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ABSTRACT Antibiotic treatment of patients undergoing complex medical treat-
ments can deplete commensal bacterial strains from the intestinal microbiota, thereby
reducing colonization resistance against a wide range of antibiotic-resistant pathogens.
Loss of colonization resistance can lead to marked expansion of vancomycin-resistant
Enterococcus faecium (VRE), Klebsiella pneumoniae, and Escherichia coli in the intestinal lu-
men, predisposing patients to bloodstream invasion and sepsis. The impact of intestinal
domination by these antibiotic-resistant pathogens on mucosal immune defenses and
epithelial and mucin-mediated barrier integrity is unclear. We used a mouse model to
study the impact of intestinal domination by antibiotic-resistant bacterial species and
strains on the colonic mucosa. Intestinal colonization with K. pneumoniae, Proteus mirabi-
lis, or Enterobacter cloacae promoted greater recruitment of neutrophils to the colonic
mucosa. To test the hypothesis that the residual microbiota influences the severity of
colitis caused by infection with Clostridioides difficile, we coinfected mice that were colo-
nized with ampicillin-resistant bacteria with a virulent strain of C. difficile and monitored
colonization and pathogenesis. Despite the compositional differences in the gut microbi-
ota, the severity of C. difficile infection (CDI) and mortality did not differ significantly be-
tween mice colonized with different ampicillin-resistant bacterial species. Our results
suggest that the virulence mechanisms enabling CDI and epithelial destruction out-
weigh the relatively minor impact of less-virulent antibiotic-resistant intestinal bacteria
on the outcome of CDI.

KEYWORD immunology

The human colonic microbiota consists of diverse, predominantly anaerobic bacterial
strains belonging to the phyla Bacteroidetes and Firmicutes and represents an

ecosystem within the host that is defined by multiple layers of cooperation and
competition between its component microbes. The microbiota and its products impact
host metabolism and immune development and protect against infection by activating
a range of direct and indirect antimicrobial mechanisms that function in parallel and are
referred to collectively as colonization resistance (1). Marked differences in baseline
microbiota composition and colonization resistance between individuals likely account,
at least in part, for the wide range of disease severities associated with infection by
specific microbial pathogens. Although many factors influence the composition and
diversity of the microbiota, including diet, environmental exposure, and host immune
status, widespread use of antibiotics has had a particularly large impact on the
microbiota of human and domesticated animal populations (2). While antibiotics
dramatically reduce mortality resulting from bacterial infections, antibiotic-induced
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collateral damage to the microbiota impairs colonization resistance and, paradoxically,
increases susceptibility to infection (3).

Loss of commensal bacteria is particularly common in patients undergoing cancer
treatment and is associated with the expansion of antibiotic-resistant pathobionts, such
as vancomycin-resistant Enterococcus faecium (VRE), Klebsiella pneumoniae, and Esche-
richia coli. In patients undergoing allogeneic hematopoietic stem cell transplantation
(allo-HSCT), the incidence of intestinal domination by VRE exceeds 50%, while domi-
nation by K. pneumoniae or E. coli occurs in as many as 20% of patients (4). Intestinal
domination in allo-HSCT patients is associated with an increased incidence of blood-
stream infection by the respective colon-dominating pathogen. However, the impact of
intestinal domination by these antibiotic-resistant bacteria on the host’s mucosal
immune cells and antimicrobial defenses is largely undefined.

Bone marrow-derived neutrophils and monocytes play essential roles in the mucosal
immune defense against intestinal infections (5). Proinflammatory cytokines, such as
interleukin 23 (IL-23), and inflammasome-mediated production of IL-1� by inflam-
matory monocyte-derived mononuclear phagocytes in the lamina propria (Lp) promote
intestinal defense upon bacterial infection (6, 7). It is unclear whether the antibiotic-
resistant pathobionts that commonly dominate the gut and cause systemic infections
in hospitalized patients impact mucosal immune defenses and trigger inflammatory
responses. Furthermore, whether intestinal colonization by common, antibiotic-
resistant bacterial species impacts patient susceptibility to one of the leading causes of
nosocomial infection, Clostridioides difficile, is unknown.

