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Abstract

BACKGROUND

Fecal microbiota transplantation (FMT) is a promising therapeutic approach for treating
Crohn’s disease (CD). The new method of FMT, based on the automatic washing
process, was named as washed microbiota transplantation (WMT). Most existing
studies have focused on observing the clinical phenomena. However, the mechanism of
action of FMT for the effective management of CD-particularly in-depth multi-omics
analysis involving the metagenome, metatranscriptome, and metabolome-has not yet

been reported.

AIM
To assess the efficacy of WMT for CD and explore alterations in the microbiome and

metabolome in response to WMT.

METHODS

We conducted a prospective, open-label, single-center clinical study. Eleven CD
patients underwent WMT. Their clinical responses (defined as a decrease in their CD
Activity Index score of > 100 points) and their microbiome (metagenome,
metatranscriptome) and metabolome profiles were evaluated three months after the

procedure.
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RESULTS

Seven of the 11 patients (63.6%) showed an optimal clinical response three months post-
WMT. Gut microbiome diversity significantly increased after WMT, consistent with
improved clinical symptoms. Comparison of the metagenome and metatranscriptome
analyses revealed consistent alterations in certain strains, such as Faecalibacterium
prausnitzii (F. prausnitzii), Roseburia intestinalis (R. intestinalis), and Escherichia coli. In
addition, metabolomics analyses demonstrated that CD patients had elevated levels of
various amino acids before treatment compared to the donors. However, levels of vital
amino acids that may be associated with disease progression (e.g., L-glutamic acid,

gamma-glutamyl-leucine, and prolyl-glutamine) were reduced after WMT.

CONCLUSION
WMT demonstrated therapeutic efficacy in CD treatment, likely due to the effective
reconstruction of the patient’s microbiome. Multi-omics techniques can effectively help

decipher the potential mechanisms of WMT in treating CD.
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Core Tip: Fecal microbiota transplantation (FMT) is a promising therapeutic approach
for treating Crohn’s disease (CD). The new method of FMT, based on the automatic
washing process, was named as washed microbiota transplantation (WMT). However,
most existing studies have focused on observing clinical phenomena. In the present
study, we found that the efficacy of WMT in CD may be due to the effective remodeling

of the intestinal micro-ecological balance of patients through the combined in-depth
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analysis of metagenomic, metatranscriptomic, and metabolomic technologies. Multi-
omics techniques can effectively help decipher the underlying mechanism of WMT for

CD.

INTRODUCTION

The global incidence of Crohn’s disease (CD), a tyﬁof inflammatory bowel disease
(IBD), has been steadily rising over recent years. The prevalence rate has increased from
79.5 cases per 100000 individuals in 1990 to 84.3 per 100000 in 20170, This increase
poses a significant risk to human health. The pathogenesis of CD is still not completely
understood. However, it is widely believed that the onset of CD is influenced by
genetic, environmental, and gut microbiota dysbiotic factors, especially the abnormal
activation of the gastrointestinal immune system by disorders involving the gut
microbiota, which have emerged as a research hotspot in recent years. CD patients have
distinct differences in their gut microbiota compared to healthy individuals, including a
general decrease in species diversity and abundance of certain commensal and
beneficial bacteria (e.g., Firmicutes and Bacteroides spp.), accompanied by increased
Proteobacteria. The pathotype adherent-invasive Escherichia coli (E. coli), in the phylum
Aspergillus, has been identified as an important risk factor for CDERL It potentially
contributes to inflammation by producing a-hemolysin, which can lead to the
destruction of the intestinal mucosal3l. On the other hand, Ruminococcus gnavus may be
involved in CD development by producing a glucorhamnan polysaccharide that acts on
toll-like receptor 4 to induce an inflammatory responsel4l.

The utilization of fecal microbiota transplantation ) has shown potential as an
effective treatment option for CD. The new method of FMT, based on the automatic
ﬁshi_ng process, was named washed microbiota transplantation (WMT)E! in the
consensus statement from the FMT-standardization Study Group in 2019[¢l. Washed
preparation of fecal microbiota improves transplantation-related safety, quantitative
methods, and delivery of the microbiota suspensionl>’]. WMT has been used to

effectively re-establish intestinal microecology and holds promise for treating CD.
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Interestingly, in comparison to manual FMT, WMT has significantly enhanced the
safety of CD treatment, as evidenced by a decrease in adverse events from 21.7%
(15/69) to 4.0% (35/882)7.. Clinical responses to WMT in IBD treatment are primarily
associated with successful Akkermansia fixation, and F. prausnitzii has been found to
have a strong symbiotic relationship with itl8l. In addition, when the optimal timing of
the second FMT was sought, it was determined that 125 d was the median time needed
to maintain a clinical response to the first FMTIL.

A recent meta-analysis comprising 12 studies on 228 CD patients who underwent
FMT revealed that 57% of patients achieved clinical remission between 2 and 4 wk after
treatment(1?l. However, most published studies are currently limited to observations of
clinical phenomena, as the mechanisms of action by which FMT is effective in treating
CD have not yet been fully identified, particularly regarding more extensive changes in
the microbiome and metabolome. This identification is critical for expanding the high-
quality evidence base for FMT in CD treatment.

