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Background. 'This study was the first human validation of the gram-positive bacterial DNA polymerase IIIC target in patients
with Clostridioides difficile infection. The primary objectives were to assess clinical cure rates and adverse events (AEs). Secondary
objectives were to evaluate plasma/fecal pharmacokinetics, microbiologic eradication, microbiome and bile acid effects, and sus-
tained clinical cure (SCC) with ibezapolstat.

Methods. This single-arm, open-label, phase 2a study enrolled adults with C. difficile infection at 4 US centers. Patients received
ibezapolstat 450 mg orally every 12 hours for 10 days and followed for an additional 28 days to assess study objectives.

Results.  Ten patients with a mean (standard deviation [SD]) age of 49 [15] years were enrolled. Seven AEs were reported clas-
sified as mild-moderate. Plasma levels of ibezapolstat ranged from 233 to 578 ng/mL while mean (SD) fecal levels were 416 (494)
pg/g stool by treatment day 3 and >1000 pg/g stool by days 8-10. A rapid increase in alpha diversity in the fecal microbiome was
noted after starting ibezapolstat therapy, which was maintained after completion of therapy. A proportional decrease in Bacteroidetes
phylum was observed (mean change [SD], —10.0% [4.8%]; P = .04) with a concomitantly increased proportion of Firmicutes phylum
(+14.7% [5.4%]; P = .009). Compared with baseline, total primary bile acids decreased by a mean (SD) of 40.1 (9.6) ng/mg stool
during therapy (P < .001) and 40.5 (14.1) ng/mg stool after completion of therapy (P = .007). Rates of both initial clinical cure and

SCC at 28 days were 100% (10 of 10 patients).
Conclusions.

In this phase 2a study, 10 of 10 patients achieved SCC, demonstrated favorable pharmacokinetics, minimal AEs,

and beneficial microbiome and bile acids results. These results support continued clinical development.

Clinical Trials Registration. NCT04247542.
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Clostridioides difficile infection (CDI) is the most common
cause of healthcare-associated infections in the United States
[1], where it is responsible for almost 500 000 incident infec-
tions and 29 000 deaths [2]. Current treatment guidelines rec-
ommend only 2 antibiotics for initial treatment of CDI, namely,
oral vancomycin or fidaxomicin [3]. Vancomycin is associated
with unacceptably high recurrence rates and both antibiotics are
associated with the emergence of antimicrobial resistance [4-6].
CDI recurrence is due to the continued perturbation of the
gut microbiome, most commonly characterized by decreased
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proportions of Firmicutes, Bacteroidetes, and Actinobacteria
phyla with subsequent overgrowth of Proteobacteria [7]. These
taxa changes reduce colonization resistance to C. difficile by
eliminating the taxa responsible for bile acid metabolism,
leading to a higher concentration of primary bile acids which
support spore germination and onset of CDI or recurrent CDI
[8]. Ideally, new drugs in clinical development should have a
unique mechanism of action with similarly potent activity
against C. difficile but without activity against key host micro-
biota [9]. This spectrum of activity is crucial to prevent the
treatment-associated dysbiosis that allows for further germina-
tion and infection by C. difficile after therapy completion.
Ibezapolstat (formerly ACX-362E) represents a unique class
of gram-positive selective spectrum antimicrobials that bind to
and inhibit bacterial DNA polymerase ITIC [10]. The DNA pol-
ymerase IIIC enzyme is essential for replication of low-G + C
content (fewer G and C DNA bases than A and T bases) in
gram-positive bacteria, including Firmicutes such as C. difficile,
yet it is absent in Actinobacteria and gram-negative host micro-
biota, including Bacteroidetes species. Ibezapolstat was mini-
mally absorbed in a hamster model, leading to high colonic
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and low systemic concentrations and was shown to be effec-
tive for CDI [11]. A phase 1 healthy volunteer study demon-
strated a similarly advantageous pharmacokinetic (PK) profile
and a favorable safety profile [12]. In contrast to vancomycin,
ibezapolstat did not cause overgrowth of Proteobacteria and
preserved a favorable ratio of secondary-to-primary bile acids
that would be predictive of an anti-CDI recurrence effect.

This phase 2a study was conducted as the first human vali-
dation of the DNA polymerase IIIC target in a diseased pop-
ulation of patients with CDI. The primary objectives of this
study were to assess CDI clinical cure rates 2 days after the end
of treatment (EOT) and the safety/tolerability of ibezapolstat
given to adult patients with CDI. The secondary objectives were
to evaluate plasma and fecal PK characteristics, microbiologic
eradication, quantitative microbiome changes in relevant fecal
bacterial communities and microbial diversity, bile acid effects,
and sustained clinical cure (SCC) associated with ibezapolstat
in patients with CDIL.

