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Clostridium difficile causes infections of the colon in susceptible patients. Specifically, gut dysbiosis induced by treatment with
broad-spectrum antibiotics facilitates germination of ingested C. difficile spores, expansion of vegetative cells, and production of
symptom-causing toxins TcdA and TcdB. The current standard of care for C. difficile infections (CDI) consists of administration
of antibiotics such as vancomycin that target the bacterium but also perpetuate gut dysbiosis, often leading to disease recur-
rence. The monoclonal antitoxin antibodies actoxumab (anti-TcdA) and bezlotoxumab (anti-TcdB) are currently in develop-
ment for the prevention of recurrent CDI. In this study, the effects of vancomycin or actoxumab/bezlotoxumab treatment on
progression and resolution of CDI were assessed in mice and hamsters. Rodent models of CDI are characterized by an early se-
vere phase of symptomatic disease, associated with high rates of morbidity and mortality; high intestinal C. difficile burden; and
a disrupted intestinal microbiota. This is followed in surviving animals by gradual recovery of the gut microbiota, associated
with clearance of C. difficile and resolution of disease symptoms over time. Treatment with vancomycin prevents disease ini-
tially by inhibiting outgrowth of C. difficile but also delays microbiota recovery, leading to disease relapse following discontinu-
ation of therapy. In contrast, actoxumab/bezlotoxumab treatment does not impact the C. difficile burden but rather prevents the
appearance of toxin-dependent symptoms during the early severe phase of disease, effectively preventing disease until the micro-

biota (the body’s natural defense against C. difficile) has fully recovered. These data provide insight into the mechanism of re-
currence following vancomycin administration and into the mechanism of recurrence prevention observed clinically with

actoxumab/bezlotoxumab.

ostridium difficile infections (CDI) are a significant cause of

morbidity and mortality in the acute care setting and in the
wider health care system (1-3). CDI pathogenesis is associated
with use of antimicrobials that disrupt the intestinal microbiota,
reducing the host’s ability to resist colonization by, and expansion
of, C. difficile (4, 5). These conditions allow C. difficile spores to
germinate, with resultant production of two toxins, TcdA and
TcdB, that cause the symptoms of the disease (6—8). The infection
is normally treated with antibiotics such as vancomycin and met-
ronidazole which have potent activity against C. difficile (1, 8).
However, the broad antibacterial spectra of these agents perpetu-
ate gut dysbiosis, leading to high rates of disease recurrence fol-
lowing withdrawal of therapy, during which surviving or newly
acquired C. difficile spores take advantage of persistent disruption
of the gut microbiome to cause another episode of CDI (9-11).
The risk of recurrence following a first episode is around 25% but
increases significantly with each subsequent episode, often leading
to a cycle of recurrence which can be difficult to break (11-13).
Therapeutic approaches that minimize deleterious effects to the
gut microbiota may therefore reduce rates of recurrent CDI and
break the recurrence cycle.

Actoxumab (acto) (previously known as CDA1 or MK-3415A)
and bezlotoxumab (bezlo) (previously known as CDB1, MDX-
1388, or MK-6072) are human monoclonal antibodies that bind
to and neutralize toxins A and B, respectively (14, 15). Bezlotox-
umab is in development for prevention of recurrent CDI based on
the finding that it lowers rates of CDI recurrence in patients and
that coadministration with actoxumab does not provide addi-
tional benefit (16, 17). While bezlotoxumab is administered in
parallel with standard-of-care antibiotics (vancomycin, metroni-
dazole, or fidaxomicin) during an initial episode of CD], its long
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half-life in circulation allows it to function as a prophylactic agent
for a potential recurrent episode (15).

The link between a healthy gut microbiota and protection
against C. difficile infection has been established both in humans
and in animal models (4, 5, 18, 19). The mechanism of protection
is thought to be through direct competition for nutrients and
environmental niches within the gut, as well as through produc-
tion of secondary bile acid metabolites that directly inhibit germi-
nation of C. difficile spores and growth of vegetative C. difficile (4,
5). Furthermore, several studies over the last few years have dem-
onstrated that the initial effects of antibiotics on the microbiota
are reversible and that the period of recovery is anywhere between
a few days and several weeks (9, 19, 20). This period of recovery is
hypothesized to correspond to the window of susceptibility to
recurrence that follows successful cure of a primary episode with
antibiotics such as vancomycin.

In this study, we assessed the progression and resolution of

Received 4 May 2016 Returned for modification 10 June 2016
Accepted 10 August 2016

Accepted manuscript posted online 15 August 2016

Citation Warn P, Thommes P, Sattar A, Corbett D, Flattery A, Zhang Z, Black T,
Hernandez LD, Therien AG. 2016. Disease progression and resolution in rodent
models of Clostridium difficile infection and impact of antitoxin antibodies and
vancomycin. Antimicrob Agents Chemother 60:6471-6482.
doi:10.1128/AAC.00974-16.

Address correspondence to Alex G. Therien, alex_therien@merck.com.
Supplemental material for this article may be found at
http://dx.doi.org/10.1128/AAC.00974-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

aac.asm.org 6471


http://dx.doi.org/10.1128/AAC.00974-16
http://dx.doi.org/10.1128/AAC.00974-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00974-16&domain=pdf&date_stamp=2016-8-15
http://aac.asm.org

Warn et al.

CDI over time in hamster and mouse models of antibiotic-in-
duced CD], in order to better understand the relationships among
gut microbiota recovery, C. difficile colonization, and the toxin-
dependent intestinal pathology that underlies morbidity and
mortality. Furthermore, we examined the impact of vancomycin,
an antibiotic widely used as a standard of care for CDI, and of the
combination of the antitoxin antibodies actoxumab and bezlotox-
umab (acto/bezlo) on these various aspects of disease. Our data
suggest that recovery of the intestinal microbiota over time leads
to clearance of the infection even in untreated animals and that
clinical efficacy of antitoxin antibodies in preventing recurrent
CDI may result from prevention of the clinical manifestation of
disease during the period of time prior to recovery of the gut
microbiota.