C. difficile is a common cause of antibiotic-associated diarrhea and is particularly
prevalent in patients who have sustained damage to their intestinal microbiota. The
interactions between the host, indigenous microbiota, and pathogens are complex, and
each component contributes to the pathogenesis of C. difficile infection (CDI) (8). The
severity of C. difficile infections differs, however; some patients have only mild disease,
and others develop extensive necrotizing colitis. Host factors, such as age, underlying
diseases, and immune status, and virulence differences between C. difficile strains
contribute to disease severity but do not completely explain the wide range of disease
manifestations (9, 10). Whether the residual microbiota following antibiotic treatment
influences the severity of colitis caused by infection with C. difficile is unknown.

To address these issues, we used a mouse model to investigate intestinal coloniza-
tion by a range of ampicillin-resistant bacterial strains isolated from patients undergo-
ing cancer treatment. We found that intestinal colonization by different bacterial
species resulted in differences in the recruitment of neutrophils to the intestinal lamina
propria and in variable levels of inflammatory cytokine expression. Despite differences
in the state and intensity of immune activation, we did not detect a significant impact
of intestinal colonization by different antibiotic-resistant bacterial strains on the course
and severity of infection by C. difficile. These findings indicate that the pathogenetic
mechanisms engaged by C. difficile to cause colitis, and the host’s immune defenses
leading to resolution, override the relatively minor impact of residual bacterial species
on colonic immune defenses.

RESULTS
Intestinal domination by ampicillin-resistant bacterial strains. We obtained 10

ampicillin-resistant clinical isolates of K. pneumoniae, E. coli, Enterobacter cloacae,
Proteus mirabilis, and vancomycin-resistant Enterococcus faecium (11, 12) from patients
undergoing cancer treatment, as well as ampicillin-resistant strains of Bacteroides
sartorii and Parabacteroides distasonis from a mouse colony that had been treated for
�10 years with ampicillin (13). To establish colonization by these ampicillin-resistant
strains, we depleted the indigenous microbiota of wild-type (WT) C57BL/6 mice with
ampicillin for 4 days prior to inoculating them with 2 � 104 CFU of each strain by oral
gavage. Infected mice were maintained on ampicillin for 2 additional days, and fecal
pellets were obtained 1 day after antibiotic discontinuation in order to quantify CFU by
selective plating (Fig. 1A). Although there were some differences in the densities of
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fecal colonization by the different ampicillin-resistant bacterial strains, all strains
achieved densities exceeding 109 CFU per g of feces (Fig. 1B).

To determine the microbiota composition of mice colonized with ampicillin-resistant
bacterial strains, we performed 16S rRNA sequencing. Mice receiving ampicillin followed by
inoculation with an ampicillin-resistant bacterial strain developed domination, defined
here as exceeding 30% of relative abundance, as demonstrated in Fig. 1C. Of note,
because ampicillin treatment had been discontinued for 24 h prior to fecal pellet
collection, indigenous bacterial strains were detected in all mice. Bacterial populations
following ampicillin selection were also detected in the unreconstituted group (Fig. 1C,
left), albeit at lower densities, as determined by quantitative 16S rRNA gene PCR (data
not shown). These strains likely represent residual bacteria that survived ampicillin

FIG 1 The microbiota of antibiotic-treated mice are receptive to ampicillin-resistant bacterial species. (A) Wild-type C57BL/6 mice (n, �10 per group; results from
17 independent experiments) were treated with ampicillin in drinking water (0.5 g/liter) for 4 days and were then inoculated with 2 � 104 CFU of 1 of 12
ampicillin-resistant bacterial strains. Two days after inoculation, ampicillin was removed from the drinking water. Fecal pellets were collected 1 day later. Abx,
antibiotics. (B) The abundance of inoculated bacteria in fecal pellets (expressed as CFU per gram) was determined. (C) DNA was extracted from fecal pellets
and was subjected to 16S rRNA PCR amplification and sequencing of the V4 –V5 region. The average relative abundances of bacterial taxa for all mice of the
same group are plotted. (D) The weight of mice in each group was divided by the weight of control mice in order to assess weight loss associated with
colonization by ampicillin-resistant bacterial strains.
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treatment and underwent reexpansion following the discontinuation of ampicillin
treatment. Additionally, mice did not lose weight or demonstrate evidence of pathol-
ogy upon colonization with the resistant strains that were tested (Fig. 1D). These data
show that we can substantially alter the microbiota of ampicillin-treated mice by
administering a range of ampicillin-resistant bacterial isolates.

