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s u m m a r y

Objectives: We evaluated the effect of fecal microbiota transplantation (FMT) on the clearance of carba
penemase-producing Enterobacterales (CPE) carriage.
Methods: We performed a prospective, multi-center study, conducted among patients who received a single 
dose of FMT from one of four healthy donors. The primary endpoint was complete clearance of CPE carriage 
two weeks after FMT with a secondary endpoint at three months. Shotgun metagenomic sequencing was 
performed to assess gut microbiota composition of donors and recipients before and after FMT.
Results: Twenty CPE-colonized patients were included in the study, where post-FMT 20% (n = 4/20) of 
patients met the primary endpoint and 40% (n = 8/20) of patients met the secondary endpoint. Kaplan- 
Meier curves between patients with FMT intervention and the control group (n = 82) revealed a similar rate 
of decolonization between groups. 

Microbiota composition analyses revealed that response to FMT was not donor-dependent. Responders 
had a significantly lower relative abundance of CPE species pre-FMT than non-responders, and 14 days post- 
FMT responders had significantly higher bacterial species richness and alpha diversity compared to non- 
responders (p  <  0.05). Responder fecal samples were also enriched in specific species, with significantly 
higher relative abundances of Faecalibacterium prausnitzii, Parabacteroides distasonis, Collinsella aerofaciens, 
Alistipes finegoldii and Blautia_A sp900066335 (q < 0.01) compared to non-responders.
Conclusion: FMT administration using the proposed regimen did not achieve statistical significance for 
complete CPE decolonization but was correlated with the relative abundance of specific bacterial taxa, 
including CPE species.

© 2024 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an 
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Gastrointestinal (GI) colonization with multidrug-resistant or
ganisms (MDROs) is a major risk factor for infection and mortality in 
high-risk patient populations.1–5 In 2015, The European Centre for 
Disease Prevention and Control (ECDC) reported that infections with 
MDROs accounted for approximately 33,000 hospital deaths in 
Europe.6 Additionally, in 2019, up to 1.27 million deaths were 
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attributable to antimicrobial resistance worldwide.7 Of particular 
concern are carbapenemase-producing Enterobacterales (CPE), 
which have been classified by the World Health Organization as one 
of the most critical antibiotic-resistant pathogen groups for which 
new therapies are urgently needed.8 The prevalence of CPE is in
creasing worldwide, and in France alone, for instance, the number of 
CPE cases increased from 248 to approximately 1704 (6-fold) from 
2012 to 2018.9 Likewise, a recent study conducted by the European 
Antimicrobial Resistance Surveillance Network (EARS-Net) revealed 
that the number of deaths attributable to carbapenem-resistant 
Enterobacterales in Europe increased by 4 to 6-fold between 2007 
and 2015, especially in countries such as Italy, Greece, and Romania 
where CPE are highly prevalent.6

MDRO colonization has been shown to increase the risk of in
fection by 14% in a median follow-up period of 30 days.10 Sponta
neous decolonization of CPE is slow, ranging from 12% 
decolonization within 30 days in our hospital’s dedicated ward for 
CPE-colonized patients under reinforced isolation precautions,11and 
up to 25% decolonization after 30 days among healthcare re
sidents.12 As a result, decolonization strategies including selective 
digestive decontamination (SDD) and fecal microbiota transplanta
tion (FMT) have been implemented to accelerate MDRO decoloni
zation and reduce infection risk.13–16 While SDD against CPE 
significantly reduced infection risk following successful decoloni
zation, it was associated with the development of antibiotic re
sistance and colonization recurrence.13,14,17 These risks have limited 
the use of SDD for infection prevention and guidelines from the 
European Society for Clinical Microbiology and Infectious Diseases 
strongly recommend against the use of oral antibiotics for MDRO 
decolonization.18 As an alternative, FMT has been shown to be a 
safer and more effective strategy for decolonization of CPE and other 
MDROs, with efficacy rates ranging from 20–90%16 and a significant 
reduction in the number of MDRO infections following FMT 
treatment.19–21

Although several case reports have been published supporting 
the role of FMT in MDRO decolonization, our group reported the first 
case series (n = 8) where we showed that 2/6 CPE carriers decolo
nized 1 month after FMT.22 Due to its small size, our study lacked 
sufficient power to draw definitive conclusions, which led us to carry 
out a larger prospective multicenter FMT trial (FEDEX) with pre
liminary findings showing a CPE decolonization rate of 50%.23 Im
portantly, this result is concordant with another randomized 
controlled clinical trial published by Huttner et al. (n = 22).17 Here 
we report the final results of the FEDEX study in CPE-colonized 
immunocompromised patients and describe the impact of FMT on 
patient microbiota composition.