MATERIALS AND METHODS

Hamster CDI model. Pathogen-free Golden Syrian hamsters (Janvier
Laboratories, France) were allowed to acclimate to housing for approxi-
mately 2 weeks prior to the start of the experiment. Hamsters had free
access to sterile food and water and were housed in pairs in sterile indi-
vidual ventilated cages exposing hamsters at all times to HEPA-filtered
sterile air. The CDI model was based on a previously published design
(21); details of the timeline are provided in Fig. S1A in the supplemental
material. All references to specific times (hours or days) are in relation to
the day of C. difficile challenge (day 0). Animals were randomized into
three treatment groups that were subdivided into “Survival” arms (n = 10
per treatment group) and “Time point” arms (n = 15 per treatment
group). The treatment groups were (i) the acto/bezlo group (subcutane-
ous administration of actoxumab and bezlotoxumab [50 mg/kg of body
weight each] once a day on days —3, —2, —1, and 0), (ii) the vancomycin
group (orogastric administration of 10 mg/kg vancomycin [Flynn
Pharma Ltd.] twice a day on days 0, 1, 2, 3, and 4), and (iii) the vehicle
group (administration of acto/bezlo and vancomycin vehicles using the
time points and dosing routes/frequencies described above). The use of a
single vehicle group that received both prophylactic subcutaneous injec-
tions of acto/bezlo vehicle and therapeutic oral administration of vanco-
mycin vehicle allowed us to minimize the numbers of animals used in the
study. It is considered unlikely that this approach had an important im-
pact on the results.

In order to establish susceptibility to CDI, hamsters were administered
a single orogastric dose (30 mg/kg) of clindamycin (Villerton, Luxem-
bourg) on day —1. This was followed on day 0 by gastric challenge with
680 CFU C. difficile spores (strain NCTC 13307 [also known as strain 630];
ribotype 012) suspended in 1 ml of phosphate-buffered saline (PBS) (Ox-
oid, United Kingdom). Hamsters were monitored as frequently as clini-
cally required for signs of CDI with the aim that no hamsters would suffer
prolonged severe disease or death. Hamsters that developed severe
(<33°C) hypothermia, severe diarrhea, or severe (>20%) weight loss or
were found lying prone or were unresponsive were euthanized and con-
sidered to have succumbed to disease. Body temperature was assessed
through the use of telemetric temperature recording chips (Plexx, the
Netherlands) inserted into the skin behind the neck prior to antibiotic
preconditioning. The statistical significance of the results of comparisons
of mortality data from different treatment groups was assessed by log rank
(Mantel-Cox) test.

Mouse CDI model. Pathogen-free C57BL/6 mice (Harlan, United
Kingdom) were obtained at 6 to 8 weeks of age and allowed to acclimate to
housing for 7 days prior to the start of the experiment. Mice had free access
to sterile food and water and were housed in pairs in sterile individual
ventilated cages exposing mice at all times to HEPA-filtered sterile air. The
CDI model was based on previously published designs (22-24); details of
the timeline are provided in Fig. S1A in the supplemental material. All
references to specific times (hours or days) are in relation to the day of C.
difficile challenge (day 0). Animals were randomized into three treatment
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groups that were divided into “Survival” arms (n = 10 per treatment
group) and “Time point” arms (n = 15 per treatment group). The treat-
ment groups were (i) the acto/bezlo group (subcutaneous administration
of actoxumab and bezlotoxumab [50 mg/kg each] once a day on days —1
and 0), (ii) the vancomycin group (orogastric administration of 10 mg/kg
vancomycin twice a day on days 0, 1, 2, 3, and 4), and (iii) the vehicle
group (administration of acto/bezlo and vancomycin vehicles using the
time points and dosing routes/frequencies described above). The use of a
single vehicle group that received both prophylactic subcutaneous injec-
tions of acto/bezlo vehicle and therapeutic oral administration of vanco-
mycin vehicle allowed us to minimize the numbers of animals used in the
study. It is deemed unlikely that this approach had an important impact
on the results.

In order to establish susceptibility to CDI, mice were given cefopera-
zone (Sigma, United Kingdom) (0.5 mg/ml in drinking water) for 10 days
(days —12 to —2), followed by a single dose (10 mg/kg administered
intraperitoneally) of clindamycin on day —1. This was followed on day 0
by gastric challenge with 1.8 X 10° CFU vegetative C. difficile (strain
ATCC 43255 [also known as VPI 10463]; ribotype 087) suspended in 0.1
ml of PBS. Mice were monitored as frequently as clinically required for
signs of CDI with the aim that no mouse would suffer prolonged severe
disease or death. Mice that developed severe (<33°C) hypothermia, se-
vere diarrhea, or severe (>20%) weight loss or were found lying prone or
were unresponsive were euthanized and considered to have succumbed to
disease. Body temperature was assessed through the use of telemetric tem-
perature recording chips (Plexx, the Netherlands) inserted into the skin
behind the neck prior to antibiotic preconditioning. The statistical signif-
icance of the results of comparisons of mortality data from different treat-
ment groups was assessed by log rank (Mantel-Cox) test.

Collection of fecal and intestinal content samples and scoring of
gross intestinal pathology. Fecal samples were collected from all surviv-
ing animals in the “Survival” arms of the study, on days 1, 2, 5, 10, 15, 21,
and 28 postinfection, and resuspended in 0.5 ml saline solution (Baxter
Healthcare, United Kingdom) for C. difficile spore and microbiota analy-
ses. Animals in both the “Time point” and “Survival” arms were eutha-
nized at predefined time points (days 1, 2, and 5 for the “Time point” arm
and day 28 for the “Survival” arm) or at the time of severe clinical deteri-
oration. Samples (0.5 ml) of luminal content were collected from three
distinct intestinal segments (ileum, colon, and cecum) for each animal.
Prior to sample collection, gross intestinal pathology was assessed by scor-
ing the ileum, colon, and cecum, according to the scale shown in Table S1
in the supplemental material, and averaging the scores from the three
intestinal regions for each animal. The statistical significance of differ-
ences in pathology scores across the different treatment groups was deter-
mined by two-way analysis of variance (ANOVA) followed by the Tukey
posttest.