Ampicillin-resistant bacterial strains activate the mucosal immune system dis-
tinctly. Although each member of our panel of ampicillin-resistant bacterial strains
colonized mice treated with ampicillin, and none of the colonized mice lost weight or
developed morbidity, it was unclear whether the different bacterial strains impacted
the mucosal immune system. To address these questions, we treated wild-type C57BL/6
mice with metronidazole, neomycin, and vancomycin (MNV) for 3 days, followed by
ampicillin for 4 days, with the goal of markedly reducing the indigenous bacterial
populations. However, the additional MNV treatment did not completely eliminate the
indigenous bacterial populations in mice colonized with ampicillin-resistant bacterial
strains (see Fig. S2 in the supplemental material), suggesting a high tolerance of a
subset of residual intestinal bacteria to antibiotic treatment. The mice were then
individually administered 1 of the 12 ampicillin-resistant strains by oral gavage (Fig. 2A).
Monocyte and neutrophil infiltration of the colonic lamina propria was determined
5 days following inoculation. Flow cytometric analyses demonstrated that monocyte
infiltration of the colonic lamina propria was not influenced by intestinal colonization
with different ampicillin-resistant bacterial species (Fig. 2B). In contrast, neutrophils
were more abundant in the colonic laminae propriae of mice colonized with K.
pneumoniae, P. mirabilis, or E. cloacae than in those of mice colonized with other
species, and these bacterial strains had the highest levels of dissemination to mesen-
teric lymph nodes (mLNs) (Fig. 2B and C). Interestingly, B. sartorii and P. distasonis
densely colonized the colon; however, these obligate anaerobes were not detected by
culture in mLNs (Fig. 2C).

FIG 2 Antibiotic-resistant bacterial strains exhibit distinct capacities to disseminate to mLNs and to recruit neutrophils to the colonic lamina propria. (A)
Wild-type C57BL/6 mice (n, 4 to 5 per group) were treated with metronidazole, vancomycin, and neomycin (MNV) for 3 days, followed by ampicillin for 4 days.
Then the mice were inoculated with 2 � 104 CFU of 1 of 12 antibiotic-resistant bacterial strains. Ampicillin was maintained in the drinking water for an additional
2 days. (B) Five days following inoculation, cells isolated from the colonic lamina propria were profiled by flow cytometry. (C) Bacterial dissemination to mLNs
was determined by selective plating of whole mLNs.
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To determine whether members of the ampicillin-resistant bacterial panel triggered
the transcription of genes encoding inflammatory cytokines, we performed reverse
transcription (RT)-PCR for Tnf�, Il1�, Ifn�, Il23, Il22, and Reg3� (Fig. 3). These cytokines
have been implicated in the mucosal defense against intestinal pathogens, including C.
difficile (14–17). Tnf� and Il23 transcription was significantly increased in most mice that
had been colonized with an ampicillin-resistant bacterial strain. Il1� expression gener-
ally correlated with increased neutrophil infiltration, with the exception of colonization
by K. pneumoniae MH189, which was associated with increased neutrophil levels but
baseline Il1� expression. Mice colonized with K. pneumoniae MH258, P. mirabilis #1, VRE,
or E. cloacae had increased Ifn� transcription. Previous studies have demonstrated that
MyD88-mediated induction of IL-23 drives the expression of IL-22 by innate lympho-
cytes in the lamina propria, which induces Reg3� expression in intestinal epithelial cells
(18–20). Here, we have seen that while B. sartorii and P. distasonis did not induce Il23
transcription, the other ampicillin-resistant strains induced 2- to 4-fold-increased Il23
transcription, but this did not lead to increased transcription of either Il22 or Reg3�. Our
results suggest that the low level of IL-23 transcript induction by the ampicillin-
resistant strains is insufficient to promote IL-22 and Reg3� expression.

The composition of the microbiota does not significantly influence survival
following C. difficile infection. One question that remains unexplored is whether the
residual microbiota composition at the time of a C. difficile infection contributes to the
severity of colitis. The host mechanisms underlying recovery from acute CDI remain
incompletely defined and might be influenced by microbiota composition. To address
this question, wild-type C57BL/6 mice were first colonized with each of the ampicillin-
resistant strains and then inoculated by oral gavage with approximately 200 spores of
the virulent C. difficile strain VPI 10463 (Fig. 4A).

