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Background: Recipients of faecal microbiota transplantation (FMT) in treatment of recurrent Clostridium difficile
infection (RCDI) remain at markedly increased risk of re-infection with C. difficile with new antibiotic provocations.
Urinary tract infections (UTIs) are common indications for antibiotics in these patients, often resulting in C. diffi-
cile re-infection.

Methods: We present a case series of 19 patients treated with parenteral aminoglycosides for UTI following FMT
for RCDI. A 3 day outpatient regimen of once-daily intramuscular administration of gentamicin was used to treat
18 consecutive FMT recipients with uncomplicated UTI. One other patient was treated for a complicated UTI with
intravenous amikacin. Profiling of 16S rRNA genes was used to track changes in faecal microbial community
structure during this regimen in three patients.

Results: The protocol was highly effective in treating UTI symptoms. None of the patients suffered a re-infection
with C. difficile. The faecal microbial communities remained undisturbed by treatment with intramuscular ad-
ministration of gentamicin.

Conclusions: Despite falling out of favour in recent years, aminoglycoside antibiotics given parenterally have the
advantage of minimal penetration into the gut lumen. A brief (3 day) course of parenteral gentamicin was safe
and effective in curing UTI in patients at high risk of C. difficile infection without perturbing their gut microbiota.

Introduction

Antibiotic treatment of urinary tract infections (UTIs) is a common
trigger of Clostridium difficile infection (CDI) and both diseases com-
monly become recurrent, requiring multiple cycles of antibiotics.
The risk of CDI recurrence progressively rises with cumulative anti-
biotic exposure.! Recurrent UTIs constitute a formidable challenge
for such patients, as all oral antibiotics currently available to treat
UTIs are also associated with increased risk of triggering CDI.*>

A significant fraction of CDI patients develop a syndrome of re-
current cycles of C. difficile infections (RCDIs) that cannot be broken
with antibiotics alone.* Faecal microbiota transplantation (FMT), a
treatment that restores the normal microbial community structure
in the gut, has proven to be highly successful in preventing CDI re-
currence.” However, patients with the RCDI syndrome remain at a
very high risk (~25%) of re-infection with C. difficile following new
antibiotic provocations during the initial years following FMT.® Our
experience is consistent with that risk. Between 2008 and 2015 we

performed FMTs in ~300 patients in treatment of RCDI and regu-
larly encountered post-FMT re-infections with C. difficile following
uncomplicated UTI treatment with all commonly used oral antibi-
otics, including quinolones, penicillins, cephalosporins, macrolides,
sulfamethoxazole/trimethoprim, nitrofurantoin and fosfomycin.
Therefore, we sought an antibiotic treatment for UTIs in our FMT re-
cipients that would not disrupt the microbial communities in the
gut and would reduce the risk of re-infection with CDI.
Aminoglycoside antibiotics are particularly well suited for treat-
ment of most Gram-negative uropathogens because of their renal
elimination and high concentrations in the urine. In recent dec-
ades, however, their use has been largely abandoned and only oc-
casionally considered as initial parenteral treatment of severe
complicated UTIs and pyelonephritis.” Even in these cases, amino-
glycosides are typically discontinued after 48-72 h, once there is
evidence of clinical improvement and results of the urine cultures
with organism susceptibilities allow a switch to oral antibiotic
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therapy. Such short-term use of aminoglycosides minimizes con-
cerns about ototoxicity and nephrotoxicity associated with these
agents.

Aminoglycosides are not suitable as oral agents for treatment
of UTIs because of their poor intestinal absorption. In addition,
when given parenterally, aminoglycosides are not actively
excreted into bile and therefore have minimal penetration into the
gastrointestinal lumen.®? However, these characteristics make
them potentially attractive alternatives when preservation of the
gut microbiota is especially critical. Therefore, we established an
aminoglycoside-based outpatient UTI treatment protocol for our
RCDI patients that underwent FMT. Here we report the clinical out-
comes in the first 19 consecutive FMT recipient patients treated for
their UTIs with aminoglycosides. In addition, we tested whether
the treatment affected the integrity of gut microbiota in three pa-
tients by analysing bacterial composition in their pre- and post-
treatment faecal samples.

