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ABSTRACT Reduction of Clostridioides difficile infection (CDI) recurrence is an essential
endpoint for CDI-directed antibiotic development that is often not evaluated until Phase
Il trials. The purpose of this project was to use a functional and metagenomic approach
to predict the potential anti-CDI recurrence effect of ibezapolstat, a DNA polymerase IIIC
inhibitor, in clinical development for CDI. As part of the Phase | ibezapolstat clinical
study, stool samples were collected from 22 healthy volunteers, who were given either
ibezapolstat or vancomycin. Stool samples were evaluated for microbiome changes and
bile acid concentrations. Ibezapolstat 450 mg and vancomycin, but not ibezapolstat
300 mg, showed statistically significant changes in alpha diversity over time compared
to that of a placebo. Beta diversity changes confirmed that microbiota were signifi-
cantly different between study groups. Vancomycin had a more wide-ranging effect on
the microbiome, characterized by an increased proportion of Gammaproteobacteria.
Ibezapolstat demonstrated an increased proportion of Actinobacteria, including the
Bifidobacteriaceae family. Using a linear regression analysis, vancomycin was associated
with significant increases in primary bile acids as well as primary:secondary bile acid
ratios. An overabundance of Enterobacteriaceae was most highly correlated with pri-
mary bile acid concentrations (r = 0.63; P < 0.0001). Using Phase | healthy volunteer
samples, beneficial changes suggestive of a lower risk of CDI recurrence were associ-
ated with ibezapolstat compared to vancomycin. This novel omics approach may allow
for better and earlier prediction of anti-CDI recurrence effects for antibiotics in the clini-
cal development pipeline.

KEYWORDS Clostridioides difficile, clinical trial, human subjects, metagenomics, bile
acids

lostridioides difficile infection (CDI) is the most common cause of infectious gastro-

enteritis in hospitalized patients and the most common cause of death due to gas-
troenteritis in the United States of America (1). The pathophysiology of CDI includes
disruption of the healthy gut microbiome, usually with high-risk antibiotics (2). Oral
vancomycin, the antibiotic most commonly used to treat CDI, is effective at killing veg-
etative C. difficile but disrupts the microbiota, leading to a high rate of recurrence after
the end of antibiotic therapy (3). A key change in the microbiome that increases the
risk of CDI and recurrent CDI is decreasing the abundance and diversity of microbiota,
including key bacterial species responsible for conversion of primary bile acids to
secondary bile acids, in the gut. This dysbiosis allows the germination of C. difficile
spores, which are ubiquitous in the environment, to cause disease (4). Ideally, a new
drug in development would display similarly potent activity against C. difficile but

August 2022 Volume 66 Issue 8

Copyright © 2022 McPherson et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Kevin W. Garey,
kgarey@uh.edu.

The authors declare a conflict of interest.
KW.G.: Prior and ongoing research grant
support from Acurx Pharmaceuticals, Inc.
M.H.S.: Paid consultant and shareholder of
Acurx Pharmaceuticals, Inc. All other authors:
No conflicts.

Received 23 November 2021

Returned for modification 1 January 2022
Accepted 31 May 2022

Published 6 July 2022

10.1128/aac.02244-21


https://orcid.org/0000-0003-2063-7503
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/aac.02244-21
https://crossmark.crossref.org/dialog/?doi=10.1128/aac.02244-21&domain=pdf&date_stamp=2022-7-6

IBZ Functional Metagenomics Antimicrobial Agents and Chemotherapy

would not have activity against key host microbiota preventing dysbiosis and would
not allow for further germination and infection by C. difficile once therapy is com-
pleted (5).

Two recent Phase Il clinical trials highlight the importance of understanding the
pathophysiology of C. difficile recurrence and antibiotic pharmacology earlier in the
drug development process (6-11). Cadazolid, a novel, nonabsorbable antibiotic primar-
ily targeting Gram-positive Firmicute or Actinobacteria phyla, has a minimal effect on
Bacteroidetes (6), and thus has a narrower spectrum than vancomycin. Positive Phase Il
clinical trials led to a large Phase Ill trial, in which a sustained clinical cure was not
observed (7). Surotomycin, a cyclic lipopeptide, had a similar spectrum of activity as
cadazolid and similar positive Phase Il clinical trial results (8, 9). However, a sustained
clinical response difference was not observed in the Phase Il clinical trial (10, 11).
Although each of these two antibiotics had a minimal effect on host microbiota, in par-
ticular, the phylum Bacteroidetes, more advanced microbiome evaluations were not
performed during the clinical trial drug development process.

