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Summary

The exotoxin TcsL is a major virulence factor in Paeniclostridium (Clostridium) sordellii and
responsible for the high lethality rate associated with £ sordellii infection. Here we present a
genome-wide CRISPR-Cas9-mediated screen using a human lung carcinoma cell line and identify
semaphorin (SEMA) 6A and 6B as receptors for TcsL. Disrupting SEMABA/6B expression in
several distinct human cell lines and primary human endothelial cells results in reduced TcsL
sensitivity, while SEMAGA/6B over-expression increases their sensitivity. TcsL recognizes the
extracellular domain (ECD) of SEMAGA/6B via a region homologous to the receptor-binding site
in Clostridioides difficile toxin B (TcdB), which binds the human receptor Frizzled. Exchanging
the receptor-binding interfaces between TcsL and TcdB switches their receptor-binding specificity.
Finally, administration of SEMABA-ECD proteins protects human cells from TcsL toxicity and
reduces TcsL-induced damage to lung tissues and the lethality rate in mice. These findings
establish SEMAGA and 6B as pathophysiologically relevant receptors for TcsL.

"Lead contact and corresponding to: Min Dong, Ph.D. Telephone: 857-218-4232; min.dong@childrens.harvard.edu.

Author Contributions

S.T., R.G., and M.D. initiated the project. S.T. designed and carried out the CRISPR-Cas9 screen and the majority of experiments. Y.L.
assisted with /7 vivo and histological analysis. H.W. and H.C. assisted with analysis on HUVECs and RNAseq database. H.L. purified
MSEMABA-ECD proteins. R.G. and J.Z. purified TcsL. M.Y.C. assisted with cell-rounding assays. S.T. and M.D. wrote the
manuscript with input from all co-authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interests
The authors declare no conflicts of interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tian et al. Page 2

Graphical Abstract

CRISPR
SCREEN

Aminal mortality

o
<

FUNCTIONAL
VALIDATION
Tesl cytopathic effect
i Thoracic fluid
Survival mice

CHARACTERIZATION OF
TCSL-SEMAG INTERACTIONS

SEMAGA SEMAEB

eTOC Blurb:

Tian et al. identify semaphorin (SEMA) 6A and 6B as the pathophysiologically relevant receptors
for TcsL, a bacterial toxin responsible for the high lethality rate in Paeniclostridium sordellii
infection. The recombinant SEMAGA extracellular domain proteins can serve as a receptor decoy
and protects human cells and mice from co-administered TcsL.

Introduction

Paeniclostridium sordellii (formerly known as Clostridium sordellii (Sasi Jyothsna et al.,
2016)) is a spore-forming anaerobic bacterium and its virulent strains can cause deadly
infections in humans and animals (Vidor et al., 2015). 2 sordellii infections in humans are
often associated with soft tissue trauma and in most cases severe, leading to edema,
gangrene, hypotension, and systemic toxic shock with ~70% death rate (Aldape et al., 2006;
Vidor et al., 2015). Women have the highest risk to infections, due to gynecologic
procedures, childbirth, miscarriage, and abortion that may result in intrauterine infection
with a mortality rate close to 100% (Aldape et al., 2006; Fischer et al., 2005; McGregor et
al., 1989). P, sordellii infections are more frequent in animals such as sheep and cattle, often
resulting in severe enteritis and enterotoxaemia (Vidor et al., 2015).
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The major virulence factors of A2 sordellii are two exotoxins, the lethal toxin TcsL (~270
kDa) and the hemorrhagic toxin TcsH (~300 kDa) (Arseculeratne et al., 1969; Couchman et
al., 2015; Martinez and Wilkins, 1988; Popoff, 1987; Vidor et al., 2015; Vidor et al., 2018).
These toxins belong to the large clostridial toxin (LCT) family, which also include the toxin
A (TcdA) and toxin B (TcdB) in Clostridioides difficile, Tcna in Clostridium novyi, and
TpeL in Clostridium perfringens (Aktories et al., 2017; Jank and Aktories, 2008; Schirmer
and Aktories, 2004; Voth and Ballard, 2005). TcsL and TcsH are particularly related to
TcdB and TcdA, with TcsL sharing an overall 76% sequence identity with TcdB and TcsH
sharing 77% identity with TcdA, respectively (Bette et al., 1991; Martinez and Wilkins,
1992). Similar to TcdA and TcdB, TesL and TcsH contain an N-terminal glucosyltransferase
domain (GTD) that inactivates small GTPases, followed with a cysteine protease domain
(CPD), which releases the GTD through autoproteolytic cleavage (Guttenberg et al., 2011),
an intermingled translocation/receptor binding domain, and a C-terminal region known as
combined repetitive oligopeptides (CROPs). Small GTPase Rho/Ras family are the targets of
TesL (Genth et al., 1996; Genth et al., 2014; Hofmann et al., 1996; Huelsenbeck et al., 2009;
Just et al., 1996; Popoff et al., 1996). GTDs covalently attaches a glucose onto a key
threonine residue in these GTPases, inactivating their activity, leading to disruption of actin
cytoskeleton and downstream signaling, and resulting in cell rounding and eventual cell
death (Geny et al., 2010; Varela Chavez et al., 2016; Voth and Ballard, 2007).

Between TcsL and TcsH, TesL appears to be the essential and sufficient virulent factor
associated with lethal 2 sordellii infection (Carter et al., 2011; Hao et al., 2010; Popoff,
1987; Voth et al., 2006). Mouse infection models using isogenic mutant strains of 2
sordellii, in which fcsL gene has been inactivated, showed that mice infected with the wild
type (WT) strain quickly developed lethal infection with 100% death within 72 h, while
mice infected with the mutant strains showed no signs of disease (Carter et al., 2011).
Furthermore, in a local intrauterine infection model in mice, severe tissue edema developed
with infection of WT A sordellii, while infection with mutant strains showed no clinical
symptoms (Carter et al., 2011). Thus, TcsL is the key virulence factor for both lethality and
local edema of £ sordellii infection.

Among all LCTs, TcsL showed the highest degree of lethality in mice. Analysis of mouse
tissues after intraperitoneal injection (IP) of TcsL suggests that the major damage occurs on
endothelial cells, particularly in lungs, leading to increased vascular permeability and
massive edema in lungs (Geny et al., 2007). Death of mice is likely due to edema in lungs
and heart, with no obvious inflammatory components (Geny et al., 2007; Popoff, 2018).
These data suggest that lung vascular endothelial cells are the primary and pathologically
relevant targets /n vivo for TcsL.

Receptors dictate the cell type and tissue specificity of TcsL and understanding toxin-
receptor interactions may enable development of inhibitors that block toxin binding to target
cells. The CROPs in LCTs bear similarity with carbohydrate-binding proteins and are known
to mediate attachment to cells via interactions with cell surface carbohydrates (Hartley-
Tassell et al., 2019; Krivan et al., 1986; Teneberg et al., 1996; Tucker and Wilkins, 1991; von
Eichel-Streiber and Sauerborn, 1990). Whether there is a specific receptor for TcsL besides
carbohydrates remains unknown. Here we carried out a genome-wide screen using the
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CRISPR-Cas9 approach and identified semaphorin (SEMA) 6A and 6B as high-affinity
receptors for TcsL. Furthermore, recombinant extracellular domain (ECD) of SEMAGBA was
able to reduce toxicity of TcsL on both human umbilical vein cells (HUVECS) and lung
tissues /n vivo in mice, demonstrating the pathological relevance of SEMAGA/6B as toxin
receptors /n vivo.

CRISPR-Cas9 screen identifies host factors for TcsL

To select suitable cell lines for CRISPR-Cas9 screen, we compared a list of well-established
human cell lines for their sensitivity to TcsL using the standard cytopathic cell-rounding
assay. TcsL was recombinantly produced using Bacillus megaterium expression system
(Figure S1A). Cells were exposed to various concentrations of TcsL for 24 h and the
percentages of rounded cells were determined and plotted (Figures S1B and S1C). The toxin
concentration that resulted in 50% cells to become round is defined as CRgg. A549, a human
lung epithelial carcinoma cell line, is among the most sensitive ones to TcsL (Figure S1B).
Thus, we established a A549 cell line that stably expresses Cas9 for screen (Figure 1A). A
genome-wide sgRNA library targeting all human genes (GeCKO-V2, with each gene
targeted by six distinct SgRNAS (Sanjana et al., 2014)) was prepared and transduced into
Ab49-Cas9 cells using lentiviruses (Figure S1D). Cells were subjected to selection with
increasing concentrations of TcsL for three rounds (Figure 1A, Round 0 (R0): 0.5 ng/mL,
R1: 1 ng/mL, and R3: 2 ng/mL). Integrated sgRNA sequences in cells after each round were
obtained by polymerase chain reaction (PCR) and decoded by next generation sequencing
(NGS).