METHODS

Study Design

This was a single-arm, open-label, phase 2a segment of a
multicenter phase 2 trial, and enrolled adults at 4 centers in
the United States in 2019-2020 (protocol no. ACX-362E-201;
ClinicalTrials.gov identifier NCT04247542). Patients received
three 150-mg ibezapolstat capsules (total dose, 450 mg) orally
every 12 hours for 10 days. After the EOT, patients were fol-
lowed up for an additional 28 days to evaluate clinical response,
adverse events (AEs), and status of the fecal microbiome. The
study was conducted in accordance with the Declaration of
Helsinki. The study protocol and amendments were approved
by an institutional review board at each study site, and written
informed consent was obtained for each enrolled subject before
the study commenced.

Patients

Eligible participants included adults aged 18-90 years with
CDI defined as >3 watery bowel movements in the 24 hours
before enrollment and classified as nonsevere CDI, as de-
fined by Infectious Diseases Society of America/Society for
Healthcare Epidemiology of America guidelines (white blood
cell count <15 000/mL and serum creatinine level <1.5 mg/
dL) [13]. Enrolled patients must have had CDI diagnosed
using a positive free toxin-based fecal test (C. DIFF QUIK
CHEK COMPLETE [TechLab] or Immunocard Toxin A&B
[Meridian Bioscience]). Patients were excluded if they had >24
hours of other CDI-directed antibiotics at the time of enroll-
ment, probiotic or laxative receipt, >3 episodes of CDI in the
previous 12 months or >1 prior episode in the last 3 months,
immunocompromising conditions or medications, inflamma-
tory bowel disease, pregnancy or lactation, active gastroenteritis

due to another microorganism, major gastrointestinal surgery
within 3 months of enrollment (appendectomy or cholecystec-
tomy permitted), or elevated liver function values (defined as
>2 times the upper limit of normal for alanine aminotransferase
or aspartate aminotransferase).

Safety Assessments

Safety evaluations included AE assessment, physical examina-
tion, vital signs, clinical laboratory tests (chemistry, hematology,
and urinalysis), and electrocardiography. Safety end points for
all subjects were recorded including nature, frequency, and se-
verity of AEs. AEs were assessed at each visit beginning from
the time of enrollment and classified according to the Medical
Dictionary for Regulatory Activities (MedDRA; version 15.0).
AE severity (mild, moderate, or severe) and causality (unre-
lated, possibly related, or probably related to the study medica-
tion) were assessed by the investigator at each site.

PK Evaluations

Plasma samples were obtained 2 and 4 hours after the first daily
ibezapolstat administration on days 1, 5, and 10. Fecal sam-
ples were collected at baseline and daily during days 1-10 of
ibezapolstat receipt. Plasma and fecal concentrations were as-
sayed by AltaSciences (Laval), and PK analyses were performed
by Learn and Confirm.

Microbiology

Stool samples were cultured for C. difficile growth on a selec-
tive cycloserine-cefoxitin fructose agar at 37°C under anaerobic
conditions for 48 hours [5]. Isolates were identified as C. difficile
based on growth and morphology and confirmed by PCR for C.
difficile toxin and tpi genes. C. difficile was strain typed using
a PCR-based ribotyping method, as described elsewhere [14].
Minimum inhibitory concentrations were determined for
ibezapolstat by broth microdilution in 0.1% sodium taurocho-
late brain heart infusion media [15].

Microbiome and Bile Acid Evaluations

Fecal samples for microbiome analysis were collected daily
during ibezapolstat dosing and on days 2, 10, 20, and 28 after
the EOT. Stool DNA extraction was performed using the Qiagen
DNeasy PowerSoil Pro Kit (Qiagen; catalog no. 12888-100) in
a QIAcube automated DNA extraction system (Qiagen) ac-
cording to the manufacturer’s instructions. Microbiome charac-
terization was performed by sequencing the V1-V3 region of
the 16S ribosomal RNA gene, using the MiSeq system (Illumina)
[16, 17]. Each sample was amplified using a barcoded primer,
which yielded a unique sequence identifier tagged onto each in-
dividual sample library. Genomic DNA was normalized before
polymerase chain reaction (PCR) analysis, and PCR products
were normalized before pooling. Illumina-based sequencing
yielded >15 000 reads per sample. Bile acids were quantified
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using targeted liquid chromatography mass spectrometric anal-
ysis performed on a QTRAP 5500 mass spectrometer (Sciex),
adapted from a previously described method [18]. Bile acid levels
were normalized by the corresponding stool sample weight.

