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Background. Clostridioides difficile infection (CDI) treatment guidelines suggest varied approaches for patients with first
(frCDI) or multiply recurrent CDI (mrCDI). Low microbial diversity, elevated primary bile acids (BA), and low secondary BA
concentrations favor germination of C. difficile spores into toxin-producing bacteria and are believed to increase rCDI risk.
Greater understanding of the gastrointestinal (GI) microbiome in rCDI may inform management of the disease. We describe a
post hoc comparison of GI microbiome and bile acid profiles between patients with frCDI and mrCDI in a Phase 3 open-label
trial, ECOSPOR 1V, of fecal microbiota spores, live-brpk (VOWST®; VOS, formerly SER-109), an orally-administered live
microbiome therapeutic.

Methods. Patients received VOS following symptom resolution after standard-of-care antibiotics. Pretreatment baseline
(within 3 days following antibiotic completion) and Week 1 post-dosing stool samples were collected for whole metagenomic
sequencing and metabolomics. Diversity was calculated from MetaPhlAn2 species profiles. Concentrations of primary and
secondary BAs were measured via targeted LC-MS/MS.

Results. rCDI rates through Week 8 were similarly low in both frCDI and mrCDI patients (6.5% versus 9.7%, respectively).
Baseline microbial diversity was similarly low between frCDI and mrCDI subgroups (P> .05). Diversity and secondary BA
concentrations increased in both subgroups, whereas primary BA concentrations declined following VOS dosing, leading to few
differences between subgroups at Week 1.

Conclusions. These data suggest commonalities in microbiome disruption in patients with frCDI and mrCDI that contribute to
recurrence and suggest that antibiotics followed by a live microbiome therapy may be an optimal treatment strategy for rCDI,
regardless of number of prior CDI recurrences.
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Most patients with primary Clostridioides difficile infection
(CDI) attain a sustained clinical response after treatment with
antibiotics, but 20-25% rapidly develop recurrence within 8
weeks of antibiotic discontinuation. Patients with a history of
recurrence have >40% risk for further episodes [1, 2]. Greater
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understanding of the pathogenesis of recurrent CDI is impor-
tant for prevention and treatment of the disease. Many factors
increase risk for recurrence including older age and the presence
of comorbidities, but a common underlying determinant is gas-
trointestinal (GI) microbiome disruption. The loss of microbial
diversity and altered microbe-associated metabolites within a
disrupted microbiome support conditions favorable to the ger-
mination of C. difficile spores into toxin-producing bacteria that
cause colitis with debilitating diarrhea. Current antibiotic treat-
ments for rCDI do not address the underlying GI disruption
and can promote further disruption, supporting a cycle of recur-
rence, rather than a lasting therapeutic effect [3, 4]. Fecal micro-
biota spores, live-brpk (VOWST?; VOS; formerly known as
SER-109) is an FDA-approved orally administered consortium
of purified Firmicutes (renamed Bacillota) bacterial spores indi-
cated to prevent the recurrence of CDI in adults >18 years of age
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following antibacterial treatment for recurrent CDI. In the ran-
domized, double-blind Phase 3 ECOSPOR III trial, CDI recur-
rence was significantly reduced at 8 weeks in patients who
received VOS compared with placebo following antibacterial
treatment (12% versus 40%, respectively, relative risk, 0.32
[95% CI, 0.18-0.58; P < .001]) [1]. In a larger, open-label study
(ECOSPOR 1V) of patients with first or multiply recurrent CDI
treated with VOS, a similarly low overall rate of recurrence (9%)
was observed [5]. In both trials, VOS was well-tolerated.

Several microbe-associated metabolic pathways such as bile
acid and short chain fatty acid metabolism are likely important
in supporting the two-phase life cycle of C. difficile [6, 7]. In vitro
and in vivo evidence is substantive regarding the role of bile acids.
Primary bile acids facilitate C. difficile spore germination into rep-
licating vegetative bacteria while secondary bile acids are impor-
tant in limiting vegetative bacterial replication and growth
[8-10]. Preplanned exploratory microbiome analyses of patients
in ECOSPOR III showed that primary bile acids are elevated at
baseline (within 3 days following antibiotic completion), while
secondary bile acids are depleted [1, 11]. However, compared
with placebo, VOS treatment led to rapid and significant increas-
es in secondary bile acid concentrations and reduced primary bile
acid concentrations, a rebalancing which is thought to be critical
to the durable clinical response [1, 11]. These observations sup-
port the distinct roles of primary and secondary bile acids in
modulating the C. difficile life cycle and the positive impact of
Firmicutes spores in restoring C. difficile colonization resistance.

