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Clostridioides difficile infection damages colonic stem
cells via TcdB, impairing epithelial repair

and recovery from disease
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Gastrointestinal infections often induce epithelial damage that
must be repaired for optimal gut function. While intestinal stem
cells are critical for this regeneration process [R. C. van der Wath,
B. S. Gardiner, A. W. Burgess, D. W. Smith, PLoS One 8, €73204
(2013); S. Kozar et al., Cell Stem Cell 13, 626-633 (2013)], how they
are impacted by enteric infections remains poorly defined. Here,
we investigate infection-mediated damage to the colonic stem cell
compartment and how this affects epithelial repair and recovery
from infection. Using the pathogen Clostridioides difficile, we
show that infection disrupts murine intestinal cellular organization
and integrity deep into the epithelium, to expose the otherwise
protected stem cell compartment, in a TcdB-mediated process. Ex-
posure and susceptibility of colonic stem cells to intoxication com-
promises their function during infection, which diminishes their
ability to repair the injured epithelium, shown by altered stem cell
signaling and a reduction in the growth of colonic organoids from
stem cells isolated from infected mice. We also show, using both
mouse and human colonic organoids, that TcdB from epidemic
ribotype 027 strains does not require Frizzled 1/2/7 binding to
elicit this dysfunctional stem cell state. This stem cell dysfunction
induces a significant delay in recovery and repair of the intestinal
epithelium of up to 2 wk post the infection peak. Our results
uncover a mechanism by which an enteric pathogen subverts re-
pair processes by targeting stem cells during infection and preventing
epithelial regeneration, which prolongs epithelial barrier impairment
and creates an environment in which disease recurrence is likely.
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Colonic homeostasis, mediated by a functional stem cell
compartment and with a normal turnover rate of 3 to 5
d (1, 2), is partly modulated by the 10" bacteria in the colon (3).
These microbes aid in the development and function of innate
intestinal immunity and provide colonization resistance to op-
portunistic infections (4). Antibiotic treatment can alter this
host-microbial balance, permitting colonization by pathogenic
bacteria. In a recent survey of gastrointestinal illnesses in the
United States, Clostridioides difficile was found to be responsible
for more than half of all gastrointestinal infections in hospitals
and was the causative agent in >90% of mortalities resulting
from these infections (5). C. difficile infection (CDI) occurs in a
polymicrobial environment and affects multiple cell types, in-
ducing a spectrum of diarrheal diseases mediated by two exo-
toxins, TcdA and TcdB, which share sequence and structural
homology (6, 7) but may contribute to disease severity unequally
(8-11). Some clinical strains also produce binary toxin or
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C. difficile transferase (CDT), which alone does not induce se-
vere disease in a hamster model of CDI (12) but seemingly aids
in colonization (13) and partially enhances virulence (14). The
prevalence of CDI and high disease relapse rate of ~20 to 30%
render C. difficile a clinically relevant and ideal candidate to
study how infection and toxin-mediated damage may alter epi-
thelial integrity and the colonic stem cell population.

Disease Outcome during CDI Is Dictated by Toxin Titer and
Depth of Colonic Epithelium Damage

The changing epidemiology of CDI and diversity of strains,
coupled with the heightened disease severity associated with
ribotype (RT) 027, 017, 126, and 244 C. difficile strains, among
others, has resulted in more CDI cases involving life-threatening
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which prevents homeostatic cellular repair, possibly in-
creasing susceptibility to subsequent infections or disease
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complications and prolonged disease (15-20). Differences in
disease severity are seemingly associated with C. difficile strains
from different clades (21, 22); however, how genetically diverse
C. difficile strains affect the host, and particularly the stem cell
compartment, during infection is poorly characterized. Here,
using a mouse model of CDI, we show that three genetically and
geographically distinct RT027 strains (M7404, R20291, and
DLL3109) and the RT003 strain VPI10463 are capable of in-
ducing severe and devastating colonic damage that penetrates
deep into the epithelium, characterized by damage to the base of
the colonic crypts, severe inflammation, and edema (Fig. 14).
This deep colonic damage is associated with poor disease out-
comes in these mice, limiting survival to 48 h of infection (S
Appendix, Fig. S14). Interestingly, infection with the prototypical
C. difficile strain 630 (23, 24), the pathogenicity locus (PaLoc) of
which has 99% sequence identity to VPI10463 Paloc (25-27),
and strain AI35, a naturally occurring TcdA"TcdB*CDT" strain
which encodes a variant TcdB (28), as well as strain JGS6133, a
RTO078 animal isolate (28), was unable to induce damage beyond
the surface of the colonic epithelium (Fig. 14) and correlated
with 100% survival and recovery from infection similar to
CD133, a nontoxigenic clinical isolate (SI Appendix, Fig. S1 A
and B). Indeed, the level of damage associated with each strain
correlated with toxin production during infection (SI Appendix,
Fig. S1 A, iii and iv). Strains capable of producing increased
amounts of toxin during infection were able to induce damage
deep into the epithelium. We suggest that higher toxin production
during infection damages the epithelium at a rate higher than
normal cellular turnover or repair, leading to progressive damage
through the mucosa, which can then reach the crypt base. Thus, it
appears that the capacity for a strain to induce a collapse in in-
testinal integrity and expose cells deep within the colonic epithe-
lium is critical to poor disease outcome in CDI.