Efficacy Assessments

The primary efficacy outcome measure was initial clinical cure
at the EOT, defined as resolution of diarrhea in the 24-hour pe-
riod before the EOT and maintained for 248 hours after the
EOT. SCC was defined as clinical cure with no recurrence of
CDI within 28 (+2) days after the EOT.

Statistical Analysis

An intent-to-treat analysis of patients receiving 21 dose of
ibezapolstat was conducted. Descriptive statistics were cal-
culated for efficacy, safety/tolerability, and PK data generated
using SAS version 9.4 software (SAS Institute). Results are ex-
pressed as means with standard deviations (SDs) unless other-
wise stated. Microbiome summary plots and data visualization
was prepared using R software, version 4.1.1 (R Core Team
2021) [19]. Alpha diversity for each sample was assessed with
the VeganR package version 2.4-2, using the Shannon diversity
index and the inverse Simpson index. Differences in alpha di-
versity (with both indexes) and bile acids between baseline and
during or after therapy were determined using linear regression
models. Proportional changes of bacterial taxa over the 10-day
dosing interval were calculated using linear regression models
for taxa with a 21% proportional change during the study time
period. Differences were considered significant at P < .05.

RESULTS

Patients

Ten patients aged were enrolled, with a mean (SD) age of 49 (15)
years (50% female; 100% white race; 80% Hispanic or Latino
ethnicity). All 10 patients received ibezapolstat and completed

the study (Supplementary Figure 1). The median number of
unformed bowel movements in the 24 hours before the start
of therapy was 4 (range, 3-10). Two of 10 patients received
<24 hours of antibiotics, either metronidazole or vancomycin,
before starting ibezapolstat. No patients were hospitalized be-
fore or after enrollment.

Safety

A summary of the AEs is provided in Supplementary Table 1.
Seven AEs were reported in 4 of the 10 patients, with 4 occurring
in a single subject. None of the AEs were serious AEs. The se-
verity of AEs was mild (n = 2), moderate (n =4), and severe
(n = 1; drug-unrelated migraine headache). The most common
AEs were headache (n = 2) or nausea (n = 2); both episodes of
nausea were regarded by the investigator as “probably related” to
the study drug. No treatment was required for these AEs, and no
AE required a change to the study drug schedule or withdrawal
of dosing. All AEs were resolved by the end of the study. No sig-
nificant clinical laboratory test abnormalities were detected

PK Results

The 2-4-hour postdose ibezapolstat plasma levels ranged from
233 to 578 ng/mL, with higher concentrations observed at
4 hours (range, 373-578 ng/mL) than at 2 hours (234-299 ng/
mL). The mean ibezapolstat stool concentration (SD) was 416
(494) pg/g stool by day 3 of therapy, >1000 pg/g stool by days
8-10, and 535 (748) ug/g stool 2 days after the EOT. Three of 4
stool samples collected on day 38 continued to have detectable
stool concentrations of ibezapolstat (mean [SD], 136 [161] ug/g
stool). Baseline stool and plasma concentrations (before drug
administration) were undetectable. Full stool and plasma PK
data are shown in Figure 1.

Microbiology Results

Toxigenic C. difficile grew in 6 of 7 baseline stool samples (86%)
available for microbiology studies but not in stool samples from
any other sampling day (range, 7-9 samples per day). Identified
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Figure 1. |bezapolstat pharmacokinetics in plasma (A) and stool (B) samples. Values represent means with standard deviations.
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ribotypes included F078-126 (n = 2), F014-020 (n = 2), F106
(n=1), and FP435 (n = 1). The minimum inhibitory concen-
trations of ibezapolstat were 0.25 (n=1), 0.5 (n=3), or 1.0
(n=1) ug/mL.

Microbiome and Bile Acid Results

Eight participants provided stool samples for microbiome and
bile acid analysis. Although interindividual changes were noted,
arapid increase in alpha diversity was noted from baseline sam-
ples using both the inverse Simpson and Shannon diversity
indexes (Figure 2). Compared with baseline, inverse Simpson

index diversity increased by a mean (SD) of 0.14 (0.06) points
during ibezapolstat therapy (P =.02) and by 0.22 (0.10) points
after the EOT (P = .003).

