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Abstract

Background: Due to limited antibiotic options, carbapenem-resistant Enterobacteriaceae (CRE) infections are
associated with high non-relapse mortality after allogeneic hematopoietic stem cell transplantation (allo-HSCT). Also,
intestinal CRE colonization is a risk factor for subsequent CRE infection. Several clinical studies have reported success-
ful fecal microbiota transplantation (FMT) for the gut decontamination of a variety of multidrug-resistant bacteria
(MDRB), even in immunosuppressed patients. Similarly, other studies have also indicated that multiple FMTs may
increase or lead to successful therapeutic outcomes.

Case presentation: We report CRE colonization in an allo-HSCT patient with recurrent CRE infections, and its suc-
cessful eradication using tandem FMT cycles at 488 days after allo-HSCT. We also performed a comprehensive micro-
biota analysis. No acute or delayed adverse events (AEs) were observed. The patient remained clinically stable with
CRE-negative stool culture at 26-month follow-up. Our analyses also showed some gut microbiota reconstruction. We
also reviewed the current literature on decolonization strategies for CRE.

Conclusions: CRE colonization led to a high no-relapse mortality after allo-HSCT; however, well-established decolo-
nization strategies are currently lacking. The successful decolonization of this patient suggests that multiple FMT
cycles may be potential options for CRE decolonization.
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Background

Carbapenem-resistant Enterobacteriaceae (CRE) pose a

significant threat to global health due to limited antibiotic

options, especially for immunocompromised patients,

such as solid organ and hematological transplant recipi-
. : ents. In a nationwide Italian retrospective survey, CRE
Rl T N infecion cases were seported in 53.0% of hematopoietic
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allo-HSCT patients colonized by subsequent CRE infec-
tions [1]. For hematological patients, CRE colonization is
a known risk factor for subsequent CRE infections [2, 3].
Previous research has shown that CRE infection-related
fatality rates, ranging from 52.2 to 64.4%, occur in hema-
tologic malignancies [4, 5].

Fecal microbiota transplantation (FMT) is a novel
therapeutic strategy and is recommended by several
international guidelines as an effective treatment option
for recurrent Clostridium difficile infection (CDI) [6-9].
EMT is also being explored as a potential therapy for
other conditions, including inflammatory bowel disease
[10, 11], irritable bowel syndrome[12, 13], graft-versus-
host disease (GVHD) [14—17], the decolonization of mul-
tidrug-resistant bacteria (MDRB) [18-20], and several
ongoing clinical trials; NCT04711967 (prospective study
of FMT for acute intestinal GVHD after allo-HSCT)
and NCT03678493 (a study of FMT in patients with
AML allo-HSCT in recipients). FMT efficacy for MDRB
decolonization is believed to be secondary to the trans-
fer of organisms that restore microbiome diversity and
provide colonization resistance [21]. Previous stud-
ies have suggested that multiple FMTs may increase the
chance of successful therapeutic outcomes [22—24]. Thus,
we hypothesized that multiple FMTs may exert signifi-
cant effects on CRE decolonization in a manner similar
to CDI. Therefore, we used tandem FMT cycles to suc-
cessfully eradicate gut CRE in an allo-HSCT recipient
with recurrent CRE infections. We also analyzed the
gut microbiota to provide structural insights on ongoing
microbiome reconfiguration.

Case presentation

A 45-year-old man with acute myeloid leukemia (AML-
M5b) was subject to human leukocyte antigen-haploi-
dentical relative HSCT for persistent minimal residual
disease (MRD) (Fig. 1a). Apart from AML, the patient
did not have any potentially relevant pre-existing con-
ditions or medical treatments that may have impacted
on bacterial colonization, clearance, or drug tolerance.
The conditioning regimen comprised busulfan (0.8 mg/
kg/q6h), cyclophosphamide (60 mg/kg/d), and semus-
tine (250 mg/m?/d). Cyclosporin A, methotrexate, and
mycophenolate mofetil were used for GVHD prophy-
laxis, and levofloxacin and cefotaxime/sulbactam were
given for antimicrobial prophylaxis. Prior to condition-
ing therapy, carbapenem-resistant Klebsiella pneumoniae
(CRKp) colonization, which has a high level of resist-
ance to most routine antibiotics except for tigecycline
(Additional file 1: Figure S1), was identified during rou-
tine rectal screening, while no decolonization strategies
were performed. Six days after allo-HSCT, the patient
developed neutropenic fever and the organism that grew
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in the blood culture was identified as CRKp which with
the same resistance pattern as the previous one. CRKp
bacteremia was successfully controlled by tigecycline.
Hematopoietic stem cells were engrafted on day +11
and the patient discharged on day +20. During regu-
lar follow-up, the patient was in remission, but suffered
chronic oral GVHD as it had not responded well to pred-
nisone and tacrolimus. Thus, the patient remained in a
very poor nutritional state, weighing approximately 45 kg
(height=168 cm).

