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ABSTRACT Group 3 innate lymphocytes (ILC3s) are rare immune cells localized in
mucosal tissues, especially the gastrointestinal (GI) tract. Despite their rarity, they are a
major source of the cytokine interleukin-22 (IL-22), which protects the GI epithelium
during inflammation and infection. Although ILC3s have been demonstrated to be impor-
tant for defense against Clostridioides difficile infection, the exact mechanisms through which
they sense productive infection and become activated to produce IL-22 remain poorly
understood. In this study, we identified a novel mechanism of ILC3 activation after exposure
to C. difficile. Toxin B (TcdB) from C. difficile directly induced production of IL-22 in ILC3s,
and this induction was dependent on the glucosyltransferase activity of the toxin, which
inhibits small GTPases. Pharmacological inhibition of the small GTPase Cdc42 also enhanced
IL-22 production in ILC3s, indicating that Cdc42 is a negative regulator of ILC3 activation.
Further gene expression analysis revealed that treatment with TcdB modulated the expres-
sion of several inflammation-related genes in ILC3s. These findings demonstrate that C. diffi-
cile toxin-mediated inhibition of Cdc42 leads to the activation of ILC3s, providing evidence
for how these cells are recruited into the immune response against the pathobiont.
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C lostridioides difficile is a mucosally associated bacterial pathogen that can cause life-
threatening illness, and up to 30,000 patients succumb to infection in the United States

every year (1, 2). While the pathogen is best recognized as the leading source of hospital-
acquired gastrointestinal (GI) infections, it has been increasingly associated with infections in
the healthy population (3). Asymptomatic colonization is possible and leads to productive
infection only in some individuals; a subset of these patients will have a relapsing disease
that is usually more severe (1). During active infection, C. difficile promotes a strong inflam-
matory response that can lead to pseudomembranous colitis. C. difficile virulence is medi-
ated through several toxins it secretes, including toxin A (TcdA) and toxin B (TcdB), which
are critical for pathogenesis (2, 4–6). Deletion of TcdB from C. difficile decreases virulence in
animal models, and codeletion with TcdA abolishes in vivo virulence (7). Intrarectal adminis-
tration of TcdA or TcdB recapitulates many aspects of C. difficile infection (8). Both TcdA and
TcdB contain glucosyl transferase domains capable of directly glucosylating host Rho/Rac
family small GTPases, thereby inactivating them. TcdB is highly toxic to epithelial cells but
can have immunomodulatory effects on immune cells (2, 5), such as macrophage inflam-
masome activation, resulting in secretion of proinflammatory interleukin-1b (IL-1b) (9, 10).
These findings suggest that the innate immune system has evolved mechanisms for immedi-
ately responding to the presence of bacterial toxins. However, the potential immunomodula-
tory effects of TcdB on other immune cell subsets relevant to C. difficile infection are not fully
appreciated.

At the interface between the host and the environment, mucosal barriers have several
lines of defense against invasive pathogens such as C. difficile (11, 12). Mucin-rich surfaces
and antimicrobial peptides prevent commensal and/or pathogenic bacteria from interacting
with the epithelium. Recent studies have revealed a critical role for group 3 innate lymphocytes
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(ILC3s) in mucosal barrier maintenance (13), including C. difficile infection (14). ILCs are a broad
class of lymphocytes that lack diverse, rearranged antigen-specific receptors and instead
respond to environmental signals (15, 16). ILC3s can be activated by IL-23 or IL-1b (17, 18).
Once activated, ILC3s secrete several cytokines, and IL-22 is the most biologically important
(16, 19, 20). Although rare, ILCs have antibacterial functions in C. difficile infection in mouse
models (14, 21).

IL-22 is a critical modulator of tissue responses during inflammation (20, 22–24). IL-22
stimulation leads to the induction of proliferative and antiapoptotic pathways in epithelial
cells as well as tissue-specific genes (25). IL-22 is upregulated in infectious and inflammatory
diseases, including GI bacterial infections and inflammatory bowel disease (IBD) (26, 27).
IL-22 is protective in different colitis mouse models (28–32). During acute colitis, IL-22 helps
maintain the colonic epithelial barrier by preventing cell death, stimulating proliferation of epi-
thelial stem cells, and inducing protective factors such as mucins and antimicrobial peptides
from goblet and Paneth cells, respectively (27, 29). Unlike other GI bacterial infections in which
absence of IL-22 leads to elevated bacterial loads in mousemodels of disease, during C. difficile
infection IL-22-deficient mice have no change in C. difficile bacterial loads (33). However, they
do have increased morbidity andmortality due to greater dissemination of other bacterial spe-
cies (33). IL-22 influences the microbiota (34), and IL-22-mediated glycosylation of the GI tract
modulates the microbiome and its metabolic activity, which also limits C. difficile infection (35).
Artificially increasing IL-22 levels via injection of recombinant cytokine during C. difficile infec-
tion in older mice also provides protection (36). These studies suggest that IL-22 is protective
to the host during GI infection, but a mechanism through which IL-22 is directly induced in
response to C. difficile infection remains to be identified.