Methods

Patients

All patients in this study were recipients of FMT in treatment of RCDI at the
University of Minnesota. FMT in our programme is offered as rescue therapy
for patients who suffer at least two spontaneous recurrences of CDI follow-
ing the initial infection and fail at least one extended antibiotic regimen to
clear the infection. Extended antibiotic regimens include vancomycin pulse/
taper protocols or chaser protocols with rifaximin or fidaxomicin that total
at least 6 weeks. Detailed inclusion and exclusion criteria in our programme
were described previously.” One of these exclusion criteria is anticipated
antibiotic treatment for a non-CDI indication within 3 months, which in-
cludes patients with recurrent UTIs (two or more infections in 6 months or
three or more infections in 1 year). FMT was performed using either an
encapsulated oral preparation or colonoscopic delivery of microbiota. All
our FMT recipients were routinely informed about the high risk of C. difficile
re-infection associated with antibiotic treatments for any indications in the
initial years post-FMT. The problem of UTIs and availability of the aminogly-
coside treatment option were specifically highlighted. The aminoglycoside
regimen as well as oral antibiotic alternatives were discussed as options
with all patients who developed post-FMT UTI.

Ethics

Known and potential risks and benefits associated with antibiotic treat-
ments for UTI, oral and parenteral, were discussed in detail with each pa-
tient and informed consent for treatment and outcome data collection was
obtained. The study was approved by the University of Minnesota
Institutional Review Board (Protocol 0901M56962).

Aminoglycoside UTI treatment protocol

The outpatient treatment protocol for uncomplicated UTI included: (i) clin-
ical evaluation for the possibility of UTI and documentation of infection by
urinalysis and culture, preferably from a catheterized urine specimen; and
(i) gentamicin administered intramuscularly at 160 mgon day 1 (twoinjec-
tions in separate sites) and single 80 mg injections on days 2 and 3.
Intravenous infusion of gentamicin with the same dosing schedule could
be offered as an alternative. A different aminoglycoside antibiotic could be
offered in cases of gentamicin resistance based on culture susceptibility re-
sults. A pharmacist was consulted for dosage adjustment if a patient had
an estimated glomerular filtration rate <40mL/min/1.73 m?. In cases of
complicated UTI, we recommended hospitalization for extended intraven-
ous antibiotic treatment with careful drug level monitoring.

Collection of faecal samples

Faecal samples were collected by patients into sterile containers just prior
to initiation of UTI treatment (day 0), at its completion (~days 3-4) and
~1 week after initiation (~days 6-8). The samples were kept frozen until re-
trieval by the research assistant, transported on ice to the laboratory and
stored at —80 °C until used.

Analysis of the faecal microbiome

To characterize the bacterial community, DNA was extracted from 250-
300 mg faecal samples, using the MoBio PowerSoil DNA isolation kit (MoBio
Laboratories, Inc., Carlsbad, CA, USA). The V5-V6 hypervariable regions of
the 16S rRNA gene were amplified using the BSF784/1065R primer set and
paired-end sequenced at the University of Minnesota Genomics Center to a
read length of 300 nt.'® Raw sequence data were deposited in the NCBI
Sequence Read Archive (SRA) under BioProject accession number
SRPO77993. Sequence processing and analysis were performed using
mothur software (version 1.34.0).*! Sequences were paired-end joined and
trimmed for quality as described previously.'? High-quality sequences were
aligned against the SILVA database (version 119) and subjected to a 2%
pre-clustering step, and chimeras were removed using UCHIME.}*~°
Operational taxonomic units (OTUs) were assigned at the 97% similarity
level using the furthest-neighbour algorithm and taxonomic classification
was performed against the Ribosomal Database Project classifier (version
14).® For unbiased group compatrisons, samples were rarefied by random
subsample to 65 450 sequences per sample.*’

Bacterial communities from UTI patient samples were also evaluated
against those in faecal samples of 26 FMT patients (28 pre-FMT and 21
post-FMT samples), collected >1 month following FMT, as well as a series
of three samples from one patient treated with piperacillin/tazobactam for
a complicated UTI within days of her FMT. In addition, to compare normal
fluctuations within an individual, the UTI patient communities were com-
pared with faecal samples from five healthy FMT donors collected during
the same range (7-8 days). FMT patient sample data were processed as
described above with rarefaction to 11500 reads for comparison and
raw data were deposited in the SRA under BioProject accession
numbers SRPO70464 and SRP064361 for patients and healthy individuals,
respectively.

