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Abstract

Background Clinical data on oral fecal microbiota transplantation (FMT), a promising therapy for Crohn’s disease
(CD), are limited. Herein, we determined the short-term safety and feasibility of FMT for pediatric patients with active
CD.

Methods In this open-label, parallel-group, single-center prospective trial, patients with active CD were treated

with oral FMT capsules combined with partial enteral nutrition (PEN) (80%). The control group comprised pediatric
patients with active CD treated with PEN (80%) and immunosuppressants. Thirty-three patients (11.6+ 1.82 years)—17
in the capsule and 16 in the control groups—were analyzed. Data regarding the adverse events, clinical reactions,
intestinal microbiome composition, and biomarker parameters were collected and compared post-treatment.

Results At week 10, the clinical and endoscopic remission rates did not differ between the two groups. By week 10,
the mean fecal calprotectin level, C-reactive protein level, erythrocyte sedimentation rate, simple endoscopic score
for CD, and pediatric CD activity index decreased significantly in the capsule group (all P <0.05). The main adverse
event was mild-to-moderate constipation. Core functional genera, Agathobacter, Akkermansia, Roseburia, Blautia, Sub-
doligranulum, and Faecalibacterium, were lacking pre-treatment. Post-treatment, the implantation rates of these core
functional genera increased significantly, which positively correlated with the anti-inflammatory factor, interleukin (IL)-
10, and negatively correlated with the pro-inflammatory factor, IL-6. The combination of these six functional genera
distinguished healthy children from those with CD (area under the curve =0.96).

Conclusions Oral FMT capsules combined with PEN (80%) could be an effective therapy for children with active CD.
The six core functional genera identified here may be candidate biomarkers for identifying children with CD.

Trial registration: ClinicalTrials.gov, retrospectively registered, ID# NCT05321758, NCT05321745, date of registration:
2022-04-04.
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CD in children are limited. Traditional CD treatment
regimens focus on controlling inflammation using cor-
ticosteroids and immunosuppressants. Although these
treatment options have been continuously developed
and improved, there are still some limitations, such as
adverse events (AEs), immune tolerance, drug resistance,
and easy recurrence [4—6].

In recent years, studies have confirmed that the quali-
tative and quantitative characteristics of the gut micro-
biota in patients with CD differ significantly from those
in healthy individuals [7]. This disparity is primarily
evidenced by a reduction in biodiversity among CD
patients, which is characterized by a decrease in protec-
tive flora and a notable increase in pathogenic flora [7,
8]. The dysbiosis of gut microbiota may be the key trigger
point for the development of CD [8, 9]. Therefore, restor-
ing intestinal microbiota homeostasis has attracted much
attention and become a novel therapeutic approach for
the management of CD.

Fecal microbiota transplantation (FMT) is an advanced
microbial treatment that restores the patient’s gut micro-
biota by introducing healthy microbiota from a donor
individual to the patient [10]. With advancements in
FMT, it has become a transformative treatment for CD
[11, 12]. FMT promotes competition between donor and
recipient microbes in the gut. Moreover, an increase in
the number of donor microbes may potentially enhance
overall colonization in the recipient’s gut. This may be
achieved by increasing the microbial load for a single
FMT or the number of fecal infusions [13]. Our previ-
ous studies have confirmed that the periodic adminis-
tration of FMT plus partial enteral nutrition (PEN, 80%)
is clinically efficacious in children with CD [14]. How-
ever, selecting convenient and efficient administration
routes to implement multiple rounds of FMT remains
unexplored.

Driven by its clinical practicality and flexibility, FMT
using oral capsules garnered increasing attention [15,
16]. Oral EMT capsules are preferred and beneficial for
many patients because they are easier to administer, less
invasive, and have aesthetic appeal, high adherence, and
tolerance [16]. Theoretically, oral FMT capsules are par-
ticularly suitable for the treatment of children with CD
who are unable to adapt to long-term outpatient and
inpatient treatments due to academic commitments and
potential psychological stress. However, clinical data on
the use of oral FMT in children with CD are lacking.

Therefore, we designed an open-label, parallel-group,
controlled study to explore the clinical efficacy and AEs of
oral FMT capsules combined with PEN (80%) in patients
with active CD. Additionally, the microbiomes of the
recipients before and after transplantation were analyzed
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to investigate the implantation rate of donor bacterial
genera after oral administration of FMT capsules.

