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Toxin-producing strains of Clostridioides difficile and Clostridium perfringens cause
infections of the gastrointestinal tract in humans and ruminants, with the toxins being
major virulence factors, essential for the infection, and responsible for the onset
of severe symptoms. C. difficile toxin A (TcdA) and toxin B (TcdB), and the large
cytotoxin (Tpel) from C. perfringens are single chain bacterial protein toxins with an
AB-like toxin structure. The C-terminal delivery domain mediates cell entry of the
N-terminal glycosyltransferase domain by receptor-mediated endocytosis. Several cell
surface proteins have been proposed to serve as toxin receptors, including chondroitin-
sulfate proteoglycan 4 (CSPG4), poliovirus receptor-like 3 (PVRL3), and frizzled-1/2/7
(FZD1/2/7) for TcdB and LDL-receptor-related protein-1 (LRP1) for Tpel.. The expression
of the TcdB receptors was investigated in human intestinal organoids (HIOs) and in
cultured cell lines. HIOs from four human donors exhibited a comparable profile of
receptor expression, with PVRL3, LRP1, and FZD7 being expressed and CSPG4 and
FZD2 not being expressed. In human epithelial Caco-2 cells and HT29 cells as well as
in immortalized murine fibroblasts, either receptor FZD2/7, CSPG4, PVRL3, and LRP1
was expressed. The question whether the toxins take advantage of the normal turnover
of their receptors (i.e., constitutive endocytosis and recycling) from the cell surface or
whether the toxins activity induce the internalization of their receptors has not yet been
addressed. For the analysis of receptor internalization, temperature-induced uptake of
biotinylated toxin receptors into immortalized mouse embryonic fibroblasts (MEFs) and
Caco-2 cells was exploited. Solely LRP1 exhibited constitutive endocytosis from the
plasma membrane to the endosome, which might be abused by Tpel (and possibly
TcdB as well) for cell entry. Furthermore, internalization of CSPG4, PVRL3, FZD2, and
FZD7 was observed neither in MEFs nor in Caco-2 cells. FZD2/7, CSPG4, and PVRL3
did thus exhibit no constitutive recycling. The presence of TcdB and the p38 activation
induced by anisomycin were not able to induce or enhance CSPG4 or PVRL3 uptake in
MEFs. In conclusion, FZD2/7, CSPG4, and PVRL3 seem to serve as cell surface binding
receptors rather than internalizing receptors of TcdB.

Keywords: clostridial glycosylating toxins, human intestinal organoids, endocytosis, receptors, cell surface,
Clostridium perfringens, fibroblasts/myofibroblast, clostridioides difficile infection
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INTRODUCTION

The large clostridial glucosylating toxins (LCGTs), are single
chain bacterial protein toxins with molecular masses ranging
from 191 to 308 kDa and an AB-like toxin structure. The
C-terminal delivery domain mediates cell entry of the N-terminal
glycosyltransferase  (GT) domain by receptor-mediated
endocytosis. The internalized glucosyltransferase domain
associates with membrane phosphatidylserine facilitating
mono-O-glucosylation of Rho-/Ras-GTPases. The LCGT
family encompasses toxin A (TcdA) and toxin B (TcdB) from
Clostridioides difficile, the lethal (TcsL), and the hemorrhagic
toxin (TcsH) from Clostridium sordellii, and the C. perfringens
large cytotoxin (TpeL). Treatment of cultured cells with TcdA
and TcdB results in actin re-organization and (at higher toxin
concentrations) in cell death, which correlates with a loss
of colonic barrier function, massive inflammation, and the
formation of pseudomembranes observed in C. difficile-infected
patients (Genth et al., 2014; Aktories et al., 2017; Chandrasekaran
and Lacy, 2017; Popoft, 2017).

Several cell surface proteins have been proposed to serve as
receptors of TcedB, TcdA, and TpeL (Gerhard, 2017), including
chondroitin-sulfate proteoglycan 4 (CSPG4) (Yuan et al., 2015;
Gupta et al.,, 2017), poliovirus receptor-like 3 (PVRL3) (LaFrance
et al., 2015), and Frizzled-1/2/7 (FZD1/2/7) (Tao et al., 2016;
Chen et al., 2018) for TcdB, glycoprotein-96 (gp96) (Na et al.,
2008), and sucrase-isomaltase (SI) (Pothoulakis et al., 1996)
for TcdA, and LDL-receptor-related protein-1 (LRP1) for TpeL
(Schorch et al., 2014). In addition, LRP1 has most recently been
proposed to serve as a cell entry receptor for TcdB as well (TcdB
receptor-2; Guo et al., 2017). The question whether the toxins
take advantage of the normal turnover of their receptors (ie.,
constitutive endocytosis and recycling) on the cell surface or
whether the toxins activity induce the internalization of their
receptors has not yet been addressed. The observations of this
study suggest that LRP1 exhibits constitutive recycling from the
plasma membrane to the endosome, which might be exploited
by TpeL and possibly TcdB for cell entry. In contrast, FZD2/7,
CSPG4 or PVRL3 did neither exhibit constitutive endocytosis nor
was their endocytosis induced in the presence of TcdB.