CDI management guidelines suggest a variety of treatment
algorithms based on whether the patient has a first, second,
or third (or further) recurrence [12-14]. Options include (1) se-
lecting an alternative antibiotic that was not used for the prima-
ry episode, (2) the addition of bezlotoxumab (monoclonal
antibody against C. difficile toxin B) to standard-of-care antibi-
otics, (3) pulse-taper antibiotic regimens, and (4) unapproved
fecal microbiota transplantation (FMT) for those with a history
of >2 recurrences. However, sustained clinical response rates
remain low in the setting of recurrence and treatment with an-
tibiotics alone can further exacerbate the disrupted micro-
biome, increasing risk for recurrence. Studies of FMT
highlight that microbiome restoration is key to a sustained clin-
ical response. However, due to limited processing, FMT can
serve as a transmission vehicle for undetected infectious agents
(ie, viruses, fungi, and Gram-negative bacteria) leading to hos-
pitalization and death [15]. Recently published clinical practice
guidelines from the American Gastroenterological Association
(AGA) also suggests use of FDA-approved VOWST and
REBYOTA?® (fecal microbiota, live-jslm; formerly RBX2660)
be considered in immunocompetent adults after the second re-
currence, including in select patients after first CDI occurrence
if they have a high risk of recurrence or morbid CDI recurrence
(acknowledging the opportunity to prevent a first recurrence in
these at risk patients) [14].

Enhanced understanding of whether the pathogenesis of first
recurrence (frCDI) is similar to that of multiply recurrent infec-
tion (mrCDI) may help inform whether other patients may also
benefit from earlier use of microbiota-based therapeutics, such
as VOS. In one small study, patients with recurrent CDI had
markedly lower microbial diversity than those with primary in-
fection [16]. Another study reported significant differences in
bile acid profiles in patients who had experienced 3 or more ep-
isodes of CDI versus those with primary CDI [17, 18].
However, there are scarce data as to whether the profile of
the GI microbiome and metabolome varies between patients
with first or multiply recurrent CDI.

We previously reported in ECOSPOR 1V, a single-arm, open-
label Phase 3 trial with VOS, which included patients with a his-
tory of first and multiply recurrent CDI, CDI recurrence rates at
Week 8 were similarly low in both frCDI and mrCDI patients
(6.5% [95% CI, 2.1%-14.5%] and 9.7% [95% CI, 5.8%-14.9%],
respectively) [5]. In this post hoc analysis using whole metage-
nomics sequencing (WMS) and targeted metabolomics, we
compared baseline and post-dosing microbiome and bile acid
profiles, between patients with frCDI and mrCDI to improve
understanding of rCDI pathology [5].

METHODS

ECOSPOR IV was an open-label single arm study conducted at
72 US and Canadian sites from October 2017 to April 2022
(NCTO03183141; registration date: 08 June 2017). The trial
was performed in accordance with Good Clinical Practice
(GCP) and the protocols and amendments were reviewed
and approved by local or central investigational review boards.
Written informed consent was obtained from participants at
screening.

Study Participants and Procedures
A total of 263 patients with recurrent CDI were enrolled in 2
cohorts: Cohort 1 included rollover patients from the Phase 3 ran-
domized, placebo-controlled trial, ECOSPOR III, who experi-
enced on-study recurrence diagnosed by toxin EIA (N =29);
and Cohort 2 included de novo patients with >1 CDI
recurrence (diagnosed by PCR or toxin EIA), inclusive of the cur-
rent episode (N = 234). Open-label investigational product (VOS)
was administered orally as a dose of 4 capsules per day over 3
consecutive days following symptom resolution after standard-of-
care antibiotics. Antibiotic selection (vancomycin or fidaxomicin)
for the acute CDI episode was at the discretion of investigators.
Patients were instructed to take a laxative 1 day prior to VOS treat-
ment initiation to reduce residual antibiotic in the GI tract.
Patients were monitored for up to 24 weeks for CDI recurrence.
Additional details of the trial design are published elsewhere [5].
Microbiome analyses were conducted using only Cohort 2
due to deviations from recommended timing between antibiotic
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and VOS treatment in Cohort 1. Stool samples were collected
pretreatment (baseline within 3 days following completion of
antibiotic treatment for the qualifying CDI episode), and pa-
tients were asked to provide an optional additional stool sample
at Week 1 post-treatment. Samples were collected in tubs and
shipped on frozen gel packs to a central laboratory where they
were homogenized, aliquoted, and then immediately frozen at
—80°C. Aliquots of 12% weight/weight stool suspensions in
95% ethanol were used for WMS and neat aliquots were used
for bile acid measurements.