We first ranked the identified genes in R3 primarily based on the number of unique sgRNAs
()~axis), followed by the total number of reads (x-axis, Figure 1B, Data S1). One of the top
hits is a cytosolic protein TBC1D3 (TBC1 domain member 3), which is potentially involved
in Rab GTPase signaling and vesicle trafficking. Two subunits of vesicular proton pump,
ATP6VOB (ATPase H* Transporting VO Subunit B) and ATP6V1H (ATPase H*
Transporting V1 Subunit H), are also among the top hits, likely because acidification of
endosomes is an essential condition to trigger toxin translocation (Qa’Dan et al., 2000,
2001). Among the top-10 ranked proteins, SEMAGA (Semaphorin 6A) stands out as the only
transmembrane protein (Figure 1B, Data S1). It is a well-characterized cell surface protein
with a single transmembrane domain and well known for its role in repulsive axon guidance
during neuronal development (Yazdani and Terman, 2006). SEMAGA is also expressed in
endothelial cells and regulates angiogenesis (Segarra et al., 2012; Urbich et al., 2012). Thus,
it is a promising receptor candidate.

To further searching for potential receptors, we then ranked the subset of genes annotated as
plasma membrane associated proteins in R3 (Figure 1C, Data S1). Besides SEMAGA, other
top-ranked plasma membrane proteins include EMB (Embigin, an immunoglobulin
superfamily member), RTN4RL2 (Reticulon 4 Receptor Like 2, a GPI-anchored cell surface
receptor), PCDHGAL1 (Protocadherin gamma-A1), GPR87 (G Protein-Coupled Receptor
87), SLC27A5 (Bile acyl-CoA synthetase), and PCDHGB6 (Protocadherin gamma-B6). We
also calculated fold-of-enrichment (the ratio of the sequencing reads of R3 over R0) for each
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SsgRNA (Figures 1D and S1E, S1F, S1G, and S1H), which serves as another parameter to
select genes for further validation.

Validation of top hits for TcsL

We next generated mixed population stable knockout (KO) A549 cells using the CRISPR-
Cas9 approach to disrupt expression of selected membrane proteins SEMAGA, EMB,
RTN4RL2, GPR78, SLC27A5, and PCDHGBS, as well as a few other promising top hits
including TBC1D3, ATP6VOB, SLC25A31 (Solute Carrier Family 25 Member 31,
ADP/ATP translocase 4), PPAT (Phosphoribosyl Pyrophosphate Amidotransferase), and
ACTG2 (actin gamma 2). We also targeted SEMAG6B, 6C, and 6D, three homologs of
SEMAGA within the class 6 of semaphorin family (Yazdani and Terman, 2006). These
mixed KO cells were generated using antibiotic selection after lentiviral transduction; thus,
the population contain a mix of mutations within the sgRNA-targeted locus. The KO
efficiency was further validated for SEMAGA by immunoblot of cell lysates at protein
levels, but not for others due to the lack of suitable antibodies (Figure S2A). To address the
concern on potential off-target effects, we utilized two distinct sgRNAS to target SEMAGA,
6B, and 6D, and generated two independent cell populations for each of them.

We first analyzed the sensitivity of these cells to a fixed concentration of TcsL (10 ng/mL)
and monitored the percentage of cell-rounding over time. This assay has the advantage to
detect small differences on toxin binding and entry that might be masked after the standard
24 h incubation. Disrupting SEMAGA and SEMAGB genes, each with two different
sgRNAs, reduced cell-rounding percentages within the first 5 h, although the difference
becomes insignificant by 24 h (Figures 2A and S2B). Targeting SEMAG6C and 6D did not
change the sensitivity of cells to TcsL, neither do targeting all other plasma membrane
proteins (Figures 2A, 2B, 2C, and S2B). TBC1D3, ATP6VO0B, and SLC25A31 are three
other top hits that their disruption reduced cell-rounding percentages within the first 5 h,
with TBC1D3 as the only hit that showed reduction in cell-rounding at 24 h (Figures 2B, 2C,
and S2B).

As SEMAGA and 6B may function redundantly, we next generated mixed populations of
Ab549 cells using the CRISPR-Cas9 approach to target both SEMAGA and 6B. Two
independent cell populations were generated using two distinct sets of SgRNAs (Figure
S2A). These cells were subjected to the standard 24 h cytopathic cell-rounding assays with
TesL. Comparing the CRsg revealed that both SEMABGA/6B mixed cell populations showed
~4-fold reduction in sensitivity to TcsL, while cells with disruption in SEMAGC or 6D
showed no reduction (Figures 2D, 2E, and 2F). TBC1D3 is the only other top hit that
showed reduction in CR5q (~5-fold), while cells with disruptions in other top hits showed no
reduction in CRsq (Figures 2E and 2F). None of the cell populations showed any change in
sensitivity to TcdB, suggesting that SEMABA/6B and TBC1D3 are specifically involved in
TesL action (Figures S2C, S2D, and S2E).

To further validate the role of SEMABA/6B, we also generated mixed populations of HeLa
cells using the CRISPR-Cas9 approach to disrupt SEMAGA, 6B, 6C, 6D, as well as both 6A
and 6B expression. Among them, two independent populations for targeting SEMAGA, 6B,
and 6D were generated using distinct sgRNAs, and the KO efficiency was further confirmed
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by immunoblot analysis of SEMABA expression levels (Figure S2A). Cells were analyzed
for their sensitivity to TcsL using the standard 24 h cell-rounding assays. Cell populations
with both SEMAGA and 6B disrupted showed reduction in sensitivity to TcsL compared
with WT cells (Figures 2G and 2H), suggesting that SEMAGA and 6B function redundantly
in HeLa cells.

We next analyzed whether ectopic expression of SEMAGA, 6B, 6C, or 6D in cells may
increase cell sensitivity to TcsL. Expression of SEMAGA or 6B via lentiviral transduction in
HeLa cells increased their sensitivity to TcsL in the cytopathic cell-rounding assays, while
expression of SEMAGC and 6D did not change the sensitivity of cells (Figures 21, 2J, and
S2F). Similarly, ectopic expression of SEMAGBA or 6B in 5637 cells, a human bladder
carcinoma cell line, via lentiviral transduction also increased the sensitivity of these cells to
TesL, while expression of SEMAGC or 6D did not alter the sensitivity (Figures S2G, S2H,
and S21I).

Characterization of TcsL-SEMAG6 interactions

Semaphorin family is defined by the presence of a common extracellular semaphorin
domain (~500 residues) that mediates binding to their cognate receptors (Plexin family).
Semaphorin family is divided into eight classes: Classes 3—7 are expressed in vertebrates,
classes 1 and 2 in invertebrates, and class V in viruses (Yazdani and Terman, 2006). The
class 6 includes SEMAGA, 6B, 6C, and 6D. Their semaphorin domains share 53-64%
sequence identity. We next examined whether TcsL directly binds to the recombinantly
expressed and purified ECDs of SEMAGA, 6B, 6C, and 6D. Their interactions were
evaluated using biolayer interferometry (BLI) assays, with Fc-tagged SEMAG proteins
immobilized on the probe. As shown in Figure 3A, TcsL showed robust binding to both
SEMAGA-ECD and SEMAG6B-ECD, but not the ECDs of SEMAG6C and 6D or the negative
control human 1gG-Fc.

We further screened other representative SEMA class members containing either a
transmembrane domain (class 4 and 5: SEMA4D and SEMASA) or a GPI anchor (class 7:
SEMAT7A). None of them showed detectable binding to TcsL (Figure 3A). TcsL also
showed no binding to the extracellular cysteine-rich domain (CRD) of Frizzled 2 (FZD-
CRD2) (Figure 3A), which is a high-affinity receptor for TcdB (Chen et al., 2018; Tao et al.,
2016). Consistently, TcdB showed robust binding to CRD2 and no binding to SEMAGA and
6B (Figure 3B). These findings demonstrate the specificity of TcsL binding to SEMAGA and
6B. The binding affinity (Kp) was further estimated to be ~ 40 nM for TcsL-SEMAGA-ECD
and ~60 nM for TcsL-SEMAGB-ECD interactions (Figures S3A, S3B, and S3E).

To map the binding region for SEMAGA and 6B, we generated two TcsL fragments (Figure
3C). One is the C-terminal CROPs (residues 1856-2364), which may recognize
carbohydrate moieties. The other fragment (residues 1285-1804) is within the translocation/
receptor-binding domain and modeled based on the homologous region in TcdB that binds
to its high-affinity receptors FZD1, 2, and 7 (residues 1285-1804, known as TcdB-FBD)
(Chen et al., 2018; Tao et al., 2016). TcsL1285-1804 showed robust binding to the ECDs of
SEMAGBA and 6B, while TcsL-CROP showed no binding (Figures 3D and 3E). Binding of
TcsL1285-1804 to SEMABA-ECD and 6B-ECD showed slightly higher binding affinity
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than the full-length TcsL (Figures S3C, S3D, and S3E), suggesting that other regions of
TcsL do not contribute to the interactions. SEMAGBA is glycosylated on cell surfaces.
Treatment of SEMAGA-ECD with endoglycosidase H (Endo H) under non-denature
conditions reduced the molecular weight of purified SEMAGA-ECD (Figure S3F),
indicating that glycosylation was removed. Binding of this Endo-H-treated SEMAGA-ECD
to TcsL is similar to the intact SEMAGA-ECD (Figure S3G), suggesting that glycosylation
in SEMAGA is not involved in TcsL-SEMAGA interactions.