RESULTS

Expression of CSPG4, PVRL3, LRP1, and
FZD2/7 in Cell Lines and Human

Intestinal Organoids

Several cell lines were analyzed for expression of CSPG4
(250 kDa), PVRL3 (65 kDa), LRP1 (100 kDa), and FZD2/7
(65 kDa) (Figure 1). The following receptors were expressed
in fetal calf serum (FCS) cultured subconfluent cells: Caco-2
cells: PVRL3, LRP1, CSPG4, FZD2/7, gp96; HT29 cells: PVRL3,
FZD7, gp96, LRP1, CSPG4, and FZD2 (with the later three to
minor extent); SV40-immortalized mouse embryonic fibroblasts
(MEFs): LRP1, CSPG4, gp96, PVRL3, and FZD2/7 (with the
latter three to minor extent). Expression of CSPG4 was analyzed
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FIGURE 1 | Expression of toxin receptors in human intestinal organoids (HIO)
and cell lines. Human intestinal organoids from four donors (D1-4) cultured in
matrigel and subconfluent human intestinal epithelial (Caco-2) cells, human
colon adenocarcinoma (HT29) cells, and SV40-immortalized mouse
embryonic fibroblasts (MEFs) were lysed in Laemmli sample buffer. The
expression of the indicated toxin receptors was analyzed by immunoblotting
with gp96 serving as loading control. Representative immune-blots are from
one of three independent experiments.

exploiting the two distinct antibodies CSPG4(ab139406) and
CSPG4(ab4235). Either antibody detected CSPG4 in fibroblasts,
while only CSPG4(ab4235) was capable of detecting CSPG4 in
Caco-2 and HT?29 cells (Figure 1). However, these data show all
TcdB receptors were expressed in any of the three cell lines tested
albeit to distinct extent.

Next, expression of TcdB receptors was evaluated in human
intestinal organoids (HIO) from four human donors. In all four
HIOs, expression of FZD7 (65 kDa), PVRL3 (65 kDa), and
LRP1 (100 kDa) but of neither CSPG4 (250 kDa) nor FZD2
was observed (Figure 1). The HSP90 paralog gp96, a receptor
candidate for the related TcdA, was used as a loading control,
as gp96 is expressed in every cell line and in every HIO tested
(Figure 1).

Internalization of LRP1 (Neither FZD2/7,
CSPG4 Nor PVRLJ) Into Fibroblasts and
Caco-2 Cells

Fibroblasts and Caco-2 cells were next chosen as a cell culture
model for studying temperature-induced internalization
of reversibly biotinylated FZD2/7, CSPG4, PVRL3, and
LRP1 (Lindner, 2002; Knorr et al, 2009). Removal of all
biotin, that remains surface-exposed, by treatment with cell-
impermeable glutathione (GSH) on ice was exploited to
differentiate between internalized and cell surface proteins.
Upon cell lysis, internalized biotinylated proteins were
retrieved by neutravidin-agarose matrices and their levels
were analyzed by immunoblotting. The transferrin receptor
(TfR) represents the prototype of a cell surface receptor that
is endocytosed by clathrin-dependent endocytosis (CDE),
the endocytotic pathway exploited by TcdB (Papatheodorou
et al, 2010). Biotinylated TfR (i.e., TfR previously present
on the cell surface) was rapidly internalized into fibroblasts
(Figures 2A-C) and Caco-2 cells (Figures 3A,B), with TfR
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FIGURE 2 | Internalization of toxin receptors. Internalization of reversibly biotinylated cell surface proteins into serum-cultured murine fibroblasts (MEFs) either left
non-treated (A) or treated with TcdB (B) was induced by temperature shift to 37°C. Cells were collected at the indicated times. Cells were either left non-treated or
exposed to GSH on ice to strip off biotin from still surface-exposed molecules. Biotinylated proteins were retrieved on neutravidin-agarose, eluted, and analyzed by
immunoblotting. (C) Internalization of toxin receptors into non-treated fibroblasts was quantified by densitometry of immunoblot (n = 3). (D) Lysate from non-treated
fibroblasts (lysate) and immunoprecipitate biotinylated cell surface proteins were subjected to immunoblotting and analyzed with the indicated CSPG4 antibodies.

immunoblots are from one of three independent experiments.

