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ABSTRACT

Clostridioides difficile is a pathogen contributing to increased morbidity and mortality of patients
with inflammatory bowel disease (IBD). To determine how C. difficile affects the severity of colitis,
we constructed a dextran sulfate solution-induced colitis model challenged with C. difficile.
Without antibiotic administration, C. difficile led to transient colonization in mice with colitis, but
still significantly enhanced disease severity as assessed by weight loss, histopathological damages,
and inflammatory cytokine concentrations. Because this effect is independent of toxin production
as shown by infection with a non-toxigenic strain, we focused on changes in the gut microbiota.
The microbiota altered by C.difficile, featured with reduced proportions of g_Prevotellaceae_UCG-
001 and g_Muribaculaceae, were confirmed to contribute to disease severity in colitis mice via fecal
microbiota transplantations. The inflamed colon showed neutrophil accumulation by flow cyto-
metric analysis and myeloperoxidase immunochemical staining. There was enrichment of upregu-
lated genes in leukocyte chemotaxis or migration as shown by RNA sequencing analysis. The
isolated neutrophils from C. difficile-infected mice with colitis showed a robust migratory ability
and had enhanced expression of cytokines and chemokines. We observed a detrimental role of
neutrophils in the progress of disease by hindering neutrophil recruitment with the CXCR2
inhibitor SB225002. Furthermore, neutrophil recruitment appeared to be regulated by interleukin
(IL)-1B, as inhibition of IL-1B production by MCC950 markedly ameliorated inflammation with
decreased neutrophil accumulation and neutrophil-derived chemokine expression. In conclusion,
our study provides information on the complicated interaction between microbiota and immune
responses in C. difficile-induced inflammation in mice with colitis. Our findings could help deter-
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mine potential therapeutic targets for patients with IBD concurrent with C. difficile infection.

Introduction

Clostridioides difficile is a gram-positive, spore-
forming, anaerobic bacterium, which is the major
cause of antibiotic-associated infections in health-
care facilities. Perturbation of intact microbiota or
the loss of indigenous microorganisms renders
individuals susceptible to C. difficile colonization,
causing diseases, such as diarrhea and pseudo-
membranous colitis, or even death.'”> Although
antibiotic treatment is the most common risk fac-
tor for C. difficile infection (CDI), other factors are
also recognized, especially the preexistence of
inflammatory bowel disease (IBD).*® IBDs, such

as Crohn’s disease (CD) and ulcerative colitis (UC),
are characterized by excessive intestinal inflamma-
tion, accompanied by aberrant immune responses
and dysbiosis of the gut microbiota. Patients with
IBD are approximately five times more likely to
develop CDL” CDI results in longer hospitaliza-
tions, increased escalation and readmission rates,
a higher colectomy risk, and increased mortality of
patients with IBD.® These findings highlight the
importance of studying IBD with concurrent CDIL

Regarding how IBD status affects subsequent
infection by C.difficile, previous studies reported
that intestinal inflammation and distinct intestinal
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microbiota may lead to susceptibility to CDI in the
Helicobacter hepaticus-induced colitis mouse
model.” Furthermore, increased Th17 cells and
Th17-related cytokines induced by colitis are
responsible for the subsequent severity of CDL"
However, the causes of the increased severity of
IBD by C. difficile remain poorly understood.
Generally, the progression of IBD s
a complicated process with a combination of
genetic and environmental factors, and host -
microbe interactions.'' Dysbiosis of the gut micro-
biota, defined as decreased microbial diversity and
an imbalance between potentially protective and
pathogenic microorganisms, may play a major
role in the pathogenesis of IBD.'>'* A few clinical
studies have reported the effect of C. difficile on the
microbiota of patients with IBD and showed pro-
nounced intestinal dysbiosis in patients with con-
comitant IBD and CDL' However, whether this
dysbiosis is truly a cause or a consequence remains
unestablished.

In fragile gut environment with a disturbed
microbial community, immune cells have promi-
nent roles in maintaining intestinal hemostasis via
releasing cytokines and chemokines. This in turn
impairs intestinal barrier integrity and perpetuates
gut inflammation."' Neutrophils, as a first respon-
der, are implicated in the development of colitis."
Neutrophils communicate with gut microbes by
sensing microbiota-derived components through
toll-like receptors and inflaimmasome signaling
pathways or responding to metabolites, such as
short-chain fatty acids, through histone deacety-
lases and G protein-coupled receptors.'>'® After
neutrophils are recruited to an inflamed colon, they
defend pathogens by releasing antimicrobial pep-
tides and reactive oxygen species, forming neutro-
phil  extracellular traps and producing
inflammatory cytokines and chemokines."
Studies have shown that mice depleted of neutro-
phils exhibit aggravated intestinal inflammation,*’
while excessive accumulation of neutrophils leads
to the persistence of inflammatory responses and
epithelial damage.”’ These studies suggest
a controversial role of neutrophils in the pathogen-
esis of colitis.

This study aimed to investigate how C. difficile
affects the severity of dextran sulfate solution
(DSS)-induced colitis in mice. We found that

transient colonization of C. difficile in mice with
colitis changed the gut microbiome community
and increased neutrophil infiltration by upregulat-
ing multiple migration genes. The altered micro-
biota due to C. difficile was responsible for the
disease severity and promoted neutrophils to
express higher levels of proinflammatory cytokines
and chemokines. The robust neutrophil infiltration
was probably regulated by increased interleukin
(IL)-1P levels because hindering the production of
IL-1B by the inhibitor MCC950 significantly alle-
viated colitis induced by C. difficile in DSS mice.
Our findings may help to better understand how
intestinal inflammatory responses are driven by
C. difficile in colitis and help provide evidence for
potential therapeutic targets in patients with IBD
and a risk of CDL

Results

Exposure to C. difficile increases the disease severity
of DSS-induced colitis

First, we examined the effect of C. difficile on gut
inflammation in mice with experimental colitis. We
constructed a 7-day mouse model of DSS-induced
colitis, followed by oral gavage of C. difficile on day 7
(Figure 1a). DSS mice challenged with the pathogen
(DSSCD group) showed more severe colitis, pre-
senting more weight loss and higher disease activity
scores (Figure 1b,c). In line with the phenotype,
a histological examination of colonic tissues from
the DSSCD group showed increased histological
scores as shown by extensive inflammation, marked
epithelial disruption, and severe crypt collapse
(Figure 1d). A damaged intestinal epithelial barrier
in the DSSCD group was also determined by
a reduced abundance of goblet cells using alcian
blue staining (Figure 1d) and decreased expression
levels of muc2 and cldn2 (Figure le), which are
critical components of the gut barrier. Thirteen
proinflammatory cytokines were measured using
fluorescence-encoded beads and analyzed by a flow
cytometer. The proinflammatory cytokines mono-
cyte-chemoattractant protein (MCP)-1, IL-6, and
IL-1p were remarkedly elevated at the protein and
mRNA levels in the DSSCD group (Figure 1f.g,
Supplementary Figure S1), along with increased
serum IL-6 concentrations (Figure 1h). In contrast,
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a challenge with C. difficile in control mice (CD
group) did not result in any intestinal damage or
enhanced inflammatory responses (Figure 1b-d). To
determine whether the pathological effect of
C. difficile on colitis was distinctive in this mouse
model, we also investigated other common patho-
gens, namely Escherichia coli, Staphylococcus aureus,
Enterococcus faecalis, and Candida albicans, but
C. difficile had the greatest effect as shown by weight
loss (Supplementary Figure S2). Intriguingly, when
we measured the C. difficile burden from fresh colo-
nic contents, it was comparable between DSS-
treated and untreated mice at 6, 12, 24, or 48 hours
post infection (Figure 1i, j). The number of
C. difficile cells peaked at 6 hours, and they were
barely detected after 48 hours, along with similar
trends detected in the transcripts of the tcdB gene.
These data suggested that, regardless of DSS treat-
ment, oral gavage of C. difficile led to a non-
sustained presentation of this pathogen, which
could be considered as transient colonization. This
condition aggravated the disease severity and
induced excessive inflammatory responses of colitis.

