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ABSTRACT Colonization with nontoxigenic Clostridioides difficile strain M3 (NTCD-
M3) has been demonstrated in susceptible hamsters and humans when administered
after vancomycin treatment. NTCD-M3 has also been shown to decrease risk of recur-
rent C. difficile infection (CDI) in patients following vancomycin treatment for CDI. As
there are no data for NTCD-M3 colonization after fidaxomicin treatment, we studied
the efficacy of NTCD-M3 colonization and determined fecal antibiotic levels in a well-
studied hamster model of CDI. Ten of 10 hamsters became colonized with NTCD-M3
after 5 days of treatment with fidaxomicin when NTCD-M3 was administered daily for
7 days after treatment discontinuation. The findings were nearly identical to 10 vanco-
mycin-treated hamsters also given NTCD-M3. High fecal levels of OP-1118, the major
fidaxomicin metabolite, and vancomycin were noted during treatment with the re-
spective agents and modest levels noted 3 days after treatment discontinuation at the
time when most of the hamsters became colonized. These findings support the
ongoing development of NTCD-M3 for the prevention of recurrent CDI.

IMPORTANCE NTCD-M3 is a novel live biotherapeutic, that has been shown in a
Phase 2 clinical trial to prevent recurrence of C. difficile infection (CDI) when adminis-
tered shortly after antibiotic treatment of the initial CDI episode. Fidaxomicin was
not, however, in widespread use at the time this study was conducted. A large multi-
center Phase 3 clinical trial is now currently in the planning stage, and it is anticipated
that many patients eligible for this study will be treated with fidaxomicin. Since efficacy
in the hamster model of CDI has predicted success in patients with CDI, we studied
the ability of NTCD-M3 to colonize hamsters after treatment with either fidaxomicin or
vancomycin.

KEYWORDS Clostridioides difficile, fidaxomicin, intestinal colonization, nontoxigenic,
vancomycin

ntentional colonization of volunteers with spores of nontoxigenic Clostridioides diffi-
cile restriction endonuclease analysis (REA) strain M3 (NTCD-M3) has been demon-
strated to be safe in subjects receiving vancomycin (1). NTCD-M3 has also been shown
to be effective in the prevention of recurrent C. difficile infection (CDI) in patients fol-
lowing treatment with metronidazole or vancomycin for CDI (2). Based on these data,
NTCD-M3 is currently being developed as a novel live biotherapeutic to reduce recur-
rent CDI. However, since the clinical trials were not conducted on patients receiving
fidaxomicin, and since fidaxomicin is now a preferred treatment of CDI (3), more data
are needed to support use of NTCD-M3 in this scenario.
The pivotal preclinical studies supporting NTCD-M3 as a potential therapeutic agent
have been conducted in hamsters and efficacy in the hamster model has predicted

March/April 2023 Volume 11 Issue 2

ab

Editor Karen C. Carroll, Johns Hopkins Hospital
Ad Hoc Peer Reviewers "= Kevin Garey,
University of Houston; "= Matthew Schnizlein,
University of Michigan-Ann Arbor

This is a work of the U.S. Government and is
not subject to copyright protection in the
United States. Foreign copyrights may apply.
Address correspondence to Stuart Johnson,
stuartjohnson2@va.gov.

The authors declare a conflict of interest. D.N.G.
is a consultant for Destiny Pharma PLC and he
licensed technology to Destiny for treatment
of CDI. S.J. received grant funding from Destiny
Pharma PLC for this study.

Received 2 February 2023

Accepted 6 March 2023

Published 28 March 2023

10.1128/spectrum.00517-23

1


https://orcid.org/0000-0001-9452-9316
https://orcid.org/0000-0001-9548-229X
https://orcid.org/0000-0003-2063-7503
https://orcid.org/0000-0002-0797-8357
https://doi.org/10.1128/spectrum.00517-23
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.00517-23&domain=pdf&date_stamp=2023-3-28

