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ABSTRACT Vancomycin taper regimens are commonly used for the treatment of
recurrent Clostridium difficile infections. One rationale for tapering and pulsing of the
dose at the end of therapy is to reduce the selective pressure of vancomycin on the
indigenous intestinal microbiota. Here, we used a mouse model to test the hypoth-
esis that the indigenous microbiota that provide colonization resistance against
C. difficile and vancomycin-resistant enterococci (VRE) is repopulated during tapering
courses of vancomycin. Mice were treated orally with vancomycin daily for 10 days,
vancomycin in a tapering dose for 42 days, fidaxomicin for 10 days, or saline. To
assess colonization resistance, subsets of mice were challenged with 104 CFU of
C. difficile or VRE at multiple time points during and after completion of treatment.
The impact of the treatments on the microbiome was measured by cultures, real-
time PCR for selected anaerobic bacteria, and deep sequencing. Vancomycin taper-
treated mice developed alterations of the microbiota and disruption of colonization
resistance that was persistent 18 days after treatment. In contrast, mice treated with
a 10-day course of vancomycin exhibited recovery of the microbiota and of coloniza-
tion resistance by 15 days after treatment, and fidaxomicin-treated mice maintained
intact colonization resistance. These findings demonstrate that alteration of the in-
digenous microbiota responsible for colonization resistance to C. difficile and VRE
persist during and after completion of tapering courses of vancomycin.
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Ithough effective treatments are available for Clostridium difficile infection (CDI), as

many as 20 to 30% of patients who respond to initial treatment with vancomycin
or metronidazole develop recurrent CDI, usually within 1 to 4 weeks of completing
treatment (1). The risk of recurrent CDI is even higher in patients who have already had
one or more recurrences (1). Several mechanisms may contribute to recurrences of CDI.
First, the absence of an adequate immune response to C. difficile toxin is associated with
recurrence (2). Second, persistent detection of C. difficile in stool at the end of treatment
was associated with increased frequency of relapse of CDI (3). Finally, persistent
disruption of the indigenous colonic microbiota after completion of CDI treatment
predisposes to recurrence (4-10). Based on these mechanisms, strategies that provide
passive immunity to C. difficile toxin or that preserve or restore the microbiota have
been developed and have been effective in reducing recurrences (11-13).
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Although new approaches for management of recurrent CDI are promising, oral
vancomycin administered as a tapered and/or pulsed regimen remains the most
common treatment strategy for second or greater recurrences of CDI (14-16). These
regimens typically include a 10- to 14-day course of oral vancomycin at a dose of 125
mg four times per day, followed by a tapering dose over 2 weeks, followed by “pulsed”
dosing with 125 mg once every 2 or 3 days for 2 to 8 weeks (14-16). Standard
vancomycin regimens achieve persistent high concentrations in stool (1,000 to 2,000
1g/g stool) and cause marked disruption of the intestinal microbiota (4-9, 17). It has
been proposed that tapered and pulsed regimens might reduce the risk for recurrence
because the prolonged course provides more time for clearance of C. difficile and the
pulsed dosing results in lower vancomycin concentrations and antibiotic-free periods
that may allow restoration of the indigenous microbiota (3). Given that vancomycin has
relatively limited activity against many Gram-negative anaerobes (e.g., Bacteroides
fragilis group [MIC,, of 128 wg/ml] and Prevotella spp. [MICy, of 256 ug/ml]) (18), it is
plausible that lower concentrations and antibiotic-free periods might allow recovery
during tapered and pulsed regimens. However, it is not known whether the adminis-
tration of vancomycin in a tapered and pulsed regimen does allow recovery of the
microbiota. In addition, no randomized trials have been reported that compared
recurrence in CDI patients receiving vancomycin taper and pulse regimens versus
standard vancomycin regimens. In a retrospective analysis of patients participating in
the placebo arm of a randomized trial of Saccharomyces boulardii for prevention of CDI
recurrence, tapered and pulsed vancomycin regimens had significantly fewer recur-
rences than one of the three standard vancomycin regimens (1 g/day vancomycin) (3).
However, in a recent propensity score-matched analysis, vancomycin taper regimens
did not provide benefit over vancomycin regimens without taper in preventing addi-
tional CDI recurrence in patients with a first or second recurrence of CDI (19).