Materials and methods

Setting

FEDEX was a prospective multi-center study designed to evaluate 
the use of FMT for decolonization of CPE from the GI tract. The trial 
was conducted in three French university hospitals in Paris between 
January 2015 and December 2019. FMT administration was per
formed at Hôpital Raymond Poincaré, Garches, France.

Participants

Patients ≥18 years with confirmed CPE colonization and able to 
provide informed consent were included in the study. CPE coloni
zation was determined by at least three consecutive positive rectal 
swabs at weekly intervals, including the week prior to FMT. 
Exclusion criteria were immunosuppression (human im
munodeficiency virus with CD4 < 200/mm3), immunosuppressive 

therapy (including corticosteroids > 60 mg/day for more than five 
days, chemotherapy, stem cell transplantation under im
munosuppressant drugs and other inherited immunosuppressive 
disorder), antibiotic treatment at the time of FMT, previous infection 
with Clostridioides difficile treated with FMT, as well as individuals 
who were pregnant or breastfeeding, unable to provide informed 
consent, under tutorship or guardianship, homeless or without 
health insurance. Patients non-eligible for FMT intervention were 
assigned to the non-FMT cohort.

Data collection

The following data were collected from all study participants: 

– Patient characteristics: age, sex, comorbidities, Charlson 
Comorbidity Index at admission, hospitalization 6 months prior 
to enrollment, duration of carriage, and travel abroad.

– Episodes of infection caused by CPE.
– Antibiotic administration and duration of treatment a month 

prior to CPE screening.
– CPE species ID and mechanism of resistance.
– Biological abnormalities, including white blood cell count, CRP, 

and albumin at the time of FMT.
– Functional autonomy scale based on the iso-resource group (IRG), 

a need-of-care scale ranging from 1 (i.e., fully dependent/bed
ridden) to 6 (i.e., fully independent) as previously described in 
nursing homes.24

Donor screening and FMT preparation

Following French Health authorities’ recommendations de
scribed by Sokol et al.,25 potential donors were pre-screened using a 
standardized questionnaire regarding their age, body mass index, 
comorbidities, drug treatments, and previous travels. Blood and 
feces were tested for transmissible agents (e.g., Clostridioides difficile; 
Salmonella spp.; MDROs; Giardia lamblia; human immunodeficiency 
virus; hepatitis A, B and C virus; norovirus; cytomegalovirus; Pro
tozoa and helminths). Donors were rescreened on the day of dona
tion for any at-risk events and behaviors since the first screening 
visit. Four eligible male donors (Donors 1–4) were selected for the 
first part of the study, and a female donor (Donor 5) was used 
thereafter (starting from April 2019). All donors were < 40 years old. 
Fecal material was prepared aerobically by mixing 70–100 g of 
freshly discharged stool with 250 ml of 0.9% NaCl and 10% glycerol 
solution, aliquoted after sieving and centrifugation and preserved at 
−80 °C for 12 months.

Study procedure

Two days prior to FMT, patients were administered the lowest 
dose of a proton pump inhibitor (i.e., esomeprazole 20 mg) to neu
tralize stomach acid. No antibiotic pre-treatment was administered. 
The day before transplantation, patients received an oral laxative 
containing 2.4 g of senna extract (X-prep preparation). Immediately 
afterward, patient benefited from the insertion of a nasoduodenal 
tube to ensure the administration of FMT the following day. 
Approximately 12 h before the FMT procedure, a frozen aliquot of 
fecal material preparation was thawed at +2/+8 °C and divided into 
five 50-ml opaque syringes for administration via the nasoduodenal 
route. Prior to discharge, patients were closely monitored for 24 h 
following FMT and evaluated for potential adverse events, in parti
cular aspiration (pneumonia) and GI symptoms such as abdominal 
discomfort or vomiting.
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Microbiological methods

To assess CPE colonization, rectal swabs collected from each 
patient were cultured on selective media (CHROMID® CARBA SMART 
by bioMérieux, Marcy l′Etoile, France) and on Drigalski agar plates, a 
selective and differential medium used for the isolation of 
Enterobacterales and other non-fermenters from clinical specimens. 
When bacterial growth was observed, species identification was 
performed by MALDI-TOF mass spectrometry (MALDI Biotyper, 
Bruker Daltonique, Wissenbourg, France). CPE colonization was 
confirmed by taking another rectal swab prior to FMT and using 
rapid PCR testing for OXA-48, KPC, VIM, IMP-1, and NDM (PCR 
Xpert® CarbaR by Cepheid®, 81470 Maurens-Scopont, France). The 
presence of enzymes associated with antibiotic resistance was 
confirmed using a beta-lactam test for ESBL production (Laboratoire 
Biorad, 92430, Marnes-La-Coquette, France).