A second fever episode was accompanied by chills,
cough, and expectoration on day +421. On this occasion,
lung computerized tomography (CT) suggested pulmo-
nary infection, and sputum and stool cultures were both
positive for CRKp. This confirmed previous susceptibil-
ity tests, although blood cultures were negative. Infection
was controlled by administering an antibiotic therapeu-
tic regimen, including tigecycline. However, sputum and
stool cultures remained positive for CRKp, indicating
persistent CRKp colonization. Based on the same resist-
ance patterns, we speculated that they were the same
strain. Moreover, a previous study indicated that most
bacteremia cases originated from the gut [25, 26]. Thus,
FMT was planned to reduce the risk of infection and
improve future quality of life.

Methods
Frozen microbiota stocks were generated by a non-profit
stool bank (MedBiome, Xian, China). The unrelated
donor was a 23-year-old male volunteer, who was care-
fully screened using our inclusion and exclusion criteria
(Additional file 2: Table S1) [27]. Prior to donation, the
donor provided informed written consent and was pro-
vided with a nutritious, balanced diet, without seafood,
spices, and unclean food for 3 days. This donor contrib-
uted independently two fecal samples for this study.
Donor fecal microbiota was prepared by the stool-
bank in a Good Manufacturing Practice (GMP)-level
laboratory and workflow. Fresh feces were purified
using a newly developed automatic purification system
(GenFMTer, MedBiome, Xian, China), which ensured
increased quality control when compared with man-
ual sample preparation. The process also significantly
reduced FMT-related adverse events (AEs) by removing
undigested food residues, fungi, parasite eggs, and some
small particles [28]. The precipitate was removed from
the washed fecal suspension by centrifugation, followed
by washing three times in sterile saline, and re-centrifu-
gation. Thus, crudely purified fecal microbiota precipitate
was obtained, and approximately 30—40 ml precipitate
was resuspended in 30% sterile glycerin, packaged in
each of three plastic bottles, and stored at — 80 °C. Each
time, the laboratory supplied the three frozen microbiota
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a
45 Male AML-M5b No Female; PBSC Myeloablative
Matched related
+11 No Oral GVHD CRKp +488 Unrelated Nasoduodenal
tube
b Discharge Second fever CRE positive (stool/sputum culture)

CRE positive (rectal swab)

Neutropenic fever Engraftment

allo-HscT CRE positive (blood culture)

Tigecycline

Day-4 Day 0

Day+6
(22 March 2017)

Day+11

First cycle of FMT Second cycle of FMT

Day+20

Discharge

Pulmonary infection

CRE positive (stool/sputum cultury

Tigecycline

Day+421 Day+432 Day+433

ﬂ CRE negative
(stool culture)

Day+488 Day+509
(23/25/27 July 2018) (13/15/17 August 2018)

Day+516 Day+539 Day+569

Day+599 Day+689  Day+839 Day+1289

Fig. 1 Characteristics of the patient. a Characteristics of the patient undergoing FMT before and after allo-HSCT. b The time line scale in days
from the beginning of allo-HSCT allo-HSCT, allogeneic hematopoietic stem cell transplantation; AML acute myeloid leukemia, PBSC peripheral
blood stem cells, GVHD graft-versus-host disease, CRKp carbapenem-resistant Klebsiella pneumonia, MDRB multidrug-resistant bacteria, FMT Fecal
microbiota transplantation, CRE carbapenem-resistant Enterobacteriaceae, W week, M month

stocks for one cycle which were transported to the clinic
on dry ice before the cycle.

Prior to FMT, the suspension from one plastic bottle
was thawed at 37 °C and purified by repeated centrifuga-
tion. The precipitate was diluted to 200 ml (except on one
occasion when it was diluted to 250 ml) in sterile saline.
It was then stirred, and was ready for use when com-
pletely homogenized.

Before the procedure, the patient provided written
informed consent. To reduce the risk of failure, we per-
formed tandem FMT cycles.