Here, we used a mouse model to test the hypothesis that the intestinal microbiota
that provide colonization resistance to C. difficile recover when vancomycin is admin-
istered as a tapered and pulsed regimen. For comparison, we evaluated the impact of
treatment with a 10-day course of vancomycin or fidaxomicin. Fidaxomicin was chosen
as a comparator because it is a treatment option for patients with recurrent CDI that has
been shown to cause less adverse impact on the indigenous intestinal microbiota than
standard regimens of vancomycin (5, 20).

RESULTS

Concentrations of vancomycin in stool. Figure 1 shows concentrations of vanco-
mycin in stool of mice treated with a 10-day course of vancomycin, followed by the
tapered and pulsed vancomycin regimen. The mean concentrations of vancomycin on
days 10 and 13 of treatment were 183 and 350 ug/g of stool, respectively. During the
pulse phase of the vancomycin taper, vancomycin was present at 161 to 380 ug/g of
stool 24 h after each dose, but was undetectable at 2 to 3 days after dosing.

Colonization resistance to C. difficile and VRE. Figure 2 shows the effects of
antibiotic treatment on colonization resistance to C. difficile (Fig. 2A) and VRE (Fig. 2B).
Saline controls did not develop a greater than 1 log increase in concentration of either
pathogen with any challenge. The fidaxomicin-treated mice maintained intact coloni-
zation resistance to both pathogens. Mice receiving the 10-day course of vancomycin
developed loss of colonization resistance to VRE and C. difficile, at day 13 (3 days after
the last vancomycin dose), but colonization resistance was intact on days 25, 45, and 60.
The vancomycin taper and pulse-treated mice developed loss of colonization resistance
to VRE on days 13, 25, 45, and 60 and to C. difficile on days 25, 45, and 60.

Effect of the antibiotics on indigenous facultative Gram-negative bacilli by
culture. In addition to increasing susceptibility to colonization by exogenous micro-
organisms, antibiotic-induced alteration of colonization resistance results in over-
growth of indigenous components of the intestinal microbiota that are resistant to the
administered antibiotics (21). Because vancomycin and fidaxomicin do not have sig-
nificant activity against indigenous facultative Gram-negative bacilli, we measured
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FIG 1 Concentrations of vancomycin in stool of mice treated with a 10-day course of vancomycin,
followed by the tapered and pulsed vancomycin regimen. Mean concentrations of vancomycin (n = 5
mice) are shown at each time point. The bars show the vancomycin dose in mg per day. Error bars show
the standard errors.

concentrations of this component of the microbiota as a secondary measure of whether
colonization resistance was intact. Figure 3 shows the effect of antibiotic treatment on
the concentrations of facultative Gram-negative bacilli by culture. In comparison to
saline controls, fidaxomicin did not promote overgrowth of Gram-negative bacilli (P =
0.88), whereas oral vancomycin for 10 days promoted significant overgrowth on days
5,10, and 13 (P < 0.01), but not on days 18, 25, 45, and 60 (P = 0.08). In comparison
to controls, mice treated with the vancomycin taper and pulse developed significant
overgrowth of Gram-negative bacilli that persisted through day 60 (18 days after the
last dose of vancomycin) (P < 0.01). All Gram-negative bacilli recovered from the
highest plated dilution were lactose-fermenting organisms and all 10 isolates subjected
to identification were Escherichia coli.

Effect of antibiotic treatment on the indigenous microbiota by real-time PCR
and deep-sequencing analysis. In comparison to saline controls, vancomycin treat-
ment for 10 days significantly reduced the concentrations of Bacteroides spp. and
Prevotella spp. detected by real-time PCR on days 10 and 13 (P < 0.01), but not on day
25 (P = 0.8) (Fig. 4); the vancomycin taper and pulse regimen resulted in significant
reductions in each of the anaerobes that persisted through day 60 (P < 0.01). Fidax-
omicin did not cause significant reductions in either of the anaerobic species tested by
PCR (P > 0.05).