FIG 3 Impact of antibiotic-resistant bacterial strains on the transcription of cytokines in the colon. The experimental procedure followed the schematic in Fig.
2A. Five days following inoculation, RT-PCR was performed on whole colonic tissue. The fold induction of the indicated cytokines relative to levels in
antibiotic-treated but uncolonized mice is plotted. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. Data shown are means � SEM.
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As noted above, all 12 ampicillin-resistant strains achieved high density in the
mouse intestine at the time of C. difficile infection (Fig. 1B and C). None of the strains
provided colonization resistance or clearance of C. difficile for 7 days following inocu-
lation (Fig. 4B; see also Fig. S1 in the supplemental material). The densities of C. difficile

FIG 4 The composition of the residual intestinal microbiota does not significantly influence survival following C. difficile infection. (A) Schematic of experimental
design to determine the impact of residual microbiota composition on the outcome of C. difficile infection. Wild-type C57BL/6 mice (n, �10 per group; results
from 17 independent experiments) were treated with ampicillin for 4 days and were then inoculated with 2 � 104 CFU of the antibiotic-resistant bacterial strains.
Ampicillin was maintained in the drinking water for an additional 2 days. Mice were challenged with 200 C. difficile VPI 10463 spores via oral gavage 1 day after
ampicillin withdrawal, and C. difficile colonization and mouse survival were monitored as indicated. (B) On day 1 and day 7 postinfection (p.i.), C. difficile CFU
in fecal pellets were quantified using selective plating. (C) Survival was monitored for 1 week post-C. difficile infection.
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were similar in mice colonized with the different bacterial strains, and there were no
statistically significant differences in survival following C. difficile infection (Fig. 4C). K.
pneumoniae, P. mirabilis, and E. cloacae strains were the most immunomodulatory in
terms of inducing neutrophil recruitment to the colon, induction of proinflammatory
cytokines, and dissemination to mLNs. Despite these features, these strains did not
impact survival following C. difficile infection.

The background microbiota influences the host immune response, the viru-
lence of C. difficile, and bacterial dissemination in the setting of CDI. To determine
whether the presence of different antibiotic-resistant bacterial strains influences the
mucosal immune response to C. difficile infection, wild-type C57BL/6 mice were first
colonized with each ampicillin-resistant bacterial strain and then infected with C.
difficile VPI 10463, and cecal contents and tissues were isolated 2 days following
infection (Fig. 5A). All mice had comparable cecal content colonization levels with the
ampicillin-resistant isolate they were administered and C. difficile (Fig. 5B). While C.
difficile competes with the domination of the ampicillin-resistant strains in the intestinal
contents, in contrast to the situation for uninfected mice, ampicillin-resistant strains
persist in the intestinal niche upon C. difficile infection (Fig. S2 in the supplemental
material). We found that the colonization of antibiotic-treated mice with antibiotic-
resistant bacterial strains prior to C. difficile infection resulted in increased transcription
of inflammatory cytokine genes (Fig. 5C). Most bacterial strains induced significant
increases in Tnf� transcription over that for C. difficile-infected mice that had not
received antibiotic-resistant bacterial strains. Colonization with E. coli expressing T18, P.
mirabilis #1, or VRE increased the transcription of genes encoding IL-1� and IL-23, which
have been shown to adversely impact CDI outcomes (21). Il22 transcription was
dramatically increased in the setting of CDI and was associated with increased levels of
Reg3� transcription.

We also performed hematoxylin-and-eosin (H&E) staining on proximal colonic tissue
sections (Fig. 6A; see also Fig. S3 in the supplemental material). Slides were assessed in
a blinded fashion and were histologically scored, revealing that K. pneumoniae MH189
and VRE induced increased tissue pathology, in agreement with the finding that the
cecal contents of mice colonized with these strains had higher C. difficile toxin levels.
The toxin titer was influenced by the background microbiota composition (Fig. 6B);
colonization with K. pneumoniae MH189, P. mirabilis #2, or VRE prior to C. difficile
infection resulted in significantly higher toxin levels in cecal contents, and mice
colonized with B. sartorii had reduced levels.