(E) Internalization of biotinylated cell surface proteins was further analyzed in serum-starved fibroblasts pretreated anisomycin (30 M, E). Representative

being first detected 2 min after endocytosis induction through
temperature shift to 37°C. These observations served as
a control for endocytosis under the chosen experimental
conditions.

Internalization of PVRL3 into fibroblasts (Figures 2A-C)
and Caco-2 cells (Figures 3A,B) was not observed upon
endocytosis induction through temperature shift to 37°C. The
latter finding suggests that PVRL3 does not serve as a primary

endocytic receptor, an observation also reported for the related
PVRL1 (Stiles and Krummenacher, 2010). PVRLI1, however, is
internalized upon binding of the HSV glycoprotein D (gD) (Stiles
and Krummenacher, 2010), leading to the hypothesis that PVRL3
internalization is induced by TcdB. Internalization of PVRL3 into
fibroblasts was not observed in the presence of TcdB (Figure 2B),
suggesting that the presence of TcdB is not sufficient for inducing
PVRL3 internalization.
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FIGURE 3 | Internalization of toxin receptors into Caco-2 cells. (A) Internalization of reversibly biotinylated cell surface proteins into serum-cultured Caco-2 cells was
induced by temperature shift to 37°C. Cells were collected at the indicated times. Cells were either left non-treated or exposed to GSH on ice to strip off biotin from
still surface-exposed molecules. Biotinylated proteins were retrieved on neutravidin-agarose, eluted, and analyzed by immunoblotting. Representative immunoblots
are from one of two independent experiments. (B) Internalization of toxin receptors was quantified by densitometry of immunoblot (n = 2).

Biotinylated CSPG4 and FZD2 were exclusively found
at the plasma membrane of fibroblasts (Figure 2A) upon
endocytosis induction through temperature shift to 37°C,
suggesting that CSPG4 and FZD2 do not undergo constitutive
endocytosis (Figures 2A-C). In Caco-2 cells, FZD2/7 was also
exclusively found at the plasma membrane (Figures 2A-C)
upon endocytosis induction, suggesting that FZD2/7 do not
undergo constitutive endocytosis (Figures 3A,B). Remarkably,
biotinylation of CSPG4 resulted in interfered immunoblot
detection by CSPG4(ab4235), while biotinylated CSPG4 seems
to be preferably detected by CSPG4(ab139406) (Figure 2D). As
exclusively CSPG4(ab4235) was capable of detecting CSPG4 in
Caco-2 cells (Figure 1), the analysis of CSPG4 internalization
into Caco-2 cells was precluded. The presence of TcdB did not
facilitate internalization of CSPG4 into fibroblasts, comparable
to PVRL3 (Figure 2B). Finally, in the absence (as well as
in the presence) of TcdB, LRP1 was rapidly internalized into
fibroblasts with kinetics comparable to that observed for TfR
(Figures 2A-C). Furthermore, rapid internalization of LRP1 was
also observed into Caco-2 cells (Figures 3A,B). Out of the TcdB
receptors tested, solely LRP1 exhibits constitutive recycling from
the plasma membrane to the endosome, which might be exploited
by TpeL and possibly TcdB for entry into fibroblast and Caco-2
cells.

Activation of p38 MAP Kinase Does Not
Facilitate the Internalization of PVRL3
and CSPG4 Into Fibroblasts

Activation of p38 MAP kinase has been shown to facilitate
internalization of (non-occupied) cell surface receptors,
including epidermal (EGFR) and fibroblast growth factor
(FGFR) receptors (Cuadrado and Nebreda, 2010; Tomas
et al, 2014; Tan et al., 2016). TcdB is well established to
activate mitogen-activated protein (MAP) kinases of the p38
family (Bobo et al., 2013; Schelle et al., 2016), which leads to

the hypothesis that stress-induced p38 activation facilitates
internalization of PVRL3 and CSPG4. The antibiotic anisomycin,
a pyrrolidine inhibitor of protein synthesis, is a potent activator
of p38 MAP kinase and has been exploited as an inducer
of cell surface receptor internalization in various studies
(Hazzalin et al., 1998; Tan et al, 2016). Upon treatment of
serum-starved MEFs, anisomycin-induced p38 activation by
factor 5 = 3 (compared with mock-treated cells), as analyzed
in terms of increasing concentrations of pT180Y182-p38 MAP
kinase (data not shown). Internalization of neither CSPG4
nor PVRL3 into anisomycin-treated fibroblasts was observed
(Figure 2E), excluding p38 activation as a trigger of CSPG4 or
PVRL3 internalization. In contrast, endocytosis of LRP1 into
anisomycin- and control fibroblasts was similar (Figure 2E). In
sum, endocytosis of PVRL3 and CSPG4 into fibroblasts is not
observed.