Figure 5 shows the relative proportions of the different taxa in the treatment groups
before, during, and after treatment based on deep-sequencing analysis. We chose to
present the analysis at phylum level due to inability to obtain sufficient resolution at
lower taxonomic levels. Prior to treatment (day 0), each of the groups had similar
distributions of the bacterial groups with >50% Bacteroidetes, 27 to 34% Firmicutes, and
<10% Proteobacteria. For the vancomycin group, the proportion of Proteobacteria
increased on day 10, while Bacteroidetes and Firmicutes were suppressed; by day 25, the
relative proportions of the bacterial groups returned to pretreatment levels. For the
vancomycin taper group, the proportion of Proteobacteria increased on day 10, while
Bacteroidetes and Firmicutes were suppressed. However, in contrast to the vancomycin
group, Bacteroidetes remained suppressed in the vancomycin taper group through day
45, and Proteobacteria and Firmicutes were suppressed through day 25. Fidaxomicin
treatment did not cause significant alteration of the microbiota.

Using permutation-based multivariate analysis of variance of the Bray-Curtis dissim-
ilarity matrix to test effects of treatment and time from baseline, significant differences
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FIG 2 Effect of antibiotic treatment on in vivo colonization resistance to Clostridium difficile (A) and vancomycin-resistant enterococci
(VRE) (B). Mice received oral antibiotic treatment or sterile water (control) for the durations shown, and subgroups (five per group) were
challenged by gastric gavage with 10,000 CFU of C. difficile spores or VRE on days 13, 25, 45, and 60 after the initial antibiotic dose.
Treatment days indicate days after the start of antibiotic treatment. Error bars show standard error. *, inoculation of C. difficile spores
or VRE.

across treatment groups were detected (P = 0.01). There was not a significant effect of
days from baseline or an interaction between days and treatment. The Shannon
diversity index of each sample was calculated at the phylum level. Although variability
in diversity increased over time, there were no differences in mean diversity indices for
time or treatment.
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FIG 3 Effect of antibiotic treatment on the concentrations of facultative Gram-negative bacilli in stool by
culture. Mice received oral vancomycin for 10 days, vancomycin taper and pulsed regimen for 42 days,

fidaxomicin for 10 days, or sterile water (control). Results for five mice from each treatment group are
shown at each time point. Error bars show the standard errors. *, P < 0.05.

DISCUSSION

Several studies have demonstrated that oral vancomycin treatment causes profound
disruption of the intestinal microbiota of humans and mice that may persist for days to
weeks after discontinuation of treatment (4-9). This disruption of the microbiota results
in loss of colonization resistance to C. difficile and other pathogens, including VRE and
multidrug-resistant Gram-negative bacilli (7-10). Our findings expand upon these
previous studies by demonstrating that disruption of the intestinal microbiota that
provide colonization resistance to C. difficile and VRE does not recover when a 10-day
course of oral vancomycin is followed by a tapered and pulsed regimen. Moreover,
alteration of the microbiota and of colonization resistance persisted for at least 18 days
after completion of the taper. In contrast, colonization resistance recovered by 15 days
after completion of a 10-day course of oral vancomycin and was not affected by
fidaxomicin.