To determine if epithelial damage caused by C. difficile enhances the dissemi-
nation of antibiotic-resistant bacterial strains, we quantified CFU in tissues on day
2 after C. difficile VPI 10463 inoculation of mice colonized with E. coli X43, K.
pneumoniae MH189, VRE, or P. mirabilis #1 (Fig. 6C). K. pneumoniae MH189, VRE, and
P. mirabilis #1 disseminated to the blood and mesenteric lymph nodes, and viable
K. pneumoniae MH189 and VRE were detected in spleens. However, in spite of
reaching comparable levels of intestinal colonization and mLN dissemination, no
MH189 dissemination in the spleen was observed in the absence of C. difficile
coinfection (see Fig. S4 in the supplemental material). E. coli X43 did not dissemi-
nate, except in low abundance to the mesenteric lymph nodes. Our results dem-
onstrate that the residual microbiota influences the inflammatory response to C.
difficile infection and that C. difficile infection is associated with greater dissemina-
tion of some bacterial strains that persist in the cecum and colon.

DISCUSSION

Antibiotic treatment can deplete commensal bacterial populations that provide
colonization resistance against bacterial pathogens, including highly antibiotic-
resistant bacterial strains that are major causes of infection in hospitalized patients. Loss
of colonization resistance can result in the marked expansion of antibiotic-resistant
strains of E. faecium, E. coli, and K. pneumoniae and many strains belonging to the
Enterobacteriaceae family. Although intestinal domination by these strains is associated
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with a markedly increased risk of bacteremia and sepsis, particularly in the setting of
cancer treatment with hematopoietic stem cell transplantation (4), the impact of
domination on the mucosal immune response is incompletely defined. A previous
study demonstrated that VRE and K. pneumoniae differ with respect to their abilities to
penetrate the dense mucus layer and access MLNs (22), suggesting that immune
activation by antibiotic-resistant bacterial strains likely differs. Our results confirm this
notion by demonstrating that the induction of inflammatory cytokines can differ

FIG 5 Impact of the residual microbiota on host immune responses during CDI. (A) Schematic of the experimental design to determine the impact of residual
microbiota composition on the outcome of C. difficile infection. Mice were inoculated with each antibiotic-resistant isolate followed by 200 spores of C. difficile
VPI 10463 and were euthanized 2 days later. (B) The abundance (expressed in CFU per gram) of the antibiotic-resistant strain and C. difficile in cecal contents
was determined by selective plating. (C) Fold induction of immune cytokines in colonic tissue as determined by quantitative RT-PCR. Asterisks indicate
significant differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001) from results for control mice. Data shown are means � SEM.
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between bacterial strains. The mechanisms by which dominating bacterial strains
traverse the intestinal epithelium and the pathways involved in immune activation
remain to be defined.

The balance between inflammatory and regulatory immune responses influences
the initiation, progression, and resolution of colitis. Inflammatory responses in the
gut are generally provoked by intestinal microbes and their molecular products,
which can differ dramatically in composition. We tested the hypothesis that the
composition of the microbiota upon antibiotic selection in the intestine during the
course of C. difficile infection would alter the severity of colitis and potentially alter
recovery. We chose to introduce antibiotic-resistant bacterial species that com-
monly reside in the intestine, including K. pneumoniae, E. coli, E. cloacae, and P.
mirabilis, as well as two commensal bacterial species belonging to the Bacteroidetes
phylum. Surprisingly, we did not find that these bacterial strains significantly altered
the course of C. difficile infection.

Previous studies have demonstrated that the gut microbiota can impact the severity
of C. difficile infection (23, 24). For example, the presence of Lachnospiraceae in the gut
has been associated with a lower risk of CDI (23, 25), and certain species of this
commensal bacterial family, such as Clostridium scindens, mediate resistance against C.
difficile infection by the production of secondary bile acids (26). Other commensal
bacterial strains deplete nutrients that support the growth of C. difficile (27). Our study
differs from previous work by focusing on the aberrant expansion of bacterial strains
that are highly antibiotic resistant. The ampicillin-resistant bacterial strains that we
introduced into antibiotic-treated mice do not convert primary to secondary bile acids.

