD70) was prepared in sterile milliQ
water and filter sterilized through a 0.2 pm filter
into a new sterile tube. After 3 h of fasting, 250 pl of
probe solution was orally gavaged into each mouse,
while noting the exact time of gavage. One mock-
inoculated mouse was orally gavaged with water for
a plasma autofluorescence control. Mice were
returned to their food- and bedding-less cage and
monitored. Food and bedding were returned 90
min post-gavage. Three hours post-gavage, mice
were euthanized, and blood was collected via
heart stick using a 28 G insulin syringe. Equal
volumes of blood were placed into 1.3 ml collection
tubes containing 3.2% sodium citrate (Sarstedt).

Tubes were gently mixed by inversion to prevent
coagulation. After all the samples were collected,
tubes were centrifuged at 1500 x g for 10 min at
room temperature, and plasma was transferred to
new 1.5ml microcentrifuge tubes. A standard
curve for FD4 and RD70 was prepared in duplicate,
and plasma FITC and rhodamine B fluorescence
was measured in technical duplicate on a BioTek
Cytation 5 plate reader, and probe concentration in
plasma was calculated exactly as described.*

Ex vivo paracellular permeability measurement in
Ussing chambers

To delineate the permeability of functionally dis-
tinct portions of the GI tract, mucosal-submucosal
preparations of the duodenum, jejunum, ileum,
cecum, proximal colon, and distal colon were
assessed from R20291-infected and vehicle control
mice at 2 dpi. Mice were euthanized, and tissues
were excised by carefully cutting mesentery and
connective tissue to prevent damage to the mucosa.
Functional regions were delineated by sectioning
the intestines and colon in equal thirds. Tissue for
duodenum preparations was taken from the latter
third of the duodenal segment to avoid Brunner’s
glands and the pancreatic duct. Excised tissues
were flushed with ice-cold, oxygenated Krebs-
Ringer Buffer (KRB; 117mM NaCl, 25mM
NaHCOs3;, 11 mM glucose, 4.7 mM KCl, 1.2 mM
MgCl,, 2.5 mM CaCl,, and 1.2 mM NaH,PO,, pH
7.4). The segments were opened along the mesen-
teric border, and the seromuscular layer was
removed in cold KRB using fine forceps under
a dissecting microscope. Preparations were made
from each segment, mounted in 0.1 cm” sliders,
and placed in Ussing chambers (Physiologic
Instruments). The luminal and serosal surfaces of
the jejunum, ileum, cecum, proximal colon, and
distal colon were bathed in 4 ml KRB, bubbled
with carbogen (95% O,, 5% CO,), and maintained
at 37°C using a water-recirculating heating appara-
tus. The serosal surface of the duodenum was
bathed in 4 ml KRB, and the luminal surface was
bathed in HCO;  free HEPES buffer (117 mM
NaCl, 4.7mM KCl, 2.5mM CaCl, , 1.2mM
MgCl,, 1.2 mM NaH,PO,, 24 mM sodium gluco-
nate, 10 mM HEPES, and 11 mM glucose, pH 7.4),
bubbled with 100% O, to prevent CO,-stimulated



HCOj; secretion. To prevent prostaglandin synth-
esis, indomethacin (10 uM) was added immediately
post-mounting to all serosal baths.

Mucosa-submucosa tissue preparations were
stabilized for 15 min before administration of FD4
(0.25 mM) and RD70 (17.5 mM) to the serosal bath
to measure permeability.’> The mucosal bathing
solution was sampled in technical duplicate at 0
and 60 min after FD4 and RD70 addition, and the
bath volume was maintained by adding fresh KRB.
Fluorescence intensity of each 100 pl sample and
standards were analyzed at excitation/emission of
495/525 nm for FD4 and 555/585 nm for RD70 on
a BioTek Cytation 5 plate reader.’>>” Paracellular
permeability was determined as the concentration
of FD4 and RD70 that passed through the mucosal-
submucosal preparations from serosal to mucosal
baths as pg/ml/cm’.

lon transporter functional assessment in Ussing
chambers

To assess function of electrogenic ion transporters,
short-circuit current (I.), tissue conductance (Gy,
m$S/cm?), and transmucosal resistance (Ry, Q) - cm?)
were recorded under voltage-clamp conditions. G,
was measured every 5 sec with a bipolar pulse of +
3mV for 20mS, and R, was calculated as the
inverse of G,. Baseline I,. and R, were recorded
after the fluorescent dextran permeability measure-
ments and before inhibitors were applied.