Our results have several important implications for the management of recurrent
CDI. First, patients receiving vancomycin tapers may be at high risk for recurrence if
they are exposed to spores after the taper or if small numbers of spores persist in
intestinal tract during the taper. Administering a relatively long taper could potentially
be beneficial to provide sufficient time to eliminate residual spores from the intestinal
tract. However, Sirbu et al. (15) reported similar cure rates in patients receiving
vancomycin taper regimens of <10 and >10 weeks in total duration. Efforts to
minimize the risk for reexposure to spores after the taper may also be beneficial (e.g.,
environmental disinfection and patient hand hygiene and bathing). Second, because
fidaxomicin did not alter colonization resistance, further studies are needed to deter-
mine the efficacy of this agent in patients with second or greater recurrences of CDI. In
a small case series, administration of fidaxomicin as a chaser or taper was effective in
treating patients with multiple recurrences of CDI (21). In addition, an extended and
pulsed regimen of fidaxomicin was more effective than a standard vancomycin course
in achieving sustained clinical cure in CDI patients (22). Finally, in current vancomycin
taper and pulse regimens, vancomycin is administered at a dose of 125 mg which
resulted in transient high levels of vancomycin above the MICy, of many Gram-negative
anaerobes in stool of mice during the pulse phase of treatment (18). It is possible that
lower doses of vancomycin might be sufficient to maintain suppression of C. difficile
while allowing some components of the indigenous anaerobic microbiota to recover.

Our study has some limitations. First, findings in healthy mice may differ from
findings in humans given differences in diet, microbiota, and intestinal transit time.

May 2018 Volume 62 Issue 5 e02237-17

Antimicrobial Agents and Chemotherapy

aac.asm.org 5


http://aac.asm.org

Tomas et al. Antimicrobial Agents and Chemotherapy

™

[y
[

[y
o

Log,,CFU Bacteroides spp. per gram stool
~J

0 10 20 30 40 50 60 70
Days after start of antibiotic treatment

B u

Log,, CFU Prevotella spp. per gram stool

0 10 20 30 40 50 60 70

Days after start of antibiotic treatment

—e—Vancomycin taper -e—Vancomycin —*—Fidaxomicin —e—Control

FIG 4 Effect of antibiotic treatment on the concentrations of Bacteroides spp. (A) and Prevotella spp. (B) in the stool specimens of mice
as determined by real-time PCR. Results for five mice from each treatment group are shown at each time point. Error bars represent the
standard errors. *, P < 0.05.

However, previous studies have demonstrated similar results for mice and patients
treated with standard doses of vancomycin (4-10). In addition, tapering vancomycin
regimens also resulted in a prolonged deleterious effect on the indigenous microbiota
in an in vitro human gut model (23). Second, it is possible that patients may vary in the
ability of their microbiota to recover during a vancomycin taper. Third, we only studied
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FIG 5 Comparison of stool microbiota of mice (n = 3 per group at each time point) by 16S deep-
sequencing analysis before, during, and after treatment with oral vancomycin for 10 days, vancomycin
taper and pulsed regimen for 42 days, fidaxomicin for 10 days, or sterile water (control). The relative
abundances of the major bacterial phyla are shown at each time point.

one strain each of C. difficile and VRE. We have previously shown that other VRE and C.
difficile strains give similar results in our mouse model (6, 8, 9; unpublished data).
Fourth, we studied a 6-week taper and pulsed regimen and cannot exclude the
possibility that longer tapers might allow more recovery of the microbiota. Fifth, the
dose of fidaxomicin was lower than the vancomycin dose and resulted in lower peak
concentrations in stool. However, we have previously demonstrated that a higher
fidaxomicin dose (75 mg/kg) also does not alter colonization resistance in mice (9).
Sixth, we measured vancomycin concentrations in stool specimens and cannot exclude
the possibility that levels differ substantially in the intestinal tract. Finally, factors
independent of the recovery of the microbiota may impact the likelihood that tapered
and pulsed vancomycin regimens may result in the clinical cure of CDI.

In summary, we found that a vancomycin tapered and pulsed regimen caused
persistent disruption of the intestinal microbiota that provide colonization resistance to
C. difficile and VRE in mice. Future studies are needed to examine the impact of
vancomycin tapered and pulsed regimens in patients. In addition, there is a need to
identify treatment strategies that allow the indigenous microbiota of patients with
multiple recurrences to recover during therapy.