Outcomes measures

The main outcome measure was time to successful decoloniza
tion following FMT, as determined by at least two consecutive ne
gative rectal swabs (PCR and culture) with a 24-h interval on days 
7( ± 1), 14( ± 1), 21( ± 2), 28( ± 3) and 90( ± 7) following the procedure. 
Patients who remained negative for CPE over at least two con
secutive time points were considered decolonized. The primary 
endpoint for decolonization was set at day 14 post-FMT based on 
findings from animal decolonization studies.26,27 A secondary de
colonization endpoint was set at 3 months following the transplant.

Metagenomic analysis

Fecal samples were collected at baseline (pre-FMT) and at all 
timepoints post-FMT from 12 patients (out of 20) and their corre
sponding donors (3 out of 5), for a total of 68 samples. Stools were 
stored at −80 °C (to preserve DNA) in 2 different tubes: 1 aliquoting 
tube containing roughly 1 ml of fixative for shotgun sequencing 
purposes (OMNIgene GUT OMR-200, DNA Genotek Inc, Ottawa, ON, 
Canada) and a 15-ml conical tube containing 6 ml of 30% glycerol for 
bacterial preservation and pathogen quantification purposes. DNA 
was extracted from fecal samples for donor 1 and 2, and samples 
from 4 recipients, using the MoBio MagAttract DNA/RNA isolation kit 
with ClearMag particles on a KingFisher instrument. Library pre
paration was performed with Illumina’s Nextera XT protocol. For 
fecal samples of donor 5 and the 8 remaining recipients, DNA was 
extracted using the PowerSoil Pro DNA extraction kit automated for 
high throughput on the QiaCube HT using Powerbead Pro Plates with 
0.5 mm and 0.1 mm ceramic beads. Library preparation for these 
samples was performed with a procedure adapted from the Illumina 
DNA Prep kit. All prepared libraries were sequenced using an 
Illumina NextSeq instrument, with a median sequencing depth of 
approximately 27.9 million reads (IQR 22,268,980–35,096,830 
reads). K-mer-based taxonomic profiling of all metagenomes was 
performed using the One Codex web platform, and short-read 
taxonomic assignments made by One Codex were used for host-read 
removal.28 Normalized abundance of functional pathways was 
measured using HUMAnN 3.0. Of note, controls were not analyzed 
through metagenomics, as they were part of another study in rou
tine care and received no intervention.

Statistical analysis

Results are described as n (%) or median [interquartile range 
(IQR)]. Analysis of decolonization following FMT was performed 
using GraphPad Prism v.8.0.2 (GraphPad Software Inc., La Jolla, CA). A 
Kaplan-Meier analysis using the Log-rank (Mantel-Cox) test was 

used to plot rate of decolonization, and statistical tests were per
formed using the parametric Student’s t-test considering sample size 
(n  <  30) or log-rank (Mantel-Cox test) for survival curves. 
Microbiota analyses were performed using R v4.2.2 and visualized 
using ggplot2. The R package vegan v2.6.4 “diversity” and “vegdist” 
functions were used to calculate Shannon diversity and Bray-Curtis 
dissimilarity indices, respectively, and the “specnumber” function 
was used to calculate species richness. The functional pathways 
selected for tests of association with recipient CPE clearance at day 
14 were identified through principal component analysis (PCA) of all 
recipient samples and subsequent selection of the 5 pathways cor
responding to the strongest PCA loadings. Statistical tests were 
performed using the Wilcoxon Rank-Sum test with false discovery 
rate (FDR) adjustment. Taxon associations with response were cal
culated using MaAslin2 v1.12.0 with default parameters, which ran a 
log-transformed linear model and performed FDR adjustment.

Study approval

The FEDEX study was approved by The French National Agency 
for Medicines and Health Products Safety (ANSM; authorization 
N°140990A-41). The trial was registered under EudraCT No. 
2014–003048-11, and available on https://clinicaltrials.gov/
(NCT03029078). This study was conducted in accordance with the 
declaration of Helsinki and good clinical practice. Written informed 
consent for participation in this study was obtained from all study 
participants.

Data availability

In accordance with Vedanta Biosciences, raw stool metagenomics 
datasets and disaggregated clinical metadata from the FEDEX cohort 
have been have been deposited at the NCBI Sequence Read Archive 
(SRA) (https://www.ncbi.nlm.nih.gov/sra) under study ID 
PRJNA1121295 for controlled access. Data will be made available 
upon publication.