Ibezapolstat is a Gram-positive selective spectrum (GPSS) DNA polymerase lIIC in-
hibitor currently in the clinical trial drug development process, having completed
Phase | healthy volunteer studies (12). The design for the Phase | study included a com-
parator arm with vancomycin and daily stool samples collected for microbiome analy-
sis. This provided a unique opportunity to develop an approach to assess the possible
anti-recurrence effect of ibezapolstat using the known pathophysiology of C. difficile
recurrence. The goals of this study were to assess the microbiome (taxa, alpha, and
beta diversity) changes as well as the bile acid changes associated with ibezapolstat
compared to those associated with vancomycin by using samples obtained from the
Phase | healthy volunteer study.

RESULTS

Description of clinical trial. Twenty-two subjects (female: 33%) aged 30 = 8 years
were enrolled. Six patients each were given either vancomycin, ibezapolstat 300 mg, or
ibezapolstat 450 mg, and an additional four were given a placebo. A full description of
the Phase | study, including safety, food effects, pharmacokinetics, and initial metage-
nomic analyses, has been described previously (12).

Metagenomic analysis. Microbiota were not different at baseline (Day 0 samples)
between study groups. The daily changes of individual phyla and Shannon'’s index
alpha diversity for subjects given ibezapolstat, vancomycin, or the placebo are shown in
Fig. 1. Interindividual phylum differences were evident. However, the proportion of
Proteobacteria or Fusobacteria increased in subjects given vancomycin, while the pro-
portion of Actinobacteria increased consistently in subjects given ibezapolstat. In gen-
eral, alpha diversity decreased on therapy for individual subjects who received either
ibezapolstat or vancomycin compared to those who received the placebo. A statistical anal-
ysis of the changes in alpha diversity over time is shown in Table 1. Using three separate
alpha diversity indices (Shannon, Simpson, and Pielous), ibezapolstat 450 mg and vancomy-
cin showed statistically significant changes in alpha diversity over time compared to the
placebo. Ibezapolstat 300 mg did not demonstrate statistically significant changes com-
pared to the placebo. Summary measures for alpha diversity changes (Shannon) over time
by treatment group is shown in Fig. 2. Beta diversity changes confirmed that microbiota
were significantly different between study groups (Fig. 2). A principle coordinate analysis
revealed that baseline samples were similar in all study groups, while distinct ellipses repre-
senting 95% confidence bounds for each cluster were significantly different for the vanco-
mycin-treated subjects compared to subjects treated with either dosage of ibezapolstat or
the placebo. Cladograms at baseline compared to end of therapy, generated by the Linear
Effect Size (LEfSe) algorithm, are shown in Fig. 3. Vancomycin had a more wide-ranging
effect on the microbiome, including significantly lower proportions of most taxa, except for
an increased proportion of Gammaproteobacteria. Ibezapolstat demonstrated a decreased
proportion of Clostridiales and increased proportions of Actinobacteria including certain
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FIG 1 Subject specific changes in alpha diversity (A) and phylum-level proportions (B) during the study time period. Each box represents 1 patient given a
10-day course of the study drug or a placebo over a 13-day study period.

species of Bifidobacteriaceae. Bacterial taxa changes at the phylum, class, order, and family

levels are shown in Table 2.

Bile acids. Seventeen baseline samples were available for bile acid analysis along
with 17 samples from Day 5 and 14 samples from Day 10. Concentrations of bile acids
for each drug and time period are shown in Fig. S1. Baseline samples were similar for
all study groups and were comprised primarily (>95%) of secondary bile acids. Primary
bile acids increased and secondary bile acids decreased with exposure to all study
drugs, but more pronounced findings were observed with vancomycin (Fig. 4). Using a
linear regression analysis and after controlling for subject demographics, vancomycin
was associated with significant increases in primary bile acids as well as primary:sec-
ondary bile acid ratios. Although similar effects were noted with ibezapolstat 450 mg,

these results were not statistically significant (Table 1).