Methods

Study design and population

This study was approved by the Medical Ethics Com-
mittee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology (TJ-
IRB20220127) and conducted between January 2022
and December 2023. Written informed consent for
FMT treatment was obtained from the legal guardians
of all patients. Pediatric patients with active CD who
were treated with oral FMT capsules combined with
PEN (80%) were enrolled, and those with active CD
who were treated with PEN (80%) and immunosuppres-
sants simultaneously were enrolled as controls. The pri-
mary outcome was the efficacy and safety of oral FMT
capsules in treating active CD in children. The second-
ary outcome was the degree of the implantation rate of
donor bacterial genera.

Patients who met the following criteria were included
in the study: (1) those with active CD aged 615 years; (2)
those who agreed to undergo colonoscopy during enroll-
ment (including consent from their guardians); (3) those
taking biologics (e.g., infliximab, adalimumab), provided
they showed no response or a less effective response after
four induction treatments; and (4) those with no change
in medication and dose for at least 1 week prior to trans-
plantation. The exclusion criteria were as follows: (1)
clinical remission; (2) presence of lesions limited to the
small intestine or with stenosis, obstruction, and perfora-
tion; (3) a change in medication within the last week; and
(4) refusal to undergo regular follow-up visits and endo-
scopic evaluation.

The definitions of PEN (80%) (enteral nutrition formula
in Supplementary Table 1), simple endoscopic score for
CD (SES-CD), and endoscopic remission are detailed in
our previous study [14]. Patients treated with oral FMT
capsules combined with PEN (80%) were included in
the capsule group, and those treated with PEN (80%)
combined with immunosuppressants (corticosteroids,
thalidomide, and azathioprine) were included in the con-
trol group (Fig. 1). Biological remission was defined as
normal C-reactive protein (CRP) levels (<3 mg/L), and
a biological response was defined as abnormal baseline
levels of CRP that decreased to normal or decreased
by > 50% [17].

Active CD in children was defined as a pediatric CD
activity index (PCDAI) > 10, SES-CD >3, and a fecal cal-
protectin (FCP, cutoff<200 ug/g) level at least twice the
upper limit of normal. The PCDAI score was used to
assess the severity of CD and the efficacy of CD treatment
in the patients [18]. A clinical response was defined as a
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Fig. 1 Trial profile of patient inclusion. PEN: Partial enteral nutrition

12.5-point reduction in the PCDAI. A PCDAI score< 10
was defined as clinical remission, 10.0-27.5 as mild activ-
ity, 30.0-37.5 as moderate activity, and 40.0-100.0 as
severe activity.

The baseline was defined as the time the treatment
regimen was initiated. Colonoscopies were performed by
trained pediatric endoscopists at baseline and 10 weeks
after treatment. Cases of patients requiring additional
medication within 10 weeks were considered clinical
failures.

Data collection

Outpatient and hospitalization data were collected.
In addition to anthropometric measurements, includ-
ing height, weight, body mass index (BMI), and weight
percentiles assessed before and after treatment, clinical
data were collected at baseline (week 0) and at 2, 5, and
10 weeks post-treatment to evaluate both efficacy and
safety. This clinical data encompassed erythrocyte sedi-
mentation rate (ESR), CRP, serum cytokine (flow cytom-
etry), vitamin D, and FCP levels; PCDAI; SES-CD; and
FMT-related AEs.

Immunosuppressants plus PEN (80%)(n =14)
12 patients were corticosteroids

2 patients were thalidomide

2 patients were treated with PEN alone )

'

r ™)

At week 5, analysed control group (n =16)
Discontinued intervention(n=0)

\ J
At week 10, analysis(n =16)

Preparation of FMT capsules

The donors were healthy children of a similar age to the
patients, and the screening criteria and fresh fecal bacte-
ria were prepared as previously described [14]. The pre-
pared fresh bacterial liquid was centrifuged at 4 °C, and
the supernatant was removed. The lyophilized protective
agent was added, and the bacteria were quickly trans-
ferred to a freeze-drying machine for 24 h. The freeze-
dried bacterial powder was encapsulated in capsules
made from the currently available common acid-resistant
hydroxypropyl methylcellulose packaging and released
into the cecum based on the pH conditions (Supplemen-
tary Table 2). The prepared capsules were sealed and
stored in the refrigerator at — 80 °C initially. Information
on capsule samples is provided in the Supplementary
Methods (Supplementary Table 3).