In this study, we examined the potential effects of C. difficile on ILC3s. Bacterial toxins can
modulate host immune cells, including ILC3s, often dampening their ability to respond to
the pathogen (37). Surprisingly, we found that TcdB induced IL-22 production by ILC3s. This
was dependent on the glucosyl transferase activity of TcdB, which inhibits host small
GTPases. Pharmacological inhibition of Cdc42 phenocopied the effects of TcdB, leading to
increased IL-22 production by ILC3s, suggesting that Cdc42 is a negative regulator of ILC3
activation. Gene expression analysis revealed that TcdB upregulated other genes in ILC3s in
addition to Il22, such as Csf2 and Il17a, encoding granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) and IL-17, respectively, while also downregulating expression of such
genes as Ltb, encoding lymphotoxin-b . These data establish that activation of ILC3s, includ-
ing production of IL-22, is a direct result of exposure to toxins from C. difficile, providing a
unique mechanism for the activation of these cells during infection.

RESULTS
Coculture of C. difficile and ILC3s induces IL-22 production in ILC3s. To examine if

C. difficile can directly modulate ILC3 function during infection, we cocultured a mouse
ILC3-like cell line, MNK-3, with vegetative bacilli of C. difficile. ILC3s are very rare cells found at
low frequency; we made use of this cell line as it is molecularly and cellularly comparable to
primary ILC3s (38). These cells produce low levels of IL-22 at homeostasis, but upon stimula-
tion with IL-1b or IL-23, they produce copious amounts of IL-22 (38). While ILC3s are usually
cultured at 17% O2, C. difficile is an anaerobe that requires a less oxygen-rich environment for
optimal culture conditions. C. difficile has recently been shown to be transcriptionally active
under microaerophilic conditions, including 1% O2 (39). ILC3s are also viable at 1% O2 and still
produce IL-22 when activated (40). Furthermore, this low oxygen level is more representative
of the levels immune cells experience in vivo in different tissues, including the GI tract (41).
Coculture of MNK-3 cells with vegetative bacilli of C. difficile VPI 10463 at 1% O2 resulted in an
increased percentage of cells producing IL-22 compared to MNK-3 cells cultured alone (Fig.
1A). In contrast, cells cultured with heat-killed bacilli had a percentage of IL-22-producing cells
similar to that of the cells cultured alone. Thus, live, but not heat-killed, C. difficile induced IL-22
in ILC3s, suggesting that a secreted bacterial product, and not a structural component, acti-
vated ILC3s.

C. difficile toxin B induces IL-22 in ILC3s. C. difficile has three major toxins: TcdA,
TcdB, and binary toxin (CDT) (42). CDT, an ADP-ribosyl transferase that mediates actin
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cytoskeletal disruption, is only present in some strains and is absent from VPI 10463;
therefore, it is not responsible for this effect of C. difficile on ILC3s (43). TcdA and TcdB
are both inhibitors of eukaryotic small GTPases through glucosylation of key residues.
Although both toxins have similar functions on host cells, TcdB is thought to be the more
critical virulence factor during infection (44). C. difficile strains also typically secrete one of
two variants of TcdB, TcdB1 or TcdB2, which share 92% sequence identity but differ in toxic-
ity (45). TcdB2 is present in more recently emerged hypervirulent strains associated with
community-acquired infections and is also more toxic than TcdB1 (46). To begin, we focused
on the potential of TcdB1 to mediate the increase in IL-22 production by ILC3s we observed
during coculture of the cells and live bacteria. Treatment of MNK-3 cells with recombinant
TcdB1 led to secretion of significantly higher levels of IL-22 compared to untreated cells
(Fig. 1B). After 4 h of treatment with TcdB1, we also found increased levels of Il22 in MNK-3
cells compared to cells cultured alone (Fig. 1C), further demonstrating that TcdB1 directly
modulates production of IL-22.

