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ABSTRACT Clostridioides difficile is a Gram-positive bacterium that can cause mild to
severe diarrhea, inflammation, and colonic tissue damage in animal hosts. Symptoms
of the disease can be attributed to the activity of toxin B (TcdB) secreted by C. difficile
during infection. TcdB can engage multiple host cell surface receptors in vitro; however,
little is known about where these receptors localize on colonic tissue and how these
interactions promote disease. Here, we used immunofluorescence microscopy to first
visualize TcdB interactions with two of the reported receptors, CSPG4 and Nectin-3,
on cells in vitro. In cells expressing both receptors, we found that TcdB preferentially
interacts with CSPG4. In moving to host colonic tissue, we observed novel localization of
Nectin-3 within the brush border of epithelial cells and CSPG4 localization at epithelial
cell junctions. The unexpected junctional CSPG4 signal led us to the hypothesis that
the signal could represent a soluble form of the CSPG4 extracellular domain (ECD)
being shed from fibroblasts in the underlying stromal layer of the tissue. To test, we
set up a co-culture of epithelial cells and fibroblasts separated by transwell inserts. We
observed CSPG4-ECD shed into the media of cultured fibroblasts and an accumulation in
epithelial cells following co-culture. We also found that soluble CSPG4-ECD present in the
conditioned media from fibroblasts can potentiate TcdB-mediated cytopathic responses
in epithelial cells lacking CSPG4 expression. Based on these observations, we propose
that Nectin-3 can facilitate the binding of TcdB at the epithelial surface and that a soluble
form of CSPG4 derived from stromal cells can contribute to TcdB intoxication of epithelial
cells in vivo.

IMPORTANCE Toxin B (TcdB) is a major virulence factor of Clostridioides difficile, a
Gram-positive pathogen that is a leading cause of hospital-acquired diarrhea. While
previous studies have established that TcdB can engage multiple cell surface receptors
in vitro, little is known about how these interactions promote disease and where these
receptors localize on colonic tissue. Here, we used immunofluorescence microscopy
to visualize Nectin-3 and CSPG4 on tissue, revealing unexpected localization of both
receptors on colonic epithelial cells. We show that Nectin-3, which was previously
characterized as an adherens junction protein, is also localized to the brush border of
colonocytes. Staining for CSPG4 revealed that it is present along epithelial cell junctions,
suggesting that it is shed by fibroblasts along the crypt-surface axis. Collectively, our
study provides new insights into how TcdB can gain access to the receptors Nectin-3 and
CSPG4 to intoxicate colonic epithelial cells.

KEYWORDS toxin-receptor interaction, Clostridium difficile, polarized epithelia
lostridioides difficile is a Gram-positive, spore-forming anaerobe and is a leading
cause of hospital-acquired diarrhea in the United States (1, 2). Two major virulence

factors of C. difficile are toxin A (TcdA) and toxin B (TcdB). These exotoxins damage
the host epithelia and promote inflammation in the large intestine, causing symptoms
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ranging from diarrhea and inflammation in mild cases to pseudomembranous colitis,
toxic megacolon, and death in severe cases. While TcdA contributes to symptoms
of Clostridioides difficile infection (CDI), the activity of TcdB is necessary and sufficient for
severe disease outcomes in various models of infection (3-5).

The intoxication of cells with TcdB begins with host receptor binding and endocytosis
(6, 7). Acidification of the endosome facilitates the delivery of the toxin’s N-terminal
glucosyltransferase domain (GTD) into the cytosol which can target and inactivate
Rho family GTPases such as RhoA, Rac1, and Cdc42. The inactivation of these GTPases
results in cytopathic responses such as cell rounding, disruption of tight junctions, and
apoptotic cell death. In addition to an ability to bind glycans, multiple protein cell surface
receptors for TcdB have been identified: chondroitin sulfate proteoglycan 4 (CSPG4),
Frizzled (FZD) 1, FZD2, FZD7, Nectin-3, and tissue factor pathway inhibitor (TFPI) (8-13).
The receptor specificity can vary depending on toxinotype as there is significant TcdB
sequence variation among C. difficile strains. Among eight subtypes, TcdB1, TcdB2, and
TcdB3 are the most potent when injected into mice, and the most prevalent among
isolates with sequenced genomes (14). TcdB1 can be found in VPI10463, a commonly
used laboratory strain, and has been shown to bind CSPG4, FZD1/2/7, and Nectin-3 with
nanomolar affinities (15). The binding sites for CSPG4 and FZD1/2/7 are distinct and, in
concept, can be engaged simultaneously, while the binding site for Nectin-3 remains
unclear (16, 17). TcdB2 can be found in the epidemic ribotype 027 (RT027) strains and
has been shown to bind CSPG4 and Nectin-3, but not FZD1/2/7 (15, 18, 19). TcdB3 can be
found in ribotype 078 (RT078) strains and has been reported to bind TFPI (11, 12). While
the knockout of each receptor can reduce TcdB-mediated cytopathic or cytotoxic effects
in cell lines, the role of each receptor in the physiological context of infection remains
unclear.

The Nectins are a family of four transmembrane proteins (Nectin-1, -2, -3, and -4)
that are involved in the regulation of cell-cell adhesions (20). Nectin-3 (previously known
as poliovirus receptor-like protein 3 or PVRL3) was identified as a receptor involved in
TcdB-mediated cytotoxic responses in epithelial cell lines (10, 20). Nectin-3 binds TcdB1
and TcdB2 with affinities of 53 nM and 17 nM, respectively, but the interaction does
not facilitate the cytopathic response, leading some to propose that Nectin-3 promotes
cellular cytotoxic responses through cell surface signaling events (15, 21). While possible,
Nectin-3 is known to undergo cellular entry and recycling, so the question of why
Nectin-3 does not promote cytopathic responses in vitro is unclear (22).

Of the receptors that interact with TcdB, genetic deletion of CSPG4 confers the
greatest protection from TcdB-mediated cell rounding (9). CSPG4, also known as
neural-glial antigen 2 (NG2), is a ~300-kDa transmembrane protein involved in cell
survival, migration, and angiogenesis (23, 24). The large extracellular domain (ECD) is
post-translationally modified by chondroitin sulfate glycosaminoglycan chains and can
serve as a scaffold for extracellular ligands to transmit signals into the cell (23). Resi-
dues within the ECD can be targeted by metalloproteinases, resulting in shed forms of
soluble CSPG4-ECD (25, 26). TcdB binds to residues 410-551 of the ECD in an interaction
that has now been defined with cryogenic electron microscopy (16). This same study
showed that CSPG4 knockout mice infected with C. difficile experienced significantly
reduced epithelial disruption and pathology. This result was somewhat puzzling as
CSPG4 expression is proposed to be localized to various fibroblast populations of the
intestines but not the epithelium (27).