Microbiome species profiles were generated from prepro-
cessed, sequence depth normalized WMS data as previously
described using MetaPhlAn2 with a proprietary database of
species markers for consistency with previous publications
[1, 19-21]. A quantitative assessment of key primary (cholic
(CA) and chenodeoxycholic acid (CDCA)) and secondary (de-
oxycholic (DCA), lithocholic (LCA), and ursodeoxycholic acid
(UDCA)) bile acids in stool were measured with on homoge-
nized, lyophilized stool samples using chromatography/mass
spectrometry (LC-MS/MS) analysis with an Agilent 1290/
Sciex 5500 QTRAP system equipped with an Agilent SB-C18 re-
versed phase column (Metabolon, Durham, NC, USA).
PERMANOVA tests were run to compare microbiome composi-
tion across study groups using the adonis2 function in the vegan
package [22]. Alpha diversity and bile acid concentrations com-
parisons were carried out with two-sided Wilcoxon rank-sum
tests (MWU), treating antibiotic as a conditional variable using
the wilcox_test function in the coin package (R version 3.6.0,
[23, 24]). See supplementary methods for additional details.

Microbiome data for both treatment arms (VOS and place-
bo) in the randomized, placebo-controlled ECOSPOR III trial
(all mrCDI patients; Feuerstadt et al. [1]) are presented graph-
ically for visual comparison.

RESULTS

A total of 186 patients had a history of >2 prior episodes of CDI
(mrCDI), and 77 patients were enrolled with their first recur-
rence of CDI (frCDI) [1, 4]. Detailed demographics have
been previously published [1, 5]. At least one stool sample
was available for microbiome analyses from 69 patients with
frCDI and 142 patients with mrCDI from Cohort 2; hereafter,
the “microbiome population”. Age was similar in both frCDI
and mrCDI patients (mean age: 61.5 years and 64.0 years, re-
spectively). Use of vancomycin was highly prevalent in the mi-
crobiome population and was administered in 68.1% of
patients with frCDI and 73.9% of patients with mrCDI [1, 5].
An initial examination of the overall microbiome dataset
structure (Figure 1A) was conducted to support sound statisti-
cal analyses of downstream frCDI versus mrCDI comparisons.
NMDS plots in combination with modeling variability in mi-
crobiome communities by time point and select baseline

characteristics, age, sex, antibiotic used to treat the qualifying
episode of rCDI completed just prior to VOS treatment, diag-
nostic test used for the qualifying CDI episode, and frCDI ver-
sus mrCDI [5], revealed that the largest proportion of variance
in community composition was explained by time point fol-
lowed by antibiotic (Figure 1A and 1E, PERMANOVA,
P <.001, Supplementary Table 1). Variance explained by
frCDI versus mrCDI, was an order of magnitude lower and
not statistically significant (P> .05).

Baseline Microbiome and Bile Acid Profiles in frCDI vs mrCDI Patients
Analysis of microbiome community composition within base-
line samples before treatment with VOS did not reveal signifi-
cant differences between frCDI and mrCDI patients (Figure 14
and 1D, PERMANOVA, P> .05, Supplementary Figure 1,
Supplementary Table 2]). Similarly, no significant differences
were observed at baseline using species richness or Shannon di-
versity metrics (MWU P> .05, Figure 1B, Supplementary
Figure 2, Supplementary Table 3). Dose species richness was
significantly different between frCDI and mrCDI patients but
differences were numerically small (median number of dose
species: 3 versus 1 in frCDI and mrCD], respectively) and the
interquartile ranges of the two groups largely overlapped
(MWU, P=.03, Figure 1C and 1F, Supplementary Figure 2,
Supplementary Table 3).

An evaluation of whether individual species or genera were
more prevalent or had higher relative abundances in frCDI versus
mrCDI patients at baseline revealed that no species demonstrated
significant associations (MaAslin3, False Discovery Rate > 0.1).
Similarly, no significant differences were observed in individual
or pooled primary and secondary bile acid concentrations be-
tween frCDI and mrCDI patients at baseline (MWU, P> .05,
Figure 2, Supplementary Figure 3, Supplementary Table 4).

Change From Baseline to Week 1 in frCDI vs mrCDI Patients
Microbiome composition significantly shifted between baseline
and Week 1 time points, as visualized by the nearly complete
separation of baseline and Week 1 samples across the x axis
of the NMDS plots (Figure 1A and 1E, PERMANOVA,
P <.001, Supplementary Table 5). The magnitude of the chang-
es in community composition, quantified with Bray-Curtis dis-
tances between paired patient baseline and Week 1 samples,
were similar between frCDI and mrCDI patients (MWU,
P> .05, Supplementary Figure 4, Supplementary Table 2).
The large change in microbiome community compositions
from baseline to Week 1 corresponded with a large increase
in all alpha diversity metrics including dose species richness
(MWU, P<.001, Figure 1B, 1C, and 1F, Supplementary
Figure 2, Supplementary Table 6). Consistent with this finding,
we observed strong VOS engraftment in both frCDI and
mrCDI patients, as defined by the number of newly appearing
dose species at Week 1 (Supplementary Figure 2). The number
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Figure 1. Alpha and beta diversity of first (frCDI) versus multiply (mrCDI) recurrent CDI patient microbiomes at baseline and Week 1. A, NMDS plots visualizing Bray—Curtis