Since ILC1s have also been implicated as key mediators of the immune response during
C. difficile infection, we investigated the effects of TcdB1 treatment on an IFN-g-producing
ILC1-like cell line generated concurrently with MNK-3 cells, MNK-1 cells (38). In contrast to
our findings with MNK-3 cells, treatment with TcdB1 did not induce production of IFN-g in
MNK-1 cells (see Fig. S1 in the supplemental material). Moreover, TcdB1 did not modulate

FIG 1 C. difficile and its toxin, TcdB1, induce IL-22 production in ILC3s. (A) MNK-3 cells were cultured at 1% O2 either untreated,
with live C. difficile VPI 10463, with heat-killed C. difficile VPI 10463, or with 20 ng/mL IL-1b for 6 h, with antibiotics added at 3 h
in the presence of brefeldin A (BFA). Cells were stained with a fixable viability dye and intracellularly cytokine stained for IL-22.
Shown are representative FACS plots for viable MNK-3 cells with the percentage of IL-221 cells (left) and summary data (right),
with each point representing a well. The line indicates the mean, n = 4. Data are from one experiment and represent three
similar experiments. (B) MNK-3 cells were stimulated with 200 ng/mL TcdB1 or 20 ng/mL IL-1b or remained untreated for 4 h,
and then IL-22 was quantitated in the supernatants by ELISA. Each point represents one well. The horizontal line indicates the
mean, n = 4 to 5. Experiment is representative of more than three independent experiments. (C) MNK-3 cells were stimulated
with 200 ng/mL TcdB1 or remained untreated for 4 h, and then Il22 was semiquantitated by real-time RT-PCR using Hprt
levels for normalization. Each point represents one well. The horizontal line indicates the mean, n = 5 to 6. Experiment is
representative of more than three independent experiments. (D) CD1271 Thy1.21 cells isolated from C57BL/6 mice were
stimulated with 200 ng/mL TcdB1 or remained untreated for 18 h, and then IL-22 was quantitated in the supernatants by
ELISA. Each point represents the mean of wells from one experiment (n = 3 to 6) with data paired for each experiment
(n = 4). **, P , 0.01; ****, P , 0.0001.
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IL-22 production in CD4 T cells when present during naive CD4 T cell differentiation to T
helper 22 (Th22) cells (Fig. S2). Finally, although MNK-3 cells are an excellent model to study
ILC3s and have served as a useful tool to study a rare immune cell subset (37, 38, 47–49), we
wanted to extend our findings to primary immune cells. Sorted ILCs isolated from mice also
secreted increased levels of IL-22 when treated with TcdB1 (Fig. 1D). Thus, TcdB1 directly
induces IL-22 production in ILC3s.

We next examined if TcdB2 also stimulated IL-22 production in ILC3s and, if so, compared
it to TcdB1 and IL-1b . MNK-3 cells were treated with TcdB1, TcdB2, or IL-1b for 5 h, and cyto-
kine production was measured by intracellular cytokine staining and FACS. Both TcdB1 and
TcdB2 increased the percentage of IL-221 cells compared to resting levels (approximately 25
to 50% compared to ,10%) (Fig. 2A). These levels were less than that induced by IL-1b ,
where half the treated cells produced IL-22. Toxins had no detectable effect on cell viability
(Fig. 2B). A dose titration of both recombinant TcdB1 and TcdB2 found that both increased IL-
22 secretion in a dose-dependent manner (Fig. 2C). TcdB1 and TcdB2 similarly increased Il22
mRNA levels (Fig. 2D). Furthermore, the related toxin TcdA, also an inactivator of host small
GTPases with 66% sequence similarity to TcdB (50), induced IL-22 production as well (Fig. 2E).
In addition to IL-22, upon activation with IL-1b , MNK-3 cells also induce secretion of GM-CSF
(38); therefore, we examined if TcdB1, TcdB2, or TcdA also induced this cytokine. We found
that all three toxins induced GM-CSF secretion, albeit not to the same levels as IL-1b (Fig. 2E).
Thus, C. difficile toxin-mediated ILC3 production of IL-22, as well as other effector molecules,
such as GM-CSF, is shared between TcdA and TcdB and both variants of TcdB, TcdB1 and
TcdB2.