Results

Population characteristics

After initial screening a total of 29 patients participated in the 
FEDEX study, 9 of whom were colonized by vancomycin-resistant 
enterococci and were excluded from the present analysis (see 
Flowchart in Fig. 1). Thus, 20 participants were colonized with CPE at 
D0. For this sub-cohort of patients, the median age was 72.5 years 
(IQR 62.25–81.75), median Charlson Comorbidity index was 5 (IQR 
3.75–7), median albumin level was 29.0 g/L (IQR 25.25–31.25) and 
median GIR score was 4.5 (IQR 2–5.25). The colonizing CPE organ
isms included Klebsiella pneumoniae (n = 15), Escherichia coli (n = 9), 
Enterobacter cloacae (n = 1) and Citrobacter koseri (n = 1). A subset of 
these patients (n = 10; 50%) were co-colonized with multiple CPE 
organisms as well as ESBL-producing Enterobacterales. The median 
duration of carriage before FMT was 62.5 days (IQR 48.75–122.5). A 
summary of the patients’ baseline characteristics is shown in Table 1.

Decolonization following FMT

Fourteen days after FMT, 4 out of 20 patients (20%) tested negative 
for CPE and met the primary endpoint for the study. Thirty days post- 
FMT, 2 additional patients (30%) became negative for CPE followed by 
two others by day ninety, resulting in an overall CPE decolonization 
rate of 40% (8/20) three months post-transplant (secondary endpoint). 
The decolonization rate over time is shown as a percentage on a 
Kaplan-Meier curve between CPE cases in the FMT group versus 
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spontaneous CPE decolonization in our historical non-FMT cohort 11

(Fig. 2). Patients in the comparator arm (n = 82) had clinical profiles 
similar to patients in the FMT group (see supplementary Table) but 
were not considered for FMT either because they decided not to 
participate in the study or because they failed to meet the inclusion 
criteria, including medical transfer in our hospital for FMT interven
tion. Although the percentage of patients with CPE carriage decreased 
within the first 14 days after intervention, this difference was not 
statistically significant (p = 0.1) and was ultimately similar between 
the groups (p = 0.9, Fig. 2). Furthermore, there was no statistically 
significant difference in decolonization efficacy between the four FMT 

donors used in the first half of the study (n = 2/12) and the fifth FMT 
donor used thereafter (n = 2/8) (p = 0.99). It is worth noting that the 2 
responders in the second half of the study were also colonized with 
ESBL-producing Enterobacterales and had a history of recurrent ur
inary tract infection (UTI) caused by these organisms. They did not 
have any further UTI episodes for up to 12 months following the 
transplant. To the best of our knowledge, no patient in the control 
group had a previous medical history of recurrent UTI. Finally, there 
were no complications during the FMT procedure, and no serious 
adverse events were reported at follow-up, except for mild transient 
GI complaints (n = 4).

Fig. 1. STROBE Flowchart of the FEDEX study. Flowchart in accordance with the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) statement http:// 
www.strobestatement.org.

Table 1 
Descriptive factors that may have contributed to decolonization using FMT at 1 month. 

Variables Success (n = 6) Failure (n = 14) p-value

Characteristics at baseline
Age in years, median (IQR) 64.5 (59-71) 73.5 (70-83) 0.2
Hospitalization within previous 6 months, n (%) 5 (83) 12 (86) 0.9
Stay abroad, n (%) 3 (50) 10 (71) 0.6
Duration of carriage in days, median (IQR) 82.5 (61-115) 60 (46-119) 0.6
Previous antibiotic intake within the month, n (%) 4 (67) 10 (71) 0.9
- Duration of treatment in days, median (IQR) 2 (2-7) 7 (7-14) 0.5
Charlson Score, median (IQR) 5 (4-6) 5 (4-7) 0.5
GIR score, median (IQR) 3.5 (1.5-5.5) 5 (2.25-5) 0.6
Previously infected by an MDRO, n (%) 2 (33) 1 (7) 0.2
Biological abnormalities
WBC count per mm3, median (IQR) 10,600 (8775-11750) 8450 (6825-9175) 0.2
PMN count per mm3, median (IQR) 7170 (6645-8190) 5235 (3750-6152) 0.1
Lymphocytes count per mm3, median (IQR) 1670 (1147.5-1900) 1795 (1425-2387) 0.4
Monocytes count per mm3, median (IQR) 815 (597-1115) 660 (487.5-812) 0.4
CRP level in mg/L, median (IQR) 25.5 (8-56) 16.5 (9.5-41) 0.9
Albumin level in g/L, median (IQR) 30 (29-31) 26.5 (24-32) 0.7
Type of microorganismsa