Fecal microbiota preparations were delivered to the
intestine over 2—4 min using a nasoduodenal tube (local-
ized using X rays). The patient then fasted for 2 h after
which he was permitted to eat and drink normally. This
procedure was repeated three times every other day for
each course. Two courses were performed with a 17 day

interval (23/25/27 July 2018 and 13/15/17 Aug 2018)
(Fig. 1b). FMT was initiated at day +488, while the
patient was under prednisone immunosuppressive ther-
apy, and no antibiotics were taken since his last discharge
from hospital. The patient was observed for a few hours
at the hospital after each procedure. He was regularly
followed up in the outpatient clinic using stool culture
samples.

For stool analysis, we performed the following; prior to
FMT, 1 week and 3 weeks after the first cycle, and 1 week,
3 months, and 11 months after the second, we collected
stool samples, extracted DNA, and analyzed 16 s rDNA
amplicons using an Illumina Miseq (Genetalks, Chang-
sha, China). Raw sequence data were analyzed using
Quantitative Insights Into Microbial Ecology software
(QIIME, version 1.9.1), and visualized by R (version 3.5.1,
R Foundation for Statistical Computing, Vienna, Austria).
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Microbial diversity was estimated using the Shannon
diversity index.

Results

The patient tolerated tandem FMT cycles without
AEs during the initial process and follow-up period
(26 months). Throughout follow-up after FMT termi-
nation, and for the next 26 months (between August
2018 and October 2020), stool cultures were CRE nega-
tive at 1 week, 1 month, 2 months, 3 months, 6 months,
11 months, and 26 months, and the patient remained
clinically stable. The only fever episode occurred at
12 months, and included a positive sputum culture for
the same CRKp as previously observed, but lung CT was
clear and blood and stool cultures were negative. Empiri-
cal treatment with piperacillin/tazobactam did not con-
trol the fever, but it was quickly resolved by successive
meropenem administration, suggesting that the CRKp
may not have been the causative pathogen this time. A
significant improvement was observed in oral chronic
GVHD, and the patient gained approximately 5 kg over 8
months following FMT.

To identify correlations between fecal microbiota
and clinical benefits, we evaluated changes in bacterial
microbiota before and after FMT cycles using 16 s IDNA
sequencing (Fig. 2). Prior to FMT, we detected pathobi-
onts of the Proteobacteria phylum, more notably Escheri-
chia/Shigella and Klebsiella, which accounted for>33%
of the whole community, and was far higher than healthy
individuals [29]. Eleven months after tandem FMT
cycles, with the expansion of the protective phylum,
Bacteroidetes, the patients’ microbial composition was
eventually dominated by Firmicutes and Bacteroidetes,
similar to normal commensal patterns (Fig. 2a) [30].
Bacteroidetes were associated with protection against
Enterococcus domination [31], improved gut GVHD
[32, 33], protection against CDI [34], and protection
against Gram-negative blood infections [35], which were
mainly associated with short-chain fatty acids’ (SCFAs)
production. In contrast, the outgrowth of opportun-
istic pathogens belonging to Proteobacteria had been
linked to increased treatment-related mortality, includ-
ing GVHD, infections, and organ failure after allo-HSCT
[36]. In a recent study, recolonization with microbiota
containing anaerobic Prevotella species as a keystone
genus was correlated with CRE decolonization [37]. In
our case, the donor’s two fecal samples both contained
significant Prevotella levels which are not ordinarily
detected in patient’s fecal microbiota before FMT. Also,
levels were significant 3 weeks after the first FMT cycle
and remained for 1 week after the second cycle (Fig. 2c).
Although levels disappeared 3 weeks after the second
FMT cycle, our observations suggest that Prevotella
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may play an important role in CRE decolonization. Fecal
microbiota diversity (Shannon diversity index) also
increased from 3.09 to 3.52 (final measurement) (Fig. 2b).

We also analyzed differences between the patient’s
fecal microbiota and the first or second donor fecal sam-
ple using UniFrac distance analysis (Fig. 3). The differ-
ence was dramatically increased after the second FMT
cycle. This may have been due to the difference between
the donor’s two samples. The patient’s fecal microbiota
closely matched the donor’s fecal microbiota after both
cycles, suggesting that the grafted samples contributed to
diversity recovery.