TcdB Mediates Severe Intestinal Damage, Disrupting
Intestinal Integrity and Exposing Stem Cells Deep within
the Colonic Crypt to Intoxication

To gain a better understanding of the deep epithelial damage
seen during CDI, we next focused on examining the disruption to
tissue integrity over time during CDI. Junctional complexes, in-
cluding tight junctions, adherens junctions, desmosomes, and gap
junctions (29), play an important role in maintaining epithelial
integrity and control the movement of molecules or microor-
ganisms through the epithelial layer (30). Several pathogens,
including Clostridium perfringens and Helicobacter pylori, target
intercellular junctions to penetrate deeper into the epithelium
and exacerbate disease (30). Previous in vitro work has shown
that TcdA and TcdB alter tight-junction permeability (31, 32);
however, toxin-mediated effects on p-catenin/E-cadherin adhe-
rens junctions (33) have not been reported. Cellular polarity is
also essential for intestinal integrity. Ezrin, an ERM protein,
assists in linking transmembrane proteins with the actin cyto-
skeleton and coordinating apical/basolateral receptor localiza-
tion, among other functions in cytoskeletal stabilization and
regulation (34). Ezrin also interacts with Rho-GTPases, which
aid in actin cytoskeleton maintenance (35) and, importantly, are
the primary targets of TcdA/TcdB (6, 35). Thus, to analyze
changes in intestinal integrity during CDI in more detail, mice
were infected with either M7404 (wild type [WT]; RT027), which
produces TcdA, TcdB, and CDT, or an isogenic mutant strain
lacking either TcdA (DLL3045, hereafter TcdA™BY), TcdB
(DLL3101, hereafter TcdA*B™), or TcdA and TedB (DLL3121,
hereafter TcdA™B") (8) and euthanized at either 12, 24, or 48 h
postinfection, to track the progression of intestinal integrity
collapse. Consistent with previous results (8), we showed that
CDT alone (TcdA™B™ infection) did not play a role in the in-
duction of colonic pathology in this model and that infection with
TcdB-producing strains (WT or TedA™B*), but not TcdA*BT,
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induced rapid weight loss, severe diarrhea, and extensive colonic epi-
thelial damage that progressively exposes deeper regions of the colonic
epithelium until the peak of infection at 48 h (S Appendix, Fig. S1 B—
D). At 12 h postinfection, p-catenin/E-cadherin interactions and ezrin
localization appeared intact and similar to those in uninfected tissues,
regardless of the infecting strain (Fig. 1 B and C). At 24 h, f-catenin/E-
cadherin immunostaining remained unchanged (Fig. 1B); however,
the apical distribution of ezrin in the colon was altered in mice infected
with TedB-producing strains (Fig. 1C). This loss of cellular polarity
staining seemingly initiates the collapse in intestinal integrity that be-
gins to expose the deeper regions of the colonic epithelium since, by
the 48-h time point, mice infected with WT or TcdA™B* strains dis-
played dramatic TcdB-mediated changes to both the adherens junc-
tions and cellular polarity (Fig. 1 B and C). Specifically, f-catenin/E-
cadherin staining was severely disrupted, and ezrin was undetectable in
tissues from mice infected with TcdB-producing strains, suggesting a
collapse in adherens junctions and cellular polarity of differentiated
cells within the colonic epithelium, that would otherwise function to
protect the stem cell compartment at the base of the crypt from in-
toxication (Fig. 1 B and C). By contrast, p-catenin/E-cadherin and
ezrin localization was indistinguishable between uninfected mice and
those infected with TcdA*B~ or TedA™ B strains (Fig. 1 B and C),
suggesting that TcdA and CDT do not play a role in altering the in-
tegrity of the intestinal barrier during CDL

TcdB-Mediated Damage Deep into the Colonic Crypts
Induces Stem Cell Injury

Under normal conditions, the crypts of Lieberkiihn form the
functional units of the colonic epithelium and are generated by
stem cells at the crypt base that are maintained in an undiffer-
entiated state through localized WNT signaling (36-38). Few
studies have examined the effect of infection on intestinal stem
cells, with some studies implicating effects on WNT signaling in
the small intestine following infection (39, 40) and a study
demonstrating that inflammation in the stomach could expand
the stem cell pool (41). Others have used mature intestine-like
organoids derived from human hair follicles (42) and mature
colonic organoids to assess C. difficile toxin function (using pu-
rified toxins) and tissue damage (43). However, there are no
published studies investigating the direct effect of infection on
colonic stem cells and their function. WNT signaling is required
for maintenance of intestinal stem cells where WNT ligands
secreted from cells in the surrounding microenvironment inter-
act with Frizzled (FZD) receptors on stem cells (44). A key
marker of intestinal stem cells in both the small intestine and
colon is LGRS (36, 37), a seven-transmembrane receptor that
binds R-spondin ligands (45-47). This complex intensifies WNT
signaling in stem cells, stabilizing FZD/WNT receptors at the cell
surface, which maintains stem cell function (45-47). Thus,
damage to the stem cell population during intestinal infection is
likely to have downstream consequences on disease severity or
recovery. Given the level and depth of TcdB-mediated tissue
damage associated with WT or TcdA™B* infection, and that we
detected significant increases in apoptosis at the crypt base,
where stem cells reside, during infection with TcdB-producing
strains (SI Appendix, Fig. S2), we investigated the effect of CDI
on colonic stem cells and WNT-signaling activity.