C. difficile burden in feces and intestinal content. For spore counts,
fecal or intestinal content samples (300 pl) were diluted into 700 pl of
100% industrial methylated spirits (IMS) (VWR, United Kingdom) and
subjected to vortex mixing for 10 s. Further dilutions were performed in
70% IMS, and 100 pl of fecal/intestinal content suspensions was plated
onto C. difficile agar (Oxoid, United Kingdom), placed into anaerobic jars
or cabinets, and cultured at 37°C for 48 h. The burdens in the original
samples were determined by back converting based on dilution factors.
The limit of detection (LOD) was 17 CFU/ml. For intestinal content data,
values obtained for each intestinal segment (small intestine, colon, or
cecum) were converted to log,, values and averaged for each animal. The
burdens calculated for the individual intestinal segments are shown in
Table S2 in the supplemental material.

Microbiota analysis. Microbiota composition was assessed in mouse
fecal and cecum content samples from all three treatment groups de-
scribed above. In addition to these samples, fecal and cecum samples from
naive mice (n = 5) were collected and analyzed for microbiota composi-
tion as a comparator group. These animals were randomly selected from
age-matched stock that had been held in the vivarium throughout the
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TABLE 1 Effects of actoxumab/bezlotoxumab or vancomycin on morbidity in hamster and mouse models of CDI

Result®
Hamster Mouse
Parameter Vehicle Acto/Bezlo Vanco Vehicle Acto/Bezlo Vanco
Weight loss + +++ +? +4++ + + b
Hypothermia +++ + ++4° ++4 + ++?
Hunched posture/proneness/sluggishness ~ +++ + +4+ 42 ++ - +40
Diarrhea + + 4+t 4 _ 4t
Primary reason for euthanasia Multiple clinical ~ Weightloss >  Multiple clinical =~ Multiple clinical =~ Temp < 34°C ~ Multiple clinical
signs 20% signs signs (1 mouse) signs

“ Acto/Bezlo, actoxumab/bezlotoxumab; Vanco, vancomycin; —, not observed; +, minimal; ++, moderate; ++ +, severe.

b Clinical signs were delayed compared to vehicle results.

study period for at least 28 days before the culling. The naive mice were
not treated with antibiotics and were housed in the same facilities and
handled in the same way as the animals in the treatment groups (identical
cages, food, enrichment, light cycles, husbandry staff, etc.) to minimize
nonexperimental variables. Microbiota composition was determined in
all samples by 16S rRNA gene sequencing. DNA extraction was carried out
using a QIAamp Fast DNA stool minikit (Qiagen), and DNA quantifica-
tion was carried out using a Quant-iT PicoGreen double-stranded DNA
(dsDNA) reagent (Invitrogen), both according to the instructions of the
manufacturers. PCR amplification was done using high-performance lig-
uid chromatography (HPLC)-purified fusion primers (barcoded) target-
ing the V3/V5 variable regions of the 16S rRNA gene (target-specific part
of the forward primer, 5'-ACTCCTACGGGAGGCAGCAG-3'; target-
specific part of the reverse primer, 5'-GGGTTGCGCTCGTTGCGGG-3").
Amplicons were subjected to gel purification using a QIAquick gel extrac-
tion kit (Qiagen) and were quantified using an Agilent Bioanalyzer. Se-
quencing was carried out using Illumina HiSeq v3 in 2-bp-by-300-bp
paired-end read mode. Sequences were partitioned into operational tax-
onomic units (OTU), each representing a distinct cluster with significant
sequence divergence from each other cluster (496 OTUs for cecum sam-
ples and 420 OTUs for fecal samples) (25). Taxonomic information was
assigned to OTUs to the highest degree of specificity allowed by the data
(ranging from kingdom to species) (26, 27). Community differences
across samples were assessed by first determining weighted UniFrac dis-
tances for all pairs of samples and then analyzing the data by principal-
coordinate analysis (PCoA) (28). The statistical significance of differences
in the relative abundances of organism classes across different samples
was determined by two-way ANOVA followed by the Tukey posttest.
Relative abundances of individual OTUs of the Clostridia class in cecum
samples were clustered using Tibco Spotfire and the unweighted pair
group method using average linkages (UPGMA).

Ethical statement. All animal experiments were performed under UK
Home Office License 40/3644, and with local ethical committee clearance
(The University of Manchester Standing Committee). All experiments
were performed by technicians who had completed at least parts 1 to 3 of
the Home Office Personal License course and held current personal li-
censes. Studies were also approved by the Institutional Animal Care and
Use Committee of Merck Research Laboratories, Kenilworth, NJ.

RESULTS

Overview of rodent CDI models. To assess progression and res-
olution of CDI, we utilized two common rodent models, the
Golden Syrian hamster model (21) and a mouse model first de-
scribed by Chen et al. (22) and modified by Young and colleagues
(23, 24). We assessed mortality, morbidity (clinical signs of dis-
ease), intestinal pathology, intestinal and fecal C. difficile burden,
and intestinal and fecal microbiota composition at multiple time
points following treatment with vehicle, vancomycin, or acto/be-
zlo (see Fig. S1 in the supplemental material). The rationale for
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using the acto/bezlo combination rather than bezlotoxumab
alone is that the combination is required for maximal protection
in rodents (14, 29), despite bezlotoxumab alone being sufficient in
piglets (30) and humans (16, 17). At the time of C. difficile chal-
lenge, each treatment group was subdivided into two arms, a “sur-
vival” arm (n = 10), in which animals were allowed to progress to
the end of the study (day 28 postchallenge), and a “time point”
arm (n = 15), in which 5 animals were euthanized on each of days
1, 2, and 5 postchallenge, to allow direct comparison of animal
results at a given time across all three treatment groups. Mortality
and morbidity were assessed in all animals in the “Survival” arm,
and fecal samples were collected on days 1, 2, 5, 10, 15, 21, and 28
(for animals that generated them on those days) postchallenge for
C. difficile burden and intestinal microbiota analysis. Animals in
both the “Time point” and “Survival” arms were euthanized at the
prespecified time point (day 1, 2, 5, or 28) or at the time of severe
clinical deterioration. Necropsy was carried out at the time of
euthanasia to assess gross intestinal pathological scores. Samples
ofintestinal contents (small intestine, colon, and cecum) were also
collected for C. difficile burden and intestinal microbiota analysis.