Correlation between microbiota and bile acid changes. Correlations between fam-
ily taxa and primary and secondary bile acid concentrations are shown in Table 3.
Enterobacteriaceae were most highly correlated with primary bile acid concentrations (r =
0.63; P < 0.0001) while Ruminococcaceae were negatively correlated with primary bile acid
concentrations (r = —0.37; P = 0.0025). Also, Ruminococcaceae were positively correlated

with secondary bile acid concentrations (r = 0.44; P = 0.0002),

and Pseudomonadaceae

were positively correlated with secondary bile acid concentrations (r = 0.38; P = 0.0017).

TABLE 1 Comparison of (A) daily alpha diversity and (B) bile acid changes during therapy for ibezapolstat versus oral vancomycin®

Analysis Ibezapolstat 300 mg (*) Ibezapolstat 450 mg (*) Vancomycin 125 mg (*)
A. Alpha diversity analysis
Shannon —0.12 £ 0.12(0.31) —0.45 = 0.12 (0.0001) —0.36 = 0.11 (0.0014)
Simpson's —0.013 £ 0.023 (0.59) —0.072 £ 0.022 (0.0019) —0.070 = 0.023 (0.0020)
Pielous —0.0040 = 0.024 (0.87) —0.051 £ 0.024 (0.031) —0.073 £ 0.024 (0.0016)

B. Bile acid analysis
1° bile acids, ug/L
2° bile acids, ug/L
1°:2° bile acid ratio

—3.7 =172 (0.98)
—913 + 675 (0.18)
—1.3 +4.1(0.75)

307 = 161 (0.061)
—971 =629 (0.13)
6.2 +3.8(0.11)

963 *+ 146 (<0.001)
—1,266 = 570 (0.030)
19 + 3.5 (<0.0001)

9Numbers represent average change = standard deviation over the study time period. A negative (—) number represents decreased (A) diversity or (B) bile acid
concentration. 1° primary; 2°: secondary; *, P value versus placebo, controlling for patient age, weight, and sex.
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FIG 2 Summary estimates of alpha diversity over time by treatment group, measured by Shannon'’s Entropy (A) or Simpson’s Index (B) and beta diversity

measured at baseline (C) or after at least 5 days of therapy (D).

BaiCD gene abundance analysis. Baseline and follow-up stool samples were avail-
able for five patients who received vancomycin and ibezapolstat 450 mg and for four
patients that received ibezapolstat 300 mg. The baiCD gene positivity rate was similar
between subjects, irrespective of the type of therapy given (80 to 90%). The proportion
positive and quantity of baiCD genes decreased during all three types of therapy (Fig. 5).

DISCUSSION

The pathophysiology of CDI involves disruption of the human gut microbiota, usually
with high-risk antibiotics, and can lead to a dysbiosis that enables C. difficile spores to ger-
minate and cause active disease (2). Thus, ideal characteristics for a new drug directed to-
ward CDI include potent activity against C. difficile and minimal further disruption of host
microbiota (5). Laboratory and animal models are generally able to identify small mole-
cules with potent in vitro activity against C. difficile isolates. However, due to the complex
nature of the gut microbiome, identification of a potential ability to reduce the likelihood
of CDI recurrence is generally not possible until large Phase Ill studies are undertaken.
This leads to costly and unfortunate mistakes in Phase lll clinical studies of novel CDI-
directed antibiotics, despite the fact that these antibiotics have different effects on the
microbiota than comparator antibiotics do (7, 11). Thus, a method to identify possible
anti-recurrence effects earlier in the clinical trial development process is urgently needed.
In this study, we used stool samples from the Phase 1 healthy volunteer study to compare
ibezapolstat, a DNA polymerase lIC inhibitor, to vancomycin, a glycopeptide antibiotic
and the most commonly used antibiotic to treat CDI, to a placebo. DNA polymerase IIIC
inhibitors target low G+C bacteria, namely, Firmicutes, but have no effect on other
Gram-positives (Actinobacteria) or Gram-negatives (Bacteroidetes) (13). Alternatively,
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FIG 3 Effects of vancomycin (A) and ibezapolstat (B) on the relative abundance of taxa at baseline versus end of therapy. Significantly higher relative

abundance taxa at end of therapy are represented in red, while significantly lower relative abundance taxa at end of therapy are represented in green.