To characterize the effect of CDI on stem cell function and
regenerative potential, crypts were isolated from mouse colonic
tissues 24 and 48 h postinfection and assessed for their capacity
to form viable colonic organoids (three-dimensional, multicel-
lular stem cell derived structures) (48). Given the nature of this
culture system, only functional colonic stem cells will develop
into colonic organoids, providing a readout of stem cell function
and regenerative capacity (49). At 24 h postinfection, fewer
mature colonic organoids formed from mice infected with WT or
TcdA™B™ strains, compared to uninfected mice or mice infected
with TcdA*B™ or TecdA™B~ strains (Fig. 2 A, i). This was
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Fig. 1. C difficile induces severe and deep epithelial damage through TcdB alterations in adherens-junction formation and cellular polarity. (A) Mice were
infected with a panel of genetically distinct C. difficile isolates and monitored for disease severity and colonic damage through periodic acid-Schiff (PAS)/
Alcian blue staining. Representative images of swiss-rolled colonic tissue are shown. The colonic mucosa (red bracket) and, more specifically, the crypts of
Lieberkthn (red box), comprised of colonic epithelial cells and goblet cells (red circle), sit above the submucosa and muscle layers (yellow bracket) of the colon.
Arrow, inflammation; arrowhead, crypt damage/goblet cell loss; asterisk, edema. n > 5. (Black scale bars: 100 um.) (B and C) Colonic tissues were collected at
12, 24, and 48 h postinfection with M7404 (WT), and the isogenic toxin mutants of this strain (TcdA™B*, TcdA*B~, and TcdA™B~ C. difficile), or from uninfected
mice (48 h). A representative image of tissues stained for (B) p-catenin (green) and E-cadherin (red) (merge, yellow) or (C) ezrin (green) is shown, with nuclei
stained with DAPI (blue). n > 5. (White scale bars: 50 pm.) See also S/ Appendix, Fig. S1.
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confirmed by quantitative assessment of viable cells in organoids
from WT- or TedA™B*-infected mice when compared to unin-
fected tissues (both P = 0.0079), TcdA™B™ infection (P = 0.0317
and P = 0.0079, respectively), and TcdA*B~ infection (P =
0.0268 and P = 0.0159, respectively) (Fig. 2 A4, ii). These ex-
periments provide direct evidence that toxin-mediated damage
to the colon during infection alters the functional capacity of
colonic stem cells, significantly reducing the establishment of
organoids, and that this effect is mediated by TcdB and not
TcdA. TedA does not appear to alter stem cell function as
similar numbers of organoids were formed from crypts isolated
from TcdA*B-infected mice or from uninfected mice, or those
infected with the TcdA™B™ strain (Fig. 24). By 48 h postinfec-
tion, extensive damage to the colon and a decreased survival rate
of mice infected with TcdB-producing strains, particularly the
TcdA™B* derivative, limited the numbers of mice from which
viable crypts could be isolated for organoid culture. A compar-
ison could therefore only be performed between WT-infected
mice and uninfected or TcdA™B™-infected mice at the 48-h
time point. Crypts isolated from WT-infected mice had a sig-
nificantly decreased regenerative capacity, with very few mature
colonic organoids forming compared to the TcdA™B™-infected
and uninfected mice (P = 0.0286) (Fig. 2 A, iii and iv). This result
again highlights that CDI induces significant cellular damage
deep into the mucosa, which is severe enough to compromise the
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stem cell compartment and to alter the ability of the intestinal
epithelium to be regenerated.

Further investigation of this infection-mediated damage of the
stem cell population via quantitative digital droplet-PCR
(ddPCR) for seven genes that are representative markers of stem
cells (Bmil, Ascl2, Ephb2, and Lgr5), WNT-signaling (Axin2 and
Fzd7), and cellular proliferation (c-myc) revealed that CDI,
primarily through TcdB, perturbs the WNT-signaling pathway
and alters the stem cell compartment, likely a consequence of
fewer viable stem cells being present in the epithelium following
TcdB-mediated intoxication. Alteration of the stem cell com-
partment was confirmed by the significant reduction in gene
expression of several key stem cell genes, including Ascl2, Axin2,
Bmil, Fzd7, and Lgr5 (SI Appendix and Fig. 2B), when compared
to TcdA*B™- and TcdA B -infected mice. TcdB-mediated in-
toxication, damage, or functional impairment of the LGR5" cell
population is likely to change the ability of the stem cells to
replenish the colonic epithelium following damage, which may
be compounded by a loss of viable stem cells within the colonic
epithelium.