FIG 6 Impact of the residual microbiota on host pathology, cecal toxin levels, and bacterial dissemination during CDI. The experimental design follows the
schematic in Fig. 5A. (A) Pathology scores of histological tissue sections based on cellular infiltration, edema (host response), and epithelial layer damage. Data
shown are means � SEM. (B) C. difficile toxin titers in cecal contents were determined by an in vitro cytotoxicity assay. *, P � 0.05; ***, P � 0.001; ****, P � 0.0001.
(C) Mice (n, 7 from two independent experiments) were colonized with one of four strains. The mice were inoculated with 200 spores of C. difficile VPI 10463
and were euthanized on day 2 post-C. difficile infection. Blood, mesenteric lymph nodes (mLNs), and spleens were isolated and homogenized, and bacterial
dissemination post-C. difficile infection was determined via selective plating.
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Furthermore, we did not detect any impact of these strains on colitis associated with C.
difficile infection, suggesting that these ampicillin-resistant strains do not deplete
nutrients that are essential for C. difficile virulence. It is possible that other antibiotic-
resistant bacterial strains, perhaps those expressing potential enterotoxins, could en-
hance C. difficile colitis. Certain strains of Bacteroides fragilis, for examples, express an
enterotoxin that has been associated with the development of colon cancer (28).
Further investigation is required to determine whether such strains can enhance C.
difficile colitis. Our results, however, suggest that the residual microbiota after antibiotic
selection is unlikely to provide an explanation for the range of colitis severities seen in
patients with C. difficile infection.

The determinants of C. difficile virulence have been of immense research interest for
decades. C. difficile toxins (TcdA and TcdB) have been demonstrated to be critical
factors causing colitis and pathogenesis in a hamster model (29). However, in our
mouse model, the toxin level measured at 2 days post-C. difficile infection does not
correlate with the survival rate of infected mice. Upon C. difficile infection of B.
sartorii-inoculated mice, a lower toxin level was produced yet a worse survival rate was
observed, suggesting that alternative factors likely contribute to pathogenicity in mice.
E. cloacae triggers dramatic induction of Reg3� levels upon C. difficile coinfection and
is associated with a better (though not significantly so) survival rate of infected mice,
suggesting that host immune responses also regulate C. difficile virulence.

In summary, we tested a group of ampicillin-resistant bacterial strains, all of which
expanded to abnormally high densities in the guts of mice treated with ampicillin, and
demonstrated their impact on the induction of inflammatory cytokines. Despite dif-
ferences in cytokine induction, we failed to detect significant impacts of intestinal
domination by these antibiotic-resistant bacterial strains on the severity of C. difficile-
associated colitis. Our mouse model mimics clinical settings in which antibiotic-
resistant bacterial strains dominate the guts of patients with C. difficile infection. Our
data suggest that many, if not most, of these residual antibiotic-resistant bacterial
strains have a minimal impact on the severity of C. difficile infection.

MATERIALS AND METHODS
Mice. WT C57BL/6 mice were purchased from The Jackson Laboratory (Room MP14). All mice were

bred and maintained under specific-pathogen-free conditions at the Memorial Sloan Kettering Research
Animal Resource Center. Sex- and age-matched controls were used in all experiments according to
institutional guidelines for animal care. All animal procedures were approved by the Institutional Animal
Care and Use Committee of the Memorial Sloan Kettering Cancer Center.

Antibiotic pretreatment, ampicillin-resistant test strain administration, CDI, and mouse mon-
itoring. Wild-type C57BL/6 mice were cohoused for 2 weeks prior to antibiotic treatment. Mice were first
treated with ampicillin in drinking water (0.5 g/liter) for 4 days and then inoculated with 2 � 104 CFU of
1 of 12 ampicillin-resistant bacterial strains grown in LB broth supplemented with ampicillin. Ampicillin
in water was maintained for 2 additional days after inoculation. Twenty-four hours post-ampicillin
cessation, mice received 200 C. difficile spores (strain VPI 10463 [ATCC 43255]) via oral gavage. Following
infection, mice were monitored and were scored for disease severity by four parameters (14): weight loss
(a score of 0 was assigned for �95% of initial weight, 1 for 95% to 90% of initial weight, 2 for 90% to
80% of initial weight, and 3 for �80% of initial weight), surface body temperature (a score of 0 was
assigned for �32°C, 1 for 32°C to 30°C, 2 for 30°C to 28°C, and 3 for �28°C), diarrhea severity (a score
of 0 was assigned for formed pellets, 1 for loose pellets, 2 for liquid discharge, and 3 for no pellets
[discharge caked on fur]), and morbidity (1 point was assigned for each of the following symptoms, with
a maximum score of 3: ruffled fur, hunched back, lethargy, ocular discharge).