Transient colonization of C. difficile alters the gut
microbiota in mice with colitis

Toxins A and B were the main virulent factors for
C. difficile. To determine whether pathogen-mediated
inflammation was dependent on toxin production,
we challenged DSS mice with VPI10463 (a hyperviru-
lent strain) and a non-toxigenic strain (NTCD) iso-
lated from the clinic. The NTCD strain behaved
similarly to the VPI10463 strain, leading to increased
disease severity and robust inflammatory responses as
indicated by weight loss, colonic tissue histology and

histological scores, and IL-6 concentrations

(Figure 2a-d). This implied that the pathogenic effect
of C.difficile on colitis might be independent of toxin
production. Because of the importance of the gut
microbiota in regulating intestinal immune responses
associated with the pathophysiology of colitis, we
performed 16S rRNA and internal transcribed spacer
(ITS) rDNA region sequencing to characterize the
bacterial and fungal community structures, respec-
tively. After confirming the sufficient depth of
sequencing coverage via rarefaction curves
(Supplementary Figure S3a), we conducted beta
diversity analysis of principle coordinates analysis
(PCoA) of the Bray — Curtis distance to assess the
variability among the groups. The fecal samples
showed that bacterial communities in the DSSCD
and DSS groups were clearly separated (R =0.6652,
P =0.001), while those in the CD and control groups
showed a similar microbiota structure (Figure 2e).
Additionally, microbial richness and diversity were
remarkably reduced in the DSS and DSSCD groups as
shown by alpha diversity measured with the ACE and
Shannon indices (Suplementary Figure S3a). We did
not observe any significant changes in the fungal
community among the four groups, as shown by
beta or alpha diversity determined by PCoA (R=
0.116, P=0.414) or the ACE or Shannon index
(Suplementary Figure S3b, c). These data suggest
that C. difficile colonization affects the gut microbiota,
especially the bacterial community structure.

We then investigated the dissimilarity of bac-
terial communities between the DSSCD and DSS
groups using colonic contents collected at 6 and
48 hours post-infection, grouped as
DPI6H_DSSCD, DPI48H_DSSCD, DPI6H_DSS,
and DPI48H_DSS. As shown by rarefaction
curves, sequences were sufficient to analyze the
bacterial diversity of the samples (Suplementary

Figure 1. Increased disease severity in mice with DSS challenged with C. difficile. (a) Schematic outlining the timing and treatment
regiments for each group (n = 5-10/group). Mice were culled and samples for further analysis were collected at 2 days post-infection.
(b, c) Weight loss (b) and disease activity scores (c) in each group are shown, and significant differences between the DSS and DSSCD
groups are indicated on the corresponding day (*P < 0.05, **P < 0.01). (d) Representative images of H&E and alcian blue staining of
colonic tissue (left) and histological scores (right). Scale bar, 200 um. (e — h) Relative expression levels of the gut barrier proteins MUC2
and CLDN2 (e) and the cytokines MCP1, IL-6, and IL-1f (g) were examined by real-time qPCR using actin as an internal control. Protein
concentrations of MCP-1, IL-6, and IL-1f in the colon (f) and serum (h) were detected using flow cytometry. Colonic cytokine
production (f) was normalized to the total protein concentration. (i and j) the C. difficile burden in the colonic contents of mice in
different groups at different time points post-infection was measured by CFU counting through culturing (i) and real-time qPCR
analysis of tcdB relative expression (j). Each dot indicates an individual mouse. Data are shown as the mean + standard deviation (SD)
and represent at least three independent experiments. Statistical analysis between the groups was performed by the Mann — Whitney

test. *P < 0.05, **P < 0.01; NS, not significant.
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Figure 2. The gut microbiota is altered in mice with colitis challenged with C. difficile. (a — d) the effect of C. difficile on mice with colitis
was independent of toxin production, as indicated by weight loss (a), H&E staining (b), histological scores (c), and production of IL-6 as
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phylum to the genus. To screen out differentially abundant taxa, the linear discriminant analysis threshold score was set to>4.0. Red
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Figures 3d). PCoA analysis by the Bray-Curtis
distance and weighted unifrac metrics both
showed that transient colonization of C. difficile
was a major driver of community similarity
because mice challenged with C. difficile were
clustered together and were clearly distinguish-
able from DSS mice (Figure 2f, Supplementary
FigureS 3f). Additionally, the communities in the
DPI6H_DSS and DPI48H DSS were distinct,
indicating different disease statuses of colitis.
Consistently, alpha diversity including Shannon
and ACE indices as well as Faith’s phylogenetic
diversity and species richness also showed com-
parable indices in the C. difficile challenged
group (DPI6H_DSSCD and DPI48H_DSSCD),
and these indices were slightly higher than
those in the DSS group (DPI6H_DSS and
DPI48H_DSS) (Supplementary Figure S3e). We
conducted linear discriminant analysis of the
effect size (linear discriminant analysis > 4.0) to
detect the predominant taxonomic differences
between the groups. At 6 hours post-infection,
f_Lachnospiraceae and f_Oscillospirales were
more abundant in the DSSCD group than in the
DSS group (Supplementary Figures 3g).
However, after 48 hours post-infection, the pro-
portions of p_Bacteroidota, mainly
g_Prevotellaceae_UCG-001, g_Muribaculaceae,
and g_Alloprevotella were lower, while those of
p_Firmicutes, including g Ruminococcaeceae,
g Anearoplasma, and g Harryflintia were rela-
tively enriched in the DSSCD group compared
with the DSS group (Figure 2g). The Wilcoxon
rank sum test between the DPI48H_DSSCD and
DPI48H_DSS groups at the operational taxo-
nomic unit (OTU) level showed that OUT288
and OTU287 were the top enriched species that
were different between the groups, and they cor-
responded to g Prevotellaceae_UCG00I and
f_Muribaculaceae, respectively (Supplementary
Figure S3h). To identify the prominent genus
associated with inflammatory indices, we con-
ducted a correlation analysis between MCP-1

and IL-6 concentrations and the relative abun-
dance of genera. Among the most 20 abundant
species at the OTU level, OTU288 and OTU287
showed significant negative correlations with the
production of IL-6 and MCP-1 (Supplementary
§3i). In multiple regression analysis models
including treatment groups as variables,
OTU288 was detected correlated with IL-6 levels
independently (P = 0.041) in the DSSCD groups
(DPI6H_DSSCD and DPI48H _DSSCD) (1=
0.5006, P=0.0221) (Figure 2h), while OTU287
was found significant (P =0.037) in DSS groups
(DPI6H_DSS and DPI48H_DSS)
(Supplementary S3j). OTU288 was also nega-
tively correlated with the number of OTU reads
of C. difficile (OTU418) (r*=0.2, P=0.031)
(Supplementary Figure S2k). Therefore, the gut
bacterial communities that showed less abun-
dance of g Prevotellaceae_UCGO001 driven by
C. difficile were probably associated with the
enhanced inflammatory status of colitis.