Our initial goal in this study was to characterize TcdB interactions with Nectin-3 and
CSPG4 on cells using confocal microscopy. As visualization of TcdB has been histori-
cally challenging, we screened various cell lines and identified 18Co cells, a human
colonic fibroblast cell line, for robust TcdB binding and visualization. In these cells, TcdB
preferentially co-localized with CSPG4. We next wanted to visualize the localization of
Nectin-3 and CSPG4 in vivo, as the physiological roles of these proteins in the colon
have not been fully established. In both human and mouse colonic tissues, we observed
Nectin-3 at adherens junctions (as expected) but also on the apical surface as part of
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the brush border. We also observed co-localization of TcdB and Nectin-3 in intoxicated
tissue, suggesting that Nectin-3 could have a role in capturing or concentrating TcdB at
the apical surface of the epithelium. We observed CSPG4 localization in fibroblasts (as
expected) but also in epithelial junctions, leading us to wonder whether this protein
could represent CSPG4-ECD shed from the underlying stromal cells. We show that
fibroblast-derived CSPG4-ECD can accumulate in epithelial cells and potentiate TcdB
cytopathic effects. Together, these observations advance the mechanistic understanding
of how specific TcdB-receptor interactions may contribute to the pathogenesis of C.
difficile infection.

RESULTS
Visualization of TcdB with receptors on 18Co cells

In our experience, the visualization of TcdB on cells has been challenging. For example,
when Caco-2 cells are intoxicated with 10 nM Janelia Fluor 669-labeled TcdB1 (JF669-
TcdB1) at 37°C for 30 minutes, no TcdB signal can be observed (Fig. 1). Knowing that cell
lines can differ significantly in their cell surface protein profiles, we analyzed published
transcriptomic data sets using the GEO RNA-seq Experiments Interactive Navigator to
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FIG 1 18Co cells can be used to visualize TcdB. Comparison between Caco-2 and 18Co cells intoxicated with 10 nM JF-669 TcdB1 for 30 minutes. Images are

shown as max intensity projections while the zoomed panel is shown as a single Z-plane. Scale bars, 50 um and 5 um (zoom).
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search for a cell line that expresses abundant levels of the reported TcdB receptors
(28). We identified 18Co cells, derived from human colonic myofibroblasts, as cells that
express all reported TcdB receptors (Fig. S1) (29-31). When imaged, we found that 18Co
cells intoxicated with 10 nM JF669-TcdB1 contained abundant levels of TcdB signal (Fig.
1). While previous approaches used to visualize TcdB have required conditions with cold
temperatures and long incubation periods, 18Co cells simply needed to be treated with
labeled TcdB and incubated at 37°C (6).

With the ability to now visualize TcdB on 18Co cells, we looked for TcdB co-local-
ization with Nectin-3 and CSPG4 using immunofluorescence microscopy (Fig. 2). To
quantify colocalization, we measured the overlap of receptors and TcdB signal using
Manders’ coefficients (M1 = Receptor:TcdB and M2 = TcdB:Receptor) and the correlation
of receptor signal with TcdB using the Pearson correlation coefficient (PCC). Analysis of
confocal images of intoxicated 18Co cells immunostained for Nectin-3 revealed small
levels of colocalization (average M1 = 0.31, M2 = 0.35) and positive correlation with TcdB
(average PCC = 0.31) (Fig. 2A, C and D). Analysis of CSPG4 and TcdB revealed medium
to large levels of colocalization (average M1 = 0.33, M2 = 0.68) and positive signal
correlation (PCC = 0.44) (Fig. 2B, C and D). Thus, while Nectin-3 can colocalize with TcdB1
on 18Co cells, our analysis suggests that CSPG4 is the preferred interaction.

Nectin-3 localizes to the colonic epithelial brush border and apical cell
junctions

Nectin-3 belongs to a family of adhesion proteins that promote the formation of
adherens junctions during the initial interactions between polarized cells (32). Since
the 18Co cells do not form polarized junctions, we decided to turn to the epithelial
cells of colonic tissue for imaging TcdB interactions with Nectin-3. Previous studies have
established that Nectin-3 is expressed in vivo on mouse colonic epithelial cells with
epifluorescence microscopy (33). We attempted to replicate these previous studies using
human colonic tissue. As expected, we observed the Nectin-3 signal at the epithelial cell
junctions (Fig. 3A). In addition, the Nectin-3 signal was present along the apical surface of
the cell, potentially within the brush border (Fig. 3A, zoomed panels). The brush border
is an array of microvilli supported internally by bundles of actin and organized externally
by adhesion proteins (34). We acquired higher-resolution images of this brush border
localized Nectin-3 signal using structured illumination microscopy (Fig. 3B, zoom). These
images revealed that Nectin-3 is indeed present within the brush border on colonic
epithelial cells. While the role of Nectin-3 within the microvilli is unresolved, Nectin-3
can also be observed within the brush border of polarized Caco-2 cells (Fig. S2). These
findings suggest that Nectin-3, and perhaps other Nectin family proteins, has a role in
brush border structure and function.

With the unexpected finding that Nectin-3 localizes to the brush border of colonic
epithelial cells, we wanted to determine whether TcdB could interact with Nectin-3 on
colonic tissue. We intoxicated human colonic explants with JF669-TcdB1 and immunos-
tained the tissue for Nectin-3 (Fig. 3C). While detection of JF669-TcdB1 was infrequently
observed, colocalization between Nectin-3 and JF669-TcdB1 was observed along the
apical surface of the colonic epithelium. These data suggest a role for Nectin-3 in binding
to TcdB along the luminal surface of cells.

Colonic epithelial tissue is CSPG4(+)

While single-cell sequencing studies have consistently shown CSPG4 expression among
various fibroblast populations along the crypt-surface axis of the intestines (Fig. 4A),
there is no evidence for CSPG4 expression in colonic epithelial cells (35, 36). We analyzed
a published single-cell RNA-sequencing (scRNA-seq) data set from the Human Gut Cell
Atlas derived from 77,341 EPCAM* epithelial cells from the small intestine, large intestine,
appendix, and rectum of healthy adults to determine whether CSPG4 expression could
be found in any epithelial cell populations (37). Among these epithelial populations, we
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FIG 2 TcdB primarily colocalizes with CSPG4 on 18Co cells. (A) Confocal image of 18Co cells immunostained for Nectin-3 and treated with JF669-TcdB1 for 30
minutes. The dashed box represents the location of zoomed panels. The main image is presented as a max intensity projection, while the zoomed panels are
shown as a single Z-plane. Scale bars, 30 um and 10 um (zoom). Arrows indicate locations of colocalized signals. (B) Confocal image of 18Co cells treated with
JF669-TcdB1 for 30 minutes and immunostained for CSPG4. The dashed box represents the location of zoomed panels. The main image is presented as a max
intensity projection, while the zoomed panels are shown as single Z planes. Scale bars, 30 pm and 10 um (zoom). Arrows indicate locations of colocalized signals.
(C) Manders’ coefficient analyses of receptor signal overlap with TcdB (M1) or TcdB signal overlap with receptors (M2). Points represent individual Manders’
coefficients. The error bar in red represents the mean and standard deviation. ****P < 0.0001, Kruskal-Wallis ANOVA test and corrected for multiple comparisons
using Dunn’s post hoc test. N = 5 (D) Pearson correlation coefficient analysis of TcdB colocalization with Nectin-3 or CSPG4. Points represent individual Pearson
coefficients. The error bar in red represents the mean and standard deviation. ****P < 0.0001, Mann-Whitney U test. N = 5.

were unable to detect CSPG4 expression, confirming that CSPG4 expression is isolated to
stromal populations in the colon (Fig. 4B).