dissimilarities between samples (stress = 0.15, k = 3, see Supplementary Figure 1 for additional axis). Circular points indicate frCDI and triangles indicate mrCDI samples.
Ovals indicate 95% confidence ellipses encircling frCDI and mrCDI samples with solid and dashed lines, respectively. Box plots displaying (B) Shannon diversity and (C) dose
species richness show the median value (central horizontal line) with interquartile range (box). Vertical bars indicate the most extreme non-outlier values (within 1.5 times the
interquartile range), and points indicate outlier values (outside 1.5 times the interquartile range). [, Bar chart displaying the relative abundances of major bacterial phyla
across samples, across timepoints and recurrence status. Samples are ordered along the x-axis by the relative abundance of Proteobacteria. £, Copy of NMDS plot in (A), with
95% confidence ellipses circling patients who were treated with either vancomycin (solid line) or fidaxomicin (dashed line) for SoC treatment in their qualifying episode of
rCDI prior to VOS dosing. F, Box plot displaying dose species richness as done in Figure 1C, but separating patients who received SoC vancomycin and fidaxomicin. Sample

numbers for all figures are displayed in text on the bottom of Figure 158.and 1F. ns, not significant, P> .05.
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centrations (in pg/g) for patients treated with VOS. Sample numbers are displayed in text on the bottom of each figure. Pvalues indicate MWU tests comparing frCDI versus

mrCDI. ns, not significant, P> .05.

of newly appearing dose species observed in frCDI versus
mrCDI at Week 1 was not significantly different (P> .05,
Supplementary Table 2).

The large taxonomic changes corresponded with significant
changes in bile acids. Individual and pooled primary bile acid
concentrations decreased from baseline to Week 1 in both
frCDI and mrCDI patients (Figure 2, Supplementary Figure 3,
Supplementary Table 7). Conversely, individual and pooled sec-
ondary bile acid concentrations were low at baseline and in-
creased post-VOS dosing in both frCDI and mrCDI patients
(Figure 2, Supplementary Data Figure 3, Supplementary
Table 7). All changes in bile acid concentrations between baseline
and Week 1 were significant (MWU, P <.05, Supplementary
Table 7).

Post-dosing Microbiome and Bile Acid Profiles in First vs Multiply
Recurrent Patients

Analysis of community composition within Week 1 samples,
following VOS treatment, did not reveal differences between
frCDI and mrCDI patients (Figure 1A, PERMANOVA,
P> .05, Supplementary Figure 1, Supplementary Table 1).
Furthermore, there were no observed differences between
frCDI and mrCDI patients at Week 1 when considering any
of the three alpha diversity metrics (Figure 1B, 1C, and 1E,
Supplementary Data Figure 2, Supplementary Table 3, MWU
> 0.05), nor did regression analyses identify any significant as-
sociations between individual species prevalence or relative
abundances and frCDI versus mrCDI groupings (MaAslin3,
False Discovery Rate > 0.1).

Individual and pooled primary bile acid concentrations were
comparable between frCDI and mrCDI patients at Week 1
(MWU P> .05,
Supplementary Table 4). The median values of pooled secondary
bile acids and individual secondary bile acids DCA and LCA, were

Figure 2, Supplementary Figure 3,

roughly 40% lower in frCDI patients compared with mrCDI pa-
tients (MWU P<.05, Figure 2, Supplementary Figure 3,
Supplementary Table 4), although there were substantial overlaps
in the interquartile ranges of secondary bile acid concentrations
between the two groups. Note the differences in frCDI versus
mrCDI secondary bile acids observed at Week 1 were at least an
order of magnitude smaller than the percent change in bile acid
concentrations from baseline and Week 1 (Figure 2,
Supplementary Figure 3).

Comparison of ECOSPOR IV to ECOSPOR lil Placebo-controlled Phase 3
Trial

To contextualize the open-label frCDI and mrCDI patient
(ECOSPOR 1V) microbiome results, we plotted ECOSPOR
IV microbiome data alongside microbiome data from the pre-
viously described phase 3 randomized double-blind placebo-
controlled trial of VOS composed of only mrCDI patients
(ECOSPOR 1II) to enable visual comparisons [1]. ECOSPOR
III baseline and Week 1 active arm samples had consistent al-
pha and beta diversity as the ECOSPOR IV frCDI and
mrCDI subgroups (see Supplementary Figure 5). Similar to
the microbiome profiles, bile acid concentrations at baseline
and Week 1 in the active arm of ECOSPOR III following
VOS dosing were consistent with both frCDI and mrCDI
ECOSPOR IV subgroups (see Supplementary Figure 6).