vancomycin has broad spectrum activity against all of these phyla and would be
expected to have a larger effect on the microbiome (14). Using metagenomic sequenc-
ing, we confirmed this pharmacology and demonstrated that both antibiotics affected
the human microbiome, though they did so in completely distinct manners and pro-
duced two distinct microbiome profiles. Using mass spectrometry, we then demon-
strated that this change in the microbiome was associated with a reduced effect on the
ratio of primary to secondary bile acids in the gut for ibezapolstat compared to that of
vancomycin. Family taxa differences observed in subjects given vancomycin or ibezapol-
stat were highly correlated with concentrations of primary or secondary bile acids. These
results are highly suggestive of a possible anti-recurrence effect for ibezapolstat com-
pared to the gold standard, vancomycin. This represents the most thorough evaluation
of functional metagenomic changes ever undertaken during Phase | clinical trials for
CDI-directed antibiotics. This extends and strengthens the ongoing functional metage-
nomic work being performed during the Phase Il clinical trials of ridinilazole (15, 16).
Taken together, these analyses could become a new standard in the drug development
process for CDI-directed antibiotics and, in general, could be understood alongside other
systemic antibiotics to evaluate their likelihood to increase the risk of CDI with use.
Important advances in the understanding of the pathophysiology of CDI and the mecha-
nisms underlying colonization resistance to C. difficile have transformed our understanding
of how certain microbial taxa reduce the likelihood of CDI and recurrent CDI (17). Key meta-
genomic findings in this study include a consistent decrease in the Clostridia class with both
antibiotics, an expansion of the Actinobacteria class in ibezapolstat-treated subjects, and an
expansion of the Gammaproteobacteria class, the Enterobacterales order, and the
Enterobacteriaceae family in vancomycin-treated subjects. Within the Firmicute phylum,
vancomycin was also associated with an increased proportion of Bacilli class taxa. Most
metagenomic studies with C. difficile have focused on recurrent CDI and the effect of fecal
microbiota transplantation (FMT) (18). An expansion of the Enterobacteriaceae family has
been previously identified as a significant risk factor for recurrent CDI (19, 20). FMT studies
have also shown that the resolution of CDI recurrence was associated with the restoration
of secondary bile acids. An increasing amount of laboratory evidence has helped to further
elucidate the importance of bile acids in the pathophysiology of CDI (21, 22). These include
findings that the presence of secondary bile acids prevent the germination of C. difficile
spores, while primary bile acids increase sporulation. Primary bile acids are metabolized by
key taxa in the human gut microbiota by the 7-alpha dehydroxylation pathway, and murine
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TABLE 2 Proportional changes in taxa in healthy subjects given vancomycin or one of two doses of ibezapolstat®