While imaging CSPG4 on mouse colonic tissue, we observed the predicted CSPG4
signal in fibroblasts that line the crypt surface axis (Fig. 4C, zoom). However, to our
surprise, we also observed the CSPG4 signal along the junctions of epithelial cells. To
verify this staining pattern, we stained colonic tissue from CSPG4~~ mice for CSPG4 (Fig.
S3). These mice lacked CSPG4 signal on both fibroblasts and the junctions of colonic
epithelial cells. We also stained human colonic tissue for CSPG4 and found that both
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FIG 3 NECTIN-3 localizes to the brush border of the colonic epithelium. (A) Confocal image of human colonic tissue stained for Nectin-3, F-actin, and DAPI.
Dashed boxes represent the origin of the zoomed image. Black arrowheads indicate a signal localized to the apical surface of cells, while white arrowheads
indicate areas of junction. Scale bars, 50 pm and 20 um (zoom). (B) Structured illumination microscopy image of human colonic epithelium stained for Nectin-3
and F-actin. Dashed boxes represent the origin of zoomed image. The main image is presented as a max intensity projection, while the zoomed panels are shown
as a single Z-plane. Scale bars, 10 pm and 2 pm (zoom). (C) Confocal image of a human colonic explant intoxicated with JF669-TcdB1 for 1 hour at 37°C and

stained for Nectin-3. Scale bar, 30 um.

fibroblasts and epithelial tissue stained positive for CSPG4 (Fig. 4D). These data led us
to wonder whether fibroblasts along the crypt-surface axis could shed CSPG4 ECD that
would then associate with the epithelium.

Caco-2 cells accumulate fibroblast--derived CSPG4-ECD

In humans, CSPG4 is a 2,322 amino acid integral membrane protein with a predicted
protein mass of 250,537 Da, numerous glycosylation sites, and up to three glycosamino-
glycan attachment sites. When viewed by SDS-PAGE, the CSGP4 core protein is often
reported as ~300 kDa, with larger species visible as a smear (25, 38). In addition, the
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FIG 4 Mouse and human colonic epithelial cells stain positive for CSPG4. (A) Model of the colonic crypt-surface axis
demonstrating the longitudinal and transverse views observed in panels C and D. (B) Analysis of single-cell RNA expression
data from human adult intestinal epithelial cells (Gut Cell Atlas) reveals that CSPG4 is not expressed in epithelial cells of human
intestines. (C) Confocal images of wild-type C57BL/6 mouse colon stained for CSPG4. Mouse epithelial cells and fibroblasts
stained positive for CSPG4. Dashed boxes indicate the location of zoomed images. Scale bars, 50 um and 30 um (Zoom).
(D) Confocal images of a cross-section of human ascending colon stained for CSPG4. Both fibroblasts and epithelial cells
stained positive for CSPG4. Scale bars, 50 um.

ECD of CSPG4 can be shed from the cell surface by various proteinases (Fig. 5A) (25, 26,
39-41). The MW range of the prevalent CSPG4-ECD fragments identified both in vitro and
in vivo, is 240-290 kDa and can vary with cell type (24). We isolated and lysed crypts from
mouse colons to determine if we could detect any cleaved forms of CSPG4 by western
blot (Fig. 5B). Analysis of these lysates revealed two primary species, with bands above
and below the 250 kDa protein standard. While we presume, but cannot confirm, that
the upper band corresponds to the ~290 kDa ECD fragment, the presence of the smaller
fragment running at ~240 kDa provides evidence that CSPG4 shedding is occurring in
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the mouse colon and that CSPG4 fragments associate with epithelial cells of the mouse
colonic crypt.

A possible source of shedding CSPG4 could be from stromal cells such as myofibro-
blasts found along the crypt-surface axis. As 18Co cells are a normal, non-transformed
colonic myofibroblast cell line, we analyzed its conditioned media by western blot to
determine whether these cells were capable of shedding CSPG4-ECD into the media (Fig.
5C). Compared to the band observed in the 18Co cell lysates, the conditioned media
contained a smaller form that consistently ran just above the ~250 kDa protein standard.
This was observed both in the absence and presence of chondroitinase ABC treatment,
consistent with other reports showing that the chondroitin sulfate groups do not
contribute to the size of the core complex observed by SDS-PAGE.

We next asked whether this 18Co-derived soluble CSPG4-ECD could be transferred to
Caco-2 cells, a human colonic epithelial cell line through co-culture. Caco-2 cells were
grown in cell inserts above 18Co cells for 5 days before collecting and lysing the Caco-2
cells. A control condition of Caco-2 cells grown for 5 days without 18Co cells was
included. Over a 5-day period, we observed increasing intensities of CSPG4 in the Caco-2
lysates (Fig. 5D). Over the same 5-day period, we were unable to detect CSPG4 in the
Caco-2 cells grown without 18Co cells. We then stained Caco-2 cells for CSGP4 after
growing them for 5 days on cell inserts above 18Co cells. We observed CSPG4 signal both
within and along the edges of Caco-2 cells (Fig. 5E). These data suggest that CSPG4-ECD
derived from 18Co cells can enter Caco-2 cells.

CSPG4(+) conditioned media potentiate cell rounding

Given our observation that CSPG4-ECD can associate with Caco-2 cells, we next asked
whether the 18Co-derived CSPG4-ECD would promote TcdB-induced cytopathic effects
in Caco-2 cells. For these studies, we used TcdB2 to eliminate any FZD 1/2/7 responses.
We intoxicated Caco-2 cells with 1 pM TcdB2 and 18Co conditioned media and found
that these intoxicated cells rounded faster in the presence of conditioned media (Video
S1). To determine whether this rounding was dependent on CSPG4-ECD, we collected
conditioned media from 18Co cells treated with siRNA targeting CSPG4 or with a non-
targeting control. Treatment of 18Co cells with siRNA targeting CSPG4 was effective at
depleting CSPG4 in the media (Fig. 6A). We then intoxicated Caco-2 cells with 1 pM TcdB2
in 18Co conditioned media derived from these siRNA conditions and observed that this
potentiation of cell rounding was CSPG4 dependent (Fig. 6A). Furthermore, we also
confirmed that cell rounding is not promoted by 18Co conditioned media in the absence
of TcdB (Fig. S4). As a complementary approach, we tested the effect of adding an anti-
CSPG4 antibody to the conditioned media. Pre-incubation of conditioned media with an
anti-CSPG4 antibody prior to intoxication of cells with T pM TcdB2 inhibited the potentia-
tion of rounding (Fig. 6B). Together, these data suggest that soluble CSPG4-ECD can
enhance the cytopathic effects of TcdB on epithelial cells, even in the absence of
epithelial CSPG4 transcript expression.