Isolation of cells from the mLNs and intestine. Cells were isolated on the basis of a previous
description (30). Briefly, lymphocytes were isolated from the mLNs by mechanical disruption through
100-�m cell strainers. Single-cell suspensions were obtained from the ileum Lp by longitudinally cutting
the ileum and then washing out the contents in phosphate-buffered saline (PBS). Intestinal tissues were
incubated at 37°C under gentle agitation in stripping buffer (30) for 10 min to remove epithelial cells and
then for another 20 min for the intraepithelial lymphocytes (IEL). Supernatants containing the IEL fraction
were passed through 100-�m cell strainers and were resuspended in 40% Percoll. The remaining tissue
was digested with collagenase IV (1.5 mg/ml; 500 U/ml) and DNase (20 �g/ml) in complete medium
(Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, penicillin-
streptomycin [10 �g/ml], gentamicin [50 �g/ml], 10 mM HEPES, 0.5 mM �-mercaptoethanol, and
L-glutamine [20 �g/ml]) for 30 min at 37°C under gentle agitation. Supernatants containing the Lp
fraction were passed through 100-�m cell strainers and were resuspended in 40% Percoll. Samples were
then centrifuged for 20 min at 600 � g to obtain the IEL and Lp cell fractions.
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FACS analysis. Cell suspensions were surface stained in fluorescence-activated cell sorter (FACS)
buffer (PBS, 2% bovine serum albumin, 0.2 mg of sodium azide, 2 mM EDTA) using a standard flow
cytometric staining protocol with fluorescently conjugated antibodies specific to Ly6c (AL-21; BD
Biosciences), major histocompatibility complex class II (MHCII) (M5/114.15.2; BD Biosciences), CD103 (2E7;
BioLegend), F480 (BM8; Thermo Fisher), Ly6G (1A8; BD Biosciences), CD45.2 (104; BD Biosciences), CD11b
(RM2817; Thermo Fisher), and CD11c (HL3; BD Biosciences). Cell viability was assessed with LIVE/DEAD
Aqua stain (Thermo Fisher). Samples were collected by an LSR II flow cytometer (Becton, Dickinson). All
flow cytometry data were analyzed by FlowJo, version 9.9 (Tree Star).

Histology sectional and pathology scoring. Colon tissues were fixed with 4% paraformaldehyde
and embedded in paraffin, and 5-�m sections were cut and stained with hematoxylin and eosin.
H&E-stained colon tissue sections were blindly scored as described elsewhere (31) based on epithelial
degeneration/cell death, edema, and cellular infiltration, with each parameter scored from 0 to 3.

Quantification of C. difficile burden and toxin. Fecal pellets or cecal contents were resuspended
in deoxygenated PBS, and 10-fold dilutions were plated onto brain heart infusion (BHI) agar supple-
mented with yeast extract, taurocholate, L-cysteine, cycloserine, and cefoxitin at 37°C in an anaerobic
chamber (Coy Labs) overnight (32). The presence of C. difficile toxin B was determined using a cell-based
cytotoxicity assay as described previously (33). Briefly, human embryonic lung fibroblast WI-38 cells
(ATCC CCL-75) were incubated in a 96-well plate overnight at 37°C. Tenfold dilutions of supernatants
from resuspended cecal contents were added to WI-38 cells, which were then incubated overnight at
37°C, and the presence of cell rounding and death was observed the next day. The presence of C. difficile
toxin B was confirmed by neutralization by antitoxin antisera (Techlab, Blacksburg, VA). The data are
expressed as the log10 reciprocal value of the last dilution where cell rounding was observed.