Disease progression and resolution in hamster CDI model.
The Golden Syrian hamster spore challenge model has historically
been considered the gold standard model of CD], as the pathology
observed in hamster infection reflects many clinical aspects of
human infection (31, 32). Similarly to human disease, pathology
in the hamster model is primarily localized to the large intestine,
including the cecum and colon (31, 33). However, disease is much
more severe in the hamster model than in human patients, with
hamsters typically succumbing within hours to a few days after
infection. In this study, hamsters were preconditioned with clin-
damycin 24 h prior to challenge with C. difficile spores (strain 630,
ribotype 012) (see Fig. S1 in the supplemental material). Vehicle-
treated animals experienced signs of morbidity (Table 1), includ-
ing a drop in body temperature (hypothermia), body weight loss,
diarrhea (“wet tail”), and other signs of infection (abdominal dis-
tension, proneness, unresponsiveness), and all animals perished
within 48 h (Fig. 1A). Animals treated with vancomycin (admin-
istered orally for 5 days twice a day, starting 24 h after challenge;
see Fig. S1) showed no signs of morbidity until day 10 postinfec-
tion, when they started losing weight and showing other symp-
toms of infection (Table 1), with all animals succumbing by day 14
(Fig. 1A). Animals treated with acto/bezlo showed few of the signs
of morbidity observed in the vehicle group, with the exception of
body weight loss (Table 1). By day 6, 60% of the animals had
reached the weight loss ethical endpoint (=20% weight loss)
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FIG 1 Effect of acto/bezlo or vancomycin on survival in rodent CDI models. (A) Kaplan-Meier survival curves of infected hamsters in “Survival” arm (n = 10
per group) treated with vehicle (blue line), with acto/bezlo (red line), or with vancomycin (green line). (B) Per panel A but for infected mice (n = 10 per group).
**, P < 0.0001 (compared to vehicle group); *, P < 0.01 (compared to vehicle and vancomycin groups).

(Fig. 1A) and were considered to have succumbed to the infection
despite displaying none of the other signs of morbidity, whereas
animals that survived beyond the early phase of disease gradually
began to regain weight on day 6 and clinical signs eventually dis-
appeared completely. These animals survived until the end of the
study on day 28, by which time they were observed to be healthy

mild to moderate intestinal pathology characterized by slight in-
flammation and empty bowels in the small intestine, colon, and
cecum in vehicle-treated animals, in particular, on day 1 (Fig. 2A
and B; see also Table S1 in the supplemental material). Intestinal
pathology was significantly less severe in acto/bezlo-treated ham-
sters (Fig. 2A); indeed, acto/bezlo-treated animals were largely

and thriving.
Morbidity and mortality in this model was associated with

protected from intestinal damage and maintained low pathology
scores throughout the duration of the study (Fig. 2B). Animals
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FIG 2 Effect of acto/bezlo or vancomycin on gross intestinal pathology in rodent CDI models. (A) Intestinal scores for individual infected hamsters treated with
vehicle (blue circles), with acto/bezlo (red circles), or with vancomycin (green circles). Samples were assessed at predefined time points (days 1, 2, 5, and 28).
Scores are based on severity of pathology as defined in Table S1 in the supplemental material. All scores are averages of individual scores recorded for ileum, colon,
and cecum in each animal. *, P < 0.05; **, P < 0.01 (compared to specified groups). N/A, not available (animals in this group did not survive to the planned time
point). (B) Per panel A, but scores are shown for all animals across all time points, including animals that succumbed to disease prior to predefined time point.
(C) Per panel A but for infected mice. (D) Per panel B but for infected mice. Numbers in brackets indicate number of animals with scores of 0 (overlapping points)
on day 28 (672 h) within specified groups (color indicates group as per legend for panel A).
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FIG 3 Effect of acto/bezlo or vancomycin on C. difficile burdens in intestinal content and feces of infected animals in rodent CDI models. (A) Levels of C. difficile
spores (in CFU/ml, expressed on log, , scale) in intestinal content of individual infected hamsters treated with vehicle (blue circles), with acto/bezlo (red circles),
or with vancomycin (green circles). Samples were obtained at predefined time points or at the time of death for animals that did not survive to predefined time
points. Since not all animals were sacrificed at exactly the same time on each specified day, the data are plotted at the time (expressed in hours) when the animals
were sacrificed. All values are averages of individual values recorded for ileum, colon, and cecum in each animal (see Table S2 in the supplemental material).
Numbers in parentheses indicate numbers of animals with burdens below the limit of detection (LOD) (overlapping points) at indicated time points within
specified groups (color indicates group per legend above). (B) Per panel A legend but for infected mice. (C) Levels of C. difficile spores (in CFU per milliliter,
expressed on log,, scale) in feces of infected hamsters treated with vehicle (Veh; blue circles), with acto/bezlo (red circles), or with vancomycin (Van; green
circles). Samples were obtained from the “Survival” arm (see Fig. S1) at predefined time points (days 1, 2, 5, 10, 15, 21, and 28). Averages = standard deviations
are indicated for each time point and treatment. (D) Per panel C but for infected mice. The limit of detection (LOD) for this assay was 17 CFU/ml as indicated
by the dotted line.

treated with vancomycin developed severely inflamed and en-
larged intestines with signs of hemorrhage starting on day 1 and
continuing throughout the duration of the study, until most of the
animals succumbed, between days 10 and 14. The vancomycin-
associated pathology was mostly localized to the cecum as has
been previously observed (34).