DISCUSSION

TcdB is a key virulence factor in CDL. It is expressed by C. difficile in the lumen of the colon,
and therefore the epithelial cells that form the barrier between the host and microbiota
are expected to represent the first cells that the toxin will encounter. As intoxication
requires receptor-mediated endocytosis, multiple studies have focused on the identifica-
tion of epithelial cell surface proteins that can serve as TcdB receptors. The studies have
largely been conducted in vitro using a combination of cell-based genetic screens and
biochemical analyses and have led to the identification of multiple cell surface proteins
that could be contributing to TcdB-induced symptoms (8-12). However, the understand-
ing of whether and how each receptor may contribute to intoxication in vivo has been
unclear for several reasons. First, the receptors that have been identified are not thought
to be expressed on the apical surface of polarized cells (27, 33, 42, 43). FZD 1/2/7,
Nectin-3, and TFPI have all been reported to have lateral or basolateral expression, and
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FIG5 CSPG4-ECD from 18Co cells can enter Caco-2 cells. (A) A cartoon diagram of CSPG4. CSPG4 (~300 kDa) is a 2322 amino acid (aa) core glycoprotein-proteo-
glycan complex that consists of extracellular subdomains D1, D2, and D3, a transmembrane domain (TM), and an intracellular domain. The TcdB binding site is

contained within the D1 subdomain. The D2 subdomain is predicted to contain multiple glycosylation and chondroitin sulfate (CS) sites. Residues between D3

(Continued on next page)
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FIG 5 (Continued)

subdomain and TM domain can be targeted by proteases to generate shed forms of the CSPG4 extracellular domain (ECD, 240-290 kDa) that can be released into
the extracellular matrix or non-covalently associated with the cell. (B) A CSPG4 fragment corresponding to the putative MW of a full-length CSPG4-ECD is present
in purified mouse colonic crypt lysates. Lysates from 18Co cells were used as a reference for the full-length CSPG4. Black arrowheads indicate the forms of CSPG4
present in the mouse crypt lysates. (C) 18Co cells were grown for 72 hours and the conditioned media and cells were individually treated with or without 0.1 units
of chondroitinase ABC (chABC). Cell lysates (18Co) and conditioned media (media) were analyzed for CSPG4 by western blot. (D) Caco-2 cells were grown above
18Co cells in transwells, were collected and lysed on days 1, 3, and 5, and analyzed for CSPG4 by western blot. Caco-2 cells grown with 18Co cells contained
CSPG4, while the Caco-2 cells grown without 18Co cells did not. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is shown as a loading control for cell
lysates. (E) Confocal images of 5 days post-confluency Caco-2 cells grown above 18Co cells in transwells and stained for CSPG4. Dashed boxes indicate the origin
of zoomed panels and are shown as max projections in both xy and xz.
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FIG 6 Fibroblast-derived conditioned media promotes Caco-2 cell rounding and is CSPG4 dependent. (A) Caco-2 cells were intoxicated with 1 pM TcdB2 in
complete media (Dulbecco’s modified Eagle’s medium [DMEM]) or conditioned media from siRNA-treated 18Co cells targeting a non-targeting control (Control
siRNA) or CSPG4. Rounding was quantified from images acquired over the course of 24 hours. Images to the right are representative images acquired at the
end of the experiment. A representative western blot of CSPG4 in the 18Co conditioned media from the non-targeting control siRNA (Control) and CSPG4 siRNA
(siCSPG4) conditions used in these experiments is shown below. A fluorescent image of the “stain-free” gel used in this western blot is shown to demonstrate
equal loading of protein. Statistical analysis was performed using a two-tailed ANOVA with a Sidak post hoc test for multiple comparisons. N = 3 *P < 0.05, ****p
< 0.0001. See also Fig. S4. (B) Conditioned media from 18Co cells were treated with antibodies targeting CSPG4 prior to the intoxication of Caco-2 cells with
1 pM TcdB2. Conditioned media lacking antibodies targeting CSPG4 rounded over a 24-hour period. Representative images from these assays are shown on
the right that were acquired at the end of the experiment. Statistical analysis was performed using a two-tailed ANOVA with a Sidak post hoc test for multiple
comparisons. Images to the right of the graph are representative images acquired at 24 hours. N = 3, *P < 0.05, ***P < 0.001.

CSPG4 is not thought to be expressed at all in epithelial cells (27, 33, 42, 43). The proteins
could still serve as receptors for TcdB that passes the barrier of the polarized epithelium,
but the question of how the toxin makes initial contact with the epithelium has been
unclear. Second, TcdB is a highly potent toxin capable of inducing cytopathic responses
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with ECsqg values in the fM-pM range, depending on the cell type (44, 45). The protein
receptors identified to date, each bind TcdB with nM affinities (8, 9, 11, 12, 15). While
these affinities are tight by some standards, they are weak when considering the potency
of TcdB. The potency of TcdB suggests the need for co-receptor interactions, but it is
unclear which receptor pairs are co-expressed and co-localized in the same cells to be
available for binding to TcdB. Lastly, the question of endocytosis has largely been
examined indirectly, using the cytopathic rounding response as a proxy for cellular
endocytosis. The direct visualization of TcdB requires high concentrations that are rapidly
cytotoxic and likely not representative of what one would find in an early stage of CDI.

In this study, we characterized the localization of Nectin-3 and CSPG4 within the
colon using immunofluorescence confocal microscopy. Our initial predictions that
Nectin-3 would localize to the junctions of epithelial cells and CSPG4 would localize
to fibroblasts below the crypt-surface axis were confirmed. However, we also found that
Nectin-3 and CSPG4 localized to additional and unexpected locations on epithelial cells.
In addition to the epithelial cell junctions (Fig. 3A), we found Nectin-3 localized at the
epithelial brush border in microvilli (Fig. 3B). With CSPG4, we saw robust localization with
fibroblasts along the crypt-surface axis but also at the junctions of epithelial cells (Fig.
4Q). Since epithelial cells do not express CSPG4 transcripts (Fig. 4B), we reasoned that
the CSPG4 signal represented soluble CSPG4-ECD shed by the underlying fibroblasts.
Indeed, we showed that at least one proteolytic fragment of CSPG4 is present in lysates
from murine colonic crypts (Fig. 5B), similar to an observation reported in another study
showing that a shed form of CSPG4 is present in lysates from the small intestine of mice
(27).