FMT protocol

Each capsule contained 99 mg of lyophilized bacterial
powder. All children in the capsule group were admin-
istered oral capsules (No. 3 capsule; 150 mg/capsule;
60 capsules per course; total dosage, 3*10' bacteria per
course; stored at -80 °C for 6 months and — 20 °C for
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more than 1 month). Some younger children initially
needed short-term swallowing training to swallow the
capsules. Five capsules were administered twice a day for
6 consecutive days. The capsules were taken on an empty
stomach after awakening in the morning and before
going to bed at night. The capsules were removed from
refrigeration 10-30 min before administration, thawed
to room temperature (25 °C), and then swallowed with
warm water (37 °C) 2 h before breakfast and 2 h after din-
ner. Five capsules were removed at a time for thawing,
and the remaining capsules remained in the refrigerator.

The patients were advised to eat only liquid food and
ensure an intake of 1-1.5 L of water per day. A laxative
(compound polyethylene glycol 4000, 64 g) was admin-
istered one night before FMT capsule treatment. The
patients were administered periodic capsule therapy
at weeks 0 (baseline) and 5. All combined PEN (80%)
therapies and other concomitant treatments remained
unchanged during treatment.

Microbiota composition analysis

Fecal samples were collected from healthy donors and
recipients before treatment and at weeks 5 and 10 after
treatment. The samples were kept frozen at — 80 °C until
DNA extraction. The procedures regarding DNA extrac-
tion, 16S rRNA gene amplification, and processing and
sequencing platforms were described previously [14].
In short, Microbial DNA was extracted using a Power-
Soil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad,
CA) according to the manufacturer’s protocol and the
hyper-variable V3-V4 region was amplified using 338F
and 806R primers. Library construction and sequencing
were conducted on an Illumina MiSeq platform (Illu-
mina, San Diego, United States). Species composition
analyses, alpha diversity analyses, beta diversity measure-
ments, and linear discriminant analysis effect size (LEfSe)
multilevel discriminant analysis of genus differences were
performed on the QIIME2 v.2020.2 platform of Major-
bio Cloud Platform (Supplementary Methods). Sequenc-
ing data were recovered as FASTQ files and deposited in
the National Genomics Data (GSA: CRA015829) that are
publicly accessible at https://ngdc.cncb.ac.cn/gsa.

Statistical analysis

Continuous variables are presented as mean (+ standard
deviation). Non-continuous parameters are presented as
frequencies and percentages. An independent sample-T
test or Mann—Whitney U test was used to compare dif-
ferences between groups. Paired Wilcoxon rank sum test
or paired t-test were used to compare the samples before
and after treatment. Categorical variables were expressed
as frequency and percentage, and chi-square test was
used for comparison between groups. Statistical analysis
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between more than two groups was performed using the
Kruskal-Wallis H test. Associations between clinical
parameters and bacterial genera were tested using Spear-
man’s correlation analysis. SPSS 25 was used for the sta-
tistical processing of all data, and GraphPad Prism 9 was
used for statistical mapping. The level of statistical signif-
icance was set at P <0.05.

Results

Patient’s demographic and clinical characteristics

Overall, 33 patients were enrolled in this study, 17 in
the capsule and 16 in the control groups. The median
age of patients in the capsule group was 11.8+1.8 years
(range 9-15 years), with 10 males and seven females.
The median age of patients in the control group was
11.1+2.0 years (range 8-14 vyears), with nine males
and seven females. According to the PCDALI score, in
the capsule group, two patients were classified as hav-
ing severe activity, six had moderate activity, and nine
had mild activity. The control group had two, five, and
nine patients with severe, moderate, and mild activities,
respectively.

In the capsule group, 11 patients were newly diagnosed
and received oral capsules combined with PEN (80%)
treatment. The other six patients had refractory CD, with
immunosuppressive treatment exhibiting poor efficacy in
one patient and biological agents exhibiting poor efficacy
in five. In the capsule group, except for the addition of
oral capsules combined with PEN (80%) treatment, bio-
logical treatment was maintained (the dose and duration
remained unchanged). Among the patients in this group,
14 received capsules for two courses, and three received
capsules for one course (Table 1).