The o diversity was measured using the Shannon index and the abun-
dance-based coverage estimate (ACE) for richness was calculated using
mothur, and ANOVA analysis was performed using XLSTAT (version
2015.1.01) software (Addinsoft, Belmont, MA, USA). Ordination by principal
coordinate analysis of Bray-Curtis dissimilarity matrices and comparison of
B diversity using analysis of similarity (ANOSIM) were also performed in
mothur.'®? Variance partitioning was performed using constrained redun-
dancy analyses, as described previously.?°

Results

Efficacy of the 3 day outpatient UTI treatment protocol

We offered parenteral aminoglycoside treatment to 20 consecu-
tive recipients of FMTs for RCDI syndrome who developed UTI after
the FMT procedure within our programme. One patient with renal
insufficiency declined the option because of her concern about
nephrotoxicity; she was uneventfully treated with sulfamethoxa-
zole/trimethoprim for her UTL. All other patients preferred the ami-
noglycoside regimen. The majority (18/19) of patients had
uncomplicated UTIs. Not unexpectedly, all patients were female
(Table 1). The median time of the first UTI episode from their FMT
was 2 months. Three patients had more than one UTI episode
during the post-FMT follow-up. All uncomplicated UTIs were suc-
cessfully treated with gentamicin and had prompt resolution of
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Table 1. Clinical patient characteristics

Age

Interval between FMT
and treatment of first

Interval between FMT and
subsequent treatments for

Patient  (years) Sex UTI (months) recurrent UTI (months) Uropathogen Antibiotic resistance
1 35 female 1 2,12,17 Escherichia coli ampicillin, trimethoprim/
sulfamethoxazole
2 58 female 23 Escherichia coli and
Klebsiella
pneumoniae
3¢ 73 female 2 Klebsiella pneumoniae ampicillin and nitrofurantoin
49 66 female 18 Escherichia coli
5 78 female 1.5 12,13 Escherichia coli ampicillin
75 female 2 Escherichia coli ampicillin, trimethoprim/
sulfamethoxazole,
piperacillin
7 80 female 0.25 Klebsiella pneumoniae nitrofurantoin
8b 77 female 4 6,9 Proteus mirabilis and ampicillin, cefazolin, cipro-
Pseudomonas floxacin, gentamicin, levo-
aeruginosa floxacin, nitrofurantoin,
tobramycin, trimethoprim/
sulfamethoxazole
9 53 female 2 Escherichia coli NA
10 82 female 6 Klebsiella pneumoniae ampicillin, nitrofurantoin
11 34 female 2 5 Escherichia coli and ampicillin
Klebsiella
pneumoniae
12 34 female 4 Escherichia coli
13 60 female 2 Klebsiella oxytoca ampicillin, cefazolin,
nitrofurantoin
14 62 female 11 NA (lost specimen)
15 50 female 32 B-haemolytic ND
Streptococcus
16 29 female 5 Klebsiella oxytoca ampicillin
17 33 female 0.5 Escherichia coli ampicillin
18 58 female 2 Escherichia coli ampicillin, ampicillin/
sulbactam
19 49 female 2 Klebsiella pneumoniae ampicillin, nitrofurantoin

NA, not available; ND, not done.

“Faecal samples collected from these three patients underwent faecal microbiome analysis by 16S rRNA gene profiling in the course of gentamicin

treatment.

®This patient had a complicated UTI post-FMT and was initially treated with piperacillin/tazobactam (faecal samples collected with this treatment)

and subsequently was treated with amikacin.

their urinary symptoms. None of the patients had recurrence
of CDI.

One patient in this series had a complicated UTI with genta-
micin-resistant Proteus mirabilis and Pseudomonas aeruginosa.
This patient had a history of nephrolithiasis and urinary stents
placed torelieve ureteral stenosis caused by prior radiation treat-
ment of endometrial cancer. She had a history of frequent UTIs
prior to FMT, but at the time of initial evaluation she had not had
a UTI episode for over 3 months, having been placed by her in-
fectious disease physician on a regimen of methenamine hippur-
ate and ascorbic acid. Two days after her FMT she had a urinary
stent exchange and was given piperacillin/tazobactam during
the procedure. She relapsed with CDI within a week. As she was

participating in the faecal analysis study, she provided samples
during this sequence of events. Ultimately she received another
FMT after treatment with fidaxomicin, which was chosen due to
persistent diarrhoeal symptoms with a positive test for C. difficile
toxin B by PCR while on vancomycin. Four months after her se-
cond FMT she developed another UTI, for which she was hospi-
talized at the University of Minnesota hospital and treated with
amikacin dosed every 24 h in consultation with the hospital
pharmacist based on her renal function. She was discharged
after 3 days of treatment with amikacin without further antibi-
otics. Subsequently, over a period of 8 months she developed
two more episodes of UTIs, both of which were treated unevent-
fully with amikacin at her local hospital.
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Table 2. o diversity indices (mean + SEM) for patient samples collected on three dates