Since both receptors are capable of binding TcdB, we attempted to visualize
fluorescently labeled TcdB with receptors on colonic tissue. While we could show
evidence that TcdB colocalizes with Nectin-3 on colonic explants intoxicated with TcdB
(Fig. 3C), the TcdB signal was infrequent, consistent with the challenge of trying to
visualize a potent toxin in vivo. Therefore, we used cell culture models to ask whether
TcdB is capable of colocalizing with these receptors. Historically, visualization of TcdB is
challenging, with various cell lines showing little to no signal after intoxication (6). We
show that 18Co cells provided strong signal for TcdB (Fig. 1) and that both Nectin-3 and
CSPG4 are capable of colocalizing with TcdB with modest to high levels of correlation
(Fig. 2D). Our measurement of colocalization using the Manders’ correlation coefficient
showed that on average 68% TcdB signal overlapped with CSPG4 (Fig. 2C), revealing that
CSPG4 is the preferred receptor on 18Co cells. The observation that TcdB had greater
levels of colocalization with CSPG4 than Nectin-3 was surprising, as both receptors have
similar reported affinities with TcdB. In considering the possible explanations for this
difference, it could be that the receptors differ in their accessibility at the cell surface
or that the affinity of TcdB for CSPG4 on the cell surface is tighter than what was
observed with a recombinant fragment of the protein (8, 15). Alternatively, a higher
affinity interaction between TcdB and CSPG4 could be mediated through co-receptor
interactions with glycans on CSPG4 or with the various proteins CSPG4 interacts with
along the cell surface (13, 24).

The observation that a shed form of CSPG4 exists within the colon led us to test if
shed forms of CSPG4-ECD contribute to TcdB-mediated cytopathic effects. We found that
18Co cells shed abundant levels of CSPG4 into the media over time (Fig. 5C). We noted
that Caco-2 cells, which lack CSPG4 expression, accumulate CSPG4 when supported by
18Co cells on transwells (Fig. 5D). Moreover, we found that 18Co conditioned media
containing shed CSPG4 potentiated Caco2 cell rounding in response to concentrations
of TcdB2 that typically do not induce a cytopathic response (Fig. 6A). The presence of
CSPG4 in the conditioned media was required for this potentiation, as conditioned media
derived from 18Co cells treated with siRNA targeting CSPG4 (Fig. 6A) or incubated with
an antibody targeting CSPG4 (Fig. 6B) were unable to promote cell rounding. Together,
these data suggest that shed forms of CSPG4-ECD can bind the cellular junctions of
epithelial cells and could contribute to TcdB intoxication in vivo.
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The observations of this study raise a new series of questions, however. First, while the
co-localization of TcdB and Nectin-3 on the brush border provides conceptual evidence
that Nectin-3 could represent a readily accessible binding partner for TcdB being made
in the colon, we still do not know if Nectin-3 can mediate TcdB entry and intoxication in
vivo. Further studies to map the Nectin-3-TcdB binding interaction are needed to dissect
the functional importance of this interaction.

Second, while we showed CSPG4 localized at epithelial junctions in vivo and that
shed CSPG4-ECD can potentiate TcdB-induced cytopathic responses on epithelial cells
in vitro, we still do not know whether shed CSPG4-ECD potentiates TcdB intoxication of
the epithelial layer in vivo. However, such a mechanism would be consistent with studies
showing that mice infected with C. difficile experience significantly lower epithelial injury
and overall disease if CSPG4 protein expression is depleted or genetically removed (16,
46).

Third, if the shed CSPG4 ectodomain is, in fact, acting as a TcdB receptor on epithelial
cells, then what molecules are responsible for the binding and entry of TcdB-bound
CSPG4-ECD? Given the vast number of known CSPG4 binding partners, which include
growth factors as well as type V or VI collagens, perlecan, a-integrins, and galectin-3 (47—
49), we were not able to answer this question in the scope of this study. However, it is
also possible that the localization of CSPG4-ECD at the junctions provides TcdB with the
necessary co-receptor pairing for Nectin-3, FZD1/2/7, and or TFPI-mediated events. Such
pairings would not be plausible when considering cellular receptor expression profiles in
isolation but could become relevant in the environment of colonic tissue. Further studies
to examine these complex interactions in vivo are needed in the effort to identify the key
intervention points for blocking TcdB-induced pathology in CDI.

MATERIALS AND METHODS
Cell lines and reagents

18Co (CCD-18Co, ATCC) and HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), with high glucose, sodium pyruvate, L-glutamine (Gibco), and 10%
fetal bovine serum (FBS, Corning). Caco-2 (C2BBe1, ATCC) cells were cultured with Eagle’s
minimum essential medium (EMEM, ATCC) in 20% FBS. Cells were cultured in a humidi-
fied incubator at 37°C at 5% CO».

Protein expression and purification

The vector for expressing TcdB2 (pBL598) was a gift from Dr. J Ballard (University of
Oklahoma Health Sciences Center). Recombinant TcdB1 and TcdB2 were expressed and
purified from Bacillus megaterium as previously described (Table 1) (6).

TABLE 1 Bacterial strains and plasmids

mBio

Plasmid or strain Relevant genotype or features

Source, construction, or reference

Strains

B. megaterium

bm003 TcdB1 expression strain containing pBL377
bm074 TcdB2 expression strain containing pBL598
Plasmids
pBL377 TcdB1 expression vector
pBL598 TcdB2 expression vector
pLenti CMV GFP Puro (658-5) Lentiviral expression vector encoding GFP under a CMV promoter
H2B-mCherry Lentiviral expression vector encoding H2B fused to mCherry
psPAX2 2nd-Generation lentiviral packaging plasmid
pMD2.G VSV-G envelope expressing plasmid

(50)
J.Ballard

(50)

J. Ballard

(51)

(52)

Cat#12260,Addgene; RRID: Addgene_12260
Cat#12259, Addgene; RRID: Addgene_12259
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TABLE 2 Materials

Reagent Source Identifier
Antibodies and cell stains
Rabbit monoclonal anti-CSPG4 Abcam Cat#ab255811; RRID: N/A

Mouse monoclonal anti-CSPG4
Rabbit monoclonal anti-GAPDH
Rabbit anti-ZO-1

Goat anti-Nectin-3

Mouse anti-Nectin-3

Goat anti-rabbit 488

Goat anti-rabbit 546

Goat anti-mouse DyLight 680
Goat anti-rabbit DyLight 800
Donkey anti-rabbit 488
Donkey anti-goat 488

Donkey anti-goat 555

Santa Cruz Biotechnology
Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz Biotechnology
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#sc-53389; RRID: AB_784821
Cat#2118; RRID: AB_561053
Cat#61-7300; RRID: AB_2533938
Cat#PA5-47441; RRID: AB_2577074