DISCUSSION

Several cell surface receptors have been proposed for TcdB: (i)
PVRL3 (also referred to as Nectin-3) belongs to the nectin family
of immunoglobulin (Ig) superfamily proteins (nectin-1 to -4).
PVRLI-4 are involved in cell-cell-adhesion mediated by their
extracellular Ig-like ectodomains. PVRLI and PVRL2 serve as cell
entry receptors for Herpes simplex-1/2 virus (HSV-1/2) (Samanta
and Almo, 2015). (ii) CSPG4 [also named nerve/glial antigen
2 (NG2)] is a single pass type I membrane glycoprotein with
the core protein exhibiting a molecular mass of 250 kDa. The
large ectodomain is subdivided into three structural domains, a
globular domain of two laminin G-type regions (harboring the
TcdB binding site), a central region of 15 repeats containing
7 Ser-Gly motifs (harboring the consensus motif SGXG for
glycosaminoglycan attachment), and the membrane proximal
globular D3 domain (harboring 6 of the 15 potential sites for
N-linked glycosylation) (Yuan et al., 2015; Gupta et al., 2017).
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(iii) FZD receptors are heptahelical receptors for Wnt proteins,
which bind to the extracellular cysteine-rich domain (CRD) of
FZD receptors. The CRD of FZD1/2/7 has most recently been
suggested to mediate cell surface binding of TcdB (Chen et al,,
2018). (iv) LRPI, the cell surface receptor of the related TpeL,
belongs to the low density lipoprotein (LDL) receptor family,
whose members regulate lipid metabolism (Schorch et al.,, 2014).
LRP1 further serves as a cell entry receptor of pseudomonas
exoenzyme A (Kounnas et al., 1992) and of a minor-group
common cold virus (Hofer et al., 1994).

Human intestinal organoids are an in vitro “mini-gut” model
that reflects many important features of the colonic epithelium
in vivo (Date and Sato, 2015). HIOs from four human donors
exhibit a comparable expression profile for the five TcdB
receptors candidates tested, with FZD7, PVRL3, and LRP1 being
expressed and CSPG4 and FZD2 not being expressed (Figure 1).
FZD?7 expression seems to be required for the formation of mini-
gut organoids with characteristics of the intact epithelium, as
conditional deletion of FZD7 results in organoid death (Flanagan
etal., 2015). Alack of CSPG4 expression has also been observed in
mouse intestinal organoids (Tao et al., 2016). CSPG4 expression is
found in intestinal subepithelial myofibroblasts (ISEMFs), which
has led to the view that besides colonic epithelial cells ISEMFs
are targeted by TcdB as well (Terada et al,, 2006; Tao et al,
2016).

Evaluation of the internalization of TcdB receptors into
fibroblasts (Figures 2A-C) and Caco-2 cells (Figures 3A,B)
revealed that LRP1 (neither of FZD2/7, CSPG4 nor PVRL3) was
endocytosed to a similar extent as TfR. Comparable results were
obtained in the presence of TcdB and anisomycin-induced p38
MAP kinase activation, excluding that TcdB or p38 activation
triggers receptor internalization (Figures 2C,D). Consistently,
uptake of TcdB into fibroblasts has recently been shown not to be
responsive to inhibition of p38 MAP kinase (Schelle et al., 2016).
These observations enforce the view that, FZD1/2/7, CSPG4,

and PVRL3 are not internalizing receptors. In contrast, LRP1
exhibits constitutive recycling from the plasma membrane to
the endosome, which might be exploited by TpeL (and possibly
by TcdB as well) for entry into fibroblasts and Caco-2 cells.
Several members of the LDL receptor family (including LRP1 and
LRP5/6) have been presented to bind FZD receptors and to act
as Wnt co-receptors (Zilberberg et al., 2004; Dieckmann et al.,
2010). The observations of this study favor a two receptor model
of the cellular uptake of TedB (Genth and Just, 2015) (Figure 4):
TcdB binds to FZD1/2/7, CSPG4, and PVRL3, either of which
receptors exhibits (if any) a low internalization rate. Initial (low
affinity) binding allows enrichment of TcdB at the surface of
ISEMFs or cultured colonic epithelial cells. TedB bound to either
FZD1/2/7, CSPG4, and PVRL3 subsequently meets the receptor
with a high internalization rate (possibly LRP1) that facilitates
endocytosis of TcdB.

MATERIALS AND METHODS

Ethics Statement

Surgical material from colon tissue was removed at Hannover
Medical School. The study design was approved by the local
ethics committee (approval number 3082-2016) and each patient
has given well-informed written consent.