C. difficile spore levels were assessed in intestinal content (Fig.
3A) and feces (Fig. 3C) and found to be below the limit of detec-
tion (LOD) in the vehicle group on day 1 (24 h post-spore chal-
lenge), with intestinal content levels rising dramatically by 48 h
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(~100 to 10,000 CFU/ml). Burdens on day 2 in feces or at later
time points in intestinal content could not be assessed for the
animals, since all vehicle-treated animals had succumbed to dis-
ease within 48 h. In vancomycin-treated animals, C. difficile spore
counts remained below the LOD throughout the vancomycin
treatment period (days 1 to 5 [<<120 h] postchallenge) but rose by
days 10 to 14 (>240 h, when all animals succumbed to disease) to
levels comparable to those observed in vehicle-treated animals on
day 2 (up to ~10,000 CFU/ml). As with vehicle-treated animals,
the rise in C. difficile burden immediately preceded death in all

aac.asm.org 6475


http://aac.asm.org

Warn et al.

vancomycin-treated animals. In acto/bezlo-treated animals, a rise
in spore counts in intestinal content and feces similar to that ob-
served in vehicle-treated animals was observed on day 2 (48 h),
and levels began to decrease on day 5 (120 h). Spore counts de-
creased to <100 CFU/ml by days 15 and 21 in feces and were
below the LOD in both feces and intestinal content by the end of
the study, on day 28 (672 h).

Disease progression and resolution in mouse CDI model.
Mouse models of CDI are emerging as an alternative to hamster
models and offer several advantages, including the possibility of
the use of more widely available mouse-specific reagents and of
assessment of the roles of host genes in disease through genetic
manipulation (22, 31). In this study, mice were preconditioned
with antibiotics and challenged with C. difficile (strain VPI 10463,
ribotype 087) (see Fig. S1 in the supplemental material). Similarly
to the hamsters, vehicle-treated mice experienced signs of mor-
bidity (Table 1) that included changes in body temperature (hy-
pothermia and/or pyrexia), body weight loss, diarrhea (loose
stools), hunched posture, dehydration, and sluggishness; 70% of
animals succumbed to disease within 4 days postchallenge (Fig.
1B), with the remaining animals gradually recovering from dis-
ease and surviving until the end of the study (day 28). Animals
treated with vancomycin showed few signs of morbidity until day
9 postinfection, when animals started exhibiting symptoms of in-
fection similar to those seen with the vehicle-treated animals at
earlier time points. By day 10, 80% of vancomycin-treated animals
had perished, with the remaining 2 animals recovering and sur-
viving until the end of the study (Fig. 1B). Animals treated with
acto/bezlo were largely devoid of symptoms, with a single mouse
succumbing to disease on day 6 due to severe hypothermia (Fig.
1B and Table 1). The remaining animals (90%) were healthy and
thriving throughout the duration of the study.

The pathological effects of C. difficile infection on the intestines
were assessed by using a scoring system similar to that used in
hamsters (see Table S1 in the supplemental material). Vehicle-
treated animals developed mild to severe pathology in the small
intestine, colon, and cecum, ranging from a normal appearance
with loose content to a highly inflamed appearance with signs of
hemorrhaging (Fig. 2C and D). Pathology was most severe on day
2, showed signs of diminishing on days 3 to 4, and was fully re-
solved in animals surviving to day 28. Treatment with vancomycin
largely prevented intestinal pathology throughout the duration of
the study, although high pathology scores were recorded sporad-
ically in individual animals at various time points. Animals treated
with acto/bezlo showed few to no signs of intestinal pathology at
any time point.

C. difficile spore burdens in intestinal contents and feces fol-
lowed patterns similar to those observed in hamsters, although the
data were generally more variable in the mouse. In vehicle- and
acto/bezlo-treated mice, spore levels were high at early time points
(up to 100,000 CFU/ml or more on days 1 to 2 [h 24 to 48]) in both
intestinal content (Fig. 3B) and feces content (Fig. 3D), started to
decrease by day 5 to day 10 (>120 h), and were low (<100 CFU/
ml) or below the LOD in mice surviving to 28 days (672 h). Spore
counts in mice treated with vancomycin were low to moderate at
early time points while vancomycin was still being administered
(<1,000 CFU/ml at day 1 to day 5 [up to 120 h], with individual
mice having higher levels even at those early time points), in-
creased sharply starting on day 10 (240 h) (10,000 to 100,000), and
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decreased to below the LOD (in intestinal content) or to moderate
levels (100 to 1,000 CFU/ml in feces) on day 28 (672 h).

Changes in intestinal and fecal microbiota in mice. Previous
studies have shown that treatment with preconditioning antibiot-
ics disrupts the gut microbiota in mice but that dysbiosis resolves
at least partially over time following discontinuation of antibiotic
treatment (19, 20, 35). We assessed the impact of cefoperazone/
clindamycin treatment and C. difficile challenge on the gut micro-
biota in mice and characterized the effects of vancomycin or an-
titoxin treatment on recovery of the microbiota over 28 days. We
focused on mouse samples from both cecum content and feces to
enable us to compare changes over time across different treatment
paradigms (including vehicle), since hamsters treated with vehicle
succumb to disease by day 2, precluding a direct comparison
across all time points and all treatment groups in this species.