Similar results were observed using the Shannon diversity
index; diversity increased by a mean (SD) of 0.98 (0.48) points
during ibezapolstat therapy (P = .049) and by 1.7 (0.87) points
after the EOT (P = .04), compared with baseline. Taxa changes
during and after ibezapolstat therapy are shown in Figure 3.
A proportional decrease in Bacteroidetes phylum was observed
(mean change [SD], —10.0% [4.8%]; P = .04), most commonly
owing to a decreased proportion of Bacteroidia class taxa
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Figure 2. Summary estimates of changes in alpha diversity over time with the Shannon diversity (4) and inverse Simpson (B) indexes.
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(-10.0% [4.8%]) and Flavobacteriaceae family taxa (—8.8%
[4.8%]). An increased proportion of Firmicutes phylum was ob-
served (mean change [SD], +14.7% [5.4%]; P = .009), most com-
monly owing to an increased proportion of Lachnospiraceae
(+12.7% [6.0%]) and Ruminococcaceae (+2.8% [2.7%]). Other
Firmicutes had decreased proportions, most notably Bacillales
(mean change [SD], —4.4% [2.3%]) and Lactobacillales (—3.7%
[2.2%]) order taxa. Abundance tables for individual patients are
shown in Supplementary Figure 2.

Results of the bile acid analysis are shown in Figure 4.
Compared with baseline, total primary acid concentrations in
stool samples decreased by a mean (SD) of 40.1 (9.6) ng/mg
stool during therapy (P < .001) and 40.5 (14.1) ng/mg stool after
the EOT (P =.007). Compared with baseline, total secondary
bile acid concentrations increased by a mean (SD) of 65.6
(146.7) ng/mg stool during therapy (P = .66) and 97.5 (215.4)
ng/mg stool after the EOT (P = .65).

Efficacy Outcomes

The initial clinical cure rate at the EOT was 100% (10 of 10
patients). The mean time to resolution of diarrhea was 5 days
(range, 3-7 days). The SCC rate at 28 + 2 days after the EOT
was also 100% (10 of 10 patients).

DISCUSSION

In this open-label, phase 2a study, ibezapolstat was well toler-
ated and had a safety profile consistent with results from the

phase I study [12]. PK findings were also similar to those seen
in the healthy volunteer study. Ibezapolstat achieved high stool
concentrations and plasma concentrations that did not exceed
1 ug/mL. Favorable changes to the microbiome were observed,
most notably C. difficile eradication by day 3 and an increased
proportion of healthy microbiota, including Clostridiales
order taxa known to metabolize primary bile acids to sec-
ondary bile acids via the 7a-dehydroxylation pathway [20].
These proportional changes were associated with bile acid
changes, including a reduction in primary and an increase
in secondary bile acids during ibezapolstat therapy, predic-
tive biomarkers of a lower chance of CDI recurrence. Finally,
clinical efficacy evaluations demonstrated that 100% of the 10
patients experienced initial clinical cure and SCC evaluated
at 28 days.

There are currently only 2 Food and Drug Administration—-
indicated antibiotics for the treatment of CDI: vancomycin and
fidaxomicin [3]. As resistance to both these antibiotics has been
noted, new CDI-directed antibiotics are urgently needed [4, 5].
The first-in-class gram-positive selective-spectrum antimicro-
bial ibezapolstat is a novel DNA polymerase IIIC inhibitor with
a unique mechanism of action that targets low-G + C content
gram-positive bacteria [21].

The microbiome studies in this phase 2a study provide ad-
ditional insight into the effect of ibezapolstat on a mixed
bacterial community such as the gut microbiome. Because
ibezapolstat has no direct activity on gram-negative organisms,
the decrease in Bacteroidetes phylum was perhaps a secondary
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result of ibezapolstat’s effect on other targeted gram-positive
bacteria. Likewise, the increased proportion of the favorable
Clostridiales order taxa demonstrates ibezapolstat selectivity
within low-G + C content bacteria. DNA polymerase IIIC is
thought to be present in most Firmicutes, and the reasons for
this selectivity will require further study.

Although the current study is underpowered to statistically
evaluate secondary bile acid changes, an increased concen-
tration of secondary bile acids was observed during and after
ibezapolstat therapy, which is known to be correlated with col-
onization resistance against C. difficile [22]. In addition, the

decrease in primary bile acids and the favorable increase in the
ratio of secondary to primary bile acids suggest that ibezapolstat
may reduce the likelihood of CDI recurrence compared with
vancomycin. Phase 2b and 3 studies will allow further investiga-
tions of these mechanistic findings. Finally, although favorable
efficacy results were demonstrated, these will need to be valid-
ated in a larger population using a double-blind study design.

In conclusion, in the current study, ibezapolstat was well toler-
ated in adults with CDI and demonstrated a PK profile ideal for
a CDI antibiotic with low systemic absorption and high colonic
concentrations. Advantageous microbiome abundance and bile
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acids changes coupled with successful efficacy data support the
continued development of ibezapolstat for use in the adult CDI
population.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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