The control group included 16 patients, all newly diag-
nosed patients, 12 of whom were treated with combined
corticosteroids (prednisone, 2 mg/kg, maximum dose
40 mg/d). After 4 weeks of corticosteroid therapy, the
dose was gradually decreased to one tablet per week.
Two patients were treated with thalidomide, and two
were treated with PEN alone (80%). The demographics of
the two groups at baseline were not significantly different
(Table 2).

Response to FMT

In the second week of treatment, 10 and 7 patients in the
capsule group achieved biological remission and biologi-
cal response, respectively. In the control group, 12 and
4 achieved biological remission and biological response,
respectively, with no statistically significant differences
between the two groups. At week 10, clinical remission
was observed in 13 (76.5%) and 12 (75%) patients in
the capsule and control groups, respectively, while six
patients in both groups achieved endoscopic remission
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Table 1 Clinical data of patients in capsule group

Patient Age (year) Sex Group type Concomitant Donor  Donor sex Patient- AEs Course of

medications age donor capsule
(year) relationship
P1 11 Male Newly diagnosed  PEN 9 Female Nonrelative Abdominal pain, Two courses
constipation

p2 10 Male Newly diagnosed  PEN 7 Male Nonrelative / Two courses

P3 12 Male  Newly diagnosed PEN 8 Female Nonrelative / Two courses

P4 11 Female Refractory CD PEN+Infliximab 8 Male Nonrelative Abdominal Two courses
patients pain » constipation

P5 13 Female Refractory CD PEN+Infliximab 9 Female Nonrelative / Two courses
patients

P6 11 Male  newly diagnosed  PEN 8 Male Nonrelative / One course

p7 10 Male newly diagnosed  PEN 7 Male Nonrelative Constipation, Fatigue  Two courses

P8 10 Female newly diagnosed PEN 7 Male Nonrelative Constipation Two courses

P9 13 Female newly diagnosed PEN 13 Male Nonrelative Alopecia, Constipa- ~ Two courses

tion

P10 12 Female newly diagnosed PEN 9 Female Nonrelative / One course

P11 15 Male Refractory CD PEN 9 Female Nonrelative Constipation, Fatigue  Two courses
patients

P12 11 Female newly diagnosed PEN 7 Male Nonrelative Constipation One course

P13 15 Male Refractory CD PEN+Infliximab 8 Male Nonrelative Constipation Two courses
patients

P14 12 Male Refractory CD PEN +Adali- 8 Male Nonrelative / Two courses
patients mumab

P15 9 Female newly diagnosed PEN 8 Male Nonrelative Alopecia Two courses

P16 12 Male  newly diagnosed PEN 14 Male Nonrelative Constipation Two courses

P17 15 Male  Refractory CD PEN+Infliximab 14 Male Nonrelative / Two courses
patients

CD: Crohn’s disease; PEN: Partial enteral nutrition; AEs: adverse events

with no statistical significance (Supplementary Table 4
and Supplementary Fig. 1).

At week 10, the relevant parameters of the two groups
showed significant improvements compared with those
before treatment. At week 10, the FCP level, PCDAI,
ESR, CRP level, and SES-CD were compared between
the two groups. No statistical differences were observed
between them (Table 3).

Compared with baseline, at week 10, the mean height,
weight, BMI and weight percentile of children in both
groups were significantly improved (P <0.005), as illus-
trated in Fig. 2, while the levels of CRP, FCP and ESR in
the capsule group were significantly declined (P<0.05).
The PCDAI and SES-CD also decreased significantly
(P <0.05), and the vitamin D levels increased significantly
(P<0.05), as illustrated in Fig. 3.

After oral administration of the capsule, the levels of
the pro-inflammatory factors, interleukin (IL)-1 and
IL-6, significantly decreased (both P <0.05). The levels of
other pro-inflammatory factors also reduced; however,
the level of the anti-inflammatory factor, IL-10, showed a
significant upward trend (P <0.05). Although comparable

changes were noted in the control group, the increase in
IL-10 and the decrease in IL-6 were more pronounced in
the capsule group (Fig. 4).