As a control, the homologous TcdB-FBD binds to CRD2 but not SEMAGA-ECD (Figure
3F). The crystal structure of TcdB-FBD in complex with CRD2 has defined a binding
interface located within the middle portion of TcdB-FBD (Chen et al., 2018). Interestingly,
key residues involve in TcdB-CRD?2 interactions are different between TcsL and TcdB,
despite their high overall sequence identity (Figure S3H). To test whether the similar region
in TcsL is involved in binding to SEMABA-ECD, we generated two chimeric fragments by
switching the middle portion of TcdB-FBD (residues 1431-1602) with the homologous
region in TcsL1285-1804 (residues 1431-1601) (Figure 3C). The resulting
TesL(TedB1431-1602) Showed robust binding to CRD2, but lost binding to SEMAGA-ECD,
while TcdB(TcsLi431-1601) Showed strong binding to SEMABA-ECD and no binding to
CRD2 (Figures 3G and 3H). These results demonstrate that TcsL recognizes SEMAGA-ECD
via an interface mainly located within the residues 1431-1602, homologous to the CRD-
binding interface in TcdB.

SEMAGA and 6B mediate binding and entry of TcsL to cells

We next examined whether TcsL-SEMABA/6B interactions contribute to toxin binding and
entry into cells. Binding of a HA-tagged TcsL12g5-1g804 to WT Hela cells were not detectable
using immunostaining approach, possibly because endogenous expression levels of
SEMAGA/6B are low. Transfection of exogenous full-length SEMAGA or 6B resulted in
robust binding of TcsL12g5_1504 t0 Hela cells (Figure 4A). As controls, transfection of
SEMAGC, 6D, or FZD2 did not mediate binding of TcsLogs_1g804 (Figure 4A).

We then examined whether Fc-tagged ECDs of SEMAG6A/6B can block binding and entry of
TesL. As shown in Figures 4B and 4C, both SEMAGA-ECD and 6B-ECD showed a
concentration-dependent protection of A549 cells from TcsL, as evidenced by reduced cell-
rounding, while ECDs of SEMAGC, 6D, 4D, 5A, and 7A showed no protection (Figures 4B,
4C, and S4A). None of SEMA members showed any protection from TcdB on A549 cells
(Figure S4B), demonstrating the specificity of SEMABA-ECD and 6B-ECD toward TcsL.
Besides A549 cells, SEMABA-ECD also offered a degree of protection from TcsL on HelLa
cells (Figure S4C).

SEMAGA and 6B mediate TcsL entry into human endothelial cells

As the previous studies suggest that endothelial cells are major pathologically relevant
targets for TcsL, we next examined the relevance of SEMAB6A/6B for TesL in HUVECS,
which are primary endothelial cells cultured from the endothelium of umbilical cord veins.
They can maintain characteristics of endothelial cells within a few passages /7 vitro and have
been widely utilized as an endothelial cell model. It has been previously shown that
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SEMAGA is expressed in HUVECs (Dhanabal et al., 2005). Fc-tagged ECDs of SEMAGA
and 6B offered a partial protection of HUVECs from TcsL, while ECDs of SEMAGC, 6D,
4A, 5A, and 7A showed no effect (Figures 4D, 4E, and S4D).

We further took the siRNA-mediated knockdown approach to acutely reduce expression of
endogenous SEMAGA and 6B in HUVECs. SiRNAs targeting human SEMAGA has been
previously reported (Hasson et al., 2013). Three sets of siRNAs targeting SEMA6B were
designed. We first validated their efficacy in knocking down ectopic SEMAGA and
SEMAGB expression in HEK293 cells (Figure SAE). The siRNA targeting SEMAGA and a
selected siRNA targeting SEMAGB were co-transfected into HUVECSs, which resulted in a
~22-fold increase in resistance to full-length TcsL in the standard cell-rounding assay
compared with cells transfected with the control scrambled siRNAs (Figures 4F and 4G).

SEMAGA-ECD reduces the lung toxicity of TcsL in vivo

Previous studies have established that lethality caused by TcsL results from massive edema
in the thoracic cavity due to damages on lung endothelial cells and subsequently increased
lung vascular permeability (Geny et al., 2007). Recent single-cell RNAseq analysis of mouse
lung tissues confirmed that SEMABA and 6D are strongly enriched in endothelial cells
(Figure S5A, S5B, S5C, and S5D) (He et al., 2018; Vanlandewijck et al., 2018). To directly
examine whether endothelial cells are major targets of TcsL in lungs /7 vivo, we injected the
HA-tagged TcsL1og5-1804 Via the IP route and examined the distribution of the protein in
lung tissues 30 and 60 min later by immunostaining. The lung endothelial cells were labeled
using their specific marker CD31. As shown in Figure 5A, TcsL12g5-1804 Within lung tissues
is largely co-localized with CD31, confirming that TcsLog5-1804 is preferentially delivered
to lung endothelial cells following IP injection.

We then evaluated whether SEMAGA-ECD might be able to serve as a receptor decoy and
offer a degree of protection for lung tissues /n vivo. We produced Fc-tagged mouse
SEMAGBA-ECD (MSEMAGBA-ECD) using mammalian cell expression system. This
MSEMAGBA-ECD protein was first incubated with TcsL with ratios of 500:1 or 1000:1 (w/w)
on ice and then the mixtures were injected into mice via IP route. mMSEMAGBA-ECD alone
did not affect mice, while TcsL alone caused a gradual loss of mobility, labored breath, and
eventually reaching the endpoint for euthanization. Previous studies showed massive
accumulation of fluid in the thoracic cavity after the injection of the toxin, which is
confirmed in our analysis (Figure 5B). Co-injection of mMSEMAG6A-ECD with TcsL
drastically reduced the amount of thoracic fluid compared to TcsL alone analyzed 4 h after
injection (Figures 5B and 5C). A Fc-tagged mouse SEMAG6C-ECD (MSEMAGC-ECD) was
analyzed in parallel as a control, which did not reduce TcsL-induced accumulation of
thoracic fluid (Figure 5C). We also produced a His6-tagged mouse SEMABA-ECD protein
without the Fc tag (NSEMAGA-His), which reduced accumulation of thoracic fluid when
co-injected with TcsL (Figure S6A).

The edema in lung tissues can also be evaluated by comparing the dry versus wet lung tissue
weights. TcsL alone resulted in a greatly decreased dry-to-wet lung tissue weight ratio 4 h
after the injection. Co-injection of Fc-tagged mSEMAGA-ECD or mSEMAGA-His with
TesL both prevented this reduction (Figures 5D and S6B), while mMSEMA6C-ECD showed
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no protection (Figure 5D). Histological analysis of the lung tissues at this time point showed
that TcsL injection resulted in alveolar hemorrhage and widening of perivascular space,
indicating severe alveolar damage and tissue edema around lung vessels, while co-injection
of MSEMAGBA-ECD reduced these pathological changes (Figure 5E).

To further explore the window of using mMSEMABA-ECD to block TcsL /n vivo, we injected
TesL into mice first, followed by injection of mMSEMAGBA-ECD once 5 min, 20 min, or 60
min later (Figure 6A). Injection of MSEMAGA-ECD 5 min after the initial injection of TcsL
still reduced thoracic fluid accumulation and prevented changes in dry-to-wet lung tissue
weight ratios (Figures 6B and 6C). Injection of MSEMABA-ECD 20 min after TcsL
injection showed modest degrees of protection of lung tissues, while injection of
MSEMABA-ECD 60 min after TcsL injection showed no protection (Figures 6B and 6C).

We finally assessed whether m\SEMABA-ECD may reduce the lethality of TcsL /n vivo.
While all mice injected with TcsL alone died within 26 h, ~38% mice co-injected with
MSEMAGBA-ECD were able to survive and recover, while the control mnSEMAG6C-ECD
showed no protection (Figure 6D). Consistently, co-injection of mMSEMAGBGA-His rescued
~45% of mice from death (Figure S6C), and injection of mMSEMABA-ECD 5 min after the
initial injection of TcsL also rescued ~13% mice from death (Figure 6D).