The microbiota composition of all samples was determined
through 16S rRNA gene sequencing from amplified DNA isolated
from fecal or cecum content samples. The sequences obtained
were partitioned into operational taxonomic units (OTUs), with
taxonomic information assigned to the highest degree of specific-
ity allowed by the data. Beta diversity (diversity across samples)
was assessed by principal-coordinate analysis (PCoA) of weighted
UniFrac distances across all samples. The two axes accounting for
most of the diversity, PCoA1 (51.8% and 51.6% of the diversity in
cecum and fecal samples, respectively) and PCoA2 (12.0% and
16.6% of the diversity in cecum and fecal samples, respectively),
are plotted in Fig. 4A and D for cecum and fecal samples, respec-
tively. To gain insight into how microbiota composition changed
over time, PCoAl data were plotted against time relative to C.
difficile challenge (Fig. 4B and E). The data show that, regardless of
treatment, the composition of all samples was vastly different
from that of samples from naive mice in early samples (day 1 to 2)
but began to normalize (i.e., become more like naive samples)
starting on day 5 for vehicle- and acto/bezlo-treated samples.
PCoAl1 values for these two groups were largely back to the base-
line values (similar to those determined for the naive samples) by
day 10. The situation was vastly different for the vancomycin-
treated samples, with the PCoA1 values remaining high (similar to
those determined for day 1 to day 2) through day 10 and returning
to baseline only on days 15 to 21. The patterns revealed by analysis
of cecum (Fig. 4B) and fecal (Fig. 4E) samples were similar, al-
though more fecal samples were available for analysis, providing
additional information, during days 5 to 28.

The average relative abundances of organisms at the class level
identified at each time point and for each treatment group are
shown in Fig. 4C (cecum) and F (feces), with data from individual
animals shown in Fig. S2 in the supplemental material. The mi-
crobiota of the naive mice was composed largely of members of
the Firmicutes (mostly of the class Clostridia), with minimal levels
of proteobacterial species present. Cefoperazone and clindamycin
treatment caused a shift to a composition consisting of a majority
of proteobacteria (a mix of beta- and gammaproteobacteria), with
decreases in the relative abundance of Clostridia species and in-
creases in the relative abundance of Bacilli species, which are
members of another class within the Firmicutes phylum. There
was also a numerical decrease in the relative abundance of Defer-
ribacteres spp. in both cecum and fecal samples, although the dif-
ference was not statistically significant. As shown in Fig. 4C and F,
the relative abundance of Clostridia in vehicle- and acto/bezlo-
treated samples began to increase at the expense of proteobacteria
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and bacilli, starting on or around day 5, and the microbiota com-
position was statistically indistinguishable from that of naive an-
imals by day 10 (fecal samples only, as no cecum samples were
collected between day 5 and day 28). In vancomycin-treated ani-
mals, the profiles remained significantly different from those de-
termined for naive mice even on day 21 for fecal samples and up to
day 9 to day 10 for cecum samples (no additional cecum samples
were obtained between days 10 and 28). Regardless of the treat-
ment or sample type, microbiota compositions had largely re-
turned to baseline (similar to those seen with naive mice) by day
28. Although the levels of actinobacteria (in feces) and tenericutes
(in feces and cecum) were numerically higher in all day 28 samples
and deferribacteres had not returned to the same relative levels as
those present in naive mice, these differences were small and not
statistically significant. The statistical significance of comparisons
of results observed across time points and treatments is shown in
Fig. 4C and F for microbiota composition overall and in Table S2
and S3 for specific classes of organisms.

The data described above suggest that the microbiota of mice
can completely revert to baseline (naive) composition within ~10
days following an initial disruption with antibiotics (with C. diffi-
cile challenge perhaps also contributing to the dysbiosis). To verify
this assertion, we looked at how specific OTUs vary over time and
across treatment groups. We focused our analysis on the classes
Clostridia, Bacilli, Betaproteobacteria, and Gammaproteobacteria,
as these were the only classes of organisms with results that varied
significantly across different samples (see Tables S3 and S4 in the
supplemental material). For the classes Bacilli, Betaproteobacteria,
and Gammaproteobacteria, overall changes in the relative abun-
dances of specific OTUs mirrored observations made at the class
level (data not shown). Most of the organisms identified as be-
longing to the class Bacilli were of the Lactobacillus and Enterococ-
cus genera, both of which were largely absent in naive samples,
increased in abundance at early time points (day 1 to day 2), and
decreased back to naive levels by day 5, except in vancomycin-
treated samples, where levels of Lactobacillus (but not Enterococ-
cus) persisted up to day 10. The vast majority of betaproteobacte-
ria were of the genus Sutterella, were absent in naive animals,
appeared by day 1, and decreased back to naive levels by day 5 in
vehicle- and acto/bezlo-treated animals and by day 21 in vanco-
mycin-treated animals. The gammaproteobacteria were a mix of
Enterobacteriaceae (Escherichia, Klebsiella, Morganella, and Tra-
bulsiella spp.) and Moraxellaceae (mostly Acinetobacter rhizospha-
erae), appeared early, and decreased in abundance after day 5 in
vehicle- and acto/bezlo-treated mice but persisted up to day 10 in
vancomycin-treated mice.

In contrast to changes in the relative abundances of specific
OTUs in these three classes of organisms, changes in OTUs of the
members of the class Clostridia showed distinct patterns in terms

of changes in relative abundance over time following treatment
with cefoperazone/clindamycin (Fig. 5). Generally, OTUs clus-
tered in four distinct patterns that included (1) organisms that
were present at a high level in naive animals, decreased in abun-
dance with cefoperazone/clindamycin treatment, and did not re-
turn by day 28; (2) organisms that were absent in naive animals,
began to colonize the gut on day 5, and persisted through day 28;
(3) organisms that were present at a high level in naive animals,
decreased in abundance with cefoperazone/clindamycin treat-
ment in vehicle- and acto/bezlo-treated mice, and began to reap-
pear around day 5; and (4) organisms that were absent in naive
animals, increased to a high level upon cefoperazone/clindamycin
treatment in vehicle- and acto/bezlo-treated mice, started to dis-
appear on day 5, and were largely absent by day 28. Organisms in
the class Clostridia were mostly of the Lachnospiraceae and Rumi-
nococcaceae tamilies, distributed more or less uniformly across
the four patterns described above. Notably, vancomycin-
treated mice had low levels of all organisms in the class Clos-
tridia through day 10.