Human Intestinal Organoids

Organoids were grown from surgically removed intestinal tissue
using a modification of the procedure described (VanDussen
et al., 2015). Briefly, the mucosa of a 0.5 cm? piece of colonic
tissue was lifted off the muscle layer and cut into small pieces.
After washing, tissue pieces were incubated with chelating buffer
[10 mM ethylenediaminetetraacetic acid (EDTA) in PBS, pH8.0]
at 4°C for 90 min with shaking to remove the epithelial layer.
Isolated crypts were washed twice with PBS and 500 crypts were
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resuspended in 50 pl growth factor reduced matrigel (Corning)
and seeded into a well of pre-warmed 24-well culture dish.
After solidification of matrigel for 30 min at 37°C, 1 ml of
organoid growth medium (advanced DMEM/F12 supplemented
with 2 mM GlutaMax, 10 mM HEPES, 100 U/ml penicillin,
100 pg/ml streptomycin, B27 supplement (1X, Gibco), 50 ng/ml
recombinant EGF (Peprotech), 500 nM A83-01 (Tocris), 10 oM
SB202190 (Tocris), 10 nM gastrin I (Tocris), 1 mM N-acetyl-L-
cysteine (Sigma), and 50% supernatant of L-WRN cells (ATCC®
CRL-3276™, containing Wnt3a, R-spondin and Noggin). 10 pM
Y27623 (Tocris) was added to the medium on the day of isolation
but omitted thereafter. Organoids were grown for 7 days and
medium was replaced with fresh medium every other day. After
7 days, organoids from 3-wells were isolated by addition of
ice-cold PBS, pooled and resuspended in 100 pl of Laemmli
buffer.

Materials

Toxin B was prepared from C. difficile strain VPI10463. Toxin
was produced and purified yielding only one band on SDS-
PAGE as previously described (Popoff, 1987; Genth et al,
2000). Anisomycin was obtained from Calbiochem, Darmstadt,
Germany. Sulfo-NHS-SS-biotin and neutravidin-agarose were
bought from ThermoFisher. GSH, phenylmethanesulfonyl
fluoride (PMSF), E-64, and iodacetamide were purchased from
Sigma. Leupeptin and pepstatin were obtained from Biomol.

Cell Culture

SV40-immortalized MEFs, the human colon adenocarcinoma cell
line HT29, and the human intestinal epithelial cell line Caco-
2 were subconfluently cultured in Dulbecco’s Modified Eagle’s
Medium high glucose supplemented with 10% FCS, 100 pg/ml
penicillin, 100 U/ml streptomycin at 37°C and 5% CO5.

Cell Surface Biotinylation and
Endocytosis Assay

Cell surface biotinylation of MEFs and internalization was
performed as described (Lindner, 2002; Knorr et al, 2009).
Briefly, cells were detached with 7.5 mM EDTA in PBS for
10-15 min, washed and resuspended in Hanks balanced salt
solution (HBSS). 0.5 mg/ml biotinylation reagent Sulfo-NHS-
SS-Biotin (Pierce) was added for 30 min on ice before stopping
the reaction with chilled culture medium supplemented with
50 mM glycine. After washes with cold HBSS, endocytosis
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was started by incubating the labeled cells with 37°C warm
endocytosis medium (EM) for 2-16 min at 37°C. Endocytosis
was stopped by adding ice-cold EM followed by GSH-stripping
of remaining surface biotin. Cells were lysed in buffer (50 mM
TRIS pH 7.5, 100 mM NaCl, 1% TX-100 supplemented
with leupeptin, PMSF, E-64, pepstatin, and iodoacetamide).
After ultracentrifugation, internalized biotinylated proteins
were isolated from the supernatant with neutravidin-agarose
(ThermoFisher) and subjected to immunoblotting.

Immunoblotting

Proteins were separated using 10% polyacrylamide gels und
transferred onto nitrocellulose for 2 h at 120 V, followed by
blocking with 5% (w/v) non-fat dried milk for 1 h. Primary
antibodies were incubated over night at 4°C with dilution
according to the manufacturers’ instructions (PVRL3, 11213-
1-AP, Proteintech, dilution 1:1000; TfR (H68.4), Invitrogen,
dilution 1:1000; Anti-NG2/CSPG4 (ERP9195), ab139406 abcam,
diution 1:1000; NG2 Antibody (#4235), cell signaling, dilution
1:1000; gp96/HSP90B1 (816803), R&D Systems, dilution 1:1000;
LRP1 (EPR3724), ab92544 abcam, dilution 1:50,000; Frizzled 2,
24272-1-AP, Proteintech, dilution 1:1000; Frizzled 7, 16974-1-
AP, Proteintech, dilution 1:1000) in TBST buffer (50 mM Tris—
HCL, pH 7.2, 150 mM NaCl, 5 mM KCI, 0.05% (w/v) Tween
20 and subsequently for 1 h at room temperature with HRP-
conjugated secondary antibody (mouse: Rockland 610-1034-121;
dilution 1:5000; rabbit Rockland 611-1302; dilution 1:5000). For
the chemiluminescence reaction, ECL Femto (Fisher Scientific,
Schwerte, Germany) was used. The signals were detected with the
INTAS Chemo Cam Imager (Intas Science Imaging Instruments
GmbH, Géttingen, Germany).