SGLT1 activity in the presence of 11 mM glucose
was determined as 0.1 mM phlorizin sensitive Isc.
ENaC activity was determined as 10 uM amiloride-
sensitive Isc. Carbachol (10 uM) and forskolin (10
uM) were sequentially applied to the serosal bath to
compare Ca** and cAMP-dependent Cl secretory
responses. After the addition of forskolin, the con-
tribution of CFTR and CaCC to stimulated CI”
secretion was measured by administering the
CFTR inhibitor (R)-BPO-27 (10 uM) followed by
CaCC-A01 (100 uM).

After the Ussing protocol, mounted tissues were
fixed in 10% Neutral Buffered Formalin (NBF)
overnight, then embedded in paraffin by the
Vanderbilt Tissue Pathology Shared Resource
(TPSR). Sections were mounted onto slides and
stained with H&E to validate the removal of the
seromuscular layer and the lack of ischemic cell
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death during the experiment. H&E-stained slides
were imaged at 40x magnification using a Leica
SCN400 at the Digital Histology Shared Resource.

Immunofluorescence staining, imaging, and
analysis

Mice were euthanized two days post-inoculation,
then the colon of each animal was excised. Colons
were gently flushed with cold sterile PBS, then cut
transversally and fixed in 2% paraformaldehyde
(PFA) at room temperature for 2 h or 10% NBF at
room temperature for 16 h. After 2 h, PFA-fixed
tissues were washed three times in cold sterile PBS,
then placed in a cold solution of 30% sucrose, 1%
NaNj; and incubated for 16 h at 4°C. Colons were
Swiss rolled and embedded in Optimal Cutting
Temperature medium (OCT) in dry ice-cooled etha-
nol and stored at “80°C until use. NBF-fixed tissues
were rinsed three times in cold sterile PBS, then
Swiss rolled and embedded in paraffin wax by TPSR.

Formalin-fixed paraffin embedded (FFPE)
blocks were sectioned (7 pm) on a Microm HM
335E microtome, then dried overnight and kept at
room temperature until use. Paraffin wax was
removed using xylenes, then tissues were rehy-
drated in an ethanol gradient. Antigen retrieval
was performed for 15 min using 0.1 M Citrate
Buffer pH 6.0. Frozen colon blocks were sectioned
(7 um) on a Leica CM1950 Cryostat and kept at
—80°C until use. OCT was removed by incubating
in three sequential PBS washes. Both OCT and
FFPE tissues were blocked for an hour at room
temperature in a solution of PBS pH 7.4, 2% nor-
mal goat or donkey serum, and 0.3% Triton X-100.

Afterwards, the blocking solution was removed
and replaced with the primary antibody diluted at
a specified concentration (Table 1) in an antibody
dilution buffer comprising PBS, 1% bovine serum
albumin (BSA), and 0.3% Triton X-100. Slides were
incubated with the primary antibody overnight
(~16 h) at 4°C. The following day, slides were
washed in three changes of PBS, then incubated
for 1h at room temperature in antibody dilution
buffer containing secondary antibodies and/or
phalloidin (Table 1). After an hour, slides were
washed in three changes of PBS, incubated with
DAPI for 1 min, then washed in PBS. Slides were
cover slipped with ProLong Gold and allowed to
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cure overnight before sealing with clear nail polish
and placing at 4°C in the dark until imaging.

Sections were imaged using a Nikon Spinning
Disk confocal microscope equipped with
a Yokogawa CSU-X1 spinning disk head,
a Photometrics Prime 95B sCMOS monochrome
camera, and 405 nm, 488 nm, 561 nm, and 647 nm
diode laser lines. For each colon samples, at least
three distinct regions of the proximal colon (first 1/
3¢ of colon) and distal colon (last 1/3"* of colon)
were imaged for analysis in at least three mice per
treatment. These images were acquired at 20x with
a Plan Apo Lambda 20x0.75 NA WD 1.00 mm
objective lens. Magnified images were acquired at
40x, 60x, or 100x with Pan Fluor 40x Oil DIC
H N2 1.30 NA WD 0.20 mm, Plan Apo Lambda
Oil 60 x 1.40 NA WD 0.13 mm, and Apo TIRF Oil
100 x 1.49 NA WD 0.12mm objective lenses,
respectively.