Antimicrobial Agents and Chemotherapy

Taxa (bold indicates

Vancomycin 125 mg

Ibezapolstat 300 mg

Ibezapolstat 450 mg

Proportional change

Proportional change

Proportional change

phylum) (mean * SE) P (mean * SE) P (mean = SE) P
Actinobacteria —0.11 = 0.05 0.032 0.31 = 0.053 <0.0001 0.31 = 0.054 <0.0001
c_Actinobacteria —0.074 £+ 0.051 0.14 0.27 £ 0.052 <0.0001 0.29 *+ 0.053 <0.0001
c_Actinobacteria —0.078 = 0.051 0.1293 0.27 = 0.053 <0.0001 0.29 * 0.053 <0.0001
o_Bifidobacteriales
f_Bifidobacteriaceae
c_Actinobacteria —0.080 * 0.051 0.1201 0.27 = 0.053 <0.0001 0.29 * 0.053 <0.0001
o_Bifidobacteriales
c_Coriobacteriia —0.038 £ 0.015 0.0145 0.036 = 0.016 0.0221 0.024 £ 00.16 0.1431
c_Coriobacteriia —0.031 £ 0.015 0.0375 0.035 £ 0.016 0.0264 0.026 = 0.016 0.1013
o_Coriobacteriales
c_Coriobacteriia —0.032 £ 0.015 0.0338 0.034 £ 0.016 0.0298 0.025 £ 0.016 0.1122
o_Coriobacteriales
f_Coriobacteriaceae
Bacteroidetes —0.034 £ 0.024 0.16 —0.0055 = 0.025 0.83 —0.013 £ 0.025 0.61
Firmicutes —0.14 = 0.058 0.014 —0.47 = 0.060 <0.0001 —0.50 = 0.06 <0.0001
c_Clostridia —0.50 = 0.052 <0.0001 —0.49 = 0.054 <0.0001 —0.52 = 0.054 <0.0001
c_Clostridia o_Clostridiales —0.50 = 0.052 <0.0001 —0.49 = 0.054 <0.0001 —0.52 + 0.054 <0.0001
c_Clostridia o_Clostridiales —0.24 = 0.024 <0.0001 —0.22 = 0.025 <0.0001 —0.26 = 0.025 <0.0001
f_Lachnospiraceae
c_Clostridia o_Clostridiales —0.25 = 0.033 <0.0001 —0.27 = 0.034 <0.0001 —0.25 = 0.035 <0.0001
f_Ruminococcaceae
c_Bacilli 0.30 = 0.043 <0.0001 0.016 = 0.044 0.72 0.017 = 0.045 0.39
c_Bacilli o_Lactobacillales 0.30 = 0.043 <0.0001 0.016 = 0.044 0.7117 0.017 = 0.045 0.6972
c_Bacilli o_Lactobacillales 0.28 = 0.041 <0.0001 0.024 + 0.042 0.5755 0.015 + 0.043 0.7307
f_Lactobacillaceae
Fusobacteria 0.036 = 0.015 0.0165 0.0011 = 0.015 0.9414 0.00046 * 0.015 0.9762
Proteobacteria 0.23 * 0.045 <0.0001 0.12 = 0.0.5 0.0094 0.09 = 0.0.5 0.053
c_Gammaproteobacteria 0.21 = 0.045 <0.0001 0.12 = 0.046 0.0094 0.092 *+ 0.046 0.0478
c_Gammaproteobacteria 0.17 £ 0.042 <0.0001 0.11 = 0.043 0.0099 0.094 + 0.044 0.0336
o_Enterobacterales
c_Gammaproteobacteria 0.17 £ 0.041 <0.0001 0.11 = 0.042 0.0082 0.087 + 0.043 0.043

o_Enterobacterales
f_Enterobacteriaceae

ac: class; o: order; f: family. Dark gray shading indicates at least a 10% increase in relative proportion compared to baseline, and light gray shading represents a 10% decrease
in relative proportion compared to baseline (only variables with a P < 0.005 significance colored).

studies have shown that antibiotic treatment leads to a loss of secondary bile acids (23).
Prior to conversion to secondary bile acids, primary bile acids are deconjugated by com-
mensal bacteria that possess bile salt hydrolase genes. These genes are present in widely
distributed taxa. Thus, it is not surprising that no differences were observed in the propor-
tion of conjugated versus non-conjugated bile acids in our study, despite differences in the
microbiome profiles. On the other hand, the 7-alpha dehydroxylation pathways are encoded
in the bile acid-inducible (bai) operon. Only a unique set of key species, most commonly
Clostridium scindens, Clostridium sordelli, and a small subset of other Firmicutes, are known
to possess the full gene for the bai operon (24, 25). Proportions of all of these Clostridiales
would be expected to be reduced following vancomycin or ibezapolstat, as demonstrated
by changes in baiCD gene abundance during therapy. However, the preservation of second-
ary bile acids in our study is supported by the Phase Il ridinilazole clinical study, in which a
similar preservation of secondary bile acids was observed, despite in vitro activity of ridinila-
zole to C. scindens and C. sordelli (15). This suggests that other bacterial taxa also contribute
to primary bile acid metabolism (26) or that a group of bacteria that have a subset of the
bai pathways could collaboratively synthesize secondary bile acids from conjugated primary
bile acids (27). This is a future area of research, but these results suggest that the findings
from this study will be applicable to future CDI clinical trials with ibezapolstat. Our plans are
to validate and expand these findings in upcoming Phase Il studies.