DISCUSSION

This is one of the largest studies published to date comparing
microbiome profiles in patients with frCDI versus mrCDIL.
The baseline microbiome profiles (collected post-antibiotic
and pre-VOS treatment) in both frCDI and mrCDI patients
were characterized by hallmarks of a disrupted microbiome
that are known to be favorable to C. difficile vegetative growth
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and toxin production: low alpha diversity, higher concentra-
tions of primary bile acids, and lower concentrations of second-
ary bile acids [8-10].

VOS drug engraftment is the first critical step in driving the
pharmacological changes needed to prevent recurrence of C.
difficile. Significant increases in alpha diversity, including
dose species richness, accompanied by large microbiome com-
positional changes from baseline to 1-week post-VOS treat-
ment, suggest VOS species rapidly engrafted, shifting the
microbiome community composition of both frCDI and
mrCDI patients. VOS engraftment corresponded with pharma-
codynamic changes, specifically declines in primary bile acid
concentrations and reciprocal increases in secondary bile acid
concentrations in both frCDI and mrCDI patients. We previ-
ously showed that VOS treatment following antibacterial ther-
apy for mrCDI resulted in taxonomic and bile acid changes,
similar to those described here, and significant differences
compared with placebo [1]. These compositional and function-
al changes are believed to act synergistically to interrupt the
two-phase C. difficile life cycle.

The changes in microbiome and bile acid profiles from pre-
treatment baseline to post-VOS dosing at Week 1 were the larg-
est signals in the ECOSPOR IV dataset, regardless of recurrence
status. Additionally, most of the head-to-head frCDI versus
mrCDI comparisons at baseline and at Week 1 were not statisti-
cally significant. The exceptions (baseline dose species richness
and Week 1 secondary bile acid concentrations) are unlikely bi-
ologically significant given the numerical differences were
small, there were large overlaps in distributions of values, and
both frCDI and mrCDI patients were accompanied by similarly
low CDI recurrence rates at Week 8. These findings suggest that
antibiotics followed by a microbiome treatment with VOS may
be an optimal treatment strategy for rCDI, regardless of the
number of prior episodes.

Guidelines for management of rCDI, which were written pri-
or to the availability of approved live microbiome therapeutics,
suggest therapeutic strategies based on the number of recur-
rences [12, 13]. For those with a first recurrence, an alternate
antibiotic is recommended. This strategy is based on the pre-
mise that the antibiotic choice was the reason for therapeutic
failure; however, both vancomycin and fidaxomicin have excel-
lent bactericidal activity against toxin-producing vegetative C.
difficile bacteria and achieve high stool concentrations [3].
Neither antibiotic can address the microbiome disruption
that characterizes recurrent infections and indeed both can
worsen disruption although fidaxomicin has been shown to
be generally less disruptive to the microbiome than vancomy-
cin [3, 25]. Comparisons of patients who received vancomycin
versus fidaxomicin in this and previous ECOSPOR III analyses
suggest that choice of antibiotic has only modest impacts on
microbial diversity which are dwarfed by the magnitude of in-
creased diversity after treatment with VOS relative to baseline

or placebo [1, 3, 11]. These data suggest that VOS treatment re-
sults in both the microbiome composition and microbial met-
abolic functions necessary to prevent both first recurrence and
later recurrence.

While use of investigational FMT in rCDI has been associat-
ed with restoration of microbial composition and metabolite
production, there is a wide range of reported efficacy in sus-
tained clinical response rates. In a systematic review and meta-
analysis, weighted pooled efficacy rates ranged from 68% (95%
CI, 54%-81%) in randomized trials to 83% (95% CI, 71%-94%)
in open-label trials using FMT [26]. Sustained clinical response
rates for VOS were above 90% in both frCDI (93% CI, 85.5%—
97.9%) and mrCDI (90.3%, 85.1-94.25) populations in
ECOSPOR 1V, consistent with the observed efficacy in the
placebo-controlled ECOSPOR III trial [5].

Enthusiasm for use of FMT for patients with first recurrence
has been tempered due to reports of transmission of undetected
pathogens, concerns about emerging pathogens excreted in
stool (eg, SARS-CoV-2; Mpox), and theoretical concerns about
transmission of disease phenotypes [27]. In contrast, the multi-
step manufacturing process for VOS includes solvent
(ethanol)-based inactivation of organisms that are not spores
and filtration processes with bioburden testing prior to product
release that mitigate risks to patients beyond donor screening
alone. The final room-temperature stable product of VOS cap-
sules represents ~1% of donor stool in the purified bacterial
spore suspension [28, 29].