Safety

No serious AEs were observed after oral administra-
tion of the FMT capsules. However, mild AEs were
observed in 10 patients (58.8%), including constipation
(nine patients), mild abdominal pain, fatigue, and alo-
pecia, most of which occurred approximately 10 days
after the first course of oral FMT capsules. Most of
these symptoms were self-limiting and did not require
pharmacological intervention. Among the patients, four
with constipation required treatment with lactulose to
improve their symptoms. Seven days later, the constipa-
tion symptoms improved. After the second course of oral
capsules, three patients developed constipation again,
while the other patients did not experience any discom-
fort (Table 1).
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Table 2 The baseline characteristics of the study population
Parameters Capsule group Control group P value
Total number 17 16 -
Age(year), M+SD 11.8+1.8 11.1+20 0.53
Sex, male, n (%) 10 (58.8%) 9 (56.2%) 1
Vitamin D, M+ SD 164+7.5 164+59 0.226
FCP (ug/g), M+SD 23994510 2253+449 0.148
ESR (mm/h), M+SD 185+87 208+6.2 0312
CRP (mg/L), M+SD 17.7+6.7 21.1+42 0.175
Disease severity 0424

Severe % (n) 2 (11.7%) 2 (12.5%)

Moderate % (n) 6 (35.2%) 9 (56.2.5%)

Mild % (n) 9 (52.9%) 5(31.2%)
Disease location 0.769

L1 Terminal ileum 1 (5.9%) 2 (12.5%)

L2 Colon 6 (35.3%) 6 (37.5%)

L3 lleocolonic 10 (58.8%) 8(50.0%)
Disease behaviour 0.485

B1 nonstricturing-nonpenetrating 17 (100%) 15(93.7%)

B2 stricturing / 1(6.2%)

B3 penetrating / /
Perianal involvement 2 (11.7%) 2 (6.2%) 1
PCDAI score, M+SD 21.7+£104 234+63 0.283
SES-CD score, M+SD 10.5+3.7 96+29 0476

Mann-Whitney U test: Vitamin D, FCP, ESR, CRP, PCDAI score, SES-CD score; T test: Age; Chi-Square Test: Sex, Disease severity, Disease location, Disease behaviour,

Perianal involvement

FCP: fecal calprotectin; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; PCDAI: Pediatric CD Activity Index; SES-CD: Simple Endoscopic Score for CD; M:

mean; SD: standard deviation

Table 3 Comparison of clinical parameter between the two

groups at week 10

Capsule group Control group P value

FCP (ug/9), 475+602 468+478 0.383
M=+SD

ESR (mm/h), 11.5+87 9.1+£102 0.523
M=+SD

CRP (mg/L), 59+55 6.1+10.2 0.098
M=+SD

PCDAI score, 824+93 8.28+105 067
M=+SD

SES-CD score, 341+33 4+38 0.202
M=+SD

FCP: fecal calprotectin; CRP: C-reactive protein; ESR: erythrocyte sedimentation
rate; PCDALI: Pediatric CD Activity Index; SES-CD: Simple Endoscopic Score for CD;

M: mean; SD: standard deviation; Mann-Whitney U test

Improvement in microbial dysbiosis following oral FMT

administration

To dynamically evaluate the differences in intestinal flora
composition in the capsule group, 58 fecal samples were
collected for 16S rRNA sequencing, including 16 from
healthy donors (HDs), 17 before treatment (FMT 0W),

eight at week 5 (FMT 5W), and 17 at week 10 (FMT
10W). The differences in the phylum, genus, and species
levels in the patient and donor stool samples are pre-
sented in Supplementary Tables 5, 6, and 7, respectively.

Patients with CD experienced a remarkable
increase relative to the abundance of Proteobacte-
ria (24.14+31.53% vs. 6.49+5.654%, P=0.8009) and
a decrease in the relative abundances of Firmicutes
(52.8£28.48% vs. 65.04+13.4%, P=0.1089) and Bacte-
roidetes (12.45 +19.04% vs. 19.38 +12.54%, P <0.05) com-
pared with the HDs (Fig. 5A and Supplementary Table 8).
After oral capsule treatment, the relative abundance of
Proteobacteria decreased, while the relative abundance of
Firmicutes and Bacteroidetes increased (Supplementary
Fig. 2 and Supplementary Table 9).