Discussion and conclusions

Previous reports have shown that colonization with
MDRB, including CRE and vancomycin-resistant entero-
cocci (VRE), exerts a negative impact on overall survival
after allo-HSCT due to a higher incidence of infection,
especially in patients with lower gut microbiota diversity
[38]. Healthy gut microbiota can prevent invading patho-
gens from colonizing the intestinal tract, a phenomenon
known as colonization resistance. This process is under-
pinned by several mechanisms, including competition for
metabolic and physical niches, production of inhibitory
metabolites, and interaction with the host immune sys-
tem [39]. However, major factors including conditional
chemotherapy and/or irradiation, antibiotic therapy,
GVHD, mucositis, changes in diet, and infection (e.g., C.
difficile) can alter microbiota homeostasis in allo-HSCT,
and cause loss of this colonization resistance in allo-
HSCT recipients [40, 41]. We therefore speculated that
gut composition and diversity restoration by FMT could
benefit allo-HSCT recipients and clear CRE from the gut.

The literature suggests that spontaneous CRE decolo-
nization takes time. In a retrospective multicenter study
conducted in two different tertiary care hospitals, the
spontaneous decolonization of CRE and VRE occurred
within the first 30 days in 16.4% of cases, and 48.2% after
3 months, with a median follow-up of 96 days (0-974)
[42]. In addition, Haverkate et al. also reported that only
17% of long-term acute care hospital patients lost CRKp
colonization within 4 weeks, and approximately 50% were
still carriers after 9 months [43]. A previous meta-anal-
ysis reported that the rate of spontaneous CRE decolo-
nization was only 23.3%, and a significant proportion of
carriers (35.2%) were still colonized up to 12 months later
[44].

The most common strategy for gut CRE decolonization
is oral, non-absorbable antibiotics, including gentamicin,
colistin, or polymyxin E, which must achieve sufficiently
high concentrations in the digestive tract to inhibit bac-
terial growth. The decolonization rate of these antibiot-
ics ranges between 37.5 and 71% [45—47], and up to 66%
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Fig. 3 Weighted UniFrac distance analysis: Distance from the donor
fecal microbiota of the first or second FMT. The fecal sample that was
obtained 2 days before the initiation of the first FMT was analyzed as
“pre” data. The time points“1 W,“3W,“3 M,"and “11 M"indicate periods
from the end of the first or second cycle of FMT; W week, M month

in HSCT recipients [48]. These data were significantly
higher than the spontaneous decolonization group. Pre-
vious studies have also shown that antibiotic therapies
are associated with dramatic increases in antibiotic-
resistant genes, and may increase microbial resistance in
the future [49, 50]. Furthermore, due to long-term hospi-
talization, low functional patient status, and gut micro-
biota dysbiosis, even after successful decolonization,
allo-HSCT recipients are more likely to reacquire coloni-
zation from other patients or the environment [51].
Several case reports and small-sample clinical stud-
ies have reported the beneficial effects of FMT towards
MDRB decolonization in immunosuppressed patients
with blood disorders. A prospective, single-center study
by Bilinski et al. showed the complete eradication of
MDRSB in 15 of 20 patients with blood disorders after
FMT, with a higher abundance of Barnesiella species,
Bacteroides, and Butyricimonas in responders [52]. Of
note, six patients received FMT after allo-HSCT. Simi-
larly, Battipaglia et al. successfully eradicated CRE/VRE
after FMT in 7 of 10 patients with hematologic malignan-
cies, before or after allo-HCST [53]. More recently, Merli
et al. showed that MDRB decolonization was achieved in
four of five (80%) pediatric patients before allo-HSCT by
FMT, within 1 week [54]. These reports supported not
only FMT efficacy but also demonstrated that FMT in
allo-HSCT settings was safe and tolerable. Furthermore,
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some studies have also suggested a significant reduction
in antibiotic-resistant gene carriage in recipient micro-
biota following FMT for CDI [55-57].