Cat#sc-271611; RRID: AB_10709881

Cat#A-11008; RRID: AB_143165
Cat# A-11035; RRID: AB_2534093
Cat#5470; RRID: AB_10696895
Cat# 5151; RRID: AB_10697505
Cat#A-21206; RRID: AB_2535792
Cat#A-11055; RRID: AB_2534102
Cat#A-21432; RRID: AB_2535853

Alexa Fluor Plus 405 Phalloidin Thermo Fisher Scientific Cat#A30104

Alexa Fluor 546 Phalloidin Thermo Fisher Scientific Cat#A22283

Alexa Fluor 647 Phalloidin Thermo Fisher Scientific Cat#A22287
Chemicals

NHS-Janelia Fluor 669 Tocris Cat#6420

EZ-Link Sulfo-NHS-SS-Biotin Thermo Fisher Scientific Cat#21331
Cell culture reagents

PDGF-AA STEMCELL Technologies Cat#78095
Enzymes

Chondroitinase ABC from Proteus vulgaris  MilliporeSigma Cat#C3667

Labeling TcdB

TcdB1 was purified as described above but with modifications. TcdB was isolated over
an S200 column in 20 mM HEPES pH 8.3 in 50 mM NaCl. Fractions containing TcdB were
pooled and concentrated to 20-25 pM using a 100-kDa MWCO filter (MilliporeSigma). A
20-molar excess of NHS-JF-669 (Tocris) Table 2was added to TcdB and incubated at room
temperature in the dark with occasional pipetting for 2 hours. The labeling reaction was
quenched with 50 mM Tris pH 8.0 and 50 mM NaCl for 10 minutes and applied through
a PD-10 column (Cytiva) equilibrated with the same buffer to remove aggregates and
unreacted dyes. Eluted samples were applied through an S200 column and collected in
20 mM HEPES pH 8 and 50 mM NacCl. Preparations of labeled TcdB resulted in ~1.5 dye
labels per TcdB molecule.

Antibody staining

18Co cells were intoxicated with 10 nM JF669-TcdB1 for 30 minutes at 37°C. After
intoxication, cells were washed once in phosphate-buffered saline (PBS) and fixed in
4% paraformaldehyde in PBS for 15 minutes. Fixed samples were washed four times in
PBS for 5 minutes of incubation per wash and blocked in 5% normal donkey serum (NDS,
Jackson ImmunoResearch Labs) in PBS with 0.3% Triton X-100 for 1 hour at 37°C for
samples to be stained for Nectin-3 or in 5% normal goat serum (NGS, Jackson ImmunoR-
esearch Labs) in PBS with 0.3% Triton-X 100 for 1 hour at 37°C for samples to be stained
for CSPG4. Coverslips were washed once in PBS prior to incubating overnight with
primary antibodies (Table 2). Staining was performed using antibodies targeting Nectin-3
(Thermo Fisher Scientific, 1:40) prepared in 1% NDS in PBS with 0.3% TritonX-100 or
CSPG4 (Abcam, 1:250) prepared in 1% NGS in PBS with 0.3% TritonX-100 overnight at 4°C.
Coverslips were washed three times in PBS for at least 5 minutes per wash. Coverslips
were then incubated in secondary antibody Alexa Fluor-488 donkey anti-goat (Thermo
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Fisher Scientific, 1:1,000) in 1% NDS in PBS with 0.3% TritonX-100 or Alexa Fluor-488 goat
anti-rabbit (Thermo Fisher Scientific, 1:1,000) secondary antibody in 1% NGS in PBS with
0.3% Triton X-100 for 1 hour at room temperature. Next, coverslips were washed four
times in PBS with at least 5 minutes per wash, stained with DAPI, mounted onto slides
using ProLong Gold antifade (Thermo Fisher Scientific), and cured overnight in the dark.
Images of 18Co cells are shown as max intensity projections unless otherwise noted in
zoomed panels.

Optimal cutting temperature (OCT) compound from human and mouse colonic
sections was removed by incubating sections in PBS for 5 minutes. For human tissue,
slides were fixed in 4% paraformaldehyde for 10 minutes and washed three times in
PBS with 5 minutes per wash. Human sections that were to be stained for Nectin-3
were blocked in 5% NDS in PBS with 0.3% Triton X-100 for 1 hour. Human and mouse
tissue sections that were to be stained for CSPG4 were blocked in 5% NGS in PBS with
0.3% Triton X-100 for 1 hour at room temperature. Sections were briefly washed in
PBS and then incubated overnight in primary antibodies targeting Nectin-3 (Thermo
Fisher Scientific, 1:40) in 1% NDS in PBS with 0.3% Triton X-100 or in primary antibodies
targeting CSPG4 (Abcam, 1:250) in 1% NGS in PBS with 0.3% Triton X-100 at 4°C. The
following day, slides were washed three times in PBS for 5 minutes per wash and
incubated for 1 hour at room temperature in secondary antibody Alexa Fluor-488 donkey
anti-goat (Thermo Fisher Scientific, 1:200) and Alexa Fluor-546 phalloidin in 1% NDS
in PBS with 0.3% Triton X-100 for slides stained for Nectin-3 or in secondary antibody
Alexa Fluor-488 goat anti-rabbit (Thermo Fisher Scientific, 1:200) and Alexa Fluor-647
phalloidin (Thermo Fisher Scientific, 1:200) in 1% NGS in PBS with 0.3% Triton X-100 for
slides stained for CSGP4. Finally, sections were briefly stained with DAPI and washed four
times in PBS with 5 minutes per wash. Stained tissues were mounted in ProLong Gold
antifade, covered with 1.5 coverglass, and cured overnight.

Caco-2 cells on coverslips were grown for 20 days before washing once in PBS and
fixed in ice-cold 1:1 acetone:methanol at —20°C for 15 minutes. Fixed cells were washed
four times in PBS with 3.5 minutes of incubation per wash and blocked in 5% NDS in
PBS with 0.3% Triton X-100 for 1 hour at 37°C. Coverslips were washed once in PBS
prior to incubating overnight with primary antibodies. Staining was performed using
antibodies targeting Nectin-3 (Thermo Fisher Scientific, 1:40) and ZO-1 (Thermo Fisher
Scientific, 1:50) prepared in 1% NDS in PBS with 0.3% Triton X-100 overnight at 4°C.
Coverslips were washed three times in PBS for at least 5 minutes per wash. Coverslips
were then incubated in Alexa Fluor-488 donkey anti-rabbit (Thermo Fisher Scientific,
1:1,000), Alexa Fluor-555 donkey anti-goat (Thermo Fisher Scientific, 1:1,000), and Alexa
Fluor-647 phalloidin (Thermo Fisher Scientific, 1:200) in 1% NDS in PBS with 0.3% Triton
X-100. Next, coverslips were washed four times in PBS with at least 5 minutes per wash
and mounted onto slides using ProLong Gold antifade (Thermo Fisher Scientific) and
cured overnight. Images are shown as max intensity projections and contrast enhanced
using ImageJ (NIH). Orthogonal views were generated in ImageJ.