AUTHOR CONTRIBUTIONS

HG, RL, and GG conceived the study. DS and KS performed the
experiments. GG and MW supplied reagents. HG, RL, GG, and
DS analyzed the data and wrote the manuscript.

FUNDING

This work was funded by the Federal State of Lower Saxony,
Niedersachsisches Vorab (VWZN3215/ZN3266).

Chen, P., Tao, L., Wang, T., Zhang, J., He, A., Lam, K. H,, et al. (2018). Structural
basis for recognition of frizzled proteins by Clostridium difficile toxin B. Science
360, 664-669. doi: 10.1126/science.aar1999

Cuadrado, A., and Nebreda, A. R. (2010). Mechanisms and functions of
p38 MAPK signalling. Biochem. J. 429, 403-417. doi: 10.1042/BJ2010
0323

Date, S., and Sato, T. (2015). Mini-gut organoids: reconstitution of the stem cell
niche. Annu. Rev. Cell Dev. Biol. 31, 269-289. doi: 10.1146/annurev- cellbio-
100814-125218

Dieckmann, M., Dietrich, M. F., and Herz, J. (2010). Lipoprotein receptors—
an evolutionarily ancient multifunctional receptor family. Biol. Chem. 391,
1341-1363. doi: 10.1515/BC.2010.129

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1483


https://doi.org/10.1146/annurev-micro-090816-093458
https://doi.org/10.1146/annurev-micro-090816-093458
https://doi.org/10.1128/IAI.00186-12
https://doi.org/10.1128/IAI.00186-12
https://doi.org/10.1093/femsre/fux048
https://doi.org/10.1093/femsre/fux048
https://doi.org/10.1126/science.aar1999
https://doi.org/10.1042/BJ20100323
https://doi.org/10.1042/BJ20100323
https://doi.org/10.1146/annurev-cellbio-100814-125218
https://doi.org/10.1146/annurev-cellbio-100814-125218
https://doi.org/10.1515/BC.2010.129
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schottelndreier et al.

Cell Surface Receptors of Clostridioides difficile Toxin B

Flanagan, D. J., Phesse, T. J., Barker, N., Schwab, R. H., Amin, N., Malaterre, J.,
et al. (2015). Frizzled7 functions as a Wnt receptor in intestinal epithelial
Lgr5t stem cells. Stem Cell Rep. 4, 759-767. doi: 10.1016/j.stemcr.2015.
03.003

Genth, H., and Just, 1. (2015). “Large clostridial glycosylating toxins modifying
small GTPases,” in The Comprehensive Sourcebook of Bacterial Protein Toxins,
eds J. Alouf, D. Ladant and M. Popoff (Cambridge, MA: Academic Press).

Genth, H., Pauillac, S., Schelle, I, Bouvet, P., Bouchier, C., Varela-Chavez, C., et al.
(2014):Haemorrhagic toxin and lethal toxin from Clostridium sordellii strain
vpi9048: molecular characterization and comparative analysis of substrate
specificity of the large clostridial glucosylating toxins. Cell. Microbiol. 16,
1706-1721. doi: 10.1111/cmi.12321

Genth, H., Selzer, J., Busch, C., Dumbach, J., Hofmann, F., Aktories, K., et al.
(2000). New method to generate enzymatically deficient Clostridium difficile
toxin B as an antigen for immunization. Infect. Immun. 68, 1094-1101. doi:
10.1128/IAI.68.3.1094-1101.2000

Gerhard, R. (2017). Receptors and Binding Structures for Clostridium difficile
Toxins A and B. Curr. Top. Microbiol. Immunol. 406, 79-96. doi: 10.1007/82-
2016-17

Guo, S., Liu, J., Guo, Y., and Wensheng, W. (2017). “Identification of alternative
receptors for Clostridium difficile Toxin B through high-throughput CRISPR
screen,” in Proceedings of the 10th International Conference on the Molecular
Biology and Pathogenesis of the Clostridia, Ann Arbor, MI.