This study has certain limitations. We recruited young, healthy patients into the Phase |
clinical trial. The Actinobacteria phylum is more prevalent in younger adults and is
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replaced by Bacteroidetes with age (28). CDI is more prevalent in older patients, and thus,
the baseline microbiota would not be indicative of a healthy microbiome of an elderly
patient. However, the Bacteroidetes phylum was present in the majority of our samples
and thus was represented as a minority phylum in our study. Whether an expansion of
Actinobacteria can be observed in elderly patients with CDI will require further study. If
not, an intriguing possibility for a future clinical trial would be to add a probiotic that con-
tains the Actinobacteria phylum to promote Actinobacteria expansion. Likewise, the micro-
biome of CDI patients may already be characterized by an expansion of Proteobacteria
(20). Whether ibezapolstat would be able to reduce this phylum via the expansion of
Actinobacteria will require further mechanistic and clinical studies. A common limitation of
all human gut microbiome studies is the dependence on daily bowel movements for daily

TABLE 3 Correlation of microbiota with bile acids®

Family Primary bile acids P Secondary bile acids P
Bacteroidaceae —0.20096 0.103 —0.10486 0.3984
Bifidobacteriaceae —0.07082 0.569 —0.03019 0.8084
Coriobacteriaceae —0.23574 0.0548 —0.02838 0.8197
Enterobacteriaceae 0.62888 <0.0001 —0.16676 0.1774
Erysipelotrichaceae —0.12744 0.3041 —0.03216 0.7962
Fusobacteriaceae —0.0662 0.5946 —0.04921 0.6925
Lachnospiraceae —0.33184 0.0061 0.01017 0.9349
Lactobacillaceae 0.26868 0.0279 —0.09527 0.4432
Methanobacteriaceae 0.00194 0.9876 —0.01041 0.9333
Pseudomonadaceae 0.27146 0.0263 0.37721 0.006
Ruminococcaceae —0.36391 0.0025 0.44424 0.0002

9Boldface entries indicate analyses that were statistically significant.
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sample collection. As this was not the case for all subjects, samples were not available for
each study day for all patients. Lastly, we plan to explore whether these types of analyses
could be performed in preclinical, mini-bioreactor models in the future (29).

Conclusion. Using data from the Phase 1 healthy volunteer trials and a novel analysis
technique, beneficial changes suggestive of a lower risk of CDI recurrence were associ-
ated with ibezapolstat compared to vancomycin. This novel functional metagenomics
approach may enable the better and earlier prediction of anti-CDI recurrence effects for
antibiotics in the clinical development pipeline.

MATERIALS AND METHODS

Materials. Standards for primary bile acids cholate (CA) and chenodeoxycholate (CDCA), conjugated pri-
mary bile acids glycocholate (GCA), taurocholate (TCA), glycochenodeoxycholate (GCDCA), and taurocheno-
deoxycholate (TCDCA), secondary bile acids lithocholate (LCA), deoxycholate (DCA), ursodeoxycholate
(UDCA), and hyodeoxycholate (HDCA), and conjugated secondary bile acids glycolithocholate (GLCA), tauroli-
thocholate (TLCA), glycodeoxycholate (GDCA), and taurodeoxycholate (TDCA) were purchased from Sigma.

Description of clinical trial. Stool samples were collected daily as part of a recent Phase | healthy volun-
teer study from the multiday, ascending dose arm that included ibezapolstat (300 or 450 mg, given twice daily)
with a vancomycin comparator arm (125 mg four times daily) and a placebo, as described (12). Institutional
Review Board approval was obtained (Midlands Institutional Review Board IRB no. 222220170383), and all vol-
unteers signed an informed consent form prior to performing any study procedures. For this analysis, stool
samples were collected daily for Days 0 (baseline) to 13, along with a Day 30 follow-up, if available. Stool sam-
ples were immediately frozen at -80C prior to shipping to the University of Houston on dry ice for analysis.

Stool DNA extraction and Shotgun Metagenomic Sequencing. Stool DNA was extracted using a
DNeasy Power Soil Pro Kit (Qiagen, catalog number 1288-100) in a QiaCube automated DNA extraction
system, as previously described (12). Shotgun metagenomic sequencing was carried out at the University
of Houston Sequencing and Gene Editing Core (Houston, TX, USA) using a Nextera DNA Flex Library Prep
Kit for DNA library preparation and an lllumina NextSeq 500 platform for sequencing. CLC Genomic
Workbench version 12 (Qiagen) was used for the metagenomic assembly and the creation of the abun-
dance table. Specifically, the tutorial “Taxonomic profiling of whole shotgun metagenomic data” was used
to remove host DNA and perform quality control checks. (https://resources.giagenbioinformatics.com/
tutorials/Taxonomic_Profiling.pdf, accessed Mar 28, 2022).