Caco-2 cells on transwell membranes that were fixed and permeabilized were blocked
for 1 hour in 5% NGS in PBS with 0.3% Triton X-100 for 1 hour at room tempera-
ture and briefly washed in PBS, removing the supernatant by inverting the transwell
insert. Blocked transwells were incubated in antibodies targeting CSPG4 (Abcam, 1:250)
overnight in 1% bovine serum albumin fraction V (BSA, VWR) in PBS with 0.3% Triton
X-100 at 4°C. The following day, the membranes were washed in PBS three times at 5
minutes per wash and incubated in secondary antibody Alexa Fluor-546 goat anti-rabbit
(Thermo Fisher Scientific, 1:1,000) and Alexa Fluor Plus-405 phalloidin (Thermo Fisher
Scientific, 1:200) in 1% BSA in PBS with 0.3% Triton X-100 for 1 hour at room temperature.
Transwells were then washed four times in PBS, and the membrane was excised from the
transwell insert using a scalpel. Membranes were placed on a slide and a 1.5 coverslip
containing Prolong Gold antifade was placed onto each membrane. Mounted mem-
branes were cured overnight in the dark. Images are shown as max intensity projections
with en face views of the entire cell and were contrast enhanced using ImageJ (NIH).
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Cropped planes and X-Z images are shown as max projections along a single cell in the
monolayer to present an intracellular CSPG4 signal within the cell.

Confocal and super-resolution microscopy

Confocal imaging of Caco-2 cells and 18Co cells intoxicated with only JF669-TcdB1
was conducted using a Zeiss LSM 710 META inverted microscope equipped with a
Plan-Apochromat (Apo) 63x/1.4 NA objective lens and 405 and 633 nM excitation
LASERs. Confocal imaging of Nectin-3 or CSPG4 immunostained human tissue and 18Co
cells immunostained for receptors and intoxicated with JF669-TcdB1 were imaged using
a Nikon Spinning Disk microscope equipped with a Plan-Apo 60x/1.4 NA objective
lens and 405, 488, 561, and 647 nm excitation LASERs. Confocal imaging of CSPG4
immunostained mouse tissue, Caco-2 cells immunostained for Nectin-3, or Caco-2 cells
grown on transwells and immunostained for CSPG4 was performed using a Zeiss LSM980
microscope with Airyscan 2 equipped with a Plan-Apo 63x/1.4 NA objective lens, an
Airyscan detector, and 405, 445, 488, 514, 561, and 639 nm excitation LASERs. Super-
resolution imaging of human colonic tissue stained for Nectin-3 was performed using
a Nikon Structured Illumination microscope equipped with an Andor DU-897 EMCCD
camera, a 100x/1.49 NA TIRF oil immersion objective, and 405, 488, 561, and 647 nm
LASERs. The Nikon Elements software was used to reconstruct images. LASER intensities
and camera gain were matched between samples for each experimental condition.

Analysis of colocalization of receptors and TcdB in 18co cells

Confocal images were analyzed in ImageJ (NIH) using the EZcolocalization plugin (53).
Images generated from the same imaging experiments were thresholded with the same
values prior to quantifying colocalization using EZcolocalization. No region of interest
was used in this analysis. Manders’ and Pearson correlation coefficients generated
from EZcolocalization were plotted in R (v4.2.0) using the R packages ggplot2 (v3.4.0),
ggbeeswarm (v0.6.0), and ggprism (v1.0.4) (54-57).

siRNA knockdown of CSPG4

All siRNA stocks were purchased from Horizon Discovery and resuspended to 10 um. To
prepare the siRNA for transfection, 2 L of the 10 uM stocks of non-targeting control
siRNA (D-001210-2) or siRNA targeting CSPG4 (L-011632-01) was diluted into 18 uL of
serum-free DMEM. Meanwhile, 12 pL of RNAiMax (Thermo Fisher Scientific) was added to
388 L of serum free DMEM. The transfection reagent mixture was then mixed with the
siRNA and incubated at room temperature for 15 minutes. This siRNA:RNAiMax solution
was transferred into a six-well dish and a suspension of 170,000 18Co cells in 1.6 mL
complete media was added. The molarity of siRNA in these conditions was 10 nM. After
24 hours, the media was replaced with fresh media and grown for additional 48 hours.
Knockdowns were confirmed by western blot from cells lysed with TritonX-100 lysis
buffer, consisting of 50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and
HALT protease inhibitor (Thermo Fisher Scientific).

18co conditioned media purification

18Co cells were seeded into six-well dishes at 170,000 cells per well in 2 mL of complete
media. The conditioned media from all conditions were collected at 72 hours, and the
cellular debris was pelleted at 300 g for 10 minutes in a swinging-bucket centrifuge (58).
The supernatant was filtered with a 0.45-um filter and stored at —20°C for short-term
storage or at —70°C for long-term storage.

Caco-2 CSPG4-ECD uptake assays

For experiments analyzed by western blotting, 70,000 Caco-2 cells were seeded on
12 mm polycarbonate cell inserts with 8.0 um pores (MilliporeSigma), and 1,000,000
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18Co cells were seeded into the bottom wells of the dish. The cell inserts were collected
on days 1, 3, and 5 and lysed in 35 pL of Triton X-100 lysis buffer. Caco-2 cells grown
for 5 days on the cell inserts were used as a negative control. The entire volume
of cell lysates collected from these experiments was analyzed by western blot. For
imaging experiments, 70,000 Caco-2 cells were seeded into transwells made with 12 mm
polyester membranes with 0.4 um pores (Corning) and grown above 100,000 18Co cells
for 5 days. Caco-2 cells on transwells were washed twice in PBS and fixed for 20 minutes
in 4% paraformaldehyde in PBS. Washes and removal of any reagents were performed
by inverting the insert as mechanical forces could result in loss of the cell monolayer.
After fixation, the cells were washed in PBS for 5 minutes per wash, permeabilized for
15 minutes using 0.3% Triton X-100 in PBS, and stained as described in the “Antibody
staining” above.