Gupta, P., Zhang, Z., Sugiman-Marangos, S. N., Tam, J., Raman, S., Julien, J. P., et al.
(2017). Functional defects in Clostridium difficile TcdB toxin uptake identify
CSPG4 receptor-binding determinants. J. Biol. Chem. 292, 17290-17301.
doi: 10.1074/jbc.M117.806687

Hazzalin, C. A., Le Panse, R, Cano, E., and Mahadevan, L. C. (1998).
Anisomycin selectively desensitizes signalling components involved in stress
kinase activation and fos and jun induction. Mol. Cell. Biol. 18, 1844-1854.
doi: 10.1128/MCB.18.4.1844

Hofer, F., Gruenberger, M., Kowalski, H., Machat, H., Huettinger, M., Kuechler, E.,
et al. (1994). Members of the low density lipoprotein receptor family mediate
cell entry of a minor-group common cold virus. Proc. Natl. Acad. Sci. U.S.A. 91,
1839-1842. doi: 10.1073/pnas.91.5.1839

Knorr, R., Karacsonyi, C., and Lindner, R. (2009). Endocytosis of MHC molecules
by distinct membrane rafts. J. Cell Sci. 122(Pt 10), 1584-1594. doi: 10.1242/jcs.
039727

Kounnas, M. Z., Morris, R. E., Thompson, M. R,, FitzGerald, D. ., Strickland, D. K.,
and Saelinger, C. B. (1992). The alpha 2-macroglobulin receptor/low density
lipoprotein receptor-related protein binds and internalizes Pseudomonas
exotoxin A. J. Biol. Chem. 267, 12420-12423.

LaFrance, M. E., Farrow, M. A., Chandrasekaran, R., Sheng, J., Rubin, D. H., and
Lacy, D. B. (2015). Identification of an epithelial cell receptor responsible for
Clostridium difficile TcdB-induced cytotoxicity. Proc. Natl. Acad. Sci. U.S.A. 112,
7073-7078. doi: 10.1073/pnas.1500791112

Lindner, R. (2002). Transient surface delivery of invariant chain-MHC II
complexes via endosomes: a quantitative study. Traffic 3, 133-146. doi: 10.1034/
j.1600-0854.2002.030206.x

Na, X, Kim, H., Moyer, M. P., Pothoulakis, C., and LaMont, J. T. (2008). gp96 is a
human colonocyte plasma membrane binding protein for Clostridium difficile
toxin A. Infect. Immun. 76, 2862-2871. doi: 10.1128/IA1.00326-08

Papatheodorou, P., Zamboglou, C., Genisyuerek, S., and Guttenberg, G. (2010).
Clostridial glucosylating toxins enter cells via clathrin-mediated endocytosis.
PLoS One 5:¢10673. doi: 10.1371/journal.pone.0010673

Popoff, M. R. (1987). Purification and characterization of Clostridium sordellii
lethal toxin and cross-reactivity with Clostridium difficile cytotoxin. Infect.
Immun. 55, 35-43.

Popoft, M. R. (2017). Clostridium difficile and Clostridium sordellii toxins,
proinflammatory versus anti-inflammatory response. Toxicon 149, 54-64.
doi: 10.1016/j.toxicon.2017.11.003

Pothoulakis, C., Gilbert, R. J., Cladaras, C., Castagliuolo, L., Semenza, G., Hitti, Y.,
etal. (1996). Rabbit sucrase-isomaltase contains a functional intestinal receptor
for Clostridium difficile toxin A. J. Clin. Invest. 98, 641-649. doi: 10.1172/
JCI118835

Samanta, D., and Almo, S. C. (2015). Nectin family of cell-adhesion molecules:
structural and molecular aspects of function and specificity. Cell. Mol. Life Sci.
72, 645-658. doi: 10.1007/s00018-014-1763-4

Schelle, I, Bruening, J., Buetepage, M., and Genth, H. (2016). Role of
p38alpha/beta MAP kinase in cell susceptibility to Clostridium sordellii lethal
toxin and Clostridium difficile Toxin B. Toxins 9:E2. doi: 10.3390/toxins901
0002

Schorch, B, Song, S., van Diemen, F. R., Bock, H. H., May, P., Herz, ]., et al. (2014).
LRP1 is a receptor for Clostridium perfringens TpeL toxin indicating a two-
receptor model of clostridial glycosylating toxins. Proc. Natl. Acad. Sci. U.S.A.
111, 6431-6436. doi: 10.1073/pnas.1323790111

Stiles, K. M., and Krummenacher, C. (2010). Glycoprotein D actively induces rapid
internalization of two nectin-1 isoforms during herpes simplex virus entry.
Virology 399, 109-119. doi: 10.1016/j.virol.2009.12.034

Tan, X., Lambert, P. F., Rapraeger, A. C., and Anderson, R. A. (2016).
Stress-induced EGFR trafficking: mechanisms, functions, and therapeutic
implications. Trends Cell Biol. 26, 352-366. doi: 10.1016/j.tcb.2015.
12.006