C. difficile-induced changes in the microbiota
contribute to the severity of colitis

To further determine the causality between
C. difficile-related changes in the gut microbiota
and disease severity, we transferred gut microbiota
collected from DSSCD and DSS groups to micro-
biota-depleted mice through fecal microbiota
transfer (FMT) assays (Figure 3a), grouped as
FMT_DSSCD and FMT_DSS group, respectively.
Donor drafts confirmed the absence of C.difficile
and the differentially abundant microbes mainly
g Prevotellaceae_UCG001 (OTU288) by 16s
rRNA sequencing (data not shown). Mice in the
FMT_DSSCD group showed significantly more
weight loss, higher histological scores calculated
by infiltration of immune cells, intestinal epithelial
integrity, and crypt structure, less mucin staining,
and higher IL-6 concentrations than those in the
FMT_DSS group (Figure 3b-e). Consistent with
the production of cytokines, the relative DNA bur-
den of OTU288 was obviously decreased in the

and blue bars indicate taxa enrichment in the DPI48H_DSS and DPI48H_DSSCD groups, respectively. (h) Correlations between IL-6
levels and relative abundance of g_prevotellaceae_ucg001 (OTU288) in DSSCD groups (DPI6H_DSSCD and DPI48_DSSCD) were
analyzed by Spearman’s correlation. Each dot represents a value from an individual mouse. Data are expressed as the meanzsd.
Statistical differences between groups were assessed by the Mann — Whitney test. *P < 0.05.



GUT MICROBES (&) 7

a b
i ABX o 1= 2%DSS ,~Regular Water . _ 1201 -+ FMT_DSS
| | —> 4104 = FMT_DSSCD
6 week male O & 4% 4 ? Day ® 100
o
C57BL/6J @ @ Sacrifice 90+
DSS FMT S 80-
— > 2
® every other day o 2 70- .
DSSCD = 60 ——
0 2 4 6 8 10Day
c d
FMT_DSS FMT_DSSCD 104 N
g 8]
u P 64
T 8
g 4
o 2 2-
o I
c 0-
©
g S Q
o | S & 60_)0
79
< Q7
A
e IL-6 f 0oTuU288 0oTU287
4000- . 0.6 0.05-
c < 04 o
B3 o 00
S ool 85 027 . 0,01 Ns
g 25 \ 0.002
2 000 © 5 0.04-
A >0 0.0014
£ = 0.02
(0]
0 - X  0.00- 0.000-
& & PRI &L
S Q° 2 S
IS, SEFT S8
S ST S <
< & <
h IL-6
9 10+ I 500+ x
- Abx_DSS o g — £ 400-
_ 10 + Abx_DSSCD g ° g
£ 100 = 64 S 300
7] Q =
S 90 2 44 £ 200
£ ° g
2 80 o 24 100 -
g I
70 — —— 0- 0 -
0 2 4 6 8 10 Day 5 9 5 O
O% o Q% o
s P 4
v Nl v Sl
¥ ¥

Figure 3. Altered gut microbiota in DSSCD group contributes to the severity of colitis. (a) Experimental design of FMT. The mice were
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and DSS group every other day during modeling. (b - e) the severity of colitis in the mouse transplanted fecal microbiota in the DSSCD
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colonic tissue (e). Scale bars, 200 um. (f) the relative abundance of OTU288 and OTU287 was quantified by real-time qPCR with
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FMT_DSSCD group, although no significant dif-
ference was found in OTU287 between the
FMT_DSSCD and FMT_DSS groups. To deter-
mine if the microbiota is a unique factor affecting
disease severity, we pretreated mice with antibiotics
before DSS to lessen the effect on the gut micro-
biome. We then performed a C. difficile challenge
on antibiotic-treated mice and found exacerbating
disease, as shown by weight loss, tissue damage,
and local inflammation (Figure 3g-i). This finding
indicated that the gut microbiota was not the only
factor affecting disease severity. Collectively, our
tindings suggested that the gut microbiota affected
by C. difficile contributed to the aggravated colitis.

C. difficile promotes colonic neutrophil accumulation
The intestinal microbiota is considered a critical
regulator of intestinal immunity. To better under-
stand immune responses to C. difficile-related
alteration of the microbiota in DSS mice, we char-
acterized the accumulation of relevant immune
cells, such as macrophages, neutrophils, and
CD4" T cell subtypes, from the lamina propria.
The proportions of macrophages (CD11b*F4/80")
and CD4" T cells, along with the main CD4"T
subsets ~ Th17  (CD4'IL17") and T,
(CD4"Foxp3™), were comparable between DSSCD
and DSS groups (Supplementary Figure S4a-d).
Noticeably, we detected a robust increase in the
proportion of neutrophils (CD11b"Ly6G") driven
by C. difficile in mice with colitis (Figure 4a), which
was further suggested by myeloperoxidase (MPO)
staining of colonic tissue (Figure 4b). Therefore, we
focused on neutrophils to investigate how they are
regulated by persistent colitis induced by
C. difficile.

To determine how the host responds to
C. difficile-induced inflammation leading to the
accumulation of neutrophils, we performed RNA
sequencing and compared the gene expression of
colonic tissues between the DSSCD and DSS groups.
Opverall, there were 290 upregulated and 206 down-
regulated genes that were differentially expressed in

the DSSCD group relative to the DSS group
(Supplementary Figure S5a). Samples from each
group were distinctly clustered by these differen-
tially expressed genes, which suggested that host
responses in colitis were changed by C. difficile
(Supplementary Figure S5b). We then performed
enrichment analysis of differentially expressed gene
sets using Gene Ontology (GO) biological terms.
The pathways of downregulated genes were mostly
enriched in immune responses related to mono-
cytes, such as monocyte chemotaxis, lymphocyte
migration, and mononuclear cell migration, and
interferon beta responses (Supplementary Figure
S5c¢). Strikingly, the enrichment of upregulated
genes was mainly involved in neutrophil migration
and chemotaxis, as well as cytokine secretion
(Figure 4c), which was particularly consistent with
phenotypes of neutrophil infiltration. Furthermore,
we identified upregulated genes from the most
enriched pathways and plotted them in a heatmap
(Figure 4d). The transcription levels of genes
responsible for neutrophil migration, such as the
inflammasome pathway genes nlrp3 and II1-f, and
chemokines such as cxcl2, cxcr2, ccl3, and ccl4, were
significantly increased (Figure 4d). Moreover, the
protein interaction network of differentially
expressed genes by STRING analysis showed that
IL-1p might be the core protein interacting with
differential expression genes (DEGs) (Figure 4e).
Based on the above-mentioned findings of upregu-
lated genes related to neutrophil recruitment, we
aimed to determine the migratory capacity of neu-
trophils isolated from DSSCD and DSS groups using
trans-well assays. More cells from the DSSCD group
than those from the DSS group were transmitted
from the upper chamber, which was attached to the
reverse side of the membrane (Supplementary
Figure S5d) and moved to the bottom (Figure 4f).
These cells displayed robust trafficking ability.
Moreover, neutrophils isolated from the DSSCD
group also showed remarkably higher II-6, II1-§,
Cxcl2, and Ccl4 mRNA expression than those from
the DSS group, indicating a highly proinflammatory