For experiments analyzed by western blotting, 70,000 Caco-2 cells were seeded on
12 mm polycarbonate cell inserts with 8.0 um pores (MilliporeSigma), and 1,000,000
18Co cells were seeded into the bottom wells of the dish. The cell inserts were collected
on days 1, 3, and 5 and lysed in 35 pL of Triton X-100 lysis buffer. Caco-2 cells grown
for 5 days on the cell inserts were used as a negative control. The entire volume
of cell lysates collected from these experiments was analyzed by western blot. For
imaging experiments, 70,000 Caco-2 cells were seeded into transwells made with 12 mm
polyester membranes with 0.4 um pores (Corning) and grown above 100,000 18Co cells
for 5 days. Caco-2 cells on transwells were washed twice in PBS and fixed for 20 minutes
in 4% paraformaldehyde in PBS. Washes and removal of any reagents were performed
by inverting the insert as mechanical forces could result in loss of the cell monolayer.
After fixation, the cells were washed in PBS for 5 minutes per wash, permeabilized for
15 minutes using 0.3% Triton X-100 in PBS, and stained as described in the “Antibody
staining” aboveMouse crypt isolation

Crypt isolation was performed as previously described but with modifications (59).
Mouse colonic tissue was prepared by first washing luminal contents with cold PBS to
remove fecal pellets. The colon was then opened longitudinally and washed at least
three times with cold PBS. Next, the samples were washed twice in cold 25 mM EDTA for
approximately 3 minutes per wash. Colonic tissue was incubated in cold 25 mM EDTA on
ice for 30 minutes with occasional inversions. After 30 minutes, the samples in 25 mM
EDTA were shaken, and the supernatant was collected and kept on ice. This process was
repeated two additional times. The collected supernatant was strained through a 70-um
mesh filter and pelleted at 600 g for 5 minutes. These crypt pellets were resuspended in
PBS and visualized on a brightfield microscope at 10x magnification. Crypts were once
again pelleted, and the supernatant was removed. Isolated crypts were then lysed in
Triton X-100 lysis buffer and analyzed by western blot for CSPG4.

Chondroitinase ABC treatment of 18Co cells and conditioned media

18Co cells were seeded into six-well dishes at 170,000 cells per well in 2 mL of com-
plete media. After 72 hours, the conditioned media was collected, and cells were
washed 1 time in PBS. To remove chondroitin sulfates from 18Co cells, chondroitinase
ABC (MilliporeSigma) prepared in 50 mM Tris pH 8.0 and 50 mM sodium acetate
at a final concentration of 0.1 units/mL was applied to cells for 1 hour at 37°C. To
remove chondroitin sulfates from shed CSPG4 in the conditioned media, 0.1 units/mL of
chondroitinase ABC was added to 1 mL of conditioned media and incubated at 37°C for
1 hour. Cells were lysed in Triton X-100 lysis buffer, and conditioned media were pelleted
and filtered as previously described.

Intoxication of Caco-2 for cell rounding

Caco-2 expressing GFP and H2B-mCherry were seeded into a 96-well plate at 25,000
cells per well in complete EMEM. After growing cells for 48 hours, media from wells
were removed and replaced with 90 uL with complete DMEM, or, for experiments using
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18Co conditioned media, with 90 pL of non-targeting silLuciferase control media or
90 pL siCSPG4 media. Finally, 10 pL of a stock solution of 10 pM TcdB2 was added to
the cells. After intoxication, brightfield and fluorescence images were collected every
45 minutes on a Cytation 5 imager (BioTek) with an atmosphere of 5% CO, and 37°C
temperatures. A manuscript documenting the generation of Caco-2 expressing GFP
and H2B-mCherry cell lines and the cell rounding analysis tools is in preparation. See
supplemental methods for additional detail.

CSPG4 antibody-blocking experiments

Caco-2 cells expressing GFP and H2B-mCherry were plated into 96-well dishes at a
density of 25,000 cells per well. After 48 hours, an antibody targeting CSPG4 (SantaCruz,
20 pg/mL) was added to the conditioned media and incubated at room temperature for
30 minutes. Untreated conditioned media or antibody-treated conditioned media was
added to cells, and cells were intoxicated with 1 pM TcdB as previously described and
imaged as previously described.

Western blotting

Cell lysate concentrations were determined with a BCA Protein Assay Kit (Thermo
Fisher Scientific). Unless specified, 20 pg of protein from cell lysates was boiled in
Laemmli buffer prior to loading on 4-20% Mini-PROTEAN TGX stain-free gels (BioRad)
for SDS-PAGE. Stain-free gels were activated and imaged on a BioRad Gel Doc EZ or a
BioRad ChemiDoc MP prior to transfer. Proteins were transferred onto polyvinylidene
difluoride at 100 V for 70 minutes in Towbin buffer lacking methanol and membranes
were blocked in 5% milk in PBS for 1 hour. Membranes were incubated overnight in
primary antibodies against CSPG4 (Abcam, 1:2,000) or GAPDH (CST, 1:5,000) at 4°C in 5%
milk in PBST when appropriate. Membranes were washed three times in PBST, with 5
minutes per wash, and incubated for 1 hour in secondary antibodies Dylight-680 goat
anti-mouse (CST, 1:10,000), DyLight-800 goat anti-rabbit (CST, 1:10,000) in 5% Milk in
PBST for 1 hour at room temperature. Membranes were washed three times in PBST and
once in PBS prior to protein detection on a Licor Odyssey imager or BioRad ChemiDoc
MP imager. Full images of uncropped westerns from immunofluorescent images or gels
are available in Supplemental Materials (Fig. S5 and S6).

Tissue preparation

Human colonic tissue was obtained from the Cooperative Human Tissue Network from
consenting and deidentified donors under Institutional Review Board-approved protocol
031078. To prepare human frozen colonic tissue samples, ascending colon tissue was
first dissected into sections and washed with PBS supplemented with 1.2 mM CaCl,
and T mM MgCl,. If colonic sections were to be used for intoxication experiments, the
dissected samples were then incubated in complete DMEM in the presence or absence
of 10 nM TcdB1-JF669 at 37°C for 1 hour. Sections were then incubated in Tissue-Tek OCT
compound and snap-frozen in a dry ice-cooled ethanol bath. Mouse colonic tissue from
wild-type and CSPG4 knockout mice was prepared by flushing luminal contents with PBS
supplemented with 1.2 mM CaCl; and 1T mM MgCl,. Colons were cut along their length
and fixed in 2% paraformaldehyde in PBS for 2 hours at room temperature with gentle
agitation. Tissues were then washed three times in PBS and incubated overnight at 4°C in
PBS supplemented with 30% sucrose and 1% sodium azide. The following day, samples
were quickly dipped in the OCT compound, rolled along their length, submerged in OCT,
and snap-frozen in a dry ice-cooled ethanol bath. All OCT-embedded samples were cut
into 10 uM sections and mounted onto positively charged slides for immunofluorescence
staining and confocal microscopy.
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Single-cell RNA sequencing analysis

Pre-processed data sets of human colonic epithelial tissue were procured from the
Space-Time Gut Cell Atlas (https://www.gutcellatlas.org/) (37). ScanPy (v1.9.1), NumPy
(v1.22.4), Anndata (v0.8.0), Pandas (v1.1.2), and bbknn (v1.5.1) were used to analyze this
published data set as previously described (60-64). Cells annotated as healthy adult
tissue from the appendix, large intestine, rectum, and small intestines were subsetted
from the original data set. Cell-type annotations were included by the original authors
of the data set and methods were verified for consistency. Epithelial cells along the
intestines were plotted for CSPG4 or EPCAM expression using the ScanPy dotplot
function. Dot plot figures were generated with ScanPy using a standard_scale = var and
vmax = 0.8.
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