E. coli, n (%) 4 (67) 5 (36) 0.3
K. pneumoniae, n (%) 4 (67) 11 (78) 0.6
E. cloacae, n (%) 1 (17) 0 0.3
Others, n (%) 0 1 (7) 0.9
Co-colonization, n (%) 4 (67) 6 (43) 0.6
Mechanism of resistance
OXA48-type, n (%) 6 (100) 11 (78) 0.5
NDM1-type, n (%) 0 3 (21) 0.5
ESBL-producing co-colonization, n (%) 4 (67) 6 (43) 0.6
Antimicrobial therapy after FMT
Antibiotic intake after FMT during follow-up, n (%) 1 (17) 5 (36) 0.6
- Duration of treatment in days, median (IQR) 7 (7-7) 7 (7-45) 0.7

a Total percentage was > 100% considering some patients carried 2 types of microorganisms.
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Microbiota analyses

Metagenomic sequencing was performed on fecal samples col
lected before and after FMT for 12 patients and their 3 corresponding 
donors. Fecal material derived from Donor 1, Donor 2, and Donor 5 
was used to treat one, three, and eight patients in this sub-cohort, 

respectively. Four of 12 patients (33%) met the primary endpoint for 
decolonization. We analyzed the gut microbiota composition and 
taxonomic diversity in responders and non-responders at baseline 
and 1 week, 2 weeks, 1 month, and 2–3 months after fecal trans
plantation. We found that the number of detected bacterial species, as 
measured by species richness, was significantly higher in responders 
than in non-responders 2 weeks and 1 month after FMT and was 
comparable to the bacterial richness observed in the donors (Fig. 3A). 
Consistent with these findings, the gut microbiota alpha diversity, 
measured by the Shannon index, was significantly higher in re
sponders compared to non-responders at 2 weeks, 1 month and 2–3 
months post-transplant (Fig. 3B). These observations suggested that 
engraftment of likely donor-derived taxa was more prevalent in re
sponders than in non-responders. To evaluate this further, we mea
sured the Euclidean distance between recipient samples and the 
centroid of their corresponding donor samples, calculated using the 
first 2 principal co-ordinates of a Bray-Curtis dissimilarity matrix, and 
found the median distance to be shorter among responders than non- 
responders at all timepoints following transplant with the greatest 
distance at 1-month post-FMT (p = 0.152 after FDR adjustment) 
(Fig. 4). This finding demonstrated a trend where the microbiota of 
patients that decolonized CPE was more similar to the microbiota of 
their donors compared to patients that failed to respond.

Fig. 2. Kaplan-Meier representation for decolonization between spontaneous deco
lonization (control group, n = 82) and FMT intervention (n = 20). Dashed lines indicate 
primary and secondary endpoints.

Fig. 3. Gut microbiota analysis between responders and non-responders. Box and whisker plots indicating the (A) species richness and (B) Shannon diversity index of donor 
samples (gray), samples from patients with CPE clearance on day 14 (teal), and patients without CPE clearance on day 14 (orange). The median ( ± interquartile range) is plotted for 
each group at the indicated timepoints. Whiskers extend to the lowest and highest values no greater than 1.5x the interquartile range from the closest hinge. Patients with CPE 
clearance on day 14 have significantly higher species richness and/or Shannon diversity index than patients without CPE clearance on day 14 at 2 weeks, 1 month, and 2–3 months 
post-FMT (Wilcoxon Rank-Sum test with FDR adjustment).
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Next, we examined whether specific donor-derived bacterial taxa 
were associated with response. We identified Faecalibacterium 
prausnitzii, Parabacteroides distasonis, Collinsella aerofaciens, Alistipes 
finegoldii and Blautia_A sp900066335 to be significantly increased in 
responders post-FMT, whereas Klebsiella pneumoniae was sig
nificantly more abundant in non-responders (Fig. 5). We did not find 
any such associations between functional pathway abundance and 
recipient response (p  >  0.05) (Supplementary Figure 1). We hy
pothesized that CPE burden at baseline could be a predictor of ef
fective decolonization, or lack thereof, following fecal 
transplantation. To evaluate this hypothesis, we compared the re
lative abundance of CPE species in responders and non-responders 
before and after transplant. We found the relative abundance of CPE 
species was significantly higher in non-responders compared to 
responders at baseline (p = 0.036) and 1-week post-FMT (p = 0.036) 
(Fig. 6), suggesting that complete elimination of CPE carriage may be 
challenging in patients with high CPE burden.