Discussion

Through a genome-wide CRISPR-Cas9 screen, SEMABA was identified as a candidate
receptor for TcsL. Validation assays suggested that both SEMAGA and 6B are redundant
receptors. This is confirmed by BLI analysis showing a direct, specific, and high-affinity
interaction of TcsL with the ECDs of SEMAGA and 6B. The relevance of these interactions
for toxin binding and entry were further validated using loss-of-function and gain-of-
function approaches in cells, as well as competition assays using SEMAG6A-ECDs on cells
and /n vivo. Together, these data establish SEMABA/6B as functionally relevant receptors
for TesL.

Our screen also identified TBC1D3, which is further validated in cell-rounding assays.
TBC1D3 is a member of the TBC1 (Tre-2/Bub2/Cdc16) domain family of proteins, which
are known to act as GTPase activating protein (GAP). TBC1D3 has been reported to activate
the small GTPase Rab5A, which plays critical roles in regulating early endosome trafficking.
However, disruption of TBC1D3 did not affect the sensitivity of cells to TcdB, suggesting
that its disruption specifically renders cells less sensitivity to TcsL. How TBC1D3
contributes to TcsL action remains to be established.

The binding site in TcsL for SEMABGA/6B is within a region homologous to the FZD-
binding region in TcdB. Furthermore, exchanging the middle portion of this binding region
containing the FZD-binding interface also switched the binding specificity: the resulting
mosaic TcdB(TcsL1431-1601) binds to SEMAG-ECD, while TcsL(TcdB1431-1602) binds to
FZD-CRD?2. These data demonstrate that the location for the receptor-binding domain is
conserved between these two homologous toxins. However, they evolved to recognize
distinct receptors, likely due to residue variations within the binding interface. The crystal
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structure of TcdB-FBD showed that this region forms an overall “L” shape, with the binding
interface at the turning point of the “L”, which might be a hotspot for receptor-recognition
(Chen et al., 2018). Whether the location of this receptor-binding region is a common theme
for the LCT family remains to be further determined. It has been reported that TcdA utilizes
sulfated glycosaminoglycans and low-density lipoprotein receptor (LDLR) as CROPs-
independent receptors (Tao et al., 2019), while TpeL utilizes a LDLR family member LRP1
as the receptor (Schorch et al., 2014). The receptor-recognition regions in TcdA and TpeL
however remain to be defined.

Within SEMAG class, TcsL showed high-affinity binding to only SEMAGA and 6B. The
structural basis for this binding preference within class 6 remains to be established. SEMAG
family act mainly by binding to their cognate receptor class A Plexins, which are large cell
surface membrane proteins with a single transmembrane domain and a cytoplasmic domain
that induces cytoskeleton changes when Plexin is activated by binding to SEMAG. Binding
of PlexinA2 to immobilized SEMABA-ECD showed a low binding Kp~ 2.3 uM, rendering
it difficult to examine whether there is a direct competition between PlexinA2 and TcsL for
binding to SEMAG (Janssen et al., 2010; Nogi et al., 2010). It remains to be determined
whether binding of TcsL may inhibit SEMAG-PlexinA2 interactions and disrupt PlexinA2-
mediated downstream signaling.

Itis likely that TcsL utilize additional receptors and attachment factors besides SEMAG6A/6B
in cultured cells, which might be the reason for modest changes in toxin sensitivity observed
in our loss-of-function approaches and a rather wide range of sensitivity among different cell
lines. The CROPs domains in LCT family are well known for recognizing carbohydrates and
mediating attachment to cell surfaces. Although the carbohydrate-binding ability of TcsL-
CROP remains to be characterized, it is likely that CROPs-carbohydrate interactions
contributes to binding and entry of TcsL on cultured cells. The CROPs in TcdB is also
essential for binding to a specific receptor CSPG4 (chondroitin sulfate proteoglycan 4),
although the exact binding interface for CSPG4 remains to be established (Gupta et al.,
2017; Tao et al., 2016; Yuan et al., 2015). Whether TcsL-CROPs is involved in recognizing
additional specific protein receptor(s) remains to be determined, and potentially could be
investigated with a mutated TcsL that does not bind to SEMABGA/6B. Although it remains
possible that there are additional receptors contributing to targeting of TcsL to lung
endothelial cells, our findings that SEMABA-ECDs was able to reduce the edema induced
by TcsL on lung tissues and decrease the mortality rate in mice demonstrate that
SEMAGA/6B are major pathophysiologically relevant receptors to TcsL toxicity /n vivo.
Blocking SEMAGA/6B-TcsL recognition thus represents a potential therapeutic approach
for neutralizing TcsL /n vivo and reducing the high fatality rate associated with 2 sordellii
infections.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Min Dong (min.dong@childrens.harvard.edu). All unique/
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stable reagents generated in this study are available from the Lead Contact without
restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—All cell lines were cultured in DMEM media plus 10% fetal bovine serum
(FBS) and 100 U penicillin / 0.1 mg/mL streptomycin in a humidified atmosphere of 95 %
airand 5 % CO, at 37 °C. HUVECs were cultured in F-12K media contains 10% FBS, 0.1
mg/mL heparin, and endothelia cell growth supplement (ECGS).

Mice—All the animal studies were conducted according with ethical regulations under
protocols approved by the Institute Animal Care and Use Committee (IACUC) at Boston
Children’s Hospital (18-10-3794R). Ten to twelve-weeks-old, CD-1 strain mice (both male
and female were examined randomly) were purchased from Charles River. Mice were
housed with food and water ad libitum and monitored under the care of full-time staff.

METHOD DETAILS

cDNA constructs.—The selected sgRNA sequences (SEMAGBGA-I:
TTGCCATGCGAAATACTGAT; SEMABA-II: GGCTTGTGGCCCACAAACAC;
SEMAG6B-1: CGAGTGTCGAAACTTCGTAA; SEMAG6B-II:
TGGGGGGCTCCAGCTCTACG; SEMAGC: GCTGAATGAGTTCGTTCCAC; SEMAGD-
I: AGTGATAGTCGACAGTATTA; SEMAGD-II: GAAAGCTGACTGCCCTCAAC; EMB:
AGTCATAACATATCACTGAC; RTN4RL2: ATCGAGACAAGATGCTGCCC; GPRa8T:
GTCTGCGTGTAATGTTTGCC; SLC27A5: GTCGAACTGCACCAGCTCAA,;
PCDHGB6; TTTCGACCAGACGTCCTACG; TBC1D3: GCTTCCGCTTTGATGTGGCA,;
ATP6VOB: TTGTTGTTGTAGCTTCGAAA,; SLC25A31: CCCTTGAATTGTCGCTCCTC;
PPAT: TTCGTTGTTGAAACACTTCA; ACTG2: GTGTGACATTGACATCCGTA) were
cloned into LentiGuide-Puro vector (Addgene, #52963). TcsL12g5-1804, TCSL1865-2364,
TesL(TedB1431-1602), and TcdB(TcesL1431-1601) Were cloned into pET28a vector (Novagen)
with His tag at their C-termini by Gibson Assembly (NEB, E2621). An extra HA-tag was
introduced to the C-terminus of TcsL12g5_1504 t0 generate the HA-tagged version. The
cDNAs of human SEMA proteins were obtained from the indicated vendors: SEMAGA
(Sino Bio, HG11189-M), SEMA6B (GE Dharmacon, 40147342), SEMAGC (Sino Bio,
HG23441-UT), and SEMA6D (R&D Systems, RDC2156). Full-length SEMAGA,
SEMAG6B, SEMAGC, and SEMAGD with triple-FLAG tag at their C-termini (with
EFGSGSGS linker) were cloned into either pcDNAS3.1 vector (Invitrogen, VV800-20) or
pLenti-Hygro vector (Addgene, #17484). The mSEMAGA-His construct was generated by
subcloning mouse SEMAGA-ECD into pcDNAS3.1 vector with a C-terminal His tag. 1D4-
tagged full-length mouse FZD2 was obtained from Addgene (pRK5-mFzd2-1D4, #42264).

Recombinant proteins.—Recombinant His-tagged TcsL (from 2 sordellii strain 6018)
and TcdB was subcloned into pHis1522 vector and expressed in B. megaterium following
the supplier’s protocol (MoBiTec GmbH, Germany). TcdB-FBD was constructed and
purified as described previously (Chen et al., 2018). TcsL12g5-1804, TCSL1865-2364.
TesL(TedB1431-1602), and TcdB(TcesL1431-1601) Were expressed in £. coli (BL21 strain) and
purified as His-tagged proteins. The recombinant human Fc-tagged chimera proteins were
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purchased from R&D Systems: SEMAGA-Fc (1146-S6), SEMA6B-Fc (2264-S6),
SEMAGC-Fc (2219-S6), SEMAGD-Fc (2095-S6), SEMA4D-Fc (5235-S4), SEMASA-Fc
(6584-S5), SEMATA-Fc (1835-S3), CRD2-Fc (1307-FZ), and IgG-Fc (110-HG). The
MSEMABA-ECD and mSEMAGC-ECD constructs were obtained from Addgene (#72163
and #72167). mMSEMAGBA-ECD, mSEMAGA-His, and mSEMAG6C-ECD proteins were
expressed using Expi293F cells (Life Technologies). Briefly, 3 x 107 Expi293F cells were
transfected with 37.5 pg plasmid using PEIMax (1 mg/mL) (Polysciences Inc.). The culture
was harvested 5 days after transfection. The proteins in the culture medium were collected
and purified as His-tagged proteins.