There are several limitations of this study. We did not con-
duct an integrated analysis of the ECOSPOR III and
ECOSPOR 1V Phase 3 trials due to the possibility of confound-
ing differences in study design and other potential unforeseen
biases. Critiques about the limitations of open-label trial design
can be applied to the ECOSPOR IV data. Because submission of
Week 1 stool samples was optional to not overburden patients,
we cannot rule out self-selection bias. However, the observed
changes in microbiome composition and microbe-associated
functions from baseline to Week 1 in both the frCDI and
mrCDI patients in ECOSPOR IV were visually similar to those
observed in VOS-treated mrCDI patients in ECOSPOR III [1]
(Supplementary Figures 5 and 6), though no formal statistical
tests were applied. The strength of this study is the large clinical
dataset of frCDI and mrCDI patients, with analysis of multiple
elements of the microbiome, which provides evidence that dis-
rupted microbiome composition and function is an underlying
pathology in recurrent CD], regardless of the number of prior

recurrences.

CONCLUSIONS

The microbiome data from this post hoc analysis in patients
with first or multiply recurrent CDI suggest commonalities in
pathogenesis, specifically antibiotic-induced microbiome
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compositional and functional disruption, which contribute to
future recurrence. These observations suggest the need for mi-
crobiome restoration following antibiotics to treat recurrent
CDJ, regardless of the number of prior CDI episodes, to pre-
vent future recurrences and reduce the morbidity and mortality
associated with this debilitating disease.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online (http://jid.oxfordjournals.org/). Supplementary
materials consist of data provided by the author that are pub-
lished to benefit the reader. The posted materials are not copy-
edited. The contents of all supplementary data are the sole
responsibility of the authors. Questions or messages regarding
errors should be addressed to the author.

Notes

Acknowledgments. We are indebted to all the patients who
enrolled in ECOSPOR III and ECOSPOR IV and grateful to
the ECOSPOR III and ECOSPOR 1V study investigators. We
would also like to thank Edina Hot for her pivotal role in coor-
dinating with Nestle Health Sciences.

Author Contributions. T.].S.,].A.B,K.D.L,and]. R W.
conceptualized the study design. T. J. S. collected/curated the
data. K. D.L, M. E.C, J. R. W, L. V. M,, and M. R. H. super-
vised the study. T. J. S. and J. A. B. performed the statistical
analysis. T. J. S., B. H. M., and B. R. H. wrote the first draft of
the manuscript. T. J. S. directly accessed the data and verified
the underlying data reported in the manuscript. All authors
contributed to the interpretation of the data and review and re-
vision of the manuscript and agree with its content and
conclusions.

Data availability. Data from this study can be requested for
noncommercial purposes by contacting NHScdatarequests@
us.nestle.com. All requests will be reviewed by a member of
the Nestlé Health Science Legal team to ensure alignment
with applicable patient consent agreements and regulatory
requirements.

Financial support. This research was funded by Seres
Therapeutics, Inc. Nestlé Health Sciences paid for publishing
costs.

Potential conflicts of interest. M. R. H.,]. A.B.,,B.R. H,M.E.C,,
CBF., and M.-J. L. are all employees and shareholders of Seres
Therapeutics. L.v. M., T.]. S, J. W,, K. D. L,, and B. H. M. are for-
mer employees and shareholders of Seres Therapeutics. C. S.
K. reported serving on advisory boards for Seres Therapeutics
and consultant for Rebiotix/Ferring. M. S. reported serving as an
advisory board member for Prenosis and also reported serving as
a principal investigator or co-investigator for the following compa-
nies: Astra Zeneca, ContraFect, Crestone, Curetis GmBH, Pfizer,
DiaSorin Molecular LLC, Epigenomics Inc, EUROIMMUN US,

Finch Therapeutics, Genentech USA Inc, Janssen Research and
Development, LLC, Kinevant Sciences GmBH, Leonard-Meron
Biosciences, Lysovant, Merck, Prenosis, QIAGEN Sciences LC,
Regeneron Pharmaceuticals, Roche, Seres Therapeutics, Shire,
and Summit Therapeutics. S. K. reported receiving research sup-
port from Rebioitx/Ferring, Vedanta, Finch, Seres Therapeutics
and Pfizer and serves as a consultant for ProbioTech, Takeda,
Niche and Immuron. C. R. K. reported serving as a site
investigator for Seres Therapeutics and Finch Therapeutics;
serving as a clinical advisory board member (unpaid) for
Openbiome; as well as serving as a consultant for Sebela
Pharmaceuticals. D. S. P. reported receiving research grants from
the following companies: Seres Therapeutics, Vedanta, Finch,
Takeda, Applied Molecular Transport and also reported serving
as a consultant for: Seres Therapeutics, Vedanta, Immunic
Therapeutics, Abbvie, Otsuka, Ferring, Rise Therapeutics,
Boehringer Ingelheim, and Summit. C. S. B. and S. H. C. were study
investigators. No other disclosures were reported. All other authors
report no potential conflicts.