TcdB1 has distinct effects on ILC3 gene expression. To better examine the broad
effects of TcdB1 on ILC3 gene expression, we performed NanoString nCounter analysis
using an immunology gene panel to examine 547 immune-related genes. MNK-3 cells
were left untreated or were treated with TcdB1 for 4 h and then subjected to analysis.
TcdB1 significantly increased expression of 12 genes and downregulated expression of
11 genes (Fig. 3A). The most differentially regulated and with the greatest significance
was the gene encoding IL-22, validating our earlier experiments and the importance we
have placed on IL-22 in ILC3 biology. Further reinforcing our results, we also found that
Csf2, the gene encoding GM-CSF, was increased in accordance with the increased levels
of secreted GM-CSF. Other genes significantly modulated by TcdB1 included Ltb (encod-
ing lymphotoxin b), Plaur (encoding plasminogen activator, urokinase receptor), and
Ptger4 (prostaglandin E receptor 4). We confirmed several of the genes discovered in the
NanoString nCounter analysis by real-time RT-PCR (Fig. 3B). We also compared TcdB1-
mediated changes to those induced by the inflammatory cytokine IL-1b , which has been
well described to induce an inflammatory phenotype in ILC3s. We found that for some
TcdB1-modulated genes, such as Ltb or Sigirr, both TcdB1 and IL-1b had similar effects on
ILC3s compared to nontreated cells. However, genes that were modulated only following
TcdB treatment were also identified, such as Plaur and Klrc1, which encodes killer cell lectin
like receptor C1/CD159. Given these results, we conclude that TcdB1 has effects on gene
expression in ILC3s, distinct from the response mediated by the host cytokine IL-1b .

To extend these transcriptional changes to primary cells, we also examined the effects of
TcdB1 on primary ILCs isolated frommice. We found that TcdB1 treatment significantly upreg-
ulated expression of Il22 as well as other cytokine genes, such as Il17f and Csf2, and downregu-
lated levels of Ltb (Fig. 3C). Another gene, Plaur, was also upregulated in the primary cells as it
was in the ILC3-like cell line. Other genes for which we had detected changes in the cell line
were either trending (Sigir) or not significant (Klcr1 and Icos) in the primary ILCs. Thus, TcdB1
modulates gene expression in primary mouse ILCs, with both similarities and differences to
the mouse ILC3-like cell line.

Inhibition of Cdc42 signaling induces IL-22 production in ILC3s. The major toxins
of C. difficile, TcdA and TcdB, both mediate cell toxicity through glucosylation of host small
GTPases, which inhibits their activity, leading to epithelial cell death (42). We hypothesized
that these toxins were inducing IL-22 production in ILC3s through the same mechanism
of action. To test this, we made use of recombinant TcdB1 and TcdB2 with a point muta-
tion in the glucosyl transferase active sites (D270N) (51, 52). Treatment of MNK-3 cells did
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FIG 2 Several C. difficile glucosyltransferase toxins induce ILC3 cytokines. (A and B) MNK-3 cells were treated with 200 ng/mL TcdB1, 200 ng/
mL TcdB2, or 20 ng/mL IL-1b for 5 h in the presence of BFA and then analyzed by intracellular cytokine staining and FACS. Shown are
representative FACS plots for viable MNK-3 cells with the percentage of IL-221 cells (left) and summary data (right) and viability data (B),
with each point representing a well. The line indicates the mean, n = 3. Data are from one experiment and represent three similar
experiments. (C) MNK-3 cells were treated with the indicated concentration of TcdB1 (left) or TcdB2 (right) for 18 h, and then IL-22 was
quantitated in the supernatants by ELISA. Each point represents a well. The line indicates the mean, n = 3. Data are from one experiment
and represent three similar experiments. (D) MNK-3 cells were treated with 200 ng/mL TcdB1 or TcdB2 or left untreated for 4 h, and then
Il22 was semiquantitated by real-time RT-PCR using Hprt levels for normalization. Each point represents one well. The horizontal line
indicates the mean, n = 5. Experiment is representative of more than three independent experiments. (E) MNK-3 cells were treated with
200 ng/mL TcdA, 200 ng/mL TcdB1, 200 ng/mL TcdB2, or 20 ng/mL IL-1b or were left untreated for 18 h, and then IL-22 and GM-CSF were
quantitated by ELISA in the supernatants. Each point represents one well. The horizontal line indicates the mean, n = 4. Experiment is
representative of more than three independent experiments. *, P # 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001. Differences that were
not significant (P . 0.05) are marked ns.
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FIG 3 TcdB1 modulates ILC3 gene expression. (A) MNK-3 cells were treated with 200 ng/mL TcdB1 for 4 h or left untreated, and then mRNA was subjected
to NanoString nCounter analysis using a mouse immunology panel with 547 genes and 14 internal reference genes. Shown is a volcano plot with several
notable genes marked. (B) MNK-3 cells were treated with no treatment, 200 ng/mL TcdB1, or 20 ng/mL IL-1b for 4 h, and then mRNA levels of several
genes identified in panel A were semiquantitated by real-time RT-PCR. n = 4. Each point represents one well, bar indicates mean. Data are representative
of three or more independent experiments. *, P # 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001. Differences that were not significant (P . 0.05) are
marked ns. (C) Sorted ILCs (CD1271 Thy1.21) from Rag12/2 mice were rested overnight in culture and then left unstimulated or stimulated with 200 ng/mL
TcdB1 for 6 h. mRNA levels of several genes identified in panel A or B were semiquantitated by real-time RT-PCR. Shown are all samples combined from
two independent experiments (n = 5 or 6 per experiment). *, P # 0.05; **, P , 0.01; ***, P , 0.001. Differences that were not significant (P . 0.05) are
marked ns.
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not increase levels of IL-22 (Fig. 4A), suggesting that C. difficile toxins activate ILC3s via
their well-known glucosyl transferase activities.