Cell-rounding assay.—The cytopathic effect (cell rounding) of TcsL was analyzed using
the standard cell-rounding assay. Briefly, cells were exposed to TcsL or TcdB for the
indicated time. The phase-contrast images of cells were taken (Olympus 1X51, 10~20 x
objectives). A zone of 300 x 300 um was selected randomly, which contains 50~150 cells.
Round-shaped and normal-shaped cells were counted manually. The percentage of round-
shaped cells was analyzed using the OriginPro (OriginLab, v8.5) and Excel (Microsoft,
2007). Data were represented as mean = s.d. from three independent biological replicates.
Data were considered significant when p-value < 0.01 (one-way ANOVA). Statistical
analysis was performed using Excel (Microsoft, 2007).

Genome-wide CRISPR-Cas9 screens.—A549 cells that stably express Cas9 were
generated using Lenti-SpCas9-Blast (Addgene, #52962) and selected using 10 pg/mL
Blasticidin S (RPI, B12150.01). The GeCKO-V2 sgRNA sub-library A and B were obtained
from Addgene (#1000000049) and independently packed into lentiviral libraries. A549-Cas9
Cells were transduced with sgRNA lentiviral library at a MOI (multiplicity of infection) of
0.2. Polybrene (Santa Cruz, sc-134220, 8 ug/mL) was added to the medium to facilitate the
viral transduction. Cells were cultured in lentivirus-containing medium for two days.
Infected cells were selected with 10 ug/mL Puromycin (Thermo Scientific, A1113830). At
least 3.3 x 107 (for sub-library A) or 2.9 x 107 (for sub-library B) cells were plated onto four
15-cm culture dishes to ensure sufficient sgRNA coverage, with each sgRNA being
represented around 500 times. These cells were either saved as Round 0 (RO) samples or
exposed to TcsL for 24 h. The survival cells were washed and re-seeded within toxin-free
medium until ~70% confluence, followed by the next round of selection with TcsL. In total
three rounds of selections were performed with 0.5, 1, and 2 ng/mL TcsL, respectively. The
genomic DNA of survival cells of each round was extracted using a commercial kit (Qiagen,
13323). The DNA fragments containing the sgRNA sequences were amplified by PCR using
primers lentiGP-1_F (AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG)
and lentiGP-3_R (ATGAATACTGCCATTTGTCTCAAGATCTAGTTACGC). Next-
generation sequencing was performed by a commercial vendor (Genewiz, [llumina MiSeq).

Generating KO cells and lentiviral transduction.—A549-Cas9 and HeL a-Cas9 cells
were utilized for generating KO cells via lentiviral transduction of sgRNAs. SEMAGA/6B
double KO cells were generated by co-transduction with two viruses (SEMAGBA-I +
SEMAGB-I1, or SEMAGA-II + SEMAGB-II, respectively). Mixed populations of infected
cells were selected with puromycin (10 pg/mL for A549, and 5 pug/mL for Hela,
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respectively). HelLa or 5637 cells were transduced with lentiviruses expressing SEMA6
family proteins and cells were selected with 200 ug/mL Hygromycin B (EMD Millipore,
400051).

Immunoblot analysis.—Cells were scraped and washed three times with PBS. Cell
pellets were lysed with RIPA buffer (50 mM Tris, pH 7.5, 1% NP-40, 150 mM NacCl, 0.5%
sodium deoxycholate, 1% SDS, protease inhibitor cocktail) on ice for 30 min. The protein
amounts in cell lysate were determined by BCA assay (Thermo Scientific, 23225). The cell
lysates were heat for 5 min, analyzed by SDS-PAGE, and transferred onto a nitrocellulose
membrane (GE Healthcare, 10600002). The membrane was blocked with TBS-T buffer (10
mM Tris, pH 7.4, 150 mM NacCl, 0.1 % Tween-20) containing 5 % skim milk at room
temperature (RT) for 40 min. The membrane was then incubated with the primary antibodies
for 1 h, washed, and incubated with secondary antibodies for 1 h. Signals were detected
using the enhanced chemiluminescence method (Thermo Fisher Scientific, 34080) with a
Fuji LAS3000 imaging system. The images were analyzed and quantified using ImageJ
software (Version 1.520)

Biolayer interferometry (BLI) assay.—The binding affinities (Kp) between TcsL and
SEMA proteins were measured using the BLI assay with the BLItz system (ForteBio) and
were calculated using the BLItz system software. Briefly, 10 ug/mL Fc-tagged proteins were
immobilized onto capture biosensors (Dip and Read Anti-Human 1gG Fc Capture, ForteBio)
and balanced with DPBS (0.5% BSA, w/w). The biosensors were then exposed to 1 pM or
the indicated concentrations of TcsL, TcdB, TcsL12gs_1804, TCSL1ge5-2364, TCAB-FBD, or
TesL-TcdB chimera fragments, followed by dissociation in DPBS (0.5% BSA, w/w). The
Endo H digestion of SEMAGA-Fc was carried out following the supplier’s protocol (NEB,
P0702) under non-denaturing conditions. The experiments were repeated three times.

TcsL binding and immunostaining.—HeLa cells were transfected using PolyJet
(SignaGen, SL100688), seeded onto glass coverslips (Hampton, HR3-239) in 24-well
plates, and incubated for 48 h until ~ 70% confluence. Cells were washed three times with
ice-cold PBS, and were incubated with 7.5 pg/mL TcsL12g5_1804-HA in medium on ice for
60 min. Cells were washed, fixed with 4% paraformaldehyde (PFA) for 20 min at RT,
permeabilized with 0.3% Triton X-100 for 30 min, blocked with 10% goat serum for 40 min,
followed by incubation with primary antibodies for 1 h and fluorescence-labeled secondary
antibodies for another 1 h. Slides were sealed within DAPI-containing mounting medium
(SouthernBiotech, 0100-20). Fluorescent images were captured using an Olympus DSU-
IX81 Spinning Disk Confocal System. Images were pseudo-colored and analyzed using
ImageJ.

Competition assays with SEMA proteins.—Toxins (40 pM TcsL for A549, 4 pM
TesL for HUVECS, 4 nM TcsL for HelLa, 16 nM TcsL for 5637, or 0.4 pM TcdB for A549)
were pre-mixed with or without recombinant Fc-tagged proteins (SEMA proteins or CRD2)
in fresh culture medium and incubated on ice for 1 h. The mixtures were then added into cell
culture medium. Cells were further incubated at 37 °C and the percentages of cell rounding
were examined.
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SEMAGA and 6B knock-down in HUVECs.—The siRNA sequence targeting human
SEMAGA was selected from a previous publication (Hasson et al., 2013). Three siRNA
sequences targeting human SEMAG6B and non-targeting scramble siRNA were designed and
ordered from Life Technologies. The knockdown efficiency was validated by immunoblot
analysis using HEK293T cells transfected with FLAG-tagged SEMAGA or SEMAGB. The
SEMAGB siRNA 1l was selected to knock down SEMA6B. HUVECSs were incubated in 96-
well dish plates for 24 h. When the confluency reached 70%, cells were incubated in serum-
free medium for 8 h. The SEMAGA siRNA and SEMAG6B siRNA 11 (0.3 pM) were
combined and transfected into cells using Lipofectamine RNAIMAX (ThermoFisher). TcsL
treatment and cell rounding assays were carried out 48 h later.

Binding of TcsL to lung tissues.—Mice were injected with Buffer (Hank’s balanced
salt solution, HBSS, 0.1% BSA, sterilized by filtration) or 0.2 mg TcsL12g5_1804-HA via IP
route. The lung tissues were harvested 30 min or 60 min later and embedded in O.C.T.
compound (Tissue-Tek). Tissues were sectioned, fixed and subjected into immunostaining
assays without permeabilization. Binding of toxins was detected using an anti-HA antibody.
Endothelial cells were marked using an anti-CD31 antibody. Nuclei were labeled using
DAPI. Fluorescent images were captured with an Olympus DSU-1X81 Spinning Disk
Confocal System. Images were pseudo colored and quantified using ImageJ.