RT027 TcdB Induces Stem Cell Damage in a Frizzled
Independent Manner

Since a number of TcdB receptors have previously been identified, we
next examined their possible contributions to the disease phenotypes
observed within the context of the infected gut. Recent work using
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Fig. 2. C. difficile TcdB alters murine colonic stem cell function and gene expression. Equal numbers of colonic crypts isolated from tissues collected post-
infection with WT, TcdA™B™, TcdA*B~, and TcdA™B~ C. difficile, or uninfected mice were used to derive murine colonic organoids, at 24 or 48 h postinfection.
(A, i) Representative images of organoids 24 h postinfection are shown, (ii) with cell viability assessed via a PrestoBlue assay. (iii) Representative images
of mature organoids after 48 h of infection are shown, (iv) with cell viability assessed via a PrestoBlue assay. (B) Quantitative ddPCR analysis of colonic
tissue (i) 24 h and (ii) 48 h postinfection. Gene expression, as fold change relative to uninfected mice, was plotted (*, significant difference compared to
TcdA™B; #, significant difference compared to TcdA*B~). Data are represented as mean + SEM, n > 4. *P < 0.05, **P < 0.01. (Scale bars: 400 pm.) See also
SI Appendix, Fig. S2.
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change in normalized fluorescence (parts per thousand). ND, not determined. (iii) TOPFlash assay performed in HEK293 STF cells incubated with 1:5 molar
ratio of WNT3a and TcdB (n = 4). (iv) Mice were given 50 pg of TcdB intrarectally and were killed after 4 h postintoxication. The descending colon from each
mouse was collected and stained with hematoxylin/eosin (H&E) (n = 5). (B) Equal numbers of colonic crypts were isolated from uninfected mice and then
exposed to toxin, with or without recombinant receptor prior to organoid seeding. (i) Representative images of organoids (arrowheads) cultured from crypts
incubated for 4 h with 5 NM TcdB1g463 Or 100 NM TcdBy,7, Blocking was conducted with 50 nM or 1,000 nM, respectively, of either recombinant LGR5, FZD2,
FZD7, CSPG4, or NECTIN-3 (ii) with cell viability assessed via a PrestoBlue assay. n > 3. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
(Scale bars: 500 pm.) See also S/ Appendix, Figs. S4 and S5.
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purified TcdB, together with cell lines and mice, has identified
FZD1/2/7 as potential TcdB receptors (50); however, the contri-
bution of these interactions to stem cell damage during CDI has not
been reported. Under normal conditions, expression of FZD1/2 in the
colon is very low or undetectable (51), with increased expression seen
in colonic cancers (51, 52). Importantly, as FZD7 is known to function
as a WNT receptor in small-intestinal stem cells (44, 53), it may
function as a TcdB receptor in the colon. As such, we wanted to
confirm that FZD7 was expressed within the stem cell compartment
of the colon. Using gPCR, we confirmed the expression of Fzd7 in
colonic stem cells and immediate daughter cells from LGR5-GFP
mice, where stem and progenitor cells can be isolated by levels of
GFP expression (36), and showed that Fzd7 is highly expressed in
LGRS5" stem cells and decreased in expression in progeny cells, at a
similar level to Lgr5 (SI Appendix, Fig. S3). We also analyzed Lip! and
Pvri3 (NECTIN-3 hereafter) expression in colonic stem cells and
daughter cells from LGRS5-GFP mice (54, 55), both of which are
putative TcdB receptors, with expression levels similar to Lgr5 seen for
each receptor, across all cell types (SI Appendix, Fig. S3). Several at-
tempts were also made to detect Cspg4 expression in both mouse
colonic and small intestinal tissues; however, all were unsuccessful,
suggesting that CSPG4 (another reported TcdB receptor) (56) is un-
likely to act as a TedB receptor on mouse intestinal epithelial and stem
cells since it is not expressed in these tissues (SI Appendix, Fig. S3).

Given the loss of stem cell function and reduced capacity to
regenerate the colonic epithelium following RT027 TcdB-mediated
intestinal assault, we further characterized the underlying mecha-
nism of stem cell damage during CDI and compared this to
VPI10463 TcdB, which was also capable of inducing severe
damage deep into the colonic mucosa in our in vivo modeling. As
FZD7 is a well-characterized WNT receptor (44), we expected that
RT027 TedB binding to FZD proteins on colonic stem cells would be
responsible for the observed stem cell dysfunction in vivo. Strikingly,
examination of the key residues for TcdB-FZD?2 interaction identi-
fied in a crystal structure of the VPI10463 TcdB delivery domain
bound to the FZD2 cysteine-rich domain (CRD) (57) revealed that
many of the TcdB contact residues are not conserved in the RT027
TcdB sequence from C. difficile M7404 (Fig. 3 A, i), confirming re-
cent observations regarding TcdB sequence variations in binding
regions (26). A phylogenic analysis of TcdB from annotated RT027
strains deposited onto the National Center for Biotechnology In-
formation (NCBI) database revealed a complete clonal conservation
of TcdB within RT027 strains, suggesting that these differences exist
for all RT027 strains (SI Appendix, Fig. S44).