Patient no. Coverage (%) Number of OTUs observed Shannon ACE
1 99.5+ 0.1 733 + 42 4.30 + 0.04 1893 + 344
2 99.8 + 0.0 356 + 27 3.08 +0.25 817 + 89
3 99.6 £ 0.0 583 + 42 4.02 +0.08 1613 + 310
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Figure 1. Principal coordinate analysis (PCoA) of faecal samples. (a) Three individual post-FMT patients treated with gentamicin. Each patient submit-
ted three samples, one before gentamicin and two during or after treatment. (b) The same samples (as in a) from the three patients are shown within

the principal coordinate analysis that contains pre-FMT (red crosses) and

post-FMT (grey circles) faecal samples from patients who did not get any

new antibiotics after FMT and one patient who received piperacillin/tazobactam shortly after her FMT (blue crosses). (c) The same samples (as in a)
from the three patients are shown within the principal coordinate analysis that contains pre-FMT faecal samples (red crosses) and healthy donors
(grey circles). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Adverse events

The intramuscular injection regimen was well tolerated by patients.
One patient (Patient 5, Table 1) had two UTIs within a month and de-
veloped tenderness at the gentamicin injection sites over the gluteal
muscles. This was treated with warm packs and a 1 week course of
ibuprofen. Her intramuscular injections of gentamicin were changed
to intravenous infusions, following the same dosing regimen.

Gut bacterial community structure during UTI treatment

In order to test our presumption that parenteral administration
does not disrupt the gut microbial communities, we analysed fae-
cal microbiota composition in three patients (indicated with “ in

Table 1) in the course of their UTI treatment with gentamicin.
Although there was some variability in o diversity between individ-
uals (Table 2), it was not statistically affected by this UTI treatment
(P=0.810and 0.744 for Shannon and ACE indices, respectively).
Ordination of samples by principal coordinate analysis
(Figure 1a) revealed separation of samples by patient, and B diver-
sity (community composition) was also significantly different be-
tween patients (P=0.003). Administration of gentamicin did not
result in substantial shifts in faecal bacterial composition since pre-
gentamicin and post-gentamicin samples from individual patients
clustered together. When compared against the bacterial com-
munities of FMT patients, UTI patient samples (pre- and post-
gentamicin) fell within the normal range of other post-FMT patient
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Figure 2. Taxonomic analysis of the faecal microbiota from gentamicin-treated UTI patients at phylum (a) and family (b) levels. This figure appears
in colour in the online version of JAC and in black and white in the print version of JAC.

samples (Figure 1b), although Patient 2 samples were near the
border between pre-FMT and post-FMT patient samples. A similar
pattern was seen when comparing UTI patient samples (pre- and
post-gentamicin) against the bacterial communities of healthy
FMT donors (Figure 1c). The samples of the post-FMT patient
treated for her complicated UTI with piperacillin/tazobactam clus-
tered together with pre-FMT patient samples (Figure 1b and c).

Variance partitioning of differences in relative abundances of
phyla among samples revealed that the difference between pa-
tients accounted for 71.6% of the variation, while time alone ac-
counted for 28.4%. The taxonomic composition of bacteria at the
phylum and family levels in faecal samples remained relatively
constant throughout the observation period in Patients 1 and 3,
but showed greater fluctuation in Patient 2 (Figure 2). The domin-
ant distal gut phyla, Bacteroidetes and Firmicutes, remained intact
in all patients, although in Patient 2 there was prominent variabil-
ity in the content of Veillonellaceae and Enterobacteriaceae
(Figure 2b).

Discussion

While FMT is remarkably effective at treating RCDI and restores the
normal composition and functionality of gut microbiota, FMT
recipients continue to experience high risk of re-infection with
C. difficile in the initial months and years after the procedure fol-
lowing new antibiotic provocations.® Although the reasons for this
are not entirely clear, one potential factor is contamination of the
patient home environment by C. difficile spores.’* Such contamin-
ation is likely greatest in patients with multiply recurrent CDI who
require FMT as rescue therapy because of the long duration of their
struggle with CDI and episodic faecal incontinence experienced by
the majority of these patients during active infections.”
Treatments of UTIs are common triggers of CDI and both infec-
tions preferentially affect female patients.?>?* We were frustrated
with the problem of post-FMT re-infections with CDI following UTI
treatments in our programme and sought an effective solution
that would minimize perturbation of protective gut microbiota. We

introduced the parenteral aminoglycoside regimen into our clinical
programme after failure to find a safe oral antibiotic for UTIs.