MATERIALS AND METHODS

Pathogens studied. E. faecium C68 is a previously described VanB-type clinical VRE isolate (8, 9). For
€68, the MICs of vancomycin and fidaxomicin are 0.5 and 1 pg/ml, respectively. VA17 is an epidemic
North American pulsed-field gel electrophoresis type 1 (NAP1) C. difficile strain. For VA17, the MICs of
vancomycin and fidaxomicin are 0.25 and 0.125 ug/ml, respectively. C. difficile spores were prepared as
previously described (24).

Bioassay for antibiotic concentrations. The concentration of vancomycin in stool was determined
by an agar diffusion assay with Clostridium perfringens as the indicator strain (6).

Quantification of stool pathogens. VRE and C. difficile concentrations in stool specimens were
quantified as described elsewhere (6, 8, 9). Stool specimens were emulsified in 5-fold (wt/vol) prereduced
phosphate-buffered saline. To quantify VRE and C. difficile, serially diluted aliquots were inoculated onto
Enterococcosel agar (Becton Dickinson, Cockeysville, MD) containing vancomycin 20 ug/ml and prer-
educed cycloserine-cefoxitin-brucella agar containing 0.1% taurocholic acid and 5 mg/ml lysozyme (C.
difficile brucella agar), respectively. The number of CFU of each pathogen per gram of sample was
calculated.

Antibiotic dose and duration. The doses of the antibiotics were fidaxomicin (30 mg/kg/day or 0.9
mg/day) for 10 days, vancomycin (37.5 mg/kg/day or 1.125 mg/day) for 10 days, and vancomycin
administered as a taper and pulsed regimen for 42 days (37.5 mg/kg/day for 10 days, 18.75 mg/kg/day
for 7 days, 9.38 mg/kg/day for 7 days, 9.38 mg/kg/day every other day for three doses, and 9.38
mg/kg/day every 3 days for three doses). The dose of vancomycin was based on dose-finding experi-
ments that demonstrated that maximal fecal peak levels were 1,370 ug/g of stool at 4 to 8 h postdosing,
providing levels within the range measured in stool of humans receiving oral vancomycin (i.e., 500 to
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2,000 pg/g of stool) (8). The dose of fidaxomicin was 80% of the dose of vancomycin because the human
dose of fidaxomicin is 80% of the daily dose of vancomycin (i.e., 400 mg versus 500 mg per day). Previous
dose-finding experiments demonstrated that this fidaxomicin dose resulted in a measured maximal peak
fecal concentration of 920 ug/g of stool of fidaxomicin+OP-1118 (9).

Effect of antibiotic treatment on colonization resistance to C. difficile and VRE. The Animal Care
Committee of the Cleveland Veterans Affairs Medical Center approved the experimental protocol. Female
CF-1 outbred white mice (100 total, including 25 in each antibiotic group and 25 controls) weighing ~30
g (Harlan Sprague-Dawley, Indianapolis, IN) were housed in individual cages. The antibiotics were
administered once daily on Bacon Yummie food treats (Bio-Serve, Prospect, CT); 10 ul of solution
containing the antibiotic dose was pipetted onto the food treat and allowed to air dry prior to placement
in the cage bottom for consumption. Control mice received food treats inoculated with 10 ul of sterile
water for 10 days. For all experiments, cages were changed daily during and after treatment to reduce
reexposure to contaminated bedding and cage material.

To assess the effects of antibiotic exposure on colonization resistance, subgroups of mice in each
treatment group were challenged at baseline and during or after the treatment courses with 104 CFU
of VA 17 C. difficile spores (n = 5 mice at each time point) or VRE C68 (n = 5 mice at each time point)
in 0.2 ml of sterile water by oral gavage. The subgroups of mice were challenged on days 13 (3 days
after completion of the 10-day course of fidaxomicin or vancomycin), 25 (15 days after completion
of the 10-day treatment course and 1 day after a 9.38-mg dose in the vancomycin taper group), 45
(35 days after the 10-day course and 3 days after completion of the vancomycin taper), and 60 (18
days after completion of the vancomycin taper) after the first antibiotic dose. Concentrations of C.
difficile or VRE were measured in stool specimens collected before and on days 1, 3, and 5 after
challenge with the pathogens. Loss of colonization resistance due to antibiotic treatment was
defined as an increase in stool concentration of the pathogens of greater than 1 log,, CFU in
comparison to saline controls.