As these sequence differences may affect the binding affinity of
TcdB for FZD, or any of the other reported receptors, we purified
TedB toxins from VPI10463 (TcdBjue3) (RT003) (previously used to
identify and characterize the CSPG4, FZD1/2/7, and NECTIN-3
receptors) (50, 54-56, 58) and M7404 (TcdBy,;) and used micro-
scale thermophoresis (MST) to determine the binding affinity of each
toxin to the purified ectodomains of CSPG4, FZD2-CRD, and
NECTIN-3. While the binding between TcdB,g463 and FZD2-CRD
could be reproducibly measured with a dissociation constant (Kp) of
36 nM, the interactions of FZD2-CRD with TedByy7 or TedBioags
(a TedByg46; mutant lacking residues required for FZD2 binding)
(57) were weak and did not permit the calculation of Kp, The af-
finities of TcdBy,; for CSPG4 and NECTIN-3 were similar to those
with TcdB, 63, suggesting that the amino acid differences at the FZD
binding site do not prevent the interaction of TcdBy,; with other
reported receptors (Fig. 3 A, i and SI Appendix, Fig. S4B). As FZD1/
2/7 are identical in the residues that contact TcdBises (57), these
data suggest that TcdBy,7 does not interact with FZD1/2/7 but retains
the capacity to interact with CSGP4 and NECTIN-3 (SI Appendix,
Fig. S4B).

Although TcdByg463 Was able to inhibit WNT signaling in a
TOPFlash assay and TcdBy,; and the FZD-binding mutant,
TedBioaes t E, could not (Fig. 3 A, iii), our in vivo data indicate
that TcdByy,; is still capable of altering WNT signaling in vivo,
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likely as a consequence of inducing cell death at the crypt base,
where the stem cell compartment resides. To further test this
hypothesis, we used a rectal instillation mouse toxicity model and
found that there were no significant differences in histological
scoring between toxins that could or could not interact with
FZD, as measured by injury, edema, and inflammation (Fig. 3 4,
iv and SI Appendix, Fig. S4C). These data indicate that TcdB can
damage the colonic epithelium via receptors other than FZD
and that there are likely multiple receptors that allow for TcdB
entry into cells on the colonic epithelium and, more specifically,
colonic stem cells, altering their regenerative capacity.

To examine this differential receptor binding in the context of
our in vivo infection data, colonic crypts from uninfected mice
were isolated and intoxicated with purified TcdByg463 and
TedByy; toxins (at 5 nM and 100 nM, respectively) (SI Appendix,
Fig. S54), to induce crypt death. These crypts were also pretreated
with purified recombinant soluble CSPG4, FZD2, FZD7,
NECTIN-3, and LGRS (at 50 nM and 1,000 nM for each re-
spective toxin), for 30 min, and used in organoid seeding to as-
sess if stem cell intoxication could be prevented by blocking toxin
binding. Only unintoxicated intestinal stem cells that survive will
generate mature organoids. Thus, these assays serve as a func-
tional readout of the potential for TcdB to kill stem cells and the
ability of each purified receptor to prevent this. Treatment with
each receptor alone did not significantly alter organoid seeding,
with similar numbers of mature organoids in each control con-
dition (Fig. 3B). TcdBjg463 and TcdBy,7 treatment alone induced
crypt death, with a lack of viable organoids following intoxica-
tion, and little to no cell viability detected (Fig. 3B). Pretreat-
ment with FZD2 and FZD7 blocked TcdBjp463-mediated stem
cell intoxication, indicated by increased mature organoid for-
mation and cell viability at a significantly higher level than
phosphate-buffered saline (PBS)-treated TcdBg4s3-€Xposed crypts
(P = 0.0286) (Fig. 3B). However, soluble CSPG4, NECTIN-3, and
LGRS had no effect in modifying TcdBy o463 toxicity and may reflect
low cell surface expression levels of these alternate receptors (Fig.
3B). As predicted, pretreatment with FZD2 and FZD7 did not
block TcdBy,;-mediated stem cell intoxication, indicated by the
similar levels of mature colonic organoids and cell viability between
the FZD2/7-treated and PBS-treated TcdB,7-exposed groups (Fig.
3B). Furthermore, soluble CSPG4, NECTIN-3, and LGRS also had
no effect in modifying TcdB,; toxicity, and, as such, TcdBgy; may
bind to a previously unknown receptor on colonic stem cells.
Similar blocking experiments were performed on human colonic
organoids, indicating that FZD7 can prevent TcdBjg463 but not
TcdBy,7 intoxication of colonic stem cells, evidenced by a sig-
nificant increase in organoid viability and organoid numbers in
FZD7-treated TcdBg463-intoxicated stem cells (P = 0.0021) (SI
Appendix, Fig. S5B). However, similar assays performed on Vero
cells indicated that, despite being protective in organoid culture,
FZD7 could not prevent TcdBjg4e3-mediated Vero cell rounding,
with levels of cell rounding consistent across all test conditions (S/
Appendix, Fig. SSC). We also measured the toxicity of TcdBjg463,
TedBiosss 't F, and TedByy--in HeLa and Caco-2 cells, two cell lines
that differ in their receptor profiles. HeLa cells are known to ex-
press high levels of CSPG4, but low levels of FZD1/2/7, and can
differ in whether or not NECTIN-3 is present (58). Caco-2 cells
express NECTIN-3 and low levels of FZD1/2/7 but have little to
no CSPG4 (58). Cells were treated with 0.1, 1, 10, and 100 nM of
each toxin, assessing viability after 2.5 h (HeLa) or 24 h (Caco-2). In
HelLa cells, all of the toxins are equally active in the presence of the
shared HeLLa-dominant receptor CSPG4, implying that interaction with
FZD1/2/7 is not required for this toxicity (SI Appendix, Fig. S5 D, 7). In
contrast, TcdByg463 had significantly higher cytotoxicity than
TcdBoas3 T E and TedBg,, in Caco-2 cells that correlated with
the capacity to bind FZD1/2/7, evidenced by cells treated with
TedBigues t E and TedByy, exhibiting an increased viability over
the concentration range of 0.1 nM to 10 nM TedB (P < 0.05)
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(SI Appendix, Fig. S5 D, ii). Taken together, our data indicate
TecdByy; is able to induce stem cell death during infection, but this
does not result from binding to FZD. Additionally, these observations
appear to be relevant in both human and mouse colonic stem cells.