In vivo competition assays.—Mice (CD-1 strain, 10-12 weeks of age, male and female,
randomly separated into experimental groups) were purchased from Charles River and were
kept in house for 2 weeks before experiments (bodyweight ~25 g). TcsL (20 ng /25 g
bodyweight) was diluted in 100 pL Buffer (HBSS, 0.1% BSA) and injected into mice via IP
route. For the pre-incubation groups, TcsL was premixed with mSEMAGA-ECD,
MSEMAGBC-His or m\SEMAGC-ECD at indicated ratios and incubated on ice for 1 h. The
mixtures were then injected into mice via IP route. For the non-preincubation groups,
MSEMAGBA-ECD was injected into mice 5 min, 20 min, or 60 min after TcsL injection.
Buffer, n"SEMAGA-ECD alone, m\SEMAGA-His alone, and mMSEMAGC-ECD alone were
used as controls. Mice were observed for 48 h after TcsL injection and the time-of-death was
recorded. Subgroups of mice were euthanized 4 h after the injection to collect the fluid in the
thoracic cavity, and lung tissues were also harvested and weighted (wet weight). The tissues
were then dried in an oven at 100 °C overnight and weighted again (dry weight). Parts of
freshly harvested lung tissues were fixed with 10% formalin in phosphate buffer and
embedded in paraffin. Tissues were sectioned and histological analysis were carried out with
hematoxylin and eosin (H&E) staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were considered statistically significant when p< 0.01 using one-way ANOVA or
Kaplan-Meier Log-Rank test as indicated in the Figure legends. Data were represented as
mean + s.d. from at least three independent biological replicates. Statistical analysis was
performed using OriginPro and Excel software.
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DATA AND SOFTWARE AVAILABILITY

The published article includes all dataset generated or analyzed during this study. The full
list of identified genes is included in Data S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Genome-wide CRISPR-Cas9 screen identifies receptors of £, sordellii toxin
TesL

. Semaphorin (SEMA) 6A and 6B are pathophysiologically relevant receptors
for TesL

. Receptor-binding interface/specificity of TcsL and C. difficile TcdB can be
swapped

. SEMAGA extracellular domain proteins reduce co-injected TcsL toxicity in
mice

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tian et al. Page 20

153-:3%\{?]%31

RREGE7AS

TBC1D3

Fold enrichment (R3/R0)
g

1 Round 2 {3 Round 3 /f"{;,w TesL
Tng/mi { 2ngmlL Yo [ Selection LT I —— T
49 & RTN4ALZ
| | =
—_— e — 0.01
e —=== oy —=——=-— tNGS
DNA (RO DNA (R1 DNA (R2 DNA (R3! 1E-3
gDNA (R0) gDNA (R1) gDNA (R2) gONA (R3) Rank
B All identified genes in R3 (14,038) C Plasma membrane proteins (1,425)
6 6
(0] v B0 ] 1A6
< 5 gEHAGA Lb(_ﬂg, < & 5 gEA AGA
E E RTN4RLZ EMB
2 o 1. gTrovee sl o emame o @se HUOOA
© o
= PPAT B
g3 LN ] ,Q‘s< 000 IIINNNEENIED 000 e 000
c SLC25A31 c
2 e SLC27A5
o 24 O 24 o ¢conIIIEEEEEEENROING ¢ .
o o
Z1~ a 214 ° CoMIIIINNNIEERGD @ © 00 [ ] L
| ACTG2
1 10 100 1000 1E4 1E5 1E6 1 10 100 1000 1E4 1E5 1E6
No. of sgRNA reads per gene No. of sgRNA reads per gene

Figure 1. Genome-wide CRISPR-Cas9-mediated loss-of-function screen for TcsL.
(A) Schematic diagram of the screen process. A549 cells that stably express Cas9 (A549-

Cas9) were transduced with lentiviral GeCKO-V2 sgRNA libraries. Cells were then selected
with TcsL at 0.5 ng/mL for 24 h (Round 1, R1). Cells were recovered in toxin-free medium
and then subjected to two more rounds of selection with TcsL (R2: 1 ng/mL and R3: 2 ng/
mL). Cells of each round were harvested and sgRNA sequences were identified by NGS.
Cells not treated with toxins served as a control (RO).

(B) Genes identified in R3 are plotted based on the number of unique sgRNAs () axis) and
total sgRNA reads (x axis). Selected top hits are marked and colored.

(C) A total of 1,425 genes identified in R3 are annotated as plasma membrane proteins.
These proteins are plotted based on the number of unique sgRNAs () axis) and total SgRNA
reads (xaxis). Selected top hits are marked.

(D) Genes identified in R3 are plotted based on their fold-enrichment from RO to R3
(sgRNA reads of a gene among total sgRNA reads in R3 versus R0). Selected top hits in
panels B and C are marked.
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Figure 2. Validation of top hits identified in the screen.
(A-C) Mixed stable A549 KO cells for the indicated genes were generated via the CRISPR-

Cas9 approach. Two independent knockout cell lines using two different SgRNAs were
generated for SEMAGA, 6B and 6D, one line was generated for 6C and other hits. The
sensitivity of these cells to TcsL (10 ng/mL) were examined by quantifying cell rounding
over time (A for SEMAG family, B for other proteins). The percentages of cell rounding at 4
h post TcsL exposure are plotted as bar-chart in panel C. PM, plasma membrane. Error bars
indicate mean £ s.d., V=3, *, p< 0.01 (one-way ANOVA).

(D-F) Two independently generated SEMAGA and 6B double KO cell lines (SEMAGA/6B-
KO-Mix-1 and SEMAGA/6B-KO-Mix-I1) and other indicated KO cell lines were exposed to
TesL for 24 h. The percentages of rounded cells were plotted over toxin concentrations. (D
for SEMAG family, E for other proteins). Their CRgq are plotted in a bar-chart (F). Error
bars indicate mean + s.d., V=3, *, p<0.01 (one-way ANOVA).

(G-H) Mixed stable HeLa KO cells for SEMAG6 family genes were generated via the
CRISPR-Cas9 approach and exposed to TcsL for 24 h (G). Their CRsg are plotted in a bar-
chart (H). Error bars indicate mean = s.d., V=3, *, p< 0.01 (one-way ANOVA).

(1-J) HeLa cells overexpressing SEMAG family proteins via lentiviral transduction were
exposed to TcsL for 24 h (). Their CRsgq are plotted in a bar-chart (J). Error bars indicate
mean + s.d., V=3, *, p<0.01 (one-way ANOVA).

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tian et al.

0 50 100 >150 200 250 300 350
Time (Sec)
B 12 TedB binding Dissociation
= 1 '
=104 ! A
Eon] | 0 e
o0.6 1 /' 1 e ———
£ o !
'20'4 1/ '
oo 4 1
5021 Y _|gEae:
0‘—1"_—-5 l0GLFe
0 50 100 .150 200 250 300 350
Time (Sec)
15 TcdB-FBD Dissociation
—~. |  binding
s > i S
- ; e
o 1 '
co06{ ! !
1:3 [ '
= 0.34 [} 1
m 1 '
[ — 1 —— |gG-Fc
0 50 100150 200 250 300 350
Time (Sec)

Dissociation

TesL binding
i

1gG-Fc

. |3EMAGC Fe

D

0.7

— 0.5

Eos
~04
D03
B 02
L o1

[

Page 22
2] CPD Transiocation/RBD CROPs
TesL
[ — Y
- — N
I |
el — T
) [——=1]
TedB-FBD .. Y04
TesL(TCB, . 100) 12851431 1602 1804
TedB(TesL, ., 1
( v 12851431 1601 1804
Tesl, g a0 Dinding  Dissociation E 0.7 YESL 55 22, Dinding  Dissociation
1 e 4 £ 1 = 1
8 =064 1 '
b 1 Eosd '
1 [ e 50_4, ' [
1 1 - o 1 [
| | £031 1
' 1 ©T024 1
! ' Loi1d '
) 1 f ¥ o (- M
- T == |gG-Fc g | T 19G-Fe
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (Sec) Time (Sec)
Tc'sL(TchM" ,,%Q) Dissociation 07 Tc|dB(TcsLm, ;) Dissociation
. bindif\g{ s —~06{ , binding |
1 o [ — E 054 -
| | £ ' '
of 1 U)OA ! !
o . 2o3{ .
| 1 © 024 [
| ] (% 014 I
1 ] e L -
T——— T IgG-Fc o= . hoGFe
0 50 100 150 200 250 300 350 0 50 100150 200 250 300 350
Time (Sec) Time (Sec)

Figure 3. Characterization of TcsL-SEMA interactions.
(A) Binding of TcsL (1 uM) to Fc-tagged ECDs of SEMAGA, 6B, 6C, 6D, 4D, 5A, and 7A

(immobilized onto capture biosensors) was examined using BLI assays. Fc-tagged CRD2-
ECD and IgG-Fc were used as controls. Representative sensorgrams from one of three
independent experiments are shown.
(B) Binding of full-length TcdB to CRD2, SEMAGBA-ECD, 6B-ECD, and IgG-Fc was
examined using BLI assays. Representative sensorgrams from one of three independent

experiments are shown.