normalization to total bacterial (16S rRNA). (g — h) the effect of C. difficile on mice with colitis and antibiotic pretreatment was
evaluated by weight loss (g), histological scores from H&E staining (h), and colonic IL-6 production by ELISA (i). Scale bars, 200 um.
Data are shown as the meantsd and represent at least three independent experiments. Statistical analysis between groups was

conducted by the Mann — Whitney test. *P < 0.05, **P < 0.01.
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effect. Taken together, these findings suggest that
C. difficile-aggravated colitis is characterized by
accumulated neutrophils, and it shows a strong abil-
ity of migration and proinflammatory mediator
production.

An altered microbiota by C. difficile leads to the
production of proinflammatory cytokines and
chemokines in neutrophils and macrophages

Neutrophils, which are a critical component of innate
immunity, produce inflammatory cytokines and che-
mokines in an inflamed intestine by sensing microbial
components and metabolites. Therefore, cross-talk
between neutrophils and microbiota is considered
essential in the gut microenvironment. We investigated
whether the altered microbiota by C. difficile contri-
butes to increased concentrations of inflammatory
mediators in vitro. Fecal contents from DSSCD and
DSS groups were collected and subjected to stimulation
of neutrophils isolated from mice with colitis. We
found that the proinflammatory cytokines IL-6,
MCP-1, and IL-1B, and the chemokines Chemokine
(C-X-C motif) ligand 2(CXCL2) and C-C Motif
Chemokine Ligand 4 (CCL4) were significantly more
highly expressed in neutrophils upon stimulation of the
microbiota in DSSCD mice than in DSS mice
(Figure 5a). Neutrophils can also be activated by these
cytokines and chemokines released by macrophages.
Therefore, we also assessed the effect of the microbiota
on THP-1 cells, which is a human monocytic cell line
differentiated into macrophages, in the presence of
phorbol-12-myristate-13-acetate (PMA). As expected,
the microbiota in the DSSCD group showed remark-
ably stimulated THP-1 cells, which expressed higher
IL-6, IL-1p and MCP-1, CXCL2, and CCL4 concentra-
tions. Taken together, these data demonstrated that the
gut microbiota affected by C. difficile promoted the
expression of genes related to inflammation and neu-
trophil migration.

Inhibition of neutrophil migration attenuates colitis
in DSS mice challenged with C. difficile

Because DSS mice challenged with C. difficile showed
increased infiltration of neutrophils triggered by an
altered gut microbiota, we then aimed to determine
the role of leukocyte migration in the process of colitis.
CXCR2 is a chemokine receptor expressed in neutro-
phils, and it plays a crucial role in recruiting neutro-
phils and activating related chemokines. We then
constructed a colitis model with C.difficile using the
CXCR?2 inhibitor SB225002 to hinder the migratory
capacity of neutrophil (Figure 6a). The mice treated
with SB225002 developed milder colitis post-infection
of C. difficile, with less weight loss, less tissue damage
as shown by hematoxylin and eosin (H&E) staining,
and lower histopathological scores (Figure 6b, d).
Consistently, we observed decreased numbers of
MPO-positive cells by immunostaining (Figure 6c)
and a reduced proportion of neutrophils
(CD11b"Ly6G") by flow cytometry, accompanied by
decreased neutrophil-derived IL-6 and CXCL2
expression (Figure 6e, f). Interestingly, blockage of
CXCR2 did not affect the colonic transcription levels
of II-6, II-1B, Cxcl2, Mcp-1, or Ccl4 (Figure 6g,
Supplementary Figure S6b), or the intestinal abun-
dance of OTU288 and OTU287 (Figure 6h).
However, the CXCR2 inhibitor SB225002 did not
affect the diseases of colitis alone (Figure 6a,
Supplementary FigureS 6a). Our data suggested that
the inhibition of neutrophil migration effectively alle-
viated C. difficile-mediated disease in mice with colitis,
without changing levels of inflammation cytokines
and the proportions of predominant species.

IL-1B secretion may lead to neutrophil
accumulation during colitis challenged with
C. difficile

Since IL-1P was involved in leukocyte chemotaxis
in GO biological terms, played a main role in

DSSCD group, respectively. The size of the rectangles indicates their betweenness centrality value. (f) Neutrophils were isolated from
bone marrow in the DSSCD and DSS groups. The number of migrated neutrophils in the lower chamber was counted using trypan blue
staining. (g) the mRNA transcripts of IL-6, IL-1B, CXCL2, and CCL4 in neutrophils isolated from the DSSCD and DSS groups were
detected by real-time gqPCR. Gene expression was normalized to B-actin. Data are shown as the meanzxsd. Each dot indicates an
individual mouse. Data (a, b, f, and g) are representative of at least three independent experiments. Statistical analysis between the
groups was performed by the Mann — Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Gut microbiota in DSSCD mice induces neutrophils and THP-1 cells, leading to higher levels of proinflammatory cytokines
and chemokines. Neutrophils (a) and THP-1 cells pretreated with PMA (b) were stimulated in vitro in the presence or absence of
microbiota suspensions prepared from different groups for 3 hours. The mRNA levels of IL-6, IL-18, MCP-1 CXCL2, and CCL4 were
measured by real-time qPCR and normalized to B-actin. Statistical analysis was performed by the Mann — Whitney test. *P < 0.05, **P
<0.01, ***P < 0.001. Results are representative of at least three independent experiments.