C. difficile toxins specifically target the Rho/Rac subfamily of Ras-like GTPases, which
includes Rho, Rac1, and Cdc42 (42). These signaling proteins have been implicated in vari-
ous functions in other immune cells (53, 54), but their roles in ILCs are unknown. To exam-
ine the function of these small GTPases in ILC3s, we treated MNK-3 cells with different phar-
macological inhibitors targeting each GTPase individually. Rho and Rac1 inhibitors did not
modulate secretion of IL-22 (Fig. 4B), as treatment led to these cells producing IL-22 levels
comparable to those of cells cultured alone. In contrast, we found that a selective Cdc42 in-
hibitor that targets the binding site of the guanine nucleotide exchange factor ZLC278 (55)
increased levels of IL-22 compared to expression levels of resting cells (Fig. 4B). Thus, a
Cdc42 inhibitor phenocopies the effects of TcdB on ILC3s. To confirm that TcdB targets
Cdc42 in ILC3s, we examined levels of active Cdc42 in TcdB-treated cells. Compared to
untreated control cells or cells treated with enzymatically inactive TcdB D270N, we found

FIG 4 Inhibition of Cdc42 induces IL-22 production in ILC3s. (A) Toxin lacking glucosylation activity
does not stimulate IL-22 production. MNK-3 cells were left untreated or were treated with 200 ng/mL
TcdB1, TcdB2, or catalytic mutants, TcdB1 D270N or TcdB2 D270N, for 18 h, and then secreted IL-22
was quantitated by ELISA. Each point represents one well, bar indicates mean, n = 3. Data are
representative of three or more independent experiments. **, P , 0.01; ****, P , 0.0001. Differences
that were not significant (P . 0.05) are marked ns. (B) Cdc42 inhibitor phenocopies TcdB treatment.
MNK-3 cells were left untreated or were treated with 50 mM Rac1 inhibitor CAS 1177865-17-6, 30 mM
Rho inhibitor rosin, or 50 mM Cdc42 inhibitor ZCL278 for 18 h, and then secreted IL-22 was quantitated
by ELISA. Each point represents one well, bar indicates mean, n = 3. Data are representative of three or
more independent experiments. **, P , 0.01; ***, P , 0.001. Differences that were not significant
(P . 0.05) are marked ns. (C) TcdB1-treated cells have no detectable GTP-bound Cdc42. MNK-3 cells
were stimulated with 200 ng/mL TcdB1 or TcdB1 D270N or left untreated for 4 h, and then active
Cdc42 (GTP-bound) was pulled down from cell lysates according to Materials and Methods (n = 3). The
GTP-bound fraction and the total cell lysates were analyzed by Western blotting for Cdc42 levels, and
the total cell lysates were analyzed by Western blotting for actin levels. Shown are data from one
experiment representative of three independent experiments.
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reduced amounts of active Cdc42 in the TcdB-treated cells (Fig. 4C). Altogether, these data
suggest that TcdB mediates its effects on ILC3s in part via inhibition of Cdc42.

DISCUSSION

C. difficile pathogenesis relies on toxin-mediated epithelial cell death, but the effects
of those same toxins on the immune cells of the intestinal barrier still are not fully explored.
In this study, we found that the C. difficile virulence factor TcdB, best known for targeting GI
epithelial cells for apoptosis to decrease host barrier integrity, can also induce a distinct
inflammatory phenotype in ILC3s. Our data show that the increase in IL-22 production by
ILC3s treated with live C. difficile or recombinant toxins potentially is caused by the inhibition
of Cdc42. These findings provide a mechanism for ILC3s to become directly activated during
productive C. difficile infection. This is likely beneficial to the host, since upon epithelial cell
death and subsequent exposure of ILC3s to toxin, ILC3s would be capable of immediately
boosting barrier integrity as well as antimicrobial peptide and mucin production. While IL-22
has previously been shown to be as important for host defense during C. difficile infection
(33, 35, 36), our study now characterizes a mechanism by which IL-22 is induced directly
from ILC3s via the glucosyl transferase activity of the toxins.