Discussion

Consistent with findings previously reported by our group 22,23

and others,17 our results showed that a single dose of FMT ad
ministered via enteric feeding tube has limited efficacy to decolonize 
CPE. Nevertheless, the efficacy of FMT against MDROs is variable and 
successful decolonization of CPE or ESBL producing Enterobacterales 
following FMT administration has been reported.29,30 Factors con
tributing to the variability in FMT efficacy in such indication include 
number of FMT doses, donor selection, FMT preparation, route of 
FMT administration, and pre-treatment regimen.16,17,29,31 Indeed, it 
should be considered that the route of administration used in the 
present study, as well as the protocol of FMT involving a single dose, 
may have negatively influenced the decolonization process. As a 
result, there is an urgent need to standardize the FMT process in this 
population for more consistent results. Despite the variability in 
efficacy, FMT is still a safer option than decolonization strategies 

Fig. 4. Microbiota distance between FMT recipients and donors. Box and whisker plots indicating the Euclidean distance of samples from patients with CPE clearance on day 14 
(teal), and patients without CPE clearance on day 14 (orange) to the centroid of their corresponding donor samples, calculated using the first 2 principal co-ordinates of a Bray- 
Curtis dissimilarity matrix between samples. The median ( ± interquartile range) is plotted for each group at the indicated timepoints. Whiskers extend to the lowest and highest 
values no greater than 1.5x the interquartile range from the closest hinge. While not statistically significant, patients with CPE clearance on day 14 have a lower mean distance 
from their donors than patients without CPE clearance at all post-FMT timepoints (Wilcoxon Rank-Sum test with FDR adjustment).

Fig. 5. Bacterial taxa associated with response. Box and whisker plots of the percent relative abundance for the indicated species in all samples from patients who ultimately had 
CPE clearance on day 14 (teal), and all samples from patients who did not ultimately have CPE clearance on day 14 (orange). The median ( ± interquartile range) is plotted for each 
species in each group. Whiskers extend to the lowest and highest values no greater than 1.5x the interquartile range from the closest hinge. The displayed taxa were significantly 
altered between patients with and without CPE clearance at day 14 across all samples (MaAsLin2 log-transformed linear model with FDR adjustment).
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involving targeted antibiotics, where the emergence of antibiotic- 
resistant isolates and colonization recurrence have been ob
served.13,14 Importantly, there was no colonization recurrence after 1 
month among responders in the FEDEX study.

Although we did not achieve a statistically significant difference 
in CPE decolonization following FMT, it should be noted that in the 
non-responder group, one patient with previously documented CPE 
bacteremia did not experience any further CPE infection episodes 
post-FMT despite remaining colonized. This observation aligns with 
findings from Ghani et al., who reported a reduction in the number 
of MDRO infections after FMT administration in the absence of 
successful decolonization,21 suggesting that pathogen eradication 
from the intestine is not required to achieve clinical benefit. The 
authors speculated that FMT could lead to partial decolonization, an 
event that could be clinically meaningful. In line with this hypoth
esis, we found that non-responders exhibited a lower relative 
abundance of CPE species 1 week post-FMT compared to baseline. 
This suggests a likely reduction in CPE burden following transplant. 
However, absolute quantification of CPE load at baseline and post- 
FMT without any media enrichment is needed to determine the full 
impact of FMT on CPE colonization levels.

Furthermore, 2/2 non-immunocompromised patients with re
current UTI due to ESBL-producing Enterobacterales did not ex
perience any UTI episodes for up to 12 months after FMT 
administration. One 33-year-old individual had previously been 
admitted twice for prostatitis within the 12 months prior to inter
vention and had required two courses of carbapenems (with the last 
injection occurring 3 months before the FMT). The other individual 
was a 57-year-old female with recurrent UTI due to neurogenic 
bladder, and had historically presented with pyelonephritis every 
1–2 months treated by cefoxitin using outpatient parenteral anti
microbial therapy (with the last injection occurring 2 months before 
the FMT).

The intestine can serve as a reservoir for UTI-causing organisms 
4,32 and FMT interventional studies against C. difficile infection (CDI) 
have shown that FMT can significantly reduce the frequency of UTI 
episodes in CDI patients with a history of recurrent UTI even in the 

absence of decolonization.21,33 Conversely, transmission events of 
antibiotic-susceptible uropathogenic strains and subsequent infec
tions post-FMT have been described, advocating for meticulous FMT 
donor screening.34 Despite the small sample size, our observations 
are consistent with these findings and add to the growing body of 
evidence supporting the role of FMT in infection prevention, espe
cially those caused by MDROs. This hypothesis is supported by a 
recent study by Woodworth et al.,35 designed to monitor adverse 
events during FMT delivered through retention enema. In the study, 
UTI was classified as a severe adverse event in a study of 11 kidney 
transplant individuals under immunosuppressive therapies thus 
harboring a potent disrupted microbiota, responsible for further 
modification of gut bacterial colonization as previously shown in the 
literature.36–38 Indeed, in the present work Woodworth et al. re
ported that after a 6-month observation period, two individuals 
experienced MDRO UTI with a delayed onset of symptoms compared 
to contemporaneous controls (n = 16).35