Effect of the antibiotics on the intestinal microbiota. Stool samples collected at baseline and on
days 13, 25, 45, and 60 after the first antibiotic dose were used to determine the effect of the antibiotics
on the microbiota. Quantitative cultures for facultative and aerobic Gram-negative bacilli were per-
formed for five mice per group at each time point by plating serially diluted specimens onto MacConkey
agar (Difco Laboratories, Detroit, MI). Organisms recovered on MacConkey agar were characterized as
lactose-fermenting or non-lactose-fermenting Gram-negative bacilli, and for a subset of 10 plates a
colony growing at the highest dilution was subjected to identification using standard methods.

Real-time PCR was used to monitor the effect of antibiotic treatment on the concentration of
Bacteroides spp. and Prevotella spp. for five mice per group at each time point as previously described
(8). Purified template DNA from Bacteroides fragilis (American Type Culture Collection [ATCC] 25825) and
Prevotella oris (ATCC 33573) was used for melting-curve analysis and to generate standard curves for each
primer set using 10-fold serial dilutions of DNA ranging from 10 to 10~ ng. The PCR results were used
to calculate CFU per gram of stool as described by Louie et al. (5).

Microbiome analysis was completed for three mice per group at each time point by deep-sequencing
bacterial 16S rRNA gene amplicons (25). Briefly, DNA was extracted from ~200 mg of feces using the
QlAamp DNA stool minikit (Qiagen, Frederick, MD) according to the manufacturer’s instructions with lysis
conditions optimized to increase the ratio of nonhuman to human DNA. The V3-V4 region of the bacterial
16S rRNA gene, defined as the most promising bacterial primer pair for deep-sequencing-based diversity
(25), was PCR amplified, and single amplicons of ~460 bp were visualized by electrophoresis in 1%
agarose gels and cleaned up using AMPure XP beads (Agencourt AMPure XP). Dual indices (barcodes)
and lllumina sequencing adapters were added to the amplicons using the Nextera XT Index kit (Illumina,
Inc., San Diego, CA), followed by DNA purification (Agencourt AMPure XP). Individual barcoded DNA
samples were then quantified (Qubit 2.0; Thermo Fisher Scientific), normalized, and pooled. Multiplexed
libraries, including 5% PhiX as an internal control, were diluted to 20 pM and denatured with NaOH prior
to sequencing on the MiSeq system (lllumina) using the MiSeq reagent Kit v3 600 cycle (2 X 300 bp;
Illlumina). All 66 samples were multiplexed into a single Miseq sequencing run, generating over 52.9
million quality reads, distributed homogenously among all samples (mean, 441,790 reads; interquartile
range, 369,237 to 520,492 reads).

Indexed reads were demultiplexed to generate sample-specific fastq files, which were mapped and
aligned against a set of 16S rRNA reference sequences, allowing taxonomic classification based on an
lllumina-curated version of the Greengenes database (http://greengenes.Ibl.gov/) using the 16S Metag-
enomics app v.1.0.1 (Illumina, Inc.). The algorithm is a high-performance implementation of the Ribo-
somal Database Project as previously described (26). The total number of reads that passed quality
filtering were clustered into operational taxonomic units (OTU) using a 97% similarity threshold. OTU
with a number of sequences lower than 0.005% of the total number of sequences generated were
discarded, and those remaining were summarized to get taxonomies.

Statistical analysis. One-way analysis of variance was performed to compare concentrations of
organisms among treatment groups. P values were adjusted for multiple comparisons using the Scheffe
correction. Relative abundance by phylum was calculated for each mouse sample. Abundance data were
further aggregated across mice by treatment and day, and bar plot representations were generated to
show the top eight microbial groups at the phylum level for each treatment-day group. Analyses were
performed with R 3.4.3 (27) using the vegan package v2.4.
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