interacting with DEGs as shown by protein inter-
action analysis (Figure 4e), and its production was
not affected by neutrophil
(Figure 6g), we then hypothesized to examine
whether IL-1p is implicated in regulating neutro-
phil recruitment and intestinal inflammation dur-
ing colitis. We constructed a colitis mouse model
with or without a C. difficile challenge using
MCC950, which is a selective NLRP3 inflamma-
some inhibitor, to inhibit the production of IL-1p
in vivo (Figure 7a). MCC950 treatment signifi-
cantly diminished the pathogenic effect of
C. difficile on colitis, as evaluated by milder weight

accumulation

loss and histological pathology of colonic tissues
(Figure 7b-d), but it did not affect the severity of
colitis alone (Supplementary Figure S§7). As
expected, reduced neutrophil infiltration in the
colon with less MPO-positive cells was observed
(Figure 7c). In addition, colonic transcription of
IL-1B, IL-6, and CXCL2 was consistently lower
(Figure 7e), along with a decreased production of
CXCL2 in neutrophils with MCC950 treatment
(Figure 7f). We also detected the relative expres-
sion of OTU288 and OTU287, but no changes were
found with MCC950 treatment. Taken together,
our findings suggested that elevated IL-1P
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Figure 6. Inhibition of neutrophil migration by SB225002 alleviates colitis driven by C. difficile. (a) Schematic diagram of the CXCR2
inhibition model. After DSS mice were challenged with or without C. difficile on day 7, the mice were injected i.P. with the CXCR2
inhibitor SB225002 at a dose of 1 mg/kg/mouse on days 7 and 8, and PBS was used as a negative control. (b — d) the severity of colitis
was assessed by weight loss (b), H&E and MPO staining of colonic sections (c), and histological scores (d). Scale bars, 200 pm. (e and f)
Representative flow cytometric plots (e) and a histogram (f) quantifying the proportions of CD11b*Ly6G" in CD45™ cells. (g and h)
Expression of IL-6, IL-1B, and CXCL2 mRNA was detected by real-time gqPCR in isolated neutrophils (g) and colonic tissue (h) with or



expression driven by C. difficile in colitis contrib-
uted to neutrophil infiltration and intestinal
inflammatory responses.

Discussion

C. difficile has a pathogenic effect on patients with
IBD, with severe symptoms and poor clinical out-
comes. The association between IBD and CDI
regarding pathogenic susceptibility, changes in
the microbiota, and host immune responses is so
complicated that applying an appropriate murine
model is necessary to clarify this association.
Researchers have constructed a colitis model con-
current with CDI by antibiotic administration to
disturb the indigenous microbiota and make it
susceptible for colonization.'”** Antibiotics are
not a necessary prescription for patients with IBD
and whether they are an independent risk factor for
concurrent CDI remains controversial.”>**
Therefore, the pretreatment of antibiotics in
mouse models is unlikely to represent the clinical
situation. Therefore, we challenged mice with DSS-
induced colitis with C. difficile in the absence of
antibiotics. Notably, we found that although the
C. difficile challenge to non-antibiotic colitis failed
to lead to persistent colonization, it still consider-
ably aggravated the disease status. The minor dif-
ference between our study and Zhou et al.’s report,
which showed no worsened histopathological
damage, might be attributed to the different con-
centrations of DSS used for colitis.”* Moreover,
studies have shown that intestinal inflammation
along with an altered microbiota in colitis are ben-
eficial for C. difficile colonization in the IL10™/~
colitis mouse model.” However, in our study, we
found that treatment with DSS did not significantly
affect the colonization status of C. difficile, but mice
with only colitis challenged with C. difficile devel-
oped much more severe intestinal inflammation.
This finding suggested that the underlying intest-
inal microenvironment of colitis, other than
C. difficile itself, was a prerequisite for disease
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progression. Additionally, it warns that exposure
to a C. difficile-contaminated environment puts
patients with IBD at risk of severe symptoms,
even if they are non-persistent colonizers. By com-
paring to other commonly detected gut pathogens,
C.difficile had a greater pathogenic effect on colitis,
emphasizing the importance to make further inves-
tigations on the mechanisms by which C.difficile
aggravated colitis.

Accumulating studies have indicated that the gut
microbiota participates in the pathogenesis of IBD.*
Patients with IBD and CDI harbor more-pronounced
intestinal dysbiosis, but the observed features do not
clearly indicate whether CDI expedites the intestinal
dysbiosis or patients with disturbed gut microbiota
are more prone to CDL'*?*® In this study using
a dynamic analysis of bacterial communities post-
infection, we found that a surge of C. difficile at 6
hours increased the microbial diversity with a higher
abundance of Lachnospirales and Oscillospiraceae
(previously  known as  Ruminococcaceae).
Lachnospiraceae and Oscillospiraceae families are
considered potentially protective, producing short-
chain fatty acids that provide energy sources to colo-
nic enterocytes and secondary bile acids to hinder the
growth of C. difficile.”* Similar results were also
described from clinical studies, which showed that the
emergence of C. difficile might cause a beneficial
transient change in bacterial taxa.’>*' Subsequently,
at the height of the disease (48 hours post-infection)
when C. difficile cells had already been cleared, bac-
terial communities in DSSCD mice were character-
ized by a lower abundance of g_Prevotellaceae_ UCG-
001 (OTU288) and g Muribaculaceae (OTU287),
which belong to the Bacteroidetes phylum. The
declined abundance of g Prevotellaceae_ UCG001
was independently related to the disease severity
and showed a highly inflammatory effect on neutro-
phils and macrophages in colitis mice with C.difficile.
Members of Bacteroidetes degrade polysaccharides,”
supplying nutrients to other residents in the gut and
producing metabolites to exert an anti-inflammatory
effect.”> Therefore, we propose that they have

without inhibitor treatment. (i) Colonic contents were collected to detect the relative abundance of 0TU288 and OTU287 as shown by
real-time qPCR. DNA expression was normalized to total bacteria (16S rRNA). Significant differences were determined by the Mann -
Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as the mean=sd and are representative of at least three independent
experiments. i.P., intraperitoneally; DPI, days post-infection; NS, no significance.
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Figure 7. Inhibition of IL-1B by MCC950 ameliorates the severity of colitis challenged with C. difficile. (a) Schematic diagram of the
MCC950 inhibition model. After DSS mice were challenged with C. difficile on day 7, they were injected i.P. with MCC950 at a dose of
20 mg/kg/mouse on days 7 and 8, and PBS was used as a negative control. (b — d) Disease severity was assessed by weight loss (b),
H&E staining (c), and histological sores (d). (e and f) Expression of IL-1B, IL-6, and CXCL2 mRNA in colonic tissue (e) and CXCL2 mRNA in



a protective effect on colitis. However, we could not
determine the exact role of either genus. Collectively,
the influx of C. difficile might induce protective
microbiota responses, but the microbiota still accel-
erates gut inflammation in colitis.

Disturbed gut microbial communities, accompa-
nied by uncontrolled host immune responses, are
major drivers of disease complications."' An
inflamed colon driven by C. difficile in the colitis
mouse model shows accumulation of neutrophils,
in addition to enriched gene sets associated with
the migration ability. Consequently, researchers
have paid attention to the function of neutrophils.
In patients with IBD, the degree of neutrophil
infiltration and the reappearance of neutrophils in
the intestinal mucosa are thought to represent the
disease activity and clinical remission,
respectively.”***> During the whole process of DSS
modeling, inhibiting neutrophil infiltration daily
by blocking CXCR2, a common ligand for neutro-
phil functionality, was reported to decrease proin-
flammatory cytokine production and reduced
intestinal damages’®. However, since neutrophil
infiltration and inflammatory cytokine production
in DSS models were initiated one-day post
treatment’’, blockade of CXCR2 when colitis was
developed presently showed limited effect on
inflammation status induced by DSS, but signifi-
cantly alleviated disease severity induced by C.dif-
ficile. This finding indicated a detrimental role of
colonic neutrophils in the present colitis mouse
model challenged with C. difficile, despite their
reported protective role in attacking invasion of
pathogens.”® MPO staining of colonic tissues
reflected reduced levels of reactive oxygen species,
which are considered hazardous to tissues by oxi-
dative DNA damage to epithelial cells.”
Neutrophil-derived cytokines and chemokines
were also decreased, which are closely related to
the initiation and continuation of inflammation by
regulating innate and adaptive immune
responses.*” CXCR2 blockade probably inhibited
its cross-talk with other immune cells. Moreover,
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the unchanged levels of colonic inflammatory med-
iators, such as IL-6, IL-1f, and CXCL2, indicated
neutrophils’ downstream act in the intestinal
inflammations.