Modulation of immune cell function by virulence factors is a common strategy for
bacterial pathogens to evade host immune responses (56–58). In many instances, this
means that a pathogen constrains cell function to minimize the antibacterial immune
response. The toxins produced by C. difficile are known to cause epithelial cell apoptosis,
leading to disruption of the intestinal barrier and potential dissemination of luminal bacte-
ria (2, 4). In contrast, our results demonstrate that exposure to TcdB leads to the activation
of ILC3s rather than cell death. Since ILC3s are primarily located in the submucosa of the
GI tract, they are poised for immediate activation following epithelial disruption during C.
difficile infection. These findings imply that ILC3s can become directly activated during
productive infection without the need for other immune cells to become activated first,
such as dendritic cells that produce IL-1b .

Although recent studies have revealed several means the bacterium uses to out-
compete commensals (59, 60), we still do not fully understand how C. difficile estab-
lishes infection. Host immune responses likely play a critical role in this process (2). IL-
22 is unlikely to directly affect C. difficile growth; in vitro growth curves (absorbance at
an optical density at 600 nm [OD600] or viable CFU plating) in the presence or absence
of recombinant murine IL-22 revealed no significant differences (data not shown). As
dysregulation of the microbiota is important for progression of C. difficile infection and
IL-22 can shape the microbiota (34), increased levels of IL-22 may alter the composition
of the microbiota to favor C. difficile growth.

We have identified Cdc42 as a negative regulator of ILC3 activation. Small GTPases
are involved in the activation of other immune cells, such as closely related Th17 cells
(53, 61), but to our knowledge no studies have yet reported their role in ILC3s. Cdc42 is an
intracellular signal transducer that cycles between a GTP-bound active and GDP-bound
inactive state and in many cells plays a role in actin and tubulin dynamics (62). In immune
cells, such as T cells, Cdc42 has been shown to regulate differentiation of naive CD4 T cells
to different T helper subsets (61, 63). Few negative regulators of ILC3s have been identified.
Recently, RANKL and vitamin D were found to be negative regulators of ILC3s (48, 64, 65).
Cdc42 is already a target for Ras-related cancers (63), and these therapeutics could be
coopted for infectious diseases to elevate IL-22 levels via ILC3s to combat bacterial infec-
tion. Bacterial toxins, with their well-elucidated mechanisms, are excellent tools for perturb-
ing eukaryotic signaling pathways (66) and may be helpful in identification of other critical
signaling pathways in immune cells.

C. difficile is a GI pathogen in which productive infection involves the complex interaction
of the bacterium, the microbiota, the host’s GI tract, and the host’s immune response. In this
study, we have shown that a major bacterial virulence factor, TcdB, can directly activate a
host immune cell. It remains to be fully determined how these TcdB-activated ILC3s differ
from those activated by the host’s IL-1b or IL-23, and future work will investigate the function
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of these TcdB-activated ILC3s in the host’s GI tract. A better understanding of how C. difficile
interacts with components of our immune system is critical for the development of new pre-
ventative measures and therapeutics to combat infection. Enhancing innate immunity, espe-
cially by targeting cytokine biology, has great potential for reducing incidence and severity of
initial and recurrent C. difficile infections.

MATERIALS ANDMETHODS
Cell line. MNK-3 cell clone B3, derived from single-cell cloning of the ILC3-like cell line MNK-3 cells

(38), was maintained in Dulbecco’s modified Eagle medium (DMEM) (Corning, Tewksbury, MA) with 10%
heat-inactivated fetal bovine serum (FBS) (Gemini Bio-Products; West Sacramento, CA), 2 mM GlutaGro
(Corning), 1 mM sodium pyruvate (GE Healthcare HyClone; Logan, UT), 55 mM b-mercaptoethanol
(Sigma; St. Louis, MO), 10 mM HEPES (Corning), 50 mg/mL gentamicin (Amresco; Solon, OH), 100 U/mL
penicillin (Gemini Bio-Products), 100 U/mL streptomycin (Gemini Bio-Products), and 10 ng/mL recombi-
nant mouse IL-7 (eBioscience, San Diego, CA, or Peprotech, Rocky Hill, NJ). Coculture experiments with
bacteria omitted the gentamicin, penicillin, and streptomycin. MNK-1 cells were maintained in the same
complete medium with 10 ng/mL recombinant mouse IL-2 (eBioscience) instead of IL-7.