Aminoglycosides were once commonly used to treat UTIs,
but were largely abandoned because of the associated risks of
nephrotoxicity and ototoxicity as well as the inconvenience
associated with parenteral administration.” Although amino-
glycosides are traditionally administered several times per day,
animal experiments and clinical studies demonstrate that
once-daily regimens are associated with lower toxicity without
loss of antibacterial efficacy.’* Less frequent dosing results in
less contact of the drug with the target host tissue binding sites
and enables a period of cellular processing of internalized ami-
noglycoside. Notably, the fall of the drug level below the MIC
during once-daily dosing does not impair its efficacy, possibly
due to the persistent antibiotic effect (PAE). Less frequent dos-
age also results in higher peak drug concentrations and longer
PAE.”> The once-daily dosing is also feasible in an outpatient
setting. Although our regimen involves three consecutive nurse
clinic visits, it was clearly preferable to our patients relative to
the risk of having another episode of CDI.

The investigation of the faecal bacterial composition during UTI
treatment in three patients from this series was consistent with
minimal penetration of the aminoglycoside antibiotic into the
colon microbial compartment. We have previously demonstrated
that FMT results in prompt normalization of faecal bacterial com-
munity structure configuration and subsequent compositional
fluctuation within this normal range.?® The same held true in this
study, with little evidence that intramuscular administration of
gentamicin impacted the gut microbiota in any way. In the case in
which piperacillin/tazobactam was administered shortly after FMT,
donor microbiota failed to engraft.

Illustrative of the challenge associated with antibiotic UTI treat-
ment after FMT, Patient 2 was a recipient of FMT in 2009 and de-
veloped a UTI 5 years later. The UTI was treated with ciprofloxacin,
which triggered a re-infection with C. difficile. The CDI became re-
current following vancomycin therapy and she ultimately under-
went another FMT. She then developed a new UTI 2 months later.
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Her post-FMT faecal microbiome composition was intermediate
between healthy and pre-FMT control samples. Interestingly, it
showed a spike in Enterobacteriaceae, a microbial family that
harbours the most common potential uropathogens, following
completion of gentamicin treatment. Most members of this family
are susceptible to aminoglycosides and the observed rise of
Enterobacteriaceae following treatment is consistent with min-
imal penetration of this antibiotic into the gut. Interestingly, we
have previously reported a patient, enrolled in a different study
tracking the composition of faecal microbiota after FMT, who de-
veloped a spike in the relative abundance of Enterobacteriaceae
prior to becoming symptomatic with a UTL.?” In the future it may
be interesting to explore the dynamics of gut microbial commun-
ities, especially among members of Enterobacteriaceae, in contri-
buting to recurrent UTI pathogenesis.

Our study has multiple limitations. It is an uncontrolled case
series limited to one centre. We found resistance to gentamicin
only in one patient. Other geographical locations may harbour
greater prevalence of gentamicin resistance, although that typic-
ally does not translate into resistance to other members of the
aminoglycoside antibiotic class.?® The faecal microbiome studies
with gentamicin treatment were limited to three patients, al-
though the results were clearly consistent with minimal (if any) ef-
fects of parenteral gentamicin on gut microbiota, as expected
from the drug pharmacological properties. Microbiome studies, by
themselves, may also not be entirely reassuring and may require
supplementation with additional data. For example, while nitrofur-
antoin administration was shown to cause only relatively subtle
perturbation of the gut microbiome,?®> it is still associated with
increased risk of CDI.>

In conclusion, we report a practical outpatient treatment
regimen for uncomplicated UTIs that may be especially useful in
patients at great risk of CDI. Our experience thus far was limited
to patients treated previously with FMT for RCDI, which certainly
fit into that group. It is possible that this regimen may also be
useful for patients that are not anticipated to benefit from FMT
for RCDI due to frequent antibiotic treatments for recurrent UTIs.
In fact, in our programme anticipated antibiotic usage within
3 months, including an established syndrome of recurrent UTIs,
is a contraindication for FMT. The regimen described here might
be an option for such patients, although safety of this regimen
needs to be determined with respect to renal function and oto-
toxicity if it is to be used three or more times per year. Currently,
there are few antibiotic options that can selectively target
pathogens and avoid disrupting the indigenous gut microbiota.
Yet gut microbiota play critical roles in protecting the host from
pathogens by providing colonization resistance. Therefore, sin-
gular focus on pathogens without consideration of the by-
stander effect that treatments may have on the gut microbiota
is short-sighted. The regimen described here is one option that
can be considered in specific clinical situations and worthy of fur-
ther multicentre clinical trials.
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