Using RNA sequencing analysis, we mapped the
differentially expressed genes enriched in leukocyte
chemotaxis or migration, especially IL-1p and
CXCL2, CXCR2, CCL3, and CCL4. Furthermore,
IL-1p was a core gene, which showed the most
intricate interactions with other genes, and may
be an upstream regulator of neutrophil recruit-
ment. Though IL-1P is important for repair of
intestinal epithelial cell and reconstitution of the
epithelial barrier*', the excessive production of IL-
1P may exacerbate colon inflammation and is asso-
ciated with intestinal inflammation of IBD and the
pathogenesis of CDI.**"** However, the role of IL-
1B in IBD with CDI is undetermined. Our study
showed a central role of IL-1f in regulating neu-
trophil functions and the colonic inflammatory
status in C.difficile-driven inflammations in colitis.
MCC950 was considered to reduce IL-1p release by
blocking NLRP3-dependent ASC oligomerization
and NLRP3 inflammasome assembly*’, meanwhile
it could also decrease the mRNA expressions of IL-
1. Since IL-1p expression could be regulated by
IL-1B itself and multiple cytokines®’, the reduced
transcriptional levels by MCC950 could be attrib-
uted to the inhibited secretion of IL-13 or IL-1f
downstream cytokines. Inhibiting IL-1p produc-
tion by MCC950 failed to relieve the symptoms of
colitis when it was used after colitis induced but
significantly ameliorated the colitis with subse-
quent C.difficile invasion. Hopefully, IL-1f antago-
nists may be therapeutic agents for patients with
IBD and a risk of CDI. How IL-1p is affected by
C. difficile in colitis needs to be clarified. C. difficile
in cells and toxins can trigger the activation of
inflammasomes,****** releasing IL-1p and mediat-
ing intestinal inflammation. The altered microbiota
affected by C. difficile in our study also promoted
IL-1P production in vitro. Since the colonization of
C. difficile in our model is transient, whether IL-1

isolated neutrophils (f) were detected by real-time gPCR and normalized to B-actin. (g) the relative DNA burden of OTU288 and
0TU297 was measured by real-time gPCR and normalized to total bacteria (16s rRNA). Significant differences were determined by the
Mann - Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as the meanzsd and are representative of at least three
independent experiments. i.P., intraperitoneally; DPI, days post-infection; NS, no significance.
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was induced by C. difficile directly, indirectly by the
microbial community, or both synergistically is
unknown. IL-1f might regulate the neutrophils by
driving Th17 differentiation to induce emergency
granulopoiesis or by upregulating the neutrophil
chemoattractant to enhance chemotaxis.’>”! In
this study, IL-1p appeared to regulate the expres-
sion of several chemokines, such as CXCL2, which
is a ligand for CXCR?2 involved in triggering neu-
trophil function and recruitment. Recently,
Pavlidis et al. predicted IL-1B as an important
driver of neutrophil-active chemokines via IL-22
pathways through bioinformatics analysis.””.
Nevertheless, the precise mechanism regarding
how IL-1B is involved in C. difficile-induced
inflammation in colitis requires further
investigation.

In summary, our study shows the pathogenic
effect of transient colonization of C. difficile in
mice with DSS-induced colitis. We conducted
a comprehensive investigation on the interaction
between the gut microbiota and host immune
responses. We highlight the importance of changes
in the microbiota, IL-1B production, and neutro-
phil accumulation, and propose a possible pathway
of microbiota — IL-1p-neutrophil regulation in
C. difficile-driven gut inflammation in DSS-
induced colitis. Our findings will hopefully be help-
ful in determining potential therapeutic targets to
treat patients with IBD concurrent with CDI.

Materials and methods
Bacterial strains and culture conditions

C. difficile VP110463 (ATCC 43,255), Escherichia
coli (ATCC 25,922), Staphylococcus aureus (ATCC
25,923), Enterococcus faecalis (ATCC 29,212),
Candida albicans (ATCC 90,028), and THP-1
cells (ATCC TIB-202) were purchased from the
American Type Culture Collection (ATCC). The
non-toxigenic strain NTCD was isolated clinically
and identified as negative for toxin genes, such as
tcdA, tcdB, cdtA, and cdtB, previously in our
laboratory.”®> THP-1 cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine
serum (Gibco, USA) and 50 mg/L penicillin/strep-
tomycin (Gibco, USA). C. difficile strains were cul-
tured in brain heart infusion (Oxoid Ltd., USA)

broth supplemented with 5g/L yeast extract
(Oxoid Ltd.), 0.1% L-cysteine (Sangon Biotech,
China), and 0.1% sodium taurocholate (Sangon
Biotech, China) for 48 hours at 37°C anaerobically.
The other bacterial strains and C. albicans were
cultured in Luria-Bertani (Sangon Biotech, China)
and yeast peptone dextrose broth (Sangon Biotech,
China), respectively, for 24 hours aerobically. The
liquid culture was centrifuged at 1500 g for 5 min-
utes, and the pellet was washed twice with sterile
phosphate-buffered saline (PBS). The inoculum
was adjusted to approximately 5x 10° Colony
Forming Units (CFU)/ml.

DSS-induced colitis and pathogen challenge

Male mice aged 6 weeks were purchased from
Charles River (Beijing, China) and housed at
a constant temperature of 20°C-22°C with a 12-
hour light-dark circle under specific pathogen-free
conditions. The mice were acclimatized for 1 week
before modeling. The experimental schema is
shown in Figure la. To induce acute colitis, the
mice were administered 2% (w/v) DSS (molecular
weight: 36000-50,000 Da, MP Biomedicals) in
drinking water for 5 days, followed by the admin-
istration of regular water. To construct IBD con-
current with C. difficile or other pathogen models,
the mice were administered with 10° CFUs by oral
gavage in random order on day 7. Four groups
were used for further monitoring, namely the DSS
(DSS treated mice without C.difficile challenge),
DSSCD (DSS treated mice challenged with
C. difficile), control (DSS untreated mice without
C. difficile administration), and CD (DSS untreated
mice challenged with C. difficile only) groups. To
perform CXCR2 and NLRP3 inhibition in the
in vivo model, the DSSCD group were adminis-
tered the CXCR2 selective inhibitor SB225002
(Sigma Aldrich, USA) (1 mg/kg/mouse) or the
NLRP3 selective inhibitor MCC950 (Selleck,
USA) (20 mg/kg/mouse) intraperitoneally (i.p.) on
days 7 and 8 (Figures 6a and 7a). During the
modeling, the mice were weighed and scored
daily. Disease activity scores were assessed by
weight loss, stool consistency, and bleeding as
described previously’*.Samples including stools,
serum, and colonic tissue and contents were col-
lected on day 9, at 2 days post-C. difficile treatment,



unless specified otherwise. To monitor the burden
of C. difficile in vivo, the mice were scarified at 6,
12, 24, and 48 hours post-infection, and colonic
contents were freshly collected for further analysis.
All animal experiments were approved by the
Ethics Committee of Ruijin Hospital, Shanghai
Jiaotong University School of Medicine.