Bacterial toxins and other key reagents. Recombinant TcdB1 and TcdA were purchased from List
Biologicals (Campbell, CA), and this TcdB1 was used for the majority of the experiments. Some experi-
ments used recombinant TcdB1, TcdB2, TcdB1 D270N, and TcdB2 D270N that were expressed in a
Bacillus megaterium system (MoBiTech, Göttingen, Germany) as previously described (67) and affinity
purified by Ni21 chromatography. This TcdB1 was used for experiments where it was being compared to
TcdB2 or the mutants. A concentration of 200 ng/mL toxin was used for experiments, unless otherwise
indicated, as a dose titration showed this was the concentration of TcdB1 that had maximal IL-22 pro-
duction by ILC3s. A concentration of 20 ng/mL recombinant mouse IL-1b (BioLegend, San Diego, CA)
was used as a positive control for induced IL-22 production by MNK-3 cells. Cell signaling inhibitors
were 50 mM Cdc42 inhibitor ZCL278 (Sigma), 30 mM Rho inhibitor Rosin (Sigma), and 50 mM Rac1 inhibi-
tor 5 CAS 1177865-17-6 (Sigma).

Bacterium-ILC3 cocultures. C. difficile VPI 10463 (ATCC 43255) was cultured overnight in 5 mL of
brain heart infusion broth (BHI) plus yeast (BHI-S) at 37°C in a Coy anaerobic chamber maintained at 5%
CO2, 3.5% H2, 91.5% N2. Bacteria were harvested, washed with phosphate-buffered saline (PBS), and labeled
according to the manufacturer’s protocol with carboxyfluorescein succinimidyl ester (CFSE) (eBioscience) to distin-
guish them from the host cells by fluorescence-activated cell sorting (FACS). To generate heat-killed bacteria, an
aliquot of bacteria was incubated in a 70°C water bath for 20 min and then washed with MNK-3 culture medium.
Lack of viability was confirmed by plating. For the cocultures, MNK-3 clone B3 cells were washed with MNK-3 me-
dium lacking antibiotics, and then cells were seeded in a 96-well round-bottom plate with brefeldin A (BFA) to in-
hibit cytokine secretion. Live or heat-killed bacteria were added as indicated. The plate was incubated in a hy-
poxia chamber with 1% O2, 5% CO2, 94% N2 with a water dish for humidity at 37°C for 3 h, and then 15 mg/mL
thiamphenicol (Sigma) and 1.25mg/mL metronidazole (Sigma) were added to prevent overgrowth of bacteria. At
6 h, cells were stained with eFluor780 fixable viability dye (eBioscience; San Diego, CA), intracellularly cytokine
stained for IL-22, and analyzed by FACS. Bacteria (CFSE1) were excluded from the analysis.

Isolation of primary ILCs. C57BL/6 mice were from the National Cancer Institute/Charles River
(Frederick, MD), and Rag12/2 mice were from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in
an AAALAC-accredited Helicobacter-free rodent barrier facility. Males and females were used for experiments.
All studies were approved by the OUHSC Institutional Animal Care and Use Committee (IACUC protocol num-
bers 18-016, 18-066, 20-088, and 21-024). Spleens and lymph nodes were excised from C57BL/6 or Rag12/2

mice, where indicated, and single-cell suspensions were made by disruption of the spleen on wire mesh using
the plunger of a 3-mL syringe. Cells were centrifuged and the cell pellet was resuspended. Red blood cells
were lysed in ACK lysis buffer (0.83% NH4Cl, 0.5% KHCO3, 0.5 mM EDTA) for 2 min and then neutralized with
PBS or medium. Cells were counted using trypan blue exclusion staining and a hemocytometer. ILCs from
C57BL/6 mice were purified using an EasySep mouse pan-ILC enrichment kit using magnetic bead separation
(StemCell Technology, Vancouver, Canada). Cells from C57BL/6 mice were stained with viability dye (eFluor780
fixable viability dye) and then surface stained with CD127 (clone A7R34; eBioscience), and CD90.2/Thy1.2 (clone
53-2.1; eBioscience), and eFluor7802 CD1271 CD90.2/Thy1.21 cells were sorted using a Beckman Coulter
Moflo XDP sorter. Sorted cells had greater than 95% purity. Cells from Rag12/2 mice were surface stained with
CD127 (clone A7R34; eBioscience) and CD90.2/Thy1.2 (clone 53-2.1; eBioscience), and CD1271 CD90.2/Thy1.21