All authors have submitted the ICMJE Form for Disclosure
of Potential Conflicts of Interest. Conflicts that the editors con-
sider relevant to the content of the manuscript have been
disclosed.

References

1. Feuerstadt P, Louie TJ, Lashner B, et al. SER-109, an oral
microbiome therapy for recurrent clostridioides difficile
infection. New Engl ] Med 2022; 386:220-9.

2. Gerding DN, Kelly CP, Rahav G, et al. Bezlotoxumab for
prevention of recurrent Clostridium difficile infection in
patients at increased risk for recurrence. Clin Infect Dis
Official Publ Infect Dis Soc Am 2018; 67:649-56.

3. Seekatz AM, Safdar N, Khanna S. The role of the gut
microbiome in colonization resistance and recurrent
Clostridioides difficile infection. Ther Adv Gastroenterol
2022; 15:17562848221134396.

4. Khanna S, Montassier E, Schmidt B, et al. Gut microbiome
predictors of treatment response and recurrence in prima-
ry Clostridium difficile infection. Aliment Pharmacol Ther
2016; 44:715-27.

5. Sims MD, Khanna S, Feuerstadt P, et al. Safety and tolera-
bility of SER-109 as an investigational microbiome thera-
peutic in adults with recurrent clostridioides difficile
infection. JAMA Netw Open 2023; 6:€2255758.

6. McDonald JAK, Mullish BH, Pechlivanis A, et al
Inhibiting growth of clostridioides difficile by restoring
valerate, produced by the intestinal Microbiota.
Gastroenterology 2018; 155:1495-507.e15.

7. Gregory AL, Pensinger DA, Hryckowian A]J. A short chain
fatty acid-centric view of Clostridioides difficile pathogen-
esis. PLoS Pathog 2021; 17:¢1009959.

GI-microbiome in First and Multiply rCDI « JID 2025:232 (15 November) « €739

920z Adenuer g uO Jasn s82IAI8S uolewlojul pue Aseiql| Auedwo) a1eDiad eulind 9)3seN Aq 62€1228/€E/9/G/zEz/a101e/pil/woo dno-ojwapeoe//:sdpy woly papeojumoq


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaf408#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaf408#supplementary-data
http://jid.oxfordjournals.org/
mailto:NHScdatarequests@us.nestle.com
mailto:NHScdatarequests@us.nestle.com

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Weingarden AR, Dosa PI, DeWinter E, et al. Changes in

colonic bile acid composition following fecal Microbiota
transplantation are sufficient to control Clostridium diffi-
cile germination and growth. PLoS One 2016; 11:e0147210.

. Theriot CM, Bowman AA, Young VB. Antibiotic-induced

alterations of the gut Microbiota Alter secondary bile acid
production and allow for Clostridium difficile spore germi-
nation and outgrowth in the large intestine. Msphere
2016; 1:¢00045-15.

Sorg JA, Sonenshein AL. Chenodeoxycholate is an inhibi-
tor of Clostridium difficile spore germination. J Bacteriol
2009; 191:1115-7.

Desjardins C, Bryant JA, Walsh E, et al. Sul606: engraft-
ment of investigational microbiome therapeutic ser-109
is durable through 24 weeks in a randomized trial (ecospor
III) for the treatment of recurrent clostridioides Difficile
infection. Gastroenterology 2022; 162:S-650.

Kelly CR, Fischer M, Allegretti JR, et al. ACG clinical guide-
lines: prevention, diagnosis, and treatment of clostridioides
difficile infections. Am J Gastroenterol 2021; 116:1124-47.
Johnson S, Lavergne V, Skinner AM, et al. Clinical practice
guideline by the Infectious Diseases Society of America
(IDSA) and society for healthcare epidemiology of
America (SHEA): 2021 focused update guidelines on man-
agement of clostridioides difficile infection in adults. Clin
Infect Dis 2021; 73:ciab549.

Peery AF, Kelly CR, Kao D, et al. AGA clinical practice guide-
line on fecal Microbiota-based therapies for select gastroin-
testinal diseases. Gastroenterology 2024; 166:409-34.

Food and Drug Administration. Safety alert regarding use
of fecal microbiota for transplantation and risk of serious
adverse events likely due to transmission of pathogenic or-
ganisms [Internet]. 2020 Mar. Available at: https://www.
fda.gov/vaccines-blood-biologics/safety-availability-biologics/
safety-alert-regarding-use-fecal-microbiota-transplantation-
and-risk-serious-adverse-events-likely. Accessed 1 December
2023.