NTCD-M3 Colonization Microbiology Spectrum

Fidaxomicin NTCD-M3 NTCD-M3 NTCD-M3 NTCD-M3  NTCD-M3 NTCD-M3 Day 18 Day 25 Day 36 Day 43
Day0 pays 2-6 #1 #2 #3 44 #5 #7 Sdays  12days 23days  30days
Day 7 Day 8 Day 9 Day 10 Day 11 Day 13 post-M3  post-M3 post-M3 post-M3
(&) OO O OO O QOO (X X J L X X ) (X X _J (I X J A A A (A X ] (A A
1assay 290 SEE0 OO 00 OO0 eecst ceee Seee S0 ©O00 OO0 06000 ©O0e
hamsters "505° co0o o©OO o©OoOo [eYe)e) Y YSI X X I X X)) L X X L X X ) o®® oeoo
2 control
Hamsters OO OO [ X J [ X J [ X J o [ X J [ X J [ X ] ® O ®O
(untreated)
Vancomycin NTCD-M3 NTCD-M3 NTCD-M3 NTCD-M3 ~ NTCD-M3 NTCD-M3 Day 18  Day 30 Day 36 Day 43
Day 0 Days 2-6 #1 #2 #3 #4 #5 #7 5days 17 days 23 days 30 days
Day 7 Day 8 Day 9 Day 10 Day 11 Day 13 post-M3  post-M3 post-M3 post-M3
co0O Ooo Q000 000 ®*o0® eooeo ©®0o ooo o0o® ©oe o® e XX
assay 7555 0000 OCCO COCO ®eed ceee 000 soce ©0060 000 ®ooe Soce
hamsters "5 557 o000 OO0 000 00O eee ©00 eee ®s®e oo ®®e oo
2 control Y ) ® [ X J [ X ) [ J ®
Hamsters OO oo ®O L X J - ® ® \
(untreated) X

FIG 1 Colonization results for groups of 10 hamsters treated with fidaxomicin (A) and vancomycin (B) and groups of 2 untreated control hamsters. Open
ovals indicated no C. difficile growth in the fecal pellets. Solid color ovals indicated positive fecal cultures for C. difficile. One control hamster in the second
control group died on day 30 during an environmental problem in the animal facility.

success in clinical trials (4). Administration of NTCD spores, particularly spores of the
REA type strain, M3 effectively colonize hamsters given continuous administration of
clindamycin, ampicillin, ceftriaxone, and fluoroquinolones (5-7). Administration of
NTCD spores is also effective in preventing disease in hamsters challenged with highly
virulent C. difficile strains, including the BI/NAP1/027 strain (8), but efficacy is depend-
ent on establishing colonization (4).

Fidaxomicin has been reported to have an extended period of detection to day 5 in
stool, following the stopping of the drug in humans (9, 10) and longer in a human gut
model (11). Similar stool detection of vancomycin in human stool to day 5 has been
reported in CDl-treated patients (12). Successful colonization by NTCD-M3 following
vancomycin treatment has been demonstrated in volunteers and CDI patients (1, 2), how-
ever, similar data for fidaxomicin treatment are not available. There is a potential differ-
ence in NTCD-M3 colonization efficacy after fidaxomicin treatment due to carryover of
drug in stool which could inhibit colonization. Therefore, we conducted a study of NTCD-
M3 colonization in susceptible hamsters after fidaxomicin or vancomycin treatment, doc-
umenting time to colonization, duration of colonization, and fecal drug concentrations.

RESULTS

NTCD-M3 readily colonized all hamsters rendered susceptible by clindamycin condi-
tioning at the start of the experiment (Fig. 1). Following 5 days of treatment (experi-
mental days 2 to 6) with fidaxomicin and subsequent daily administration of NTCD-M3
for 7 days (experimental days 7 to 13), 10 out of 10 hamsters became colonized.
Likewise, 10 out of 10 vancomycin-treated hamsters became colonized with NTCD-M3.
The onset of NTCD-M3 colonization was nearly identical for both fidaxomicin and van-
comycin groups; 48 to 96 h after the first day of NTCD-M3 administration for the fidax-
omicin-treated hamsters and 48 to 72 h after the first day on NTCD-M3 administration
for the vancomycin-treated hamsters. The onset of NTCD-M3 colonization was ~24 h
earlier in the untreated control hamsters (24 to 48 h after the first day on NTCD-M3
administration). Onset of colonization occurred at high levels by semi-quantitative cul-
ture (3+ or 4+) for all hamsters, and the hamsters remained colonized at high levels
to the end of the study (experimental day 43) with the exception of 1 fidaxomicin-
treated hamster and 1 of the untreated control hamsters, which showed decreasing
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Hamster Fecal Levels of Fidaxomicin, OP-1118, and Vancomycin
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FIG 2 Fecal antibiotic levels during treatment on experimental days 4 and 7 (collected 24 h after the
last treatment dose on day 6) and after treatment on days 9 and 11. Levels in ug/gm feces are
presented in a box-and-whisker plot with the median (horizontal line), interquartile range (box), and
the lower/upper fences (whiskers).

levels of colonization (1+ to rare) until finally becoming negative (Table ST and S2).
One control hamster expired on day 30.