DISCUSSION

In this study, we characterized the progression and resolution of
disease in two rodent models of CDI. As summarized in the model
shown in Fig. 6A, CDI in both hamsters and mice is characterized
by an early severe phase of disease, associated with (i) a rapid
expansion of C. difficile burden enabled by antibiotic-induced gut
dysbiosis, (ii) intestinal damage presumably mediated by the C.
difficile toxins TcdA and TcdB, and (iii) various clinical signs of
infection, including body weight loss, changes in body tempera-
ture, diarrhea, and other signs of morbidity. Disease is fatal in all
untreated hamsters and in a majority of untreated mice. Animals
that survive the early phase of infection start recovering from dis-
ease symptoms, as a gradual reestablishment of a healthy gut mi-
crobiota leads to clearance of the infection (see Fig. S3A in the
supplemental material, showing the inverse relationship between
fecal microbiota recovery and C. difficile levels in vehicle- and
acto/bezlo-treated mice). By the end of the study on day 28, sur-
viving animals had fully recovered from disease, displayed no
symptoms or intestinal pathology, had low C. difficile intestinal
burdens, and had a gut microbiota composition rich in members
of the Firmicutes phylum (Clostridia) and poor in the Proteobac-
teria phylum, similar to naive animals. Treatment with vancomy-
cin delayed disease by blocking the initial expansion of C. difficile
levels for the duration of treatment but ultimately did not prevent
high morbidity and mortality. This was likely due to the negative
impact of vancomycin on recovery of the gut microbiota (Fig. 4);
while the antibacterial activity of vancomycin prevented growth of
C. difficile, it also delayed recolonization of the gut by protective
organisms (see Fig. S3B) such that, once vancomycin pressure was

for 12.0% of the diversity). (B) Changes in PCoA1 values (taken from panel A and analyzed per time relative to C. difficile challenge, in various treatment groups
[see panel A legend]). The dotted line represents the average PCoA1 value for naive animals. Day 28 points for vehicle and vancomycin-treated animals are offset
for clarity. (C) Relative abundances of organisms (identified by phylum and class as indicated in the key below the panel) in the cecum content of samples
described in panel A. Values represent averages of the results determined for all animals within the same treatment group at the same time point (numbers of
animals per group are indicated above the bars); relative microbiota compositions for individual animals are shown in Fig. S2 in the supplemental material. *, P <
0.01; **, P < 0.0001 (compared to naive animals); ##, P < 0.0001 (compared to mice receiving other treatments at same time point); @@, P < 0.0001 (compared
to vancomycin-treated mice at same time point); $$, P < 0.0001 (compared to acto/bezlo-treated mice at same time point). (D) Per panel A but for fecal samples.
Samples were obtained from the “Survival” arm (see Fig. S1 in the supplemental material) at predefined time points (days 1, 2, 5, 10, 15, 21, and 28). PCoA1
accounts for 51.6% of the diversity, and PCoA2 accounts for 16.6% of the diversity. (E) Per panel B but for fecal samples. Values are staggered at each time point
for clarity. (F) Per panel C but for fecal samples obtained from the “Survival” arm (see Fig. S1) at predefined time points (days 1, 2, 5, 10, 15, 21, and 28).
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FIG 5 Changes in the relative abundances of individual OTUs in the Clostridia class in cecum samples of infected mice. The heat map shows relative abundances
of individual OTUs of organisms from the Clostridia class in cecum samples from individual uninfected naive mice or from individual infected mice treated with
vehicle, with acto/bezlo (A/B), or with vancomycin (Vanco). Samples were obtained from the “Time point” arm (see Fig. S1 in the supplemental material) at
predefined time points (days 1, 2, 5, and 28) or at the time of death for animals that did not survive to predefined time points. Results were observed to cluster
into 4 distinct patterns of abundance across time points and within treatment groups (clusters 1, 2, 3, and 4 as indicated at the top of the figure).

removed, the remaining C. difficile spores germinated and grew,
colonizing the gut and causing full-fledged disease. Treatment
with acto/bezlo, in contrast, had a limited impact (if any) on in-
testinal C. difficile levels and on recovery of the microbiota follow-
ing antibiotic-induced gut dysbiosis (see Fig. S3C) but prevented
mortality/morbidity during the early phase of disease by neutral-
izing the pathogenic determinants of CDI, the toxins TcdA and
TcdB, which cause the damage and inflammation of the intestine
that underlie the symptoms of disease. The protection against
morbidity and mortality afforded by acto/bezlo allowed animals
to survive the early phase of disease and to benefit from recovery of
the gut microbiota that eventually led to clearance of the infection
(Fig. 6A).

These results provide insight into the mechanism of preven-
tion of recurrent disease observed in clinical trials performed with
acto/bezlo (15), as summarized in Fig. 6B and C. Since coloniza-
tion of the gut by C. difficile is facilitated by antibiotic-mediated
disruption of the normal gut biota, there is a period of time, fol-
lowing successful cure of an initial episode of CDI with standard-
of-care antibiotics such as vancomycin (the “at-risk window” in
Fig. 6B and C), during which the gut microbiome has not yet
recovered and patients are at risk for recurrence (9, 10, 36). Para-
doxically, the standard of care for recurrent episodes of CDI con-
sists of a new course of antibiotics, including vancomycin, perpet-
uating a recurrence cycle that can be difficult to break (Fig. 6B).
Thus, if our data in rodent models of CDI are indeed predictive of
disease recurrence in humans, a single infusion of antibodies
(which have along half-life in circulation [15]) administered dur-
ing the initial episode may be able to prevent recurrence of CDI by
neutralizing toxins produced following outgrowth of persistent or
newly acquired C. difficile spores within this at-risk window, until
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the microbiota has recovered sufficiently to provide natural pro-
tection against CDI (Fig. 6C). Treatment with acto/bezlo may
break the recurrence cycle by preventing the symptoms of a recur-
rent infection, obviating the need for additional antibiotics, and
allowing the gut microbiota to fully recover, thus preventing fu-
ture episodes of CDI (Fig. 6C).