cells were sorted using a FACSAria IIIu sorter. Sorted cells had greater than 90% purity.
Intracellular cytokine staining. Cells were treated with toxin, cytokine, or signaling inhibitor as indi-

cated in the presence of BFA (eBioscience) for 5 h. Cells were stained with eFluor780 fixable viability dye and
then were intracellularly stained with an anti-IL-22 antibody (clone IL22JOP; eBioscience) according to the man-
ufacturer’s protocol and analyzed by flow cytometry on a Stratedigm S1200Ex flow cytometer (Stratedigm, San
Jose, CA), and data were analyzed using FlowJo v.10.6 (Tree Star; Ashland, OR).

ELISA. Mouse IL-22 enzyme-linked immunosorbent assay (ELISA) (Antigenix America, Huntington
Station, NY), mouse GM-CSF ELISA (R&D Systems, Minneapolis, MN), and mouse gamma interferon (IFN-g)
ELISA (BD Biosciences, East Rutherford, NJ) were performed according to the manufacturers’ protocols.

Real time RT-PCR. Cells were harvested in TriPure (Roche; Nutley, NJ) and RNA was prepared accord-
ing to the manufacturers’ protocols. RNA was DNase treated (Roche) and cDNA was generated by
reverse transcription using EasyScript Plus (Lamda Biotech; St. Louis, MO) with oligo(dT) as the primer.
cDNA was used as the template in a real-time PCR using Integrated DNA Technologies (Coralville, IA) or
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ABI TaqMan primer-probe sets (Thermo Fisher, Waltham, MA) (Table 1) on an ABI 7500 Fast or QuantStudio5 real-
time PCR machine (Thermo Fisher). cDNA was semiquantitated using the DCT method with Hprt as an internal
control for all samples.

Cdc42 activity assay. MNK-3 cells were treated with no toxin, 200 ng/mL TcdB1, or 200 ng/mL
TcdB1 D270N for 4 h. Cell lysates were then harvested and GTP-bound Cdc42 was detected by following
the manufacturer’s protocol using an Active Cdc42 detection kit (number 8819; CST). GTP-bound Cdc42
fractions or total cell lysates were separated by SDS-PAGE on a 4 to 15% gradient gel (Bio-Rad, Hercules,
CA). Proteins were transferred to an Immobilon-P polyvinylidene difluoride (PVDF) membrane (EMD
Millipore, Billerica, MA) using a wet transfer method. The protein-transferred membrane was blocked
with 5% dry milk and then incubated with the manufacturers’ recommended concentration of primary
antibody overnight at 4°C. Blots were then washed and incubated with the appropriate species-specific
horseradish peroxidase (HRP) secondary antibody for 1 h. Blots were developed using Pierce ECL2
Western blotting substrate (Thermo Scientific, Waltham, MA) and imaged using a ChemiDoc MP imaging
system (Bio-Rad, Hercules, CA). For reblotting with another antibody, blots were stripped using a
Restore Western blot stripping buffer (Thermo Scientific) and then washed and reblocked and per-
formed with a new primary Ab as described above.

Gene expression analysis. MNK-3 clone B3 cells were stimulated with 200 ng/mL TcdB1 (n = 4) or
left unstimulated (n = 4). RNA was purified using a Direct-zol RNA miniprep plus kit (Zymo Research,
Irvine, CA). RNA expression profiling was performed via nCounter analysis technology (NanoString,
Seattle, WA) using an nCounter mouse immunology pathway panel with 547 genes and 14 internal ref-
erence genes for normalization. Data were analyzed using the nSolver 4.0 software package. Briefly, raw
transcript counts were normalized using negative and positive synthetic sequences provided within
each code set to account for background noise and technical variation, respectively. Differential gene
expression between untreated and TcdB1-treated cells was examined.

Statistical analysis. Values are expressed as means 6 standard deviations (SD). Statistical analysis
was performed with Prism 9.0. For two-way comparisons, an unpaired t test with the assumption that
both populations have the same SD was used. For multiple comparisons, one-way analysis of variance
(ANOVA) with multiple comparisons and Tukey’s post hoc analysis was used. Significance was defined as
P values of #0.05 (*), ,0.01 (**), ,0.001 (***), and ,0.0001 (****). Differences that were not significant
(P . 0.05) are marked ns.
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