Tao, L., Zhang, J., Meraner, P., Tovaglieri, A., Wu, X., Gerhard, R,, et al. (2016).
Frizzled proteins are colonic epithelial receptors for C. difficile toxin B. Nature
538, 350-355. doi: 10.1038/nature19799

Terada, N., Ohno, S., Murata, R, Katoh, W., Stallcup, B., and Ohno, S.
(2006). Immunohistochemical study of NG2 chondroitin sulfate proteoglycan
expression in the small and large intestines. Histochem. Cell Biol. 126, 483-490.
doi: 10.1007/s00418-006-0184-3

Tomas, A., Futter, C. E., and Eden, E. R. (2014). EGF receptor trafficking:
consequences for signaling and cancer. Trends Cell Biol. 24, 26-34. doi: 10.1016/
j-tcb.2013.11.002

VanDussen, K. L., Marinshaw, J. M., Shaikh, N., Miyoshi, H., Moon, C., Tarr, P. I,
et al. (2015). Development of an enhanced human gastrointestinal epithelial
culture system to facilitate patient-based assays. Gut 64, 911-920. doi: 10.1136/
gutjnl-2013-306651

Yuan, P., Zhang, H., Cai, C., Zhu, S., Zhou, Y., Yang, X,, et al. (2015). Chondroitin
sulfate proteoglycan 4 functions as the cellular receptor for Clostridium difficile
toxin B. Cell Res. 25, 157-168. doi: 10.1038/cr.2014.169

Zilberberg, A., Yaniv, A., and Gazit, A. (2004). The low density lipoprotein
receptor-1, LRP1, interacts with the human frizzled-1 (HFz1) and down-
regulates the canonical Wnt signaling pathway. J. Biol. Chem. 279,
17535-17542. doi: 10.1074/jbc.M311292200

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Schottelndreier, Seeger, Grassl, Winny, Lindner and Genth. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1483


https://doi.org/10.1016/j.stemcr.2015.03.003
https://doi.org/10.1016/j.stemcr.2015.03.003
https://doi.org/10.1111/cmi.12321
https://doi.org/10.1128/IAI.68.3.1094-1101.2000
https://doi.org/10.1128/IAI.68.3.1094-1101.2000
https://doi.org/10.1007/82-2016-17
https://doi.org/10.1007/82-2016-17
https://doi.org/10.1074/jbc.M117.806687
https://doi.org/10.1128/MCB.18.4.1844
https://doi.org/10.1073/pnas.91.5.1839
https://doi.org/10.1242/jcs.039727
https://doi.org/10.1242/jcs.039727
https://doi.org/10.1073/pnas.1500791112
https://doi.org/10.1034/j.1600-0854.2002.030206.x
https://doi.org/10.1034/j.1600-0854.2002.030206.x
https://doi.org/10.1128/IAI.00326-08
https://doi.org/10.1371/journal.pone.0010673
https://doi.org/10.1016/j.toxicon.2017.11.003
https://doi.org/10.1172/JCI118835
https://doi.org/10.1172/JCI118835
https://doi.org/10.1007/s00018-014-1763-4
https://doi.org/10.3390/toxins9010002
https://doi.org/10.3390/toxins9010002
https://doi.org/10.1073/pnas.1323790111
https://doi.org/10.1016/j.virol.2009.12.034
https://doi.org/10.1016/j.tcb.2015.12.006
https://doi.org/10.1016/j.tcb.2015.12.006
https://doi.org/10.1038/nature19799
https://doi.org/10.1007/s00418-006-0184-3
https://doi.org/10.1016/j.tcb.2013.11.002
https://doi.org/10.1016/j.tcb.2013.11.002
https://doi.org/10.1136/gutjnl-2013-306651
https://doi.org/10.1136/gutjnl-2013-306651
https://doi.org/10.1038/cr.2014.169
https://doi.org/10.1074/jbc.M311292200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Expression and (Lacking) Internalization of the Cell Surface Receptors of Clostridioides difficile Toxin B
	Introduction
	Results
	Expression of CSPG4, PVRL3, LRP1, and FZD2/7 in Cell Lines and Human Intestinal Organoids
	Internalization of LRP1 (Neither FZD2/7, CSPG4 Nor PVRL3) Into Fibroblasts and Caco-2 Cells
	Activation of p38 MAP Kinase Does Not Facilitate the Internalization of PVRL3 and CSPG4 Into Fibroblasts

	Discussion
	Materials and Methods
	Ethics Statement
	Human Intestinal Organoids
	Materials
	Cell Culture
	Cell Surface Biotinylation and Endocytosis Assay
	Immunoblotting

	Author Contributions
	Funding
	References