(C) Schematic diagrams of TcsL, TcsLq2gs5-1804: TCSL1g56-2364, T€AB, TcdB-FBD,
TesL(TedB1431-1602), and TcdB(TcesL1431-1601)- The numbers indicate the position of
amino acid residues. GTD, glucosyltransferase domain; CPD, cysteine protease domain;
RBD, receptor-binding domain; CROPs, combined repetitive oligopeptides.

(D-E) Binding of 1 UM TcesL12g5-1804 (D) and TcsL1gs6-2364 (E) to Fc-tagged ECDs of
SEMAGA and SEMAGB was examined using BLI assays. Fc-tagged CRD2-ECD and 1gG-
Fc were used as controls. Representative sensorgrams from one of three independent

experiments are shown.

(F-H) Binding of 1 uM TcdB-FBD (F) and TcsL-TcdB chimeras (G: TesL(TcdB1431-1602)
and H: TcdB(TcsL1431-1601)) to Fc-tagged SEMABA-ECD and CRD2 was examined using
BLI assays. 1gG-Fc was used as a control. Representative sensorgrams from one of three

independent experiments are shown.

Cell Host Microbe. Author manuscript; available in PMC 2021 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tian et al. Page 23
A TesL, g yp0-HA binding B - Ctrl
+SEMABA  +SEMAGB  +SEMAGC  + SEMAGD 19 = b gémz'; —7
+ Vector FLAG-C FLAG-C FLAG-C FLAG-C _ +FZD2-1D4-C - s SEMAZD A /
L 0] = >
< A /
= =4 A a
- ° /
=2 1/ /
=) ; b4 P
» - %P
= O 2 VAT B
0] —r T 1
< 0
T o 1 2 3 T'4 5,8 24
im
C 10 e (h)

DAPI

Cell rouding / (%)
B &8 8 8

(=]

®
o o“ @\ OB \@:\ & @D‘Q@ %@‘ Q@ (DD O P

NPOPOES
W v~ v~ Ry &, r>° \»‘3 <>V vf\ ’lV’
& e" t"‘ 59\“ @’ t" P Q,"‘ “‘ 6‘ \\"“ S 6" o
& & S
«Ctrl F 1004 - G
+ SEMABA el J—'{,,'— %
o+ SEMAGB 0 ¥ — 2
~++ SEMAGC 380 4 =
+ SEMABD = L ‘ Tis
SEMA4D = >
+ SEMASA < D50 ‘ E .
++ SEMATA g £ ! -
o S 40 o5
e 3 j )
-, = = 0L s
W 8 ® 2] 4 EORS
A O al K ads At (] % —=— Cul )
o™ o .?p R L O [t ¢ o ) o
A ot \t?" N P J —a— SEMABA/6B-KD +©
!/l‘/’f o s R 0 o
(1] 1 2 3 4 5 1E6 §E 5 |E-d E 3 0 o1 D
Time (h) Concentration of TesL ( ng/mL)

Figure 4. SEMAGA and SEMAG6B mediate binding and entry into cell lines and primary human
endothelial cells.

(A) HeLa cells transiently transfected with SEMAGBA, 6B, 6C, 6D, or FZD2 were exposed to
HA-tagged TcsL12g5-1804 (7.5 pg/mL) on ice for 60 min, washed, fixed, permeabilized and
subjected to immunostaining analysis. Expression of exogenous SEMA proteins was
confirmed by detecting fused FLAG tags. FZD2 was detected by fused 1D4 tag. Nuclei were
labeled with DAPI. Scale bar, 5 pm. Representative images were from one of three
independent experiments.

(B) A549 cells were exposed to either TcsL (40 pM) alone or TcsL pre-incubated with
ECDs of SEMAGA, 6B, or 4D at 1:500 molar ratio on ice for 1 h. The percentages of cell
rounding were recorded over time.

(C) Experiments were carried out as described in panel B, except that TcsL was pre-
incubated with the indicated proteins at the indicated molar ratios. The degrees of cell-
rounding with 5 h incubation were plotted as a bar-chart. Error bars indicate mean + s.d., N
=3,* p<0.01, **, p<0.05 (one-way ANOVA).

(D-E) HUVECSs were exposed to either TcsL (4 pM) alone or TcsL pre-incubated with
ECDs of SEMAGA, 6B, 4D, 5A, or 7A at 1:1000 molar ratio on ice for 1 h. The percentages
of cell rounding were plotted over time (D). The degrees of cell-rounding with 4 h
incubation were plotted in a bar-chart (E). Error bars indicate mean £ s.d., V=3, *, p<0.01
(one-way ANOVA).

(F-G) The sensitivity of HUVECs transfected with siRNAs targeting SEMAGA and
SEMAGB to TcsL was analyzed using the 24 h cell-rounding assay. HUVECs transfected
with scrambled siRNAs served as a control. The dose-response curves are plotted in panel F,
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and their CRsg are plotted in a bar-chart (panel G). Error bars indicate mean £ s.d., V=3, *,
p<0.01 (one-way ANOVA).
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Figure 5. SEMAGA-ECD reduces the toxicity of TcsL on lung tissues in vivo.
(A) Mice were injected with Buffer (HBSS with 0.1% BSA) or HA-tagged TcsL1285-1804

(200 pg per mice) for 30 min or 60 min. The lung tissue was harvested, washed, fixed, and
subjected to immunostaining analysis. The TcsL12g5-1804 Signal was detected via the HA
tag. The endothelial cell marker, CD31, was detected to label endothelial cells. Nuclei were
labeled with DAPI. Scale bar, 100 um. TcsL12g5_1g04 is largely co-localized with CD31.
Representative images were from one of six independent experiments.

(B-C) Massive accumulation of fluid in the thoracic cavity occurred within 4 h after IP
injection of TcsL (20 ng per 25 g bodyweight). Co-injection of TcsL with mouse SEMAGA
extracellular domain (MSEMABA-ECD) at 1:1000 and 1:500 (w/w) ratios both reduced
accumulation of fluid. Co-injection of TcsL with mouse SEMAGC extracellular domain
(MSEMAGC-ECD) at 1:1000 (w/w) ratio did not reduce accumulation of fluid. Injection of
Buffer (HBSS, with 0.1% BSA), mSEMAGA-ECD alone, or mMSEMAG6C-ECD alone were
examined in parallel. Boxes indicate *+ s.e.m., error bars indicate £ s.d., *, p< 0.01 (one-way
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ANOVA). The representative picture of the fluid collected from TcsL and TcsL +
MSEMABA-ECD groups are shown in panel B.

(D) Experiments were carried as described in panel C and the edema in lung tissues was
evaluated by measuring the dry-to-wet weights. TcsL reduced dry-to-wet weight ratio of
lung tissue 4 h after the injection compared with the Buffer group and the mSEMABA-ECD
alone group. Co-injection of TcsL with mSEMAGA-ECD prevented this reduction, while co-
injection with mSEMAGC-ECD showed no protection from TcsL. Boxes indicate £ s.e.m.,
error bars indicate + s.d., *, p< 0.01 (one-way ANOVA).

(E) Experiments were carried as described in panel C, and the indicated lung tissues were
harvested and subjected to histological analysis by H&E staining. TcsL resulted in alveolar
hemorrhage (upper panels) and widening of perivascular space (black arrows in lower
panels). These pathological changes are reduced in the TcsL + mMSEMAGA-ECD groups.
Scale bar, 200 pm.
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Figure 6. Administration of SEMAGBA-ECD post-injection of TcsL reduces the toxicity of TcsL

on lung tissues in vivo.

(A-C) Schematic drawing illustrating that TcsL alone was injected first into mice, and
MSEMAGA-ECD (1:1000 ratio) was then injected 5 min, 20 min, or 60 min after the
injection of TcsL (A). The volume of thoracic fluid was measured 240 min after TcsL
injection (B), and the lung tissue was harvested and the dry-to-wet weights of lung tissues

were measured (C).