Relative fluorescence intensity was quantified as
a metric for protein abundance using FIJT software
(National Institutes of Health). A baseline thresh-
old was generated with vehicle control images
using Otsu’s method,*® and fluorescence intensity
by area was calculated. The same threshold settings
were applied across all treatments and regions of
the colon for each protein analyzed. Fluorescence
intensity data were averaged between different
fields of view from the same region of the same
mouse, and relative fluorescence intensity was cal-
culated with reference to the vehicle control.

Histopathological scoring

Pathological scoring of mouse intestinal tissues was
performed as previously described.” Briefly, vehicle
control and R20291-infected mice were euthanized
at 2 dpi, then the entire intestinal tract was excised.
Functional regions of the intestines were separated
as described above. Each segment was flushed with
cold PBS, then opened longitudinally along the
mesenteric border, laid flat between two pieces of
Whatman filter paper, and fixed overnight at room
temperature in 10% NBF. Tissues were washed
three times in PBS, then each segment was Swiss
rolled and placed in a tissue cassette in 70% ethanol
until paraftin embedding. Tissues were cut to 7 pm
sections on a Microm HM 335E microtome, then
dried overnight and kept at room temperature until

use. Paraffin wax was removed using xylenes, then
tissues were rehydrated in an ethanol gradient.
Sections were stained with hematoxylin & eosin
(H&E; Vector Labs), and slides were scored by
a board-certified gastrointestinal pathologist
blinded to the conditions. Histological scoring
was assessed for edema, inflammation, and epithe-
lial injury based on previously published
criteria.”®" Images were acquired using a 10x
objective on a BioTek Cytation 5 plate reader.

Stool glucose measurement

Stool was collected into sterile, pre-weighed micro-
centrifuge tubes from mice inoculated with
C. difficile R20291 (n = 5 per treatment) at day 0,
prior to inoculation, and two-days post-
inoculation. Tubes containing stool were weighed,
and glucose was measured using the Glucose Assay
Kit (Abcam) according to manufacturer’s instruc-
tions. Briefly, stool was mechanically homogenized
in equal volumes of ice-cold assay buffer, then
centrifuged at 10,000 x g for 5min at 4°C. The
supernatant was transferred to Spin-X UF 10 kDa
molecular weight cutoff columns (Corning) and
centrifuged at 10,000 x g for 10 min at 4°C to
deproteinate the samples. Flowthrough was then
used for colorimetric quantification of glucose con-
centration compared to standards provided by the
manufacturer.

Transcriptome Profiling of the distal colon

Mice inoculated with wildtype and mutant
C. difficile strains, or the vehicle control were
euthanized at 2 dpi, and a 0.5 cm segment of the
distal colon was harvested and placed in RNAlater
solution on ice. Tissues were washed with sterile
PBS then transferred to fresh tubes containing 1 ml
of TRIzol and 1 mm diameter Zirconia-silica beads.
Colon samples were homogenized in an Omni
Bead Ruptor 4 homogenizer for one minute in
two 30 s intervals, then placed on ice for 5 min.
Phases were separated by the addition of chloro-
form and centrifugation, then total RNA was pre-
cipitated, washed, and solubilized in nuclease-free
water. DNA was depleted using TURBO DNA-free
(Invitrogen), then RNA was purified using the



Monarch RNA Cleanup Kit (NEB). Quantity and
quality were assessed by spectroscopy.

RNA libraries were prepared by depleting eukar-
yotic ribosomal RNA with the NEBNext rRNA
Depletion Kit prior to library synthesis with the
NEBNext Ultra II Directional RNA Library Prep
Kit and addition of multiplex oligos using the
Unique Dual Index Primer Pairs Set 3 (NEB).
Library quality control was performed using
Qubit and Bioanalyzer 2100. Paired end 150 bp
sequencing was performed on an Illumina
NovaSeq 6000, with the aim of generating
50 million reads per sample. Sequencing data qual-
ity was assessed with FASTQC, then reads were
aligned to the GRCm39 mouse genome (GenBank
GCA_000001635.9) using the STAR alignment tool
with default settings. Normalization by trimmed
mean of M-values and differential expression was
performed with limma-voom. Plots of differentially
expressed genes were generated using GraphPad
Prism or Heatmapper. Raw and analyzed data
have been deposited on NCBI's Gene Expression
Omnibus and are accessible through GEO Series
accession number GSE2169109.