In the first decade of microbiome research, microbial composition and genome
structure were mainly elucidated using DNA sequencing techniques such as 16S rDNA
and metagenomic sequencing(!l. Recently, researchers have employed transcriptomic
sequencing to analyze bacterial communities to explore dynamic microbiome and gene
expression. This approach can elucidate variations in microbiome function in specific
environments and interactions with the host. It can also help to understand microbiome
configurations across the transition from healthy to diseased states!!l. However, neither
changes in the active gut microbiota (from metatranscriptomics) nor changes in fecal
metabolites have been reported in CD patients treated with FMT. Therefore, this study
aimed to reveal the multi-omics mechanism of WMT for the effective treatment of CD
by evaluating and analyzing the metagenomic (DNA), metatranscriptomic (RNA), and

metabolomic aspects of stool specimens before and after CD patients received WMT.

MATERIALS AND METHODS
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The study was a prospective, open-label, and single-center clinical trial conducted at the
Second Affiliated Hospital of Nanjing Medical University. All the participants willingly
agreed to participate in the research and provided written informed consent. The
Estitution’s Institutional Review Board approved the study protocol (NCT01793831).
The study protocol complied with the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the Ethics Committee of the Second Affiliated Hospital
of Nanjing Medical University (2022-KY-161-01).

Patient recruitiment

Adult CD patients with a CD Activity Index (CDAI) score = 150 were recruited from the
Second Affiliated Hospital of Nanjing Medical University between March 2022 and
March 2023. Exclusion criteria were applied as follows: (1) Patients who had used
antibiotics, gastric acid suppressants (e.g., proton pump inhibitors), probiotics, and
other medications that may interfere with the gut microbiota in the three months prior
to the recruitment; (2) patients requiring antibiotics during hospitalization; (3) patients
who had changed their medication in the four weeks prior to recruitment; (4) patients
who had comorbidities, such as infectious diseases identified by examination that
included (but were not limited to) bacterial infections [including Clostridioides difficile (C.
difficile)], fungal infections, and viral infections; (5) pregnant women, or women of
childbearing age planning to conceive; (6) presence of contraindications to colonoscopy
or anesthesia; and (7) any other conditions deemed by the investigator to be unsuitable

for inclusion in the study.

Patient assessment

Montreal classification('>"3] was used to count the CD patients included in the study.
The Montreal classification is based on the age at diagnosis (Al: < 16, A2: 17-40, A3: >
40), disease location (L1: Ileal, L2: Colonic, L3: Ileocolonic, L4: Upper gastrointestinal),
and the disease behavior (Bl: Non-stricturing/non-penetrating, B2: Stricturing,

B3:penetrating, P: Perianal disease modifier). All the patients were assessed for CDAI
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and Harvey-Bradshaw Index (HBI) scores as well as clinically relevant indices
(including general health, stool frequency, level of abdominal pain, presence of
complications related to CD, abdominal masses, and Simple Endoscopy Score (SES) CD
score by colonoscopy) before the WMT. Patients were also evaluated-three months post-
WMT-for their CDAI and HBI scores and any modifications in their treatment
medications and hospitalization. Patients were consistently monitored for any adverse
events (AE) from when they underwent WMT until three months post-treatment. Stool
samples were collected one week before and three months after WMT treatment for

metagenomic, metatranscriptomic sequencing, and metabolomic testing.

Research program and WMT process

WMT donors were selected from the universal stool bank (China Microbiota
Transplantation Systemm, CMTS). The donor screening criteria have been described in
detail in the Nanjing Consensus(®. The donors in the present study were six individuals
(four males and two females) between the ages of 18 and 25. No donors were related to
the participating patients.

The steps for the preparation of washed microbiota suspensions were as follows: (1)
An automatic purification system (GenFMTer, FMT Medical, Nanjing, China) was used
to enrich the rrErobiota; (2) the fecal microbiota suspension was transferred to tubes for
centrifugation and the supernatant was discarded (this step was repeated three times
using sterile saline to make the suspension); and (3) the volume ratio of final
precipitation/vector solution was 1:2 for making fresh suspensionsl®. The washed
preparation of fecal microbiota changes the transplantation-related safety, quantitative
method, and deliveryl”l. Moreover, the “one-hour FMT protocol” was used to ensure
that the interval between defecation and infusion of the fresh bacteria into the intestinal
tract of patients was less than one hourl!4. Washed microbiota suspensions (1U) were
delivered through either colonic or mid-gut transendoscopic enteral tubing (TET) once
daily for two days (methods for colonic/*3 and mid-gut!!el TET have been reported in

detail in previous studies). Colonic TET offers a new and convenient method of
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delivering WMT that is painless and easily reproducible, resulting in high patient

satisfaction[14l,

Assessment of efficacy

The primary outcome was the clinical response (a decrease in CDAI score > 100) three
months after WMT. Secondary outcome included clinical remission (CDAI < 150),
improvement in HBI, SES CD score, reduction in the various inflammatory markers
[erythrocyte sedimentation rate (ESR), high-sensitivity C-reactive protein (hs-CRP),