Stem Cell Damage during CDI Results in a Delay in Intestinal
Repair

CDI-mediated damage and loss of viable stem cells is likely to
have downstream effects for recovery; however, this aspect of the
disease cycle has not been explored. To gain this understanding,
we examined mice that had reached the peak of WT infection
(losing between 10% and 15% of their body weight within 48 h)
(81 Appendix) and which had then been allowed to recover for up
to 2 wk. Strikingly, even after this long recovery period, colonic
tissues from these mice did not resemble uninfected tissues, with
regions of crypt erosion and hyperplasia, inflammation, and
edema seen at both days 9 and 16 postinfection (P = 0.0012 and
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0.0022, respectively) (Fig. 4 A, i and ii), as well as significant
differences in crypt length and overall tissue pathology detected
when compared to tissues from uninfected mice at both time
points (SI Appendix and Fig. 4 A, i and iii; P < 0.001). This ab-
normal colonic pathology in the WT-infected recovery mice was
coupled with disrupted ezrin staining, when compared to unin-
fected tissues at both days 9 and 16 postinfection, indicating that,
although the mice had begun to clear the CDI and regenerate
cell-to-cell contacts via p-catenin/E-cadherin, the capacity for the
stem cells to repair the damage mediated by TcdB was signifi-
cantly altered. This hypothesis was supported by ddPCR on the
panel of stem cell genes used previously, which identified that
several stem cell genes were expressed at significantly lower
levels in the WT-infected recovery mice, when compared to
uninfected tissues (Fig. 4B). Specifically, Axin2, Ephb2, Fzd7, and
Lgr5 expression was significantly lower than uninfected tissues
at day 9 (Fig. 4B) (P < 0.02), and Ascl2, Axin2, and Lgr5 expression
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Fig. 4. C. difficile TcdB-mediated stem cell death and dysfunction hinders host repair for up to 2 wk. Mice were infected with M7404 (WT) C. difficile or left
uninfected and allowed to recover after reaching a peak of infection (between 10% and 15% weight loss). Two weeks post the peak of infection, (A) colonic
tissues were collected and assessed with (i) PAS/Alcian blue for overall pathology, f-catenin (green), and E-cadherin (red) (merge, yellow) for adherens
junctions, or ezrin (green) for cellular polarity. (ii) Overall histopathology was scored and plotted, and (iii) crypt length was measured for 30 crypts per mouse
across the entire length of the colon. Arrows, inflammation; arrowheads, crypt damage/goblet cell loss; asterisk, edema. (Scale bars: black, 100 pm; white,
50 pm.) (B) Quantitative ddPCR analysis of colonic tissue 9 d (D9) and 16 d (D16) postinfection (7 and 14 d post peak of infection, respectively). Gene
expression, as fold change relative to uninfected mice, was plotted. n > 5. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001,

***xp < 0.0001.
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was significantly lower than uninfected tissues at day 16, at levels
less than half that detected for uninfected mice (Fig. 4B) (P < 0.01).
Thus, our data show that CDI is capable of inducing significant
stem cell damage, which consequently prolongs recovery and repair
of the intestinal epithelium after infection.

Discussion

Important clinical implications result from the capacity of in-
fections to alter epithelial homeostasis, stem cell function, and
regenerative capacity. Damage to the epithelium during infection
requires repair to ensure that intestinal integrity is maintained and
to prevent severe disease outcomes, including disease recurrence. A
collapse in intestinal integrity may disrupt the repair process and
may expose deeper tissues to damage, which is of particular im-
portance for the stem cell population which resides deep in the base
of the crypts within the intestinal epithelium, to protect it from
damage. Enterococcus faecalis, enterotoxigenic Bacteroides fragilis,
and H. pylori, for example, are able to disrupt homeostasis by
cleaving E-cadherin, thereby promoting cellular adherence and
deeper tissue penetration that induces inflammation and severe
pathologies during infection (29). Here, we have shown that
TcdB-mediated disruption of adherens junctions during CDI is
linked with severe pathology, exposure of the protected stem cell
compartment, and a poor disease outcome, likely through actin
cytoskeleton collapse of the intoxicated cell, which is indepen-
dent of TcdA activity. This toxin-mediated effect may also dis-
rupt ezrin localization to the apical cell surface, which occurs
prior to adherens-junction collapse, leading to a progressive
exposure of deeper regions of the colonic epithelium as infection
advances. One consequence of this cellular disorganization may
be an alteration to the distribution of cell receptors, which is
particularly intriguing in the context of previous studies in which
TcdA and TcdB were administered to fetal-like human small-
intestinal organoids, which showed that TcdB had higher cytotoxic
capacity when applied to cells via the basolateral surface (59). It is
possible that the TcdB-mediated alteration of cell polarity during
early infection may redistribute basolateral receptors to the apical
surface, thereby changing intestinal functional capacity and possibly
amplifying toxin uptake and disease severity.