Extraction of bile acids from stool samples. Stool samples were aliquoted and weighed (ranging from
approximately 10 to 150 mg). Each aliquot was mixed well with 1 mL of 100% methanol containing the internal
standards (LCA-d5 and CA-d5, 200 wg/L) by vortexing and ultrasonication. The mixture was placed overnight at
4°C and was centrifuged for 3 min at 10,000 g. The supernatant was transferred into a new tube and diluted
10-fold with pure water. Subsequently, the diluted supernatant was applied to the preconditioned Sep-Pak C18
Classic Cartridge or Waters Corp. Oasis HLB 96-well Plate (Waters, USA). After being washed with 5% methanol,
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the bile-acid fraction was eluted with 100% methanol. The elution was dried under nitrogen, resuspended in
2 mL of methanol/water (1:1, vol/vol), and stored at —20°C until further analysis was to be completed.

Bile acid analysis. Bile acids were quantified using a targeted liquid chromatography mass spectrom-
etry (LC-MS) analysis performed on a QTRAP 5500 mass spectrometer (Sciex, Framingham, MA, USA)
adapted from a previously described method (30). Briefly, chromatographic separation between bile acids
of similar mass and chemical structures was conducted on a C18 column (Phenomenex, Torrance, CA,
USA) via a gradient method using two mobile phases (Solvent A: methanol-water [1:1, vol/vol] with 10 mM
ammonium acetate and 0.1% [wt/vol] ammonium hydroxide [pH 9]; Solvent B: methanol with 10 mM am-
monium acetate and 0.1% [wt/vol] ammonium hydroxide [pH 9]). Quantification of each type of bile acid
was calculated from the standard curves generated using unlabeled and stable isotope-labeled standards
of bile acids. Bile acid concentrations were normalized by the corresponding sample weights.

Bile acid-inducible (bai) gene abundance. A previously published species-specific quantitative poly-
merase chain reaction (qPCR), which detected the bai gene abundance present in Clostridium scindens and
Clostridium hylemonae (baiCD), was adapted (31). The baiCD analysis was performed using the QuantStudio 5
Real Time PCR System (Applied Biosystems). Also, baiCD gene cluster-specific primers were used, including the
forward primer baiCD-F (5'-CAGCCCRCAGATGTTCTTTG -3') and the reverse primer baiCD-R (5'-GCATGG
AATTCHACTGCRTC-3'). The DNA quantity was assessed, and gPCR was performed on each sample in triplicate
in a final volume of 20 uL containing 25 ng DNA template, primers at 0.5 ©M, and QuantiTech SYBR green
Mixes (Qiagen). Threshold cycle values were converted to copies per ng of DNA using a standard curve.
Standards were prepared by genomic DNA related to the copy number of Clostridium scindens and a series of
serial 10-fold dilutions of the organism DNA. A range of 10-fold serially diluted standard DNA (3 x 10° to 30
copies) was run on each gPCR plate in triplicate. Standard curve R? values were calculated for the standards.
Copies per gram of stool were calculated, accounting for initial sample DNA concentrations and stool weights.

Statistical Analysis. Subject specific and summary changes in bacterial taxa and alpha diversity were
generated using the R software package. Linear regression models were built to assess proportional taxa dif-
ferences at the phylum, class, order, and family levels over time for subjects given vancomycin or ibezapol-
stat, normalizing to taxa present in at least five percent of the total samples. Linear regression models were
also built to assess daily changes in alpha diversity measures (Shannon, Simpson, and Pielous) over time for
subjects given vancomycin or ibezapolstat. The LEfSe algorithm was used to visualize and identify significant
differences in microbiota composition between baseline samples and Day 10 samples (32). Linear regression
models were also built to assess primary and secondary bile acid changes over time as well as the ratio of
primary:secondary bile acids over time from subjects given vancomycin or ibezapolstat. All linear regression
models used placebo results as baseline values and controlled for subject age, weight, and sex. SAS version
9.4 (SAS Institute, Cary, NC) or R were used for all statistical analyses. The correlation between microbiota
and bile acid changes were evaluated at the family taxa for primary and secondary bile acid amounts. To
account for multiple analyses per aim and limit the false detection rate, a reduced P value of P < 0.005 was
considered to be indicative of statistical significance (unless otherwise stated) (33).

Data availability. All data associated with this study are available in the main text or in the supple-
mental material. The lllumina paired-end FASTQ files have been deposited in NCBI under BioProject ID
PRINA847068.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.04 MB.
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