To better understand the interaction of NTCD-M3 and antibiotic treatment given to
the hamsters, we determined in vitro susceptibility of NTCD-M3 to the antibiotics as
well as antibiotic levels in the hamster fecal pellets. The MIC of fidaxomicin was
0.125 png/mL, the MIC of OP-1118 was 4 ug/mL. The MIC of vancomycin was 2 ug/mL
for NTCD-M3. These MIC results are similar to MIC results for these antibiotics reported
previously for other C. difficile strains (13-15).

The fidaxomicin metabolite OP-1118, as well as vancomycin, remained at very high
levels in hamster fecal pellets during antibiotic administration (experimental days 4
and 7, after 2 and 5 days of antibiotic treatment, respectively) (Fig. 2). The median
(IQR) fecal OP-1118 levels on day 4 and 7 were 62.6 (52.6 to 128.4) and 66.7 (49.2 to
123.7) ng/gm feces, respectively, while the fecal vancomycin levels for the same time
points were 80.0 (36.7 to 96.5) and 60.6 (39.8 to 81.3) ug/gm feces. The level of the
fidaxomicin parent compound was much lower during treatment, but still above the
MIC of the drug for NTCD-M3. The median (IQR) fecal fidaxomicin levels on day 4 and 7
were 8.3 (4.5 to 14.8) and 7.5 (3.6 to 17.1) ug/gm feces. Low fecal antibiotic levels of
OP-1118 6.4 (3.9 to 7.3) ng/gm feces (P = 0.002, median change from day 4 to 10), and
to a lesser extent, vancomycin 1.39 (0.93 to 1.69) ug/gm feces (P = 0.002, median
change from day 4 to 10) were detectable 72 h after discontinuation of the antibiotics
(experimental day 9). The median fecal concentration of OP-1118 for the hamsters who
were colonized on day 9 was 5.32 (IQR: 2.43 to 6.54) compared to 7.33 (IQR: 6.16 to
20.98) ng/gm feces for those hamsters not yet colonized on day 9 (P = 0.14).

DISCUSSION

NTCD-M3 effectively colonized hamsters following treatment with fidaxomicin.
Colonization after fidaxomicin treatment was complete, timely, and sustained in a
nearly identical manner as that demonstrated following vancomycin treatment. These
results support the rationale for using NTCD-M3 to colonize patients after treatment
for CDI and prevent recurrence after antibiotic treatment discontinuation. NTCD-M3
has been demonstrated effective for prevention of recurrent CDI in a Phase 2 clinical trial,
where vancomycin and metronidazole were the treatment antibiotics (2). A Phase 3
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clinical trial is currently being developed to confirm this effect after treatment with current
standard of care antibiotics that will likely include fidaxomicin, as well as vancomycin.

Fidaxomicin and vancomycin are similar in the respect that both antibiotics are
minimally absorbed and achieve high concentrations in the stool of treated subjects
(9, 10). Our findings in the hamster model confirmed high fecal concentrations of van-
comycin during treatment but less so for fidaxomicin. However, the concentration of
the main metabolite of fidaxomicin, OP-1118 which is active, was much higher than
the parent compound (similar to a single dose human volunteer study where 82% of
fecal recovery of fidaxomicin was OP-1118) (9) and was similar to that of vancomycin.
The rapid colonization of NTCD-M3 in the hamsters following fidaxomicin and vanco-
mycin appears to be associated with the decrease in fecal concentrations of both anti-
biotics and the active metabolite of fidaxomicin, where the concentrations reduced
markedly between Day 7 and Day 9 which corresponds to the emergence of coloniza-
tion of NTCD-M3 in both arms at Day 8/9. The relatively higher concentrations of OP-
1118 on day 9 in the hamsters not yet colonized also support this association.