However, some studies have observed mixed conclu-
sions. Sohn et al. performed FMT to eradicate long-term
VRE colonization in three patients; however, only one
patient was cleared at 15 weeks after FMT [58]. Several
reasons may be responsible for these observations. First,
small-sample sizes may have contributed to the differ-
ent results. Second, age may be a factor affecting FMT
results, as outlined in some studies [59, 60]. The patients
in the study by Sohn et al. were older (median age was
74.7 vs. 51 years in Bilinski et al. vs. 48 years in Battipa-
glia et al. vs. 11.4 years in Merli et al.). In a prospective
comparative study, Dinh et al. observed that VRE clear-
ance after FMT appeared to be quicker than CRE clear-
ance (87.5% vs. 50%)[61]. In addition to factors discussed
by these authors, the age differences between the CRE
and VRE groups (median age was 66 years for VRE vs.
73.5 years for CRE) may also have contributed to the dif-
ferent results. This may have been due to longer hospi-
talization and more underlying significant comorbidities
in elderly patients. Other factors including stool donors,
administration methods, antibiotic use before or after
FMT, and the number and frequency of administrations
may have impacted FMT outcomes. As a consequence,
multi-center and randomized-controlled trials are
ongoing to evaluate the true impact of FMT for MDRB
eradication; NCT04181112 (fecal transplant for MDRO
decolonization) and NCT04759001 (FMT for the decolo-
nization of carbapenem-resistant Enterobacteriaceae).

In our case, AEs were not observed; however, FMT-
related AEs have been previously reported in other stud-
ies. Recently, a systematic review summarized the global
incidence of FMT-related AEs between 2000 and 2020
[62]. Most were mild, moderate, and self-limiting, and
the most frequently reported AEs were diarrhea (10%)
and abdominal discomfort/pain/cramping (7%), which
may have been due to most patients receiving FMT with
impaired intestinal mucosal barriers and severe inflam-
mation. FMT-related serious adverse events (SAEs),
including infections and deaths were reported in 1.4%
of patients, all of whom had mucosal barrier injuries.
For MDRB decolonization in patients with hematologic
malignancies, the main AEs were mild and transient
gastro-intestinal symptoms, including diarrhea, abdomi-
nal discomfort, nausea, bloating, and constipation,
with no major AEs reported [63]. We have summarized
all recently reported FMT-related AEs in allo-HSCT
patients (Table 1). In line with the literature, most AEs
were mild, transient, and self-limiting, and the most
frequently reported AEs were diarrhea (22.79%) and
abdominal pain/discomfort/bloating/urgency (7.35%).
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The diarrhea incidence was higher in allo-HSCT patients,
especially in those with neutropenia. Other AEs includ-
ing nausea, vomiting, and pharyngolaryngeal pain were
reported in 2.21% of FMT procedures, respectively.
Overall, the FMT has shown an excellent safety profile.
However, in a most recent study by Bilinski et al., higher
rate of SAEs, including septic shock, sepsis, and noro-
virus-mediated GI tract infection were observed, which
may have been due to the poor general performance sta-
tus of study patients [64]. Moreover, it was observed that
a worse general performance status tended to correlate
with more frequent complications. Importantly, none of
these events resulted in death. In addition, several reports
have indicated no significant differences in SAE rates
between immunocompromised and immunocompetent
patients [65, 66]. Thus, immunosuppression may not be
a contraindication for FMT; however, the procedure still
should be used with caution, especially in patients with a
low-performance status.

DeFilipp et al. described two immunocompromised
recipients with bacteremia from drug-resistant Escheri-
chia coli in donor stool; one recipient with hematologic
malignancy who had received FMT capsules on day 3 and
day 4 before allo-HSCT died [74]. This study generated
an SAE safety alert due to MDRB transmission via FMT,
especially in immunocompromised patients. There-
fore, standardized donor-screening protocols, included
MDRB detection, are urgently required in the field. To
avoid potential risks from FMT, probiotic cocktails could
be used as alternative strategies. Nagpal et al. developed
a novel human-origin probiotic cocktail containing five
Lactobacillus and five Enterococcus strains from healthy
infant gut which modulated the fecal microbiome and
enhanced SCFAs in mouse gut and human feces [75].
Similarly, Ahmadi et al., in an aged mouse model, showed
the probiotic cocktail counteracted metabolic syndrome,
and deeply reshaped the gut microbiota [76]. However,
according to our literature review, this novel strategy has
not been used to decolonize MDRB, and therefore, fur-
ther study is warranted.

In our case, tandem FMT cycles resulted in success-
ful CRE decolonization of the gut, and a concomitant
improvement in quality of life. As we observed only
one patient, limited conclusions may be drawn; how-
ever, these data suggest that multiple FMTs may be via-
ble options for CRE decolonization. Additionally, our
26-month follow-up was longer than all previous studies.
Many aspects of FMT remain unknown and the long-
term consequences are unclear, and therefore, standard-
ized and harmonized studies are required to properly
evaluate FMT as a promising clinical strategy for micro-
biome-related disorders.
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