Before capsule treatment, the alpha diversity index of
the HDs significantly exceeded that of patients with CD
(all P<0.01), indicating evident flora disturbances and
disorders in the intestinal flora of children with CD, with
notably reduced intestinal flora diversity and abundance.
Following oral capsule treatment, the species abundance
and diversity of the gut microbiota of patients with CD
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Fig. 2 The trends of weight, weight percentile, height and BMI of the two groups before and after treatment (The comparison between the two
groups was the Mann-Whitney test, Paired Wilcoxon rank sum test was used before and after treatment, ***P <0.001)

significantly improved (all P<0.05), approaching levels
observed in the HDs (Fig. 5B).

The intestinal flora displayed a substantial difference
in beta diversity between the HDs and patients with
CD. Oral capsules significantly improved the differences
between patients with CD and HDs after treatment, with
samples clustered closely in the principal coordinate
analysis space (Fig. 5C).

Healthy and unhealthy gut flora exhibit different eco-
logical characteristics. The Gut Microbiome Health Index
(GMHI) in the healthy group was significantly higher
than that of the group with CD. Compared with the gut
microbiota of the HDs, that of patients with CD had a
significantly lower GMHI (Fig. 5D). However, the GMHI
of patients with CD increased significantly after capsule
treatment (P <0.001). As illustrated in Fig. 5E, the micro-
bial dysbiosis index (MDI) was significantly increased in
pre-FMT recipients compared with that of the HDs and
post-FMT group (P <0.001).

Implantation of the core functional genera

LEfSe was used to identify different genera at different
classification levels between HDs and patients with CD
(Supplementary Fig. 3). Compared with the HDs, the
pre-FMT group had lower proportions of the following
beneficial bacterial genera: Agathobacter, Akkermansia,

Roseburia, Blautia, Subdoligranulum, and Faecalibac-
terium (pre-FMT vs. HD group, P <0.05). In contrast,
Enterobacter, Enterococcus, Clostridioides, and Escher-
ichia-Shigella were more abundant in the pre-FMT
group than in the HD group (P <0.05) (Supplementary
Fig. 4 and Supplementary Table 6).

After treatment, the colonization rate of the six
above-mentioned beneficial bacterial genera increased
significantly (Fig. 6A). After the periodic administra-
tion of oral capsules at week 5, the colonization rate
re-increased significantly at week 10, whereas com-
petitive inhibition decreased the abundance of harmful
bacterial genera, such as Enterococcus and Clostridi-
oides (pre-FMT vs. post-FMT; P < 0.05) (Supplementary
Fig. 4).

The correlation heatmap analysis revealed that IL-10
was positively correlated with the following genera:
Subdoligranulum, Akkermansia, Faecalibacterium, and
Blautia. In contrast, a negative association was observed
between Agathobacter, Akkermansia, Roseburia, Blautia,
Subdoligranulum, and Faecalibacterium and the IL-2,
IL-1, and IL-6 levels (Fig. 6B).

These six beneficial bacterial genera were used
as predictors to generate the area under the curve
(AUC). Comparison between the HDs and patients
with CD revealed that the AUC values of the six bac-
terial genera exceeded 0.88: Roseburia (AUC=0.92),
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Fig. 3 Changes in the parameters before and after treatment in the capsule group. Changes in the C-reactive protein (CRP) level, erythrocyte
sedimentation rate (ESR), fecal calprotectin (FCP) level, vitamin D level, pediatric Crohn’s disease activity index (PCDAI), and simple endoscopic score
for Crohn’s disease (SES-CD) between the baseline and week 10

Faecalibacterium (AUC=0.9), Akkermansia ~ When assessing the combined effects of the six bacte-
(AUC=0.92), Blautia (AUC=0.88), Agathobacter rial genera, the AUC was 0.98 (Fig. 6C), showing that
(AUC=0.94), and Subdoligranulum (AUC=0.96). the predictive effect was advanced. Using these genera
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as predictors of efficacy before and after CD treatment,
we found a significant improvement in prediction
accuracy when the six bacterial genera were combined
(AUC=0.93) (Fig. 6D). This suggests that these six bac-
terial genera may play a crucial role in the clinical and
mucosal improvement of CD. Moreover, their com-
bined use has a synergistic effect and could be used as a
potential gut marker to diagnose CD.