DNA extraction and 16S rRNA sequencing. DNA was extracted from fecal pellets and intestinal
contents as described previously (34). In brief, a frozen aliquot (�100 mg) of each sample was suspended,
while frozen, in a solution containing 500 �l of extraction buffer (200 mM Tris [pH 8.0], 200 mM NaCl, and
20 mM EDTA), 200 �l of 20% sodium dodecyl sulfate (SDS), 500 �l of phenol-chloroform–isoamyl alcohol
(24:24:1), and 500 �l of 0.1-mm-diameter zirconia/silica beads (BioSpec Products). Microbial cells were
lysed by mechanical disruption with a bead beater (BioSpec Products) for 2 min, after which two rounds
of phenol-chloroform–isoamyl alcohol extraction were performed. DNA was precipitated with ethanol
and was resuspended in 50 �l of Tris-EDTA (TE) buffer with 100 �g RNase ml�1. The isolated DNA was
subjected to additional purification with QIAamp Mini Spin columns (Qiagen). For each sample, duplicate
50-�l PCRs were performed, with each reaction mixture containing 50 ng of purified DNA, 0.2 mM
deoxynucleoside triphosphate s (dNTPs), 1.5 mM MgCl2, 2.5 U Platinum Taq DNA polymerase, 2.5 �l of
10� PCR buffer, and 0.5 �M each primer designed to amplify the V4 –V5 region: 563F (5=-nnnnnnnn-N
NNNNNNNNNNN-AYTGGGYDTAAAGNG-3=) and 926R (5=-nnnnnnnn-NNNNNNNNNNNN-CCGTCAATTYHT
TTRAGT-3=). A unique 12-base Golay barcode (represented by N’s in the sequences) precedes each primer
for sample identification (35), and 1 to 8 additional nucleotides (represented by n’s) were placed in front
of the barcode to offset the sequencing of the primers. Cycling conditions were as follows: 94°C for 3 min,
followed by 27 cycles of 94°C for 50 s, 51°C for 30 s, and 72°C for 1 min; 72°C for 5 min was used for the
final elongation step. Replicate PCR products were pooled, and amplicons were purified using the
QIAquick PCR purification kit (Qiagen). PCR products were quantified and pooled at equimolar
amounts before Illumina barcodes and adaptors were ligated on using the Illumina TruSeq Sample
Preparation protocol. The completed library was sequenced on an Illumina MiSeq platform by
following the Illumina-recommended procedures with a paired-end 250 � 250-bp kit. 16S rRNA
(V4 –V5) paired-end reads were merged and demultiplexed. Merged reads of �300 bp or �360 bp
were removed. Maximum expected error filtering (Emax � 1) (36), amplicon sequence variant (ASV)
grouping, and chimeric and singleton sequence removal were performed using the Dada2 pipeline
(37). Taxonomic classification of ASVs was performed by nucleotide BLAST of representative se-
quences from each ASV, with NCBI RefSeq as the reference training set. A minimum E value threshold
value of 1e�10 was used for assignments.

Tissue RNA isolation, cDNA preparation, and RT-PCR. RNA was isolated from colon tissue using
mechanical homogenization and TRIzol isolation (Invitrogen) according to the manufacturer’s instruc-
tions. cDNA was generated using QuantiTect reverse transcriptase (Qiagen). RT-PCR was performed on
cDNA using TaqMan primers and probes in combination with TaqMan PCR master mix (ABI), and
reactions were run on an RT-PCR system (StepOnePlus; Applied Biosystems). Gene expression is displayed
in the figures as the fold increase over expression in uninfected C57BL/6 mice and is normalized to
hypoxanthine phosphoribosyltransferase (HPRT) expression. Quantitative PCR (qPCR) was run under the
standard conditions recommended by StepOne software, version 2.3, as follows: holding phase, 50°C for
2 min and 95°C for 10 min; cycling phase, 95°C for 15 s and 60°C for 1 min (40 cycles). TaqMan probes
used in this study were as follows: Reg3� (Mm00441127_m1), IL-22 (Mm00444241_m1), IL-23
(Mm00518984_m1), IL1� (Mm01336189_m1), TNF� (Mm00443258_m1), IFN� (Mm01168134_m1), and
Hprt (Mm00446968_m1).

Statistical analysis. The results presented here represent means � standard errors of the means
(SEM). Statistical significance was determined by the unpaired t test, by the Mann-Whitney test for
sample size n � 5, by two-way analysis of variance (ANOVA) for time course experiments, and by the log
rank test for survival curves. Statistical analyses were performed using GraphPad Prism software, version
6.0. Significance is indicated by asterisks in figures (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001).

Data availability. Raw 16S rRNA sequencing reads have been deposited in BioProject under
accession number PRJNA576440.
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