Microbiome analyses of stool samples collected from our patients 
pre- and post-FMT demonstrated that post-FMT, responders had 
more diverse microbiotas than non-responders, and responders’ 
microbiotas resembled those of their corresponding donors more 
closely. Likewise, Bilinski et al. 30 previously showed that richness 
and diversity of the transplanted material was significantly different 
between responders and non-responders.

In our present work, we showed that among responders, 
Faecalibacterium prausnitzii, Parabacteroides distasonis, Collinsella 
aerofaciens, Alistipes finegoldii, and Blautia_A sp900066335 had sig
nificantly higher relative abundances and were therefore associated 
with successful CPE decolonization post-FMT. Faecalibacterium spe
cies have been previously reported to be correlated with 
Enterobacterales suppression likely due to their ability to produce 
metabolites, specifically short chain fatty acids (SCFA), that can in
hibit the growth of Gram-negative pathogens.4,39 It is noteworthy 
that Woodworth et al. 35 also described specific taxa, including 
Alistipes and Faecalibacterium species, associated with the decolo
nization of ESBL-producing Enterobacterales in a small sample size 
trial (n = 11). Likewise, Bilinski et al. 30 described microbial 

Fig. 6. Abundance of CPE species pre- and post-FMT. Box and whisker plots indicating the cumulative percent relative abundance of CPE species in samples from patients with 
CPE clearance on day 14 (teal) and patients without CPE clearance on day 14 (orange). The median (  ±  interquartile range) is plotted for each group at the indicated timepoints. 
Whiskers extend to the lowest and highest values no greater than 1.5x the interquartile range from the closest hinge. Patients with CPE clearance on day 14 have significantly 
lower CPE relative abundance than patients without CPE clearance on day 14 at baseline and 1-week post-FMT (Wilcoxon Rank-Sum test with FDR adjustment).
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signatures associated with decolonization using FMT that pertained 
to Barnesiella, Bacteroides, and Butyricimonas species. Additionally, 
Leo et al. reported that decolonization was associated with the 
presence of Bifidobacterium strains that were enriched in individuals 
who had cleared multidrug-resistant Enterobacterales one month 
after the return from travel to tropical regions.40

Although specific bacterial taxa have been associated with MDRO 
eradication, these differ across studies,30,35 suggesting that a tax
onomically-independent common function or set of functions is 
more important than species identity. We found no significant as
sociations between functional pathway abundance and response; 
however, functional analysis capabilities were limited to genes and 
functions present in a reference database and the use of non-as
sembled metagenomic short-reads. Future work applying assembly- 
based approaches that can leverage more sensitive functional an
notation methods may reveal further insights.

The microbiota of non-responders exhibited a higher relative 
abundance of Klebsiella pneumoniae, which represented ≤12% of 
the patients’ microbiota, compared to responders where Klebsiella 
pneumoniae levels were nearly undetectable. Importantly, we 
found that the relative abundance of CPE organisms before FMT 
was much lower in responders than in non-responders, suggesting 
that CPE colonization levels may be correlated with FMT response, 
defined by complete elimination of carriage. This finding, how
ever, does not suggest that patients with high levels of CPE colo
nization will not respond to FMT or other microbiome-based 
therapies. In fact, these individuals may benefit from multiple 
rounds of FMT treatment as demonstrated by studies where ad
ministration of more than 2 FMT doses led to successful MDRO 
decolonization after a single dose failed to do so.29,31,35 However, 
while multiple FMT doses may be a potential approach to lower 
CPE levels enough to reduce infection risk and limit transmission, 
in the absence of encapsulated FMT undergoing multiple rounds 
of FMT via nasoduodenal tube may increase the risk for serious 
adverse events, including bacteremia and perforations.41 More
over, an important medical consideration for MDRO-colonized 
patients is that CPE carriers are often placed under contact iso
lation in a dedicated ward resulting in higher healthcare costs and 
treatment delays.42,43 Therefore, FMT administration for MDRO 
decolonization could be a viable intervention for CPE carriers 
undergoing surgery as well as serve as a measure for outbreak 
control.44 In line with this, Saidaini et al. showed that in a case- 
control study in MDRO-colonized patients, FMT administration 
accelerated discharge of patients that experienced decolonization 
(n = 8/10) compared to those in the control group.45 In contrast, 
our findings showed no difference in terms of decolonization (up 
to 90 days) between the patients who underwent FMT and our 
control group consisting of 82 individuals.