Discussion
To the best of our knowledge, this was the first study to
evaluate the effect of oral FMT capsules combined with
PEN (80%) in pediatric patients with active CD and
explore the implantation rate of core functional bacte-
ria. In this prospective trial, the repeated and periodic
administration of oral FMT capsules in pediatric patients
with CD was effective, safe, and well tolerated. By week
10, 76.5% of the patients achieved clinical remission com-
parable to the use of immunosuppressants with PEN
(80%). Before FMT administration, patients with CD
demonstrated reduced species diversity and abundance
compared to the HDs. After FMT administration, the
species diversity and abundance significantly improved
along with a significant increase in vital functional gen-
era, similar to the HDs. This indicates a high success rate
of core functional genera implantation. Despite the small
sample size, the present study adds to the knowledge base
of FMT and provides early evidence of its effectiveness.
Oral FMT capsules have demonstrated clinical efficacy
for recurrent Clostridium difficile infection (CDI) [19,
20]. Kao et al. studied different transplantation routes

for patients with CDI and found that the oral capsule
approach was not inferior to the colonoscopy approach
[17].

Data on the use of oral FMT capsules for treating
inflammatory bowel disease are limited. Studies have
shown that daily oral FMT capsules can prolong changes
in the intestinal bacterial community structure in
patients with ulcerative colitis [21], which is a promising
FMT delivery route. Our study revealed that oral FMT
capsules combined with PEN (80%) could help induce
clinical remission and achieve endoscopic remission in
children with active CD, comparable to PEN (80%) with
immunosuppressants. It is noteworthy that the cap-
sule group and the control group exhibited not only a
comparable level of clinical efficacy but also a parallel
trend towards improvement in their nutritional status.
Although the number is limited, it is significant. Given
the safety concerns with immunosuppressants, we pro-
pose oral FMT capsules combined with PEN (80%) as a
viable alternative for active CD in children.

Regarding safety, common AEs associated with FMT
are primarily minor transient gastrointestinal com-
plications such as bloating, diarrhea, and abdominal
pain [22-24]. Our previous studies confirmed that the
short- and long-term safety of FMT is relatively good
[25]. However, serious AEs associated with other routes
of administration have been reported, including aspira-
tion and intestinal perforation [22]. While AEs following
oral capsule administration are infrequent, some studies
have reported nausea, abdominal discomfort, and vom-
iting [26]. Haifer et al. reported that oral FMT capsules
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are safe and do not cause significant AEs in patients with
ulcerative colitis [21]. Our research shows that most chil-
dren tolerate FMT capsules, and their use is safe, with
constipation being the primary AE. This may stem from
the apparent short-term fluctuation in the microflora

following the ingestion of numerous capsules and the low
water intake at school. Constipation typically resolves
in children after diet adjustment, and symptoms may
improve after 1 week of lactulose administration.
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Fig. 6 Implantation of the core functional genera (Agathobacter, Akkermansia, Roseburia, Blautia, Subdoligranulum, and Faecalibacterium) after oral
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patients with CD from healthy children. The combined effects of the six bacterial genera showed an AUC of 0.98, indicating good performance. D
The six core functional genera were assessed as potential gut markers to predict the efficacy of the CD therapy. The combined effects of the six
bacterial genera showed an AUC of 0.93, indicating good performance. HD: healthy donor; FMT OW: before treatment; FMT 5W: at week 5 after oral

capsule treatment; FMT 10W: at week 10 after oral capsule treatment

Our study found significant differences in the intestinal
flora of patients with CD before treatment compared to
healthy controls, with significantly reduced diversity and
abundance of the flora, consistent with extensive research
data [26]. At week 10, the p-diversity and a-diversity had
improved, the composition and abundance of the phyla,
genera, and species resembled that of the HDs, and the
GMHI and MDI had significantly improved. Moreover,