(D) All mice with IP injection of TcsL (20 ng per 25 g bodyweight, /= 19) died within 26
h. Six in a total of sixteen mice with co-injection of TcsL with mSEMABA-ECD (1:1000
ratio) survived (p < 0.01 comparing with TcsL alone, Kaplan-Meier Log-Rank test). Co-
injection of TcsL with mSEMAGC-ECD (1:1000 ratio, /V=9) did not protect mice from
death (p>0.1). Two in a total of fifteen mice injected with mSEMAGA-ECD (1:1000 ratio)
5 min post-injection of TcsL survived (p < 0.01). Injection of Buffer (HBSS with 0.1%
BSA), mMSEMABA-ECD, or mSEMAGC-ECD alone showed no toxicity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti-Actin Aves Labs ACT-1010
Mouse monoclonal anti-HA BioLegend 901502
Chicken polyclonal anti-HA AVES Labs ET-HA100
Mouse monoclonal anti-FLAG Sigma F3165
Mouse monoclonal anti-Rhodopsin (1D4) | ThermoFisher MA1-722
Rabbit polyclonal anti-SEMABA ThermoFisher PA5-81009
Purified Rat Anti-Mouse CD31 BD Pharmingen 553370
Chemicals, Peptides, and Recombinant Proteins

All the other chemicals Sigma N/A
PolyJet SignaGen SL100688
PEIMax Polysicences 24765-1
Lipofectamine RNAIMAX ThermoFisher 13778150
Polybrene Santa Cruz sc-134220

Dulbecco’s Modified Eagle Medium

Life technologies

Cat#11995-065

Fetal bovine serum

Life technologies

Cat#26140-079

Penicillin/streptomycin

Life technologies

Cat#15140-122

F-12K Medium ATCC 30-2004
Heparin Sigma H3393
Endothelial cell growth supplement BD Biosciences # 354006
Puromycin ThermoFisher A1113830
Blasticidin S RPI B12150.01
Hygromycin B EMD Millipore 400051
Protease Inhibitor Cocktail Roche 4693159001
Nitrocellulose membrane GE Healthcare 10600002
DAPI-containing mounting medium SouthernBiotech | 0100-20
Endo H NEB P0702
Recombinant human Fc-tagged SEMAGA | R&D Systems 1146-S6
Recombinant human Fc-tagged SEMA6B | R&D Systems 2264-S6
Recombinant human Fc-tagged SEMAGC | R&D Systems 2219-S6
Recombinant human Fc-tagged SEMAG6D | R&D Systems 2095-S6
Recombinant human Fc-tagged SEMA4D | R&D Systems 5235-S4
Recombinant human Fc-tagged SEMASA | R&D Systems 6584-S5
Recombinant human Fc-tagged SEMA7A | R&D Systems 1835-S3
Recombinant human Fc-tagged CRD2 R&D Systems 1307-FZ
Recombinant human Fc-tagged 19G R&D Systems 110-HG
TesL This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
TesL2gs-1804 This paper N/A
Teslizgs-1804-HA This paper N/A
TesL1ges-2364 This paper N/A

TcdB-FBD Rongsheng Jin Chen et al., 2018
TesL(TcdB14s1-1602) This paper N/A
TedB(TesLyg31-1601) This paper N/A
MSEMAGA-ECD This paper N/A
MSEMAGBA-His This paper N/A
MSEMAGC-ECD This paper N/A
Critical Commercial Assays

Gibson Assembly NEB E2621
Bacillus Expression Systems MoBiTec GmbH | BMEG04
BCA assay kit ThermoFisher 23225
Genomic DNA extraction kit Qiagen 13323
Enhanced chemiluminescence kit ThermoFisher 34080
Experimental Models: Cell Lines

HelLa ATCC CCL-2
A549 ATCC CRM-CCL-185
5637 ATCC HTB-9
ACHN ATCC CRL-1611
Caco-2 ATCC HTB-37
U208 ATCC HTB-96
Huh? Y. Matsuura N/A
HEK293T ATCC CRL-3216
HUVECs Lonza 00191027
Expi293F ThermoFisher A14527
A549-SEMABA-KO-Mix-I This paper N/A
A549-SEMABA-KO-Mix-11 This paper N/A
A549-SEMAG6B-KO-Mix-I This paper N/A
A549-SEMAGB-KO-Mix-11 This paper N/A
A549-SEMAGC-KO-Mix This paper N/A
A549-SEMABD-KO-Mix-1 This paper N/A
A549-SEMAGD-KO-Mix-11 This paper N/A
A549-EMB-KO-Mix This paper N/A
A549-RTN4RL2-KO-Mix This paper N/A
A549-GPR87-KO-Mix This paper N/A
A549-SLC27A5-KO-Mix This paper N/A
A549-PCDHGB6-KO-Mix This paper N/A
A549-TBC1D3-KO-Mix This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
A549-ATPVOB-KO-Mix This paper N/A
A549-SLC25A31-KO-Mix This paper N/A
A549-PPAT-KO-Mix This paper N/A
A549-ACTG2-KO-Mix This paper N/A
A549-SEMABA/6B-KO-Mix-I This paper N/A
A549-SEMABGA/6B-KO-Mix-11 This paper N/A
HelLa-SEMABA-KO-Mix-1 This paper N/A
HeLa-SEMABA-KO-Mix-11 This paper N/A
HelLa-SEMAG6B-KO-Mix-I This paper N/A
HeLa-SEMA6B-KO-Mix-Il This paper N/A
HelLa-SEMAGBC-KO-Mix This paper N/A
HeLa-SEMAGD-KO-Mix-| This paper N/A
HelLa-SEMAGD-KO-Mix-11 This paper N/A
HeLa-SEMAGBA/6B-KO-Mix-| This paper N/A
HelLa-SEMAGBA/6B-KO-Mix-11 This paper N/A
HelLa + SEMAGA-FLAG-C This paper N/A
HelLa + SEMA6B-FLAG-C This paper N/A
HelLa + SEMAGC-FLAG-C This paper N/A
HelLa + SEMA6D-FLAG-C This paper N/A
5637 + SEMAGA-FLAG-C This paper N/A
5637 + SEMA6B-FLAG-C This paper N/A
5637 + SEMAGC-FLAG-C This paper N/A
5637 + SEMAG6D-FLAG-C This paper N/A
Experimental Models: Mice
CD-1 strain Charles River #022
Oligonucleotides
See Table S1 for oligonucleotides used in | This paper N/A
these studies
Recombinant DNA
SEMAGA cDNA Sino Bio HG11189-M
SEMAGB cDNA GE Dharmacon 40147342
SEMAG6C cDNA Sino Bio HG23441-UT
SEMAG6D cDNA R&D Systems RDC2156
pcDNA3.1 ThermoFisher 80020
pET28a Novagen 69864
pHIS1522 MoBiTec GmbH BMEG12
pMD2.G Addgene #12259
pSPAX2 Addgene #12260
LentiGuide-puro Addgene #52963
Lenti-SpCas9 blast Addgene #104997
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLenti-Hygro Addgene #17484
Sema6a.a-Fc-His Addgene #72163
Sema6c-Fc-His Addgene #72167
pRK5-mFzd2-1D4 Addgene 42264
GeCKO-V2 sgRNA library Addgene #1000000049
pET28a-TcdB-FBD Liang Tao Chenetal., 2018
Lentiguide-SEMABA-I This paper N/A
Lentiguide-SEMAGBA-II This paper N/A
Lentiguide-SEMAGB-I This paper N/A
Lentiguide-SEMAGB-I11 This paper N/A
Lentiguide-SEMA6C This paper N/A
Lentiguide-SEMAGD-1 This paper N/A
Lentiguide-SEMAG6D-II This paper N/A
Lentiguide-EMB This paper N/A
Lentiguide-RTN4RL2 This paper N/A
Lentiguide-GPR87 This paper N/A
Lentiguide-SLC27A5 This paper N/A
Lentiguide-PCDHGB6 This paper N/A
Lentiguide-TBC1D3 This paper N/A
Lentiguide-ATP6V0B This paper N/A
Lentiguide-SLC25A31 This paper N/A
Lentiguide-PPAT This paper N/A
Lentiguide-ACTG2 This paper N/A
pcDNA3.1-SEMAGA-FLAG-C This paper N/A
pcDNA3.1-SEMAG6A-ECD-His This paper N/A
LentiHygro-SEMAG6A-FLAG-C This paper N/A
pcDNA3.1-SEMA6B-FLAG-C This paper N/A
LentiHygro-SEMA6B-FLAG-C This paper N/A
pcDNA3.1-SEMA6C-FLAG-C This paper N/A
LentiHygro-SEMA6C-FLAG-C This paper N/A
pcDNA3.1-SEMA6D-FLAG-C This paper N/A
LentiHygro-SEMA6D-FLAG-C This paper N/A
pET28a-TcsL-1285-1804 This paper N/A
pET28a-TcsL-1856-2364 This paper N/A
pET28a-TcsL-1285-1804-HA This paper N/A
pET28a-TcsL(TcdB-1431-1602) This paper N/A
pET28a-TcdB(TcsL-1431-1601) This paper N/A

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

OriginPro v8.5 OriginLab https://
www.originlab.c
om/

Excel Microsoft https://
products.office.c
om/en-us/home

BLItz pro. Software Version 1.1.0.29 ForteBio https://
www.fortebio.co
m/products/
label-free-bli-
detection/
personal-assay-
blitz-system

ImageJ Version 1.520 Image J https://
imagej.nih.gov/i
jl

Others

Fluorescence microscope Olympus 1X51

Spinning Disk Confocal Microscope Olympus DSU-1X81

Fuji LAS3000 imaging system Fuji LAS3000

Personal assay BLItz System ForteBio BLItz System

Dip and Read Anti-Human IgG Fc ForteBio 18-5060

Capture
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