Epithelial cell isolation and relative gene expression
analyses

Epithelial cells were isolated from the cecum and
colon of vehicle control and R20291-infected mice
at 2 dpi based on an established protocol.®* Briefly,
the lower intestine was excised, and luminal con-
tents were gently flushed with cold PBS. The
regions of interest were slid onto a metal gavage
needle attached to a 5ml syringe filled with air.
A knot was affixed on the tissue segment nearest
the gavage needle bulb with sterile 3-0 vicryl
suture, and the tissue was inverted by sliding the
intestine over the knot. Another suture knot was
placed on the open end of the tissue, and then it
was submerged in 4 ml Cell Recovery Solution
(Corning) on ice. The tissue was inflated and
deflated every 5 min for 30 min. After 30 min, the
tissues were removed from solution and sterile
surgical forceps were used to gently remove epithe-
lial sheets from the tissue. RNA was isolated using
QIAShredder lysis tubes and the Qiagen RNeasy
Plus Mini Kit.
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Relative gene expression of Nhe3, Dra, and Sglt1
was measured using TaqMan-based quantitative
Real Time-Polymerase Chain Reaction (QRT-PCR;
Table 1). One microgram of RNA from each sam-
ple was synthesized to cDNA using the Qiagen
QuantiTect Reverse Transcription Kit. cDNA was
diluted 1:5 with nuclease-free water. The expres-
sion of each gene (as cycle threshold; C,) was mea-
sured within an intestinal region relative to the
expression of Gapdh (AC,). AC, values were com-
pared to the expression of each transporter gene
compared to Gapdh expression in a reference
pooled sample comprising cDNA from vehicle
control mice for each intestinal region. All qRT-
PCR experiments were performed on a technical
duplicate on a QuantStudio 6 Flex Real-Time PCR
System.

Statistical analyses

The data were plotted with GraphPad Prism, and
statistical comparisons were determined using one-
way ANOVA and unpaired Student’s t-test for
two-group comparisons. For more than three
groups, a two-way ANOVA, and Tukey’s multiple
comparisons test were performed. P < .05 was con-
sidered to be the minimal significant difference.

Abbreviations

CDI Clostridioides difficile infection

GI gastrointestinal

NHE3 Na*/H" Exchanger 3

DRA Downregulated in Adenoma

BHIS brain-heart  infusion-supplemented
medium

TA taurocholic acid

TCCFA taurocholic acid, D-cycloserine, cefoxi-
tin and fructose agar

FITC fluorescein isothiocyanate

FD4 4 kDa FITC dextran

RD70 70 kDa rhodamine B dextran

KRB Krebs-Ringer Buffer

I, short-circuit current

R, transmucosal resistance

G tissue conductance

SGLT1 sodium-dependent glucose cotranspor-
ter 1

ENaC epithelial sodium channel

CFTR cystic fibrosis transmembrane conduc-

tance regulator
PFA paraformaldehyde
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NBF neutral buffered formalin

FFPE formalin-fixed paraffin embedded

OCT optimal cutting temperature embedding
medium

ERM Ezrin/Radixin/Moesin

NHERF Na'/H" exchanger regulatory factor

BI/NAP1/PCR-RT  restriction endonuclease analysis type
B1, North American pulse-field gel elec-
trophoresis type 1, polymerase chain

reaction ribotype

qRT-PCR quantitative real time-polymerase chain
reaction
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Synopsis

Clostridioides difficile infection (CDI) causes increased intest-
inal fluid leakage and decreases the colon’s ability to absorb
water and electrolytes. Using a mouse model of CDI, we found
that intestinal permeability is increased through a size-
selective pathway, and key absorptive ion transporters Sgitl,
Nhe3, and Dra are downregulated. These factors likely cause
diarrhea associated with CDL

Transcript profiling

RNA-seq data were uploaded into GEO database (GSE216919).
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