The results of the infection study presented here highlight the
important role that host factors play in the outcomes that occur
during CDI. Previous studies using purified TcdA and cultured
cells showed that TcdA attenuates WNT signaling (60); however,
a similar effect was not seen in mouse colonic tissue after in-
fection with a TcdA*B™ strain. Rather, the work presented here
suggests that, during infection, TcdB induces significant colonic
damage, which attenuates WNT signaling and the expression of
key stem cell markers, and damages the stem cell population (50).
Importantly, CDI diminishes the LGR5* stem cell compartment,
which drives epithelial regeneration (61), and this dysregulation of key
signaling pathways and acute disruption of stem cell function affect
the renewal and repair capacity of the colonic epithelium. In turn, this
damage delays intestinal repair for up to 2 wk, which is consistent with
the severe disease outcomes seen here with TcdB-producing strains.

The continual emergence of TecdA™B* C. difficile variants (15, 16,
62, 63) provides an important clinical context for the work described
here. Infection with the TcdA™B* strain was more detrimental to stem
cell functionality than TcdA*B~ and TcdA™B" strains, demonstrated
by the reduced capacity of tissue isolated from TcdA B*-infected
mice to form colonic organoids. There is accumulating evidence that
naturally occurring clinical TcdA™B* strains cause more severe dis-
ease, which highlights the compelling need to better understand toxin-
mediated effects on the host (15, 16). TcdB is clearly capable of
causing severe and potentially irreversible damage to the intestinal
epithelium which is compounded by the ability of the toxin to target
colonic stem cells and disrupt regeneration.

The work presented here, showing a reduced regenerative
capacity of the gastrointestinal tract following infection and a
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decreased ability of the host to recover appropriately, brings a
broader understanding to gastrointestinal infections and their
effects on the host. Damage to intestinal stem cells resulting
from infection may increase host susceptibility to reinfection and
disease relapse. This outcome is particularly relevant for C. difficile,
which thrives in a disrupted colonic niche. Relapse rates for CDI
range from 18 to 32% for patients treated for primary CDI with
vancomycin and metronidazole (64). Risk for subsequent recurrences
following an initial relapse increases to between ~45% and 65%,
which is partly linked to continued disruption of the microbiota (64);
however, the risk factors that contribute to infection relapse are likely
to be complex. If the capacity of the colonic epithelium to repair and
form a functional barrier is impaired, relapse risk may be heightened.
For C. difficile, the outcome of TcdB-mediated disruption of
adherens junctions, cellular polarity, and stem cell function is a
reduction in epithelial integrity and capacity to repair damage,
which will exacerbate epithelial impairment and intestinal in-
flammation. This work therefore expands our understanding of
C. difficile pathogenesis and provides valuable insights into
gastrointestinal infection and repair with respect to the stem cell
compartment, which is a previously unrecognized target of
infectious damage.

Materials and Methods

Bacterial Strains, Growth Conditions, Cell Lines, and Reagents. Detailed de-
scriptions of the bacterial culture, cloning, protein purification, and cell
culture methods are included in S/ Appendix.

Microscale Thermophoresis. Microscale thermophoresis (MST) experiments were
performed on a NanoTemper Monolith NT.115 (NanoTemper Technologies
GmbH, Munich, Germany). VPl TcdBioses, TcdBozz, VPI TcdBioaes® T, FZD2-CRD,
CSPG4, and NECTIN-3 were equilibrated prior to labeling with size exclusion
chromatography using either a Superdex 200 10/300 or Superdex 75 10/300
column (GE) with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes), pH 8.0, 100 mM Nadcl. Toxins, CSPG4, and NECTIN-3 were labeled with
the Monolith NT His-tag Labeling Kit RED-Tris-NTA, following the manufacturer’s
instructions. TcdB or receptor concentration was held constant at 50 nM. Serial
dilutions of FZD2-CRD or TcdB were prepared using a 1:1 dilution from 3 to
10 uM to 90 to 300 pM in 20 mM Hepes, pH 8.0, 100 mM Nadl, 0.05% Tween 20,
and protease inhibitor mixture for His-tagged proteins (Sigma). Samples were
loaded into Monolith NT.115 capillaries (NanoTemper), and measurements were
carried out at 21 °C with 40% MST power and 60% excitation power.
MO.Control v1.6 was used for data collection, and MO.Affinity Analysis v2.3 and
PALMIST were used for data analysis (65). The Kp constants were calculated in
PALMIST utilizing the saturation binding curve at equilibrium.

Animal Model of C. difficile Infection and Intoxication. Detailed descriptions of
the C. difficile infection and intoxication models are included in S/ Appendix.