Quantification of the C. difficile burden

To quantify the C. difficile burden, colonic contents
were suspended in ethanol, serially diluted, and
plated anaerobically at 37°C on brain heart infu-
sion broth supplemented with 5 g/L yeast extract,
0.1% L-cysteine, 0.1% sodium taurocholate, 16 mg/
L cefoxitin (BBI Life Science, USA) and 500 mg/L
D-cycloserine (BBI Life Science, USA). After 48
hours of incubation, CFUs were counted and nor-
malized to the stool weight.

Histological analysis

Tissue samples were harvested from the colon,
rinsed gently with PBS to remove colonic content,
and fixed in 4% paraformaldehyde. Embedded
samples were stained with H&E and alcian blue,
and MPO immunostaining was also performed™.
Scores ranging from 0 to 3 were used to assess
epithelial disruption, crypt architecture, and the
degree and range of inflammatory cell
infiltration®®. This assessment was made by at
least two independent, blinded observers. Images
were captured by a Nikon DS-F2 microscope.

Tissue protein and cytokine analysis

Colonic tissues were isolated and homogenized in
1 ml of PBS with a protease inhibitor cocktail
(Roche, USA). The homogenate was centrifuged
at 12,000 g for 5 minutes, and the supernatants
were collected and stored at—80°C. The protein
concentrations were measured using the
Enhanced BCA Protein Assay Kit (Beyotime,
China). The production of proinflammatory cyto-
kines, namely IL-23, IL-1a, interferon-y, tumor
necrosis factor-o, MCP-1, IL-12, IL-1p, IL-10, IL-
6, IL-27, IL-17A, interferon-p, and Granulocyte-
macrophage colony-stimulating factor (GM-CSEF),
was detected by flow cytometry using the
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FACSCantoll (BD, USA) with fluorescence-
encoded beads in accordance with the manufac-
turer’s instructions of the LEGENDplex Mouse
Inflammation Panel (Biolegend, USA). The pro-
duction of IL-6 was also measured by the enzyme-
linked immunosorbent assay (ELISA) kit
(Biolegend, USA). Cytokine concentrations were
normalized to the total protein concentration.

DNA extraction and real-time quantitative
polymerase chain reaction

DNA was extracted from fresh colonic contents
using the TIANamp Stool DNA Kit (Tiangen
Biotech, China) in accordance with the manufac-
turer’s instructions. The expression levels of the
tcdB gene and the relative abundance of OTU288
(g_Prevotellaceae_UCG-001) and 0OTU287
(g_Muribaculaceae) were quantified by performing
real-time quantitative polymerase chain reaction
(qQPCR) using TB Green™ Premix Ex Taq™
(Takara, Japan) on a Light Cycler 480 Real-Time
PCR system (Roche). The data were normalized to
total bacteria (16S rRNA). The primer sequences
are listed in Supplementary Table SI.

RNA extraction and real-time qPCR

Total RNA from tissue or cell samples was
extracted with TRIzol Reagent (Invitrogen, USA).
Complementary DNA was synthesized by the
PrimeScript RT Reagent Kit (Takara). Real-time
qPCR was conducted as described above, using {3-
actin as the internal control. The primers are listed
in Supplementary Table SI.

Lamina propria cell isolation and flow cytometry

To isolate mononuclear cells in the lamina propria,
tissues were incubated with PBS supplemented
with 1 mM DL-dithiothreitol (Sigma Aldrich,
USA) for 30 minutes in an incubator at 37°C.
This was followed by another 30 minutes’ treat-
ment in PBS supplemented with 30mM
Ethylenediaminetetraacetic acid (EDTA) (BBI Life
Science, China). The tissues were then cut into
small pieces and digested in the RPMI 1640 med-
ium (Gibco, USA) with 10% fetal bovine serum
(Gibco, USA), 200U/ML collagenase (Sigma



18 D. DONG ET AL.

Aldrich), and 150 ug/ML deoxyribonuclease
(Sigma Aldrich, USA) for 1 hour. After the cells
were strained through 40-pm filters, they were
obtained in the 40% to 80% interface of Percoll
(Sigma Aldrich, USA) by density gradient centrifu-
gation. To perform flow cytometric analysis, 10°
cells were resuspended in fluorescence-activated
cell sorting buffer comprising PBS with 0.5%
bovine serum albumin (BBI Life Science, China)
and 2 mM EDTA. After blocking the Fc receptor
with anti-mouse CD16/32 and staining with the
viability dye Zombie (Biolegend, USA), the follow-
ing antibodies were stained for surface markers:
FITC-CD45.2, PerCP/Cyanine5.5-CD11b, PerCP/
Cyanine5.5-CD4, APC-CD25, PE-Ly-6G, and
APC-F4/80. To perform Treg analysis, cells were
tixed and permeabilized with Fix/Perm solution
(Biolegend, USA) for 30 minutes after staining
with surface markers, and then incubated with PE-
Foxp3 antibody. To detect IL-17A, cells were sti-
mulated with cell activation cocktail (Biolegend,
USA) in RPMI 1640 medium for 5 hours, followed
by surface marker labeling. The cells were then
treated with a transcription factor staining buffer
set (BD Biosciences, USA) in accordance with the
manufacturer’s protocols and were stained with
PE-IL-17A. All antibodies used in this study were
purchased from Biolegend, USA. Flow cytometric
data were acquired on a BD Canto II flow cyt-
ometer (BD Biosciences) and were analyzed using
Flowjo software 10.0.

16s rRNA and ITS1 sequencing

Genomic DNA was extracted from colonic con-
tents as described above. The DNA quality and
concentration were determined with a NanoDrop
ND-2000 spectrophotometer (Thermo Scientific,
USA). DNA was sent to Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China) for ampli-
fication, sequencing, and data processing as
described previously.’' Briefly, the hypervariable
V3-V4 regions were amplified with the primer
pairs 338F (5'-ACTCCTACGGGAGGCAGCAG
-3") and 806 R (5'-

GGACTACHVGGGTWTCTAAT-3") for 16s
rRNA sequencing. The fungal ITS1 was amplified
with  the  primer  pairs ITSIF  (5'-
CTTGGTCATTTAGAGGAAGTAA-3') and

ITS2R (5-GCTGCGTTCTTCAT CGATGC-3')
for fungal sequencing. Amplicons were paired-
end sequenced on an Illumina MiSeq PE300 plat-
form (San Diego, CA) in accordance with the stan-
dard protocols. Raw FASTQ files were de-
multiplexed using an in-house per script, quality-
filtered by fastp version 0.19.6, and then merged by
FLASH version 1.2.7. The optimized sequences
were clustered into OTUs with 97% sequence simi-
larity and removed chimera using UPARSE 7.177.
The taxonomy of each OTU representative
sequence was analyzed by RDP Classifier version
2.2 against a 16S rRNA gene database (e.g., Silva
v138) or the Targeted Host Fungi ITS1 database
using a confidence threshold of 0.7. All bioinfor-
matic analyses were performed by the Majorbio
Cloud Platform (https://cloud.majorbio.com/).