Chang JY, Antonopoulos DA, Kalra A, et al. Decreased di-
versity of the fecal microbiome in recurrent Clostridium
difficile —associated diarrhea. ] Infect Dis 2008; 197:435-8.
Allegretti JR, Kearney S, Li N, et al. Recurrent Clostridium
difficile infection associates with distinct bile acid and micro-
biome profiles. Aliment Pharm Therap 2016; 43:1142-53.
Mullish BH, Martinez-Gili L, Chekmeneva E, et al.
Assessing the clinical value of faecal bile acid profiling to

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

predict recurrence in primary Clostridioides difficile infec-
tion. Aliment Pharmacol Ther 2022; 56:1556-69.

Straub TJ, Lombardo M-]J, Bryant JA, et al. Impact of a
purified microbiome therapeutic on abundance of anti-
microbial resistance genes in patients with recurrent
Clostridioides difficile infection. Clin Infect Dis 2023;
78:833-841.

McGovern BH, Ford CB, Henn MR, et al. SER-109, an in-
vestigational microbiome drug to reduce recurrence after
clostridioides difficile infection: lessons learned from a
phase 2 trial. Clin Infect Dis 2020; 72:2132-40.

Truong DT, Franzosa EA, Tickle TL, et al. MetaPhlAn2 for
enhanced metagenomic taxonomic profiling. Nat Methods
2015; 12:902-3.

Oksanen J, Simpson GL, Blanchet FG,
Community Ecology Package. R package version 2.6-4
[Internet]. 2025. Available at: https://vegandevs.github.io/
vegan/. Accessed 1 December 2022.

Hothorn T, Hornik K, van de Wiel MA, Zeileis A. A lego
system for conditional inference. Am Stat 2006; 60:257-63.
Kassambara A. rstatix: pipe-friendly framework for basic

et al. Vegan:

statistical tests. R package version 0.7.2 [Internet]. 2023.
Available at: https://rpkgs.datanovia.com/rstatix/. Accessed
1 January 2024.

Louie TJ, Cannon K, Byrne B, et al. Fidaxomicin preserves
the intestinal microbiome during and after treatment of
Clostridium difficile infection (CDI) and reduces both toxin
reexpression and recurrence of CDI. Clin Infect Dis 2012;
55(suppl_2):S132-42.

Tariq R, Pardi DS, Bartlett MG, Khanna S. Low cure rates
in controlled trials of fecal Microbiota transplantation for
recurrent Clostridium difficile infection: a systematic re-
view and meta-analysis. Clin Infect Dis 2018; 68:1351-8.
Drewes JL, Corona A, Sanchez U, et al. Transmission and
clearance of potential procarcinogenic bacteria during fecal
microbiota transplantation for recurrent Clostridioides
difficile. Jci Insight 2019; 4:e130848.

McChalicher CW]J, Lombardo M-J, Khanna S, et al.
Manufacturing processes of a purified microbiome thera-
peutic reduce risk of transmission of potential bacterial
pathogens in donor stool. J Infect Dis 2023; 228:1452-5.
McChalicher C, Abdulaziz A, Zhou SS, et al. Manufacturing
process of SER-109, a purified investigational microbiome
therapeutic, reduces risk of coronavirus transmission
from donor stool. Open Forum Infect Dis 2022; 9:0fac448.

€740 « JID 2025:232 (15 November) « Bryant et al

920z Adenuer g uO Jasn s82IAI8S uolewlojul pue Aseiql| Auedwo) a1eDiad eulind 9)3seN Aq 62€1228/€E/9/G/zEz/a101e/pil/woo dno-ojwapeoe//:sdpy woly papeojumoq


https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-risk-serious-adverse-events-likely
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-risk-serious-adverse-events-likely
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-risk-serious-adverse-events-likely
https://www.fda.gov/vaccines-blood-biologics/safety-availability-biologics/safety-alert-regarding-use-fecal-microbiota-transplantation-and-risk-serious-adverse-events-likely
https://vegandevs.github.io/vegan/
https://vegandevs.github.io/vegan/
https://rpkgs.datanovia.com/rstatix/

	Comparability of Gastrointestinal Microbiome and Bile Acid Profiles in Patients With First or Multiply Recurrent Clostridioides difficile Infection
	METHODS
	Study Participants and Procedures

	RESULTS
	Baseline Microbiome and Bile Acid Profiles in frCDI vs mrCDI Patients
	Change From Baseline to Week 1 in frCDI vs mrCDI Patients
	Post-dosing Microbiome and Bile Acid Profiles in First vs Multiply Recurrent Patients
	Comparison of ECOSPOR IV to ECOSPOR III Placebo-controlled Phase 3 Trial

	DISCUSSION
	CONCLUSIONS
	Supplementary Data
	Notes
	References