In 2019, a multicenter, randomized controlled study was con
ducted to evaluate the efficacy of a single dose of FMT against de
colonization of multidrug-resistant Enterobacterales in 39 
patients.17 Prior to FMT, patients in the intervention group received a 
5-day antibiotic course which markedly reduced MDRO levels. At 1- 
month, the percentage of patients that remained positive for MDRO 
colonization was 61.9% and 79% in the FMT and control groups, re
spectively. The low efficacy rate reported could be attributed to poor 
bacterial viability in the fecal transplants following antibiotic pre- 
treatment for gram-negative bacteria. Therefore, further study of 
microbiota conditioning regimens, including pre-treatment with 
specific antibiotic classes and length of antibiotic course is needed in 
other indications beyond CDI. Bowel lavage may be a more effective 
pre-treatment option based on the high decolonization rates re
ported.31 Similarly, patients in the FEDEX study received a bowel 
prep without antibiotics. Furthermore, studies have shown that 
administration of antibiotics within 7 days post-FMT is the most 

common cause of decolonization failure.23,31,44 Although our results 
are not statistically significant due to the limited number of patients 
studied, they support this finding (17% of antibiotic use within 30 
days post-FMT in the responder group versus 36% in the non-re
sponder group).

Our study has several limitations. First, despite our efforts to 
match patients with a control group, the study was not randomized 
with a placebo group. Second, although the sample size is small 
(n = 20) and statistical analyses to evaluate potential risk factors of 
failure were not performed, it is one of the larger studies reported to 
date. Third, FMT efficacy was based on complete CPE eradication, an 
outcome that may be too high a bar to measure FMT success. Fourth, 
it could be argued that we did not use pooled stools for our trial, 
which has received interest for the treatment of microbiota-asso
ciated chronic diseases,46 but such a strategy was not considered 
relevant at the time of the FEDEX study (prior to 2017) and was 
contrary to the intended research goal (evaluating the impact of a 
unique donor). Furthermore, our FMTs were prepared aerobically 
rather than anaerobically. However, a recent meta-analysis (2021) 
reported two studies where FMT material was prepared under 
anaerobic and aerobic conditions for the treatment of recurrent CDI, 
and efficacy was shown to be comparable (80.3% and 84.4%, re
spectively).47 To our knowledge, no study to date has directly com
pared the effect of aerobic vs. anaerobic fecal material processing 
conditions on the effectiveness of FMT.

Finally, the main limitation of testing for decolonization in the 
clinic is that the current methods fail to take into account pathogen 
load and decolonization is defined by the absence of MDRO detec
tion. Although testing over weeks/months may not be sufficient to 
show persistent eradication, MDRO elimination within the first 1–3 
months after FMT may have long-term benefits, as demonstrated by 
the FMT recipient who decolonized and remained UTI-free for over a 
year. Furthermore, previous reports have shown that pathogen era
dication is not needed to provide clinical benefit suggesting that 
keeping MDRO levels below a certain threshold is key for limiting 
extraintestinal infections with the colonizing organism.21 Finally, 
other underlying factors involved in decolonization, including anti
biotic administration and diet, may impact the gut microbiome 
composition and create a temporary state of dysbiosis where colo
nization recurrence with either the same or a different MDRO strain 
may occur.

Despite these limitations, our results might encourage future 
FMT trials to switch to quantitative approaches to accurately assess 
MDRO colonization levels and shift the study goal towards infection 
prevention, rather than focusing solely on carriage elimination. 
Indeed, FMT might relate to other important outcomes, such as 
ongoing transmission or symptomatic infection, as suggested in our 
finding. Therefore, all of these questions raised deserve further in
vestigation to better tackle antimicrobial resistance and infection 
prevention control.

In conclusion, our findings revealed that the engraftment of 
specific donor-derived taxa and CPE levels pre-FMT were sig
nificantly correlated with FMT efficacy in a non-im
munocompromised population. However, we showed that instead of 
achieving significant complete CPE decolonization, it promoted 
significant modification of microbiota richness and diversity, which 
may be associated with subsequent less infections (UTI). Our study 
shows the importance of considering different factors that influence 
FMT efficacy in donors and recipients to achieve optimal therapeutic 
results, suggesting that another FMT regimen could potentially yield 
more successful outcomes in this indication. Such a strategy might 
contribute to the development of unique live biotherapeutics for 
specific clinical profiles, and ultimately provide an antibiotic-free 
antibacterial strategy to fight against antimicrobial-resistance, as 
seen for treatment of C. difficile infections.48
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