Immunohistochemistry and Immunofluorescence Analysis. Paraffin-embedded co-
lonic tissues were processed using standard procedures. Slides were dewaxed, and
antigen retrieval was performed using 10 mM citrate (Sigma-Aldrich) buffer, with
0.05% Tween 20 (Amresco), pH 6.0. Slides were blocked for 60 min with CAS-Block
(Thermo-Fisher Scientific) at room temperature. For immunofluorescence staining,
slides were incubated with either mouse anti-ezrin (1:200 dilution in 1% bovine
serum albumin [BSA] [Sigma Aldrich] in PBS; Thermo-Fisher Scientific) or mouse
anti-B-catenin (1:200 dilution in 1% BSA; BD) and rabbit anti-E-cadherin (1:200
dilution in 1% BSA; Cell Signaling) overnight at 4 °C. Slides were rinsed three
times in PBS before incubation with secondary antibodies for 60 min at room
temperature. For ezrin and f-catenin, goat anti-mouse IgG, Alexa Fluor 488
(1:1,000 dilution in 1% BSA,; Thermo-Fisher Scientific) was used; for E-cadherin,
goat anti-rabbit IgG, Alexa Fluor 568 (1:1,000 dilution in 1% BSA; Thermo-Fisher
Scientific) was used. Slides were washed three times in PBS before staining the
nuclei with DAPI (300 nM; Thermo Fisher). Slides were mounted with ProLong
Gold (Thermo Fisher), sealed, and imaged using a Leica SP8 Confocal Invert mi-
croscope on a 20x/1.0 oil objective with LasX Software (Leica).
For immunohistochemical staining, see S/ Appendix.

Colonic Stem Cell Sorting and Quantitative PCR for Stem Cell and TcdB
Receptors. Detailed descriptions of the stem cell isolation, sorting, RNA ex-
traction, and quantitative PCR for known TcdB receptors are included in
SI Appendix.
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RNA Extraction, Complementary DNA Preparation, and Digital Droplet PCR
Analysis. Colonic tissues collected from infected mice were placed in RNAlater
(Ambion) prior to RNA extraction. The tissues were then homogenized and
total RNA was extracted using the RNeasy mini kit (Qiagen). One microgram of
RNA was used for complementary DNA (cDNA) synthesis using a QuantiTect
Reverse Transcription kit (Qiagen). The ¢DNA was quantified using the
QIAExpert prior to dilution for use in digital droplet PCR (ddPCR). The ddPCR
was conducted as previously described (66) and is described in detail in S/
Appendix.

Growth of Murine Colonic Organoids from C. difficile-Infected Mice. Mouse
colonic crypt isolation and organoid establishment were based on protocols
previously described (67, 68). See S/ Appendix for a detailed description.

TOPFlash Assay. Five hundred thousand human embryonic kidney 293 (HEK293)
Super TOPFlash (STF) cells were seeded in a 12-well dish for 18 h. The media was
then replaced with 1 mL of prewarmed media with or without combinations of
1:5 molar ratio of human WNT3a (100 ng/mL, 2.67 nM; StemRD) to toxin
(13.35 nM) for 20 h. Following the incubation, the media was removed, and
cells were lysed in 110 pL of Passive Lysis Buffer (Promega) for 15 min while
shaking. The solubilized supernatant was collected and immediately used for
the determination of the TOPFlash luciferase activities with the Steady-Glo
Luciferase assay (Promega) and CellTiter Glo (Promega).

Treatment of Colonic Crypts, with Purified Toxins and Receptor-Blocking Proteins,
and Assessment of Organoid Formation. Colonic crypts were isolated from C57BL/
6J mouse tissues as described previously. The crypt pellets were resuspended in
PBS containing 1% fetal bovine serum (FBS) and supplemented with 5 nM
purified VP110463TcdB (Abcam) or 100 nM purified RT-027 TcdB. Blocking of
toxin variants was conducted with, respectively, 50 nM or 1,000 nM of either
recombinant human FZD2 (see above), recombinant human FZD7 Fc chimera
(R&D Systems), recombinant human CSPG4 (see above), recombinant human
NECTIN-3 (see above), or recombinant human LGR5 Fc chimera (R&D Systems).
After 4 h at 4 °C, the crypt pellets were washed twice with PBS and resus-
pended in Matrigel (BD), and 12 pL were seeded into each well of a 48-well
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plate (Nunc) and incubated for 10 min at 37 °C until solidified. The crypt culture
media described above was added to each well. After 3 d, the medium was
replaced with fresh culture medium without Y-27632 Rock inhibitor. After 4 d in
culture, cell viability was measured using the PrestoBlue reagent (Life Technologies)
and imaged using an EVOS FL Auto Cell Imaging System (Invitrogen). Viability was
plotted using GraphPad Prism 7, with statistical significance assessed using a Mann—
Whitney U test.

For human organoid establishment and intoxication, see S/ Appendix for a
detailed description.

Sequence Analysis and Phylogeny. Fully annotated genomes of C. difficile
strains deposited on the National Center for Biotechnology Information
(NCBI) database were used as the source of sequences in this study. Detailed
description of sequence analysis and phylogeny can be found in S/ Appendlix.

Data Availability Statement. All data discussed in the paper will be made
available to readers, through contact with the corresponding authors.
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