The timing of NTCD-M3 colonization was delayed approximately 24 h after stopping
both fidaxomicin and vancomycin in comparison to the untreated control hamsters.
This delay appeared to be associated with the residual fecal antibiotic levels for both
vancomycin and OP-1118 after stopping treatment. Nevertheless, NTCD-M3 effectively
colonized hamsters after fidaxomicin treatment and there was no delay in comparison
to the vancomycin-treated hamsters.

As the hamster model has predicted clinical efficacy of NTCD-M3 in colonization of
CDI patients after vancomycin treatment (1), the findings here support the rationale
for ongoing trials of NTCD-M3 for prevention of recurrent CDI in current clinical arena
where fidaxomicin treatment has taken an increasing role.

MATERIALS AND METHODS

Hamster husbandry and care. As previously described, male Syrian Golden hamsters (age, 6 to
8 weeks; weight, approximately 90 to 100 g) were individually housed in polycarbonate cages with filter
tops and disposable air filters to prevent cross-contamination (4). Food, bedding, water and water bot-
tles, cages, wire tops, filters, and filter tops were autoclaved before usage. During the course of the
experiment, bedding was changed once a day; the cage and water were changed once a week. Hamster
fecal pellets were collected and cultured on selective taurocholate-cefoxitin-cycloserine-fructose-agar
(TCCFA) prior to initiation of the protocol to assure they are free of the C. difficile. During the study pro-
tocol, 3 fecal pellets were collected for culture in 0.75 mL of sterile PBS, while 10 to 12 pellets were col-
lected dry for subsequent antibiotic assays and frozen at —70°C until use. The experimental protocol
was approved by the Hines VA Institutional Animal Care and Use Committee.

Antimicrobial susceptibility. NTCD-M3 previously designated VP20621 (1, 2) was tested for suscep-
tibility to fidaxomicin and the major fidaxomicin metabolite, OP-1118, and vancomycin by CLSI-recom-
mended agar dilution methodology (16). Fidaxomicin (Sigma) and OP-1118 (Toronto Research
Chemicals) were dissolved and diluted in dimethylsulfoxide (DMSO) to achieve final study concentra-
tions that ranged from 0.125 to 8 ug/mL. Vancomycin (Sigma) was diluted in water to achieve concen-
trations from 0.125 to 16 wg/mL. C. difficile ATCC 700057 and Staphylococcus aureus ATCC 29213 were
included as quality control strains for fidaxomicin and vancomycin (16). There are no established quality
control break points for OP-1118, and only C. difficile ATCC 700057 was used per Goldstein, et al. (13).
The MIC of OP-1118 for ATCC 700057 was 4 ug/mL which was 32-fold higher than the MIC of fidaxomi-
cin for ATCC 700057 (0.125 wg/mL) and identical to the 32-fold higher MIC ratio previously reported for
these drugs (17). Agar dilution assays were performed in triplicate.

Hamster colonization protocol. The experimental design and timeline for the protocol is shown in
Fig. 3. Groups of 10 hamsters were given 30 mg/kg clindamycin orally (by gastric gavage needle) on day
0 to render the hamsters susceptible. On day 2 through day 6, antibiotics were given by once-daily oral
gavage, either fidaxomicin (5 mg/kg) or vancomycin (5 mg/kg). On day 7 through day 13, 10° CFU of
spores of NTCD-M3 were administered once-daily again, by oral gavage. Hamster fecal pellets were col-
lected daily and cultured beginning the first day of NTCD-M3 administration and repeated daily until
day 21 and then twice weekly thereafter until 30 days after the end of spore administration (day 43).
Two additional hamsters in each treated cohort were given clindamycin on day 0 but no subsequent
antibiotics before receiving NTCD-M3 on day 7 through day 13. These hamsters served as controls to
confirm continued susceptibility to colonization by NTCD-M3 in the absence of study drug-mediated
microbiota perturbations. Semi-quantitative cultures were performed on all fecal specimens by homoge-
nization of the hamster pellets, inoculation onto TCCFA, then streaked for isolation. Colonization was
recorded as 1+ to 4+ (growth in first to fourth quadrant of the agar plate) or ‘rare’ (less than 5 colonies
in the first quadrant). Colonization was defined by positive fecal cultures on two or more consecutive
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FIG 3 Experimental design of hamster experiments. Oral clindamycin was given on experimental day 0 to render the animals susceptible to C. difficile.
Daily oral treatment with study drug (fidaxomicin or vancomycin) was given on days 2 through 6. Oral administration of NTCD-M3 was given on days 7
through 13. Fecal pellets were collected for culture and/or antibiotic level determination at the time points indicated by the arrows below the timeline.

days. Confirmation of NTCD-M3 was performed by REA typing of recovered C. difficile colonies from
selected cultures for each colonized hamster (18).