The microbiota data from this study are largely comparable to
those from previous studies, specifically with regard to intestinal
composition in naive mice, impact of CDI-enabling antibiotics,
and subsequent recovery (19, 20, 35, 37, 38). Published data have
shown that the intestinal/fecal microbiota of naive mice is charac-
terized by a predominance of Firmicutes (Clostridia and Bacilli),
with a low to moderate relative abundance of Bacteroidetes (a mi-
nor component of the gut microbiome in our study) and Proteo-
bacteria. Mice treated with clindamycin (20) or with cefoperazone
(19, 35)—the two CDI-enabling antibiotics administered in this
study—show a decrease in the relative abundance of Clostridia
and an increase in the abundance of Bacilli and Proteobacteria,
although the relative levels of the latter in antibiotic-treated mice
were higher in our study than in previously published studies.
Treatment with vancomycin has also previously been shown to
induce profound and long-lasting shifts in microbiota composi-
tion (38), consistent with our own observations that vancomycin-
treated mice show a delayed recovery of the relative abundances of
Bacilli and Proteobacteria compared to vehicle- and acto/bezlo-
treated mice. The largely minor differences between the current
study and other published studies with respect to microbiota com-
position can likely be ascribed to different sources of mice, to types
of feed or bedding, and/or to other environmental factors. Alter-
natively, differences with other studies may be due to an effect of
C. difficile itself since we did not assess the microbiota of antibiot-
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FIG 6 Models of progression and resolution of disease in CDI. (A) Schematic representation of disease progression and resolution in rodent models of CDI based
on data from this study. Green areas represent lack of symptomatology; red areas represent the presence of symptomatology. The blue line represents the state
of the gut microbiota; the black line represents C. difficile burden. Times of clindamycin/cefoperazone [Antibiotic (Clinda = CFP)], vancomycin (Vanco), and
acto/bezlo (Acto/bezlo) administration, and of C. difficile challenge, are indicated. (B) Model of primary and recurrent CDI progression and resolution in
humans. Colors and lines are per panel A. Relative times of administration of CDI-causing broad-spectrum antibiotics (“Antibiotic therapy”) and of standard-
of-care CDI therapy (“SOC antibiotic,” representing vancomycin, metronidazole, or fidaxomicin) are indicated. “At-risk window” box indicates the periods of
susceptibility to recurrent CDI due to sustained dysbiosis following administration of SOC antibiotics. “Recurrence cycle” arrow indicates potential repeat
episodes of recurrent CDI (rCDI). (C) Per panel B legend but in the context of acto/bezlo (“Acto/bezlo”) treatment during a primary episode of CDI, leading to

protection against recurrent CDI throughout the at-risk window.

ic-treated animals that were not challenged with C. difficile. Nota-
bly, the composition of the gut microbiota in mice in this study
and others is comparable to that of humans, at least at the level of
organism phyla, with a high proportion of Firmicutes and a low
proportion of Proteobacteria prior to antibiotic administration
and a reversal of these proportions following vancomycin treat-
ment (9, 39).

Despite the comparable microbiota compositions observed at
the class level in comparisons of naive mice to fully recovered (day
28) C. difficile-challenged mice (Fig. 4), the two groups differ with
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respect to the specific makeup of organisms, in particular, those in
the Clostridia class (Fig. 5). Indeed, while the patterns were similar
for the majority of Clostridia OTUs (categories 3 and 4 in Fig. 5), a
significant number of organisms were either abundant in naive
animals and absent in day 28 animals (category 1) or absent in
naive animals and abundant in day 28 animals (category 2). This
may have been due to environmental factors that changed from
the time that the mice were first acquired for the study to the end
of the study on day 28. Alternatively, changes to the gut environ-
ment that occur during the disease state, including the presence of
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C. difficile itself, may have a long-lasting impact on the recovery of
specific organisms in the class Clostridia. These results, combined
with previously published data, highlight the complexities in-
volved in the dynamic effects of antibiotics on the microbial pro-
file of the gut.

While the data presented here suggest that neutralization of
TcdA and TcdB has a limited impact on C. difficile burden and on
the gut microbiota, they cannot entirely rule out direct or indirect
effects of toxins on C. difficile colonization, sporulation, germina-
tion, or growth in the gut or on reestablishment of the normal gut
microbiota. Indeed, the toxins have been shown to increase C.
difficile adherence to polarized epithelial cells in vitro (40), sug-
gesting a role of toxins in C. difficile colonization. Additionally,
neutralization of TcdA and TcdB may indirectly facilitate recolo-
nization of the gut by commensal organisms by keeping impor-
tant ecological niches within the gut wall intact (i.e., by limiting
damage to the intestinal wall). Nevertheless, it is clear that the
high-level shifts from a Clostridia-rich composition in naive mice
to a Proteobacteria/ Bacilli-rich composition following antibiotic
treatment and back to a Clostridia-rich composition upon recov-
ery follow similar courses in vehicle- and acto/bezlo-treated ani-
mals.

Overall, our data expand our understanding of CDI disease
progression, relapse, and resolution in rodents. Specifically, we
have shown that CDI resolves on its own in animals that survive
the initial severe phase of disease, due to the gradual recovery of
the gut microbiota leading to clearance and eventual elimination
of C. difficile from the intestine. Our evaluation of C. difficile bur-
den and microbiota composition over time also strengthens our
current understanding of the mechanistic basis for the recurrence/
relapse observed with vancomycin. Specifically, treatment with
vancomycin delays recovery of the gut microbiota, allowing resid-
ual C. difficile spores to germinate and cause disease once vanco-
mycin therapy is discontinued. Finally, our report enhances our
understanding of how the antitoxin antibodies actoxumab and
bezlotoxumab protect against disease, presumably by neutralizing
the damage-causing toxins of C. difficile, leading to prevention of
the clinical manifestation of disease, while having a limited impact
on C. difficile burden and on recovery of the gut microbiota fol-
lowing a course of antibiotics. Treatment with antitoxin antibod-
ies therefore represents a microbiota-sparing approach to the pre-
vention of CDI, underscoring its successful use in the prevention
of recurrent disease in human patients.
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