RNA sequencing and transcriptomic analysis

RNA derived from colonic tissue was extracted as
described above. An RNA sequencing transcrip-
tome library was prepared by following the
TruSeqTM RNA sample preparation kit from
[lumina. Briefly, mRNA was isolated in accor-
dance with the polyA selection method by oligo-
(dT) beads and then fragmented by fragmentation
buffer. Double-stranded cDNA was synthesized
using the SuperScript double-stranded c¢cDNA
synthesis kit (Invitrogen) with random hexamer
primers. Libraries were then size selected for
cDNA target fragments of 300 base pairs on 2%
Low Range Ultra Agarose followed by PCR ampli-
fication using Phusion DNA polymerase (NEB,
USA) for 15 PCR cycles. After quantification by
TBS380, paired-end RNA sequencing was per-
formed with the Illumina HiSeq xten/NovaSeq
6000 sequencer. The raw paired-end reads were
trimmed, and the poor quality reads were removed
by SeqPrep (https://github.com/jstjohn/SeqPrep)
and Sickle (https://github.com/najoshi/sickle),
respectively, with default parameters. Clean reads
were separately aligned to reference the genome
with the orientation mode using HISAT2 (http://
ccb.jhu.edu/software/hisat2/index.shtml) software
and assembled by StringTie (https://ccb.jhu.edu/
software/stringtie/index.shtml?t=example). Gene
abundance was quantified by RSEM (http://dewey
lab.biostat.wisc.edu/rsem/), and a differential
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expression analysis was performed using differen-
tially expressed genes with [log,Fold Change (FC)|
>1. In addition, a functional enrichment analysis of
GO was performed to identify which differentially
expressed genes were significantly enriched in GO
terms at a Bonferroni-corrected p value < 0.05
compared with the whole transcriptomic back-
ground. This analysis was carried out by Goatools
(https://github.com/tanghaibao/Goatools).  All
bioinformatic analyses were performed using the
Majorbio Cloud Platform.

Antibiotic treatment and FMT

To clear the gut microbiota, mice received antibio-
tic cocktails containing 1g/L ampicillin, 1 g/L
metronidazole, 0.5 g/L vancomycin, and 1 g/L neo-
mycin for 2 weeks in drinking water. This was
followed by another week of administration of 2
g/L streptomycin, 0.17 g/L ciprofloxacin, 0.125 g/L
gentamicin, and 1 g/L bacteriocin. After antibiotic
treatment, stool samples of mice were collected and
cultured on Columbia blood agar plate
(Chromagar, China) anaerobically and aerobically
to confirm microbiota depletion. Subsequently, the
mice were modeled with 2% DSS as described
above. Fecal transplant samples were collected
at day 9, 2 days post infection, prepared using
colonic contents pooled from DSSCD and DSS
group donor mice (n =5-10/group) and stored at
—-80°C. 16s rRNA sequencing was analyzed for
transplant donor samples to assess the microbial
composition and confirm the absence of C.difficile.
On the day of transplantation, samples were resus-
pended in sterile PBS at a concentration of 100 mg/
mlL, and the supernatants were collected after cen-
trifugation at 800 rpm for 3 minutes.
Transplantation should be completed with fresh
supernatants by oral gavage within 10 mins to
minimize changes in microbial compositions®®.
Antibiotic-treated mice were administered 200 pL
of PBS suspensions in each mouse by oral gavage
every other day from the start of DSS modeling.

Neutrophil isolation, transmigration assay, and
cellular stimulation

Neutrophils were collected from mouse bone mar-
row as described previously.”” Briefly, bone

GUT MICROBES (&) 19

marrow cells were harvested in the RPMI 1640
medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. The neu-
trophils were purified from the interface between
Hisotopague 1119 (Sigma Aldrich, USA) and
Histopaque 1077 (Sigma Aldrich, USA) by density
gradient centrifugation. The cells were counted
with trypan blue and identified by flow cytometry
staining with anti-CD45, anti-CD11b, and anti-
Ly6G. In the transmigration assay, approximately
2 x 10° cells in 200 pl of medium were seeded above
the transmigration membrane, while culture med-
ium supplemented with 20% fetal bovine serum
was added to the basolaterial side. After incubation
for 24 hours, migrated cells in the lower chamber
were collected for counting. Migrated cells on the
membrane of the basolateral side were fixed in 4%
paraformaldehyde for 30 minutes, followed by
staining with 0.1% crystal violet (Sangon Biotech).
Images were acquired by optical microscopy. To
perform stimulation assays, microbiota samples
from the DSS and DSSCD groups were prepared
in the same manner as that for FMT donors. THP-
1 cells were seeded on 12-well plates and incubated
with 100 ng/ML PMA (Sigma Aldrich) for 1 day,
and then cultured by fresh medium without PMA
for another 24 hours. Approximately, 10° isolated
neutrophil cells or THP-1 cells in each well were
incubated with 50 pl of microbiota PBS suspension
for 3 hours. The cells were collected and subjected
for further analysis.

Statistical analysis

Statistical analyses were conducted using SPSS soft-
ware version 16.0, and P < 0.05 was considered sig-
nificant. Data were generated using Graphpad
Prism software version 8.0 and R software version
4.0.5. Statistical differences between the two groups
were assessed using Welch’s t-test or the Mann-
Whitney test depending on whether the data
showed normal distribution Rarefaction curves
were generated to assess the sufficiency of sequence
reads to describe the bacterial diversity and rarified
to lowest OTUs per sample. Alpha diversity includ-
ing the Shannon and ACE indices as well as Faith’s
phylogenetic diversity and species richness were
calculated at the OTU level and compared among
the groups using the Student’s t-test or paired t-test.
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The difference in PCoA of the Bray — Curtis dis-
tance and weighted unifrac metrics was compared
by Adonis analysis. The predominant phyla or gen-
era of the linear discriminant analysis effect size
were compared using the Wilcoxon rank-sum test
or Wilcoxon signed-rank test. Correlations between
species relative abundance and cytokine levels were
calculated using Spearman’s analysis. Since the ele-
vated cytokines could also be affected by treatment
groups, we performed multiple-regression analysis
with results from four groups (DPI6H_DSSCD,
DPI48H_DSSCD, DPI6H_DSS, and
DPI48H_DSS), DSSCD groups (DPI6H_DSSCD
and DSS48H_DSSCD), and DSS groups
(DPI6H_DSS and DPI48H_DSS) separately, invol-
ving abundances of OTU288 and OTU287, treat-
ment groups, and levels of IL-6 as variables using
SPSS version 24.0.
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