Fecal antimicrobial assays. Fecal pellets were also collected at intervals before, during and after an-
tibiotic treatment, and during and after NTCD-M3 administration for determination of vancomycin or
fidaxomicin and OP-1118 (the major metabolite of fidaxomicin) concentrations. The pellets were stored
at —70°C until processing. Pellets were subsequently thawed, and 50 mg suspended in dH,O and 1%
formic acid in methanol, homogenized, then spiked with an internal standard (methadone for fidaxomi-
cin and OP-1118; codeine for vancomycin). Following sample vortexing and centrifugation at 13,0009
for 10 min, 100 uL of supernatant was transferred into a well plate for analysis. Samples were prepared
and ran in duplicate by liquid chromatography/tandem mass spectrometry (LC/MS/MS) on a Shimadzu
UHPLC consisting of LC-30AD pumps, SIL-30ACMP autosampler and CBO-20A column oven connected
to a SCIEX 6500+ Qtrap QQQ LC/MS/MS detector. A Phenomenex Kinetex 2.6 um Biphenyl (50 x 2.1 mm)
column was used for analyte separation via a gradient consisting of 0.1% formic acid in water (A) and 0.1%
formic acid in methanol (B) according to the following program: 0.5 min 10% B, 2.0 min 25% B, 4.5 min
100% B, hold for 1 min, 5.51 min return to 10% B and hold for 2 min at this starting condition. A 3 stage
wash of 0.1% formic acid in water, 50% methanol in water, and 40:40:20 methanol:acetonitrile:IPA was
used with the autosampler needle and seat to avoid any compound carryover. MS source conditions were
fully optimized for maximum analyte sensitivity for all compounds with the transitions (2 per analyte, T1
and T2) given in Table 1. Samples from both assays were quantified on matrix matched curves for fidaxo-
micin, OP-1118, and vancomycin. The curves were generated by spiking fidaxomicin, OP-1118, and vanco-
mycin purified standards in quantities ranging from 0.1 ©g/g to 100 ng/g into hamster fecal material that
was collected prior to assay antibiotic treatment. Pooled high, mid, and low QC standards were created at
0.8 1g/g, 8 ng/g, and 80 ng/g concentrations, respectively, for the analytes of interest to confirm assay
performance and accuracy.

Statistical analysis. Groups of 10 hamsters were used to allow for detection of a significant decline
in colonization of 50% from that of the expected colonization rate which is 90% to 100% based on his-
torical experience (P = 0.03) (4-8).

TABLE 1 Mass spectrometry conditions® for determination of fecal antibiotic concentrations

Analyte Q1 (m/z) Q3 (m/z)
Vancomycin (T1) 724.900 144.000
Vancomycin (T2) 724.900 1143.500
Fidaxomicin (T1) 1079.500 847.600
Fidaxomicin (T2) 1079.500 617.200
Op1118(T1) 1009.500 777.500
Op1118-T2 1009.500 505.000
Codeine IS® (T1) 300.100 152.000
Methadone IS® (T1) 310.200 265.200

aMass transitions (in m/z) are shown for each compound run. Mass transitions are tandem MS (MS/MS) gas-phase
dissociation reactions wherein the ionized parent molecule is selected in the first quadrupole (Q1), subjected to
collisions with gas to affect molecule fragmentation and fragmentation products are chosen in the final
quadrupole (Q3). Two mass transitions are chosen: (1) Quantifier (T1) for quantitation via peak area and (2)
Qualifier (T2) for confirmation of the molecule and MS/MS experiment by comparing height ratios of T1 and T2.
bInternal standard.
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Normality of fecal pellet drug concentration and drug concentration difference between days 4, 7, and
10 were assessed using Shapiro-Wilk (19). Fecal drug concentrations were reported as median and inter-
quartile range. Fecal drug concentrations were compared between days by Wilcoxon Sign-Rank Test and
fecal OP-1118 concentrations between colonized and non-colonized hamsters were compared by Wilcoxon
Rank-Sum Test. All statistical analysis was completed using SAS statistical software v9.4 (SAS Institute).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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