our study revealed that oral capsules are as effective as
traditional FMT delivery in restoring bacterial diversity.
Evidence reveals that the clinical success of FMT
may be related to the extent to which the donor
microbe is implanted in the recipient’s gut. Quantify-
ing this is the first step in determining the conditions
under which implantation can be maximized [13]. In
the present study, Harmful bacteria such as Enterococ-
cus was highly abundant in the gut of children with
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CD, while various beneficial bacterial genera that pro-
duce short-chain fatty acids (SCFAs) with anti-inflam-
matory properties were significantly lacking, including
Faecalibacterium, Blautia, Subdoligranulum, Agatho-
bacter, Akkermansia, and Roseburia. Enterococcus is
an opportunistic pathogen that can cause systemic
infection [27]. Faecalibacterium, Akkermansia, and
Roseburia are representatives of the next generation
of probiotics, which can not only produce SCFAs, but
also prevent cancer [28]. Agathobacter and Subdol-
igranulum all produce butyrate, which helps suppress
inflammation in the gut [29]. Blautia stimulates mucus
growth by producing SCFAs and prevents disease
infection [30]. After treatment, the colonization rate
of these functional genera increased significantly, and
simultaneously, the colonization rate of harmful bac-
terial genera, such as Enterococcus and Clostridioides,
decreased significantly due to competitive inhibition.
The cooperative implantation rate of the bacterial gen-
era was higher after periodic oral capsule administra-
tion and was comparable to that of the gut microbiota
of healthy controls. Our study found that multiple
periodic administration of oral capsules can increase
the number of donor microbes, compete better with
the recipient’s microbes, and help donor flora colo-
nize the recipient’s gut. This underscores the potential
of the periodic administration of oral FMT capsules
as a viable strategy to achieve long-term microbial
regulation.

The AUC values indicated that the six beneficial bac-
terial genera mentioned above could not only help dis-
tinguish children with CD from healthy children but
could help predict the clinical efficacy of CD treatment.
Therefore, we concluded that the six beneficial bacte-
rial genera were the “core functional genera” of CD. The
clinical symptoms of the children improved with the
colonization of the core functional genera.

Previous studies have reported that therapeutic FMT
can directly regulate congenital and adaptive immune
responses [31]. Moreover, positive immune regulation
is associated with an upregulation of IL-10 levels and a
decrease in the ESR and IL-6 and CRP levels [32]. We
hypothesized that the mechanism underlying FMT’s
improvement of intestinal inflammation may be related
to the six core functional genera. Studies have shown
that Faecalibacterium and Akkermansia stimulate
IL-10 secretion [33, 34]. Moreover, Blautia, Agathobac-
ter, Subdoligranulum, and Roseburia are major produc-
ers of butyric acid, which contributes to the secretion
of anti-inflammatory cytokines, such as IL-10 [28, 35].
Our study found that IL-10 was positively correlated
with these genera, whereas IL-2, IL-1, and IL-6 were
negatively correlated. With clinical improvement in
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children with CD, the ESR, CRP and FCP levels, and
other parameters improved, and the intestinal mucosa
was significantly repaired. Therefore, we speculate that
these core functional genera may be key bacterial gen-
era leading to clinical and mucosal improvement in CD.

The findings of this study suggest that the identified
core functional genera may serve as potential biomark-
ers for the diagnosis and treatment of CD. Currently,
the etiology of CD remains unclear, and there is a sig-
nificant lack of characteristic diagnostic markers.
Finding and verifying appropriate functional genera
as biomarkers for CD diagnosis and treatment is help-
ful to accurately predict the treatment outcome [36,
37]. This study not only provides new insights into
the pathogenesis of CD, but also offers a new thera-
peutic option. In the future, with the further study of
the mechanism of these core functional genera, we are
expected to develop precision therapy based on intesti-
nal flora regulation of CD.

The capsules in our study were produced and adminis-
tered uniformly. Moreover, we monitored patients over a
long period and conducted a detailed microbiome analy-
sis. However, this study had a few limitations. First, the
sample size was limited and the trial lacked randomiza-
tion, which may limit the strength of our findings. Sec-
ond, 6 refractory patients were enrolled in the capsule
group, while none were in the control group, and many
patients in the control group were receiving medica-
tion, this discrepancy may introduce bias into the study.
Finally, future studies are needed to verify the role of core
functional bacteria through animal experiments.

Conclusions

We observed bacterial implantation after oral admin-
istration of FMT capsules matched the clinical symp-
toms. Moreover, we identified six core functional
genera that may be candidate biomarkers for distin-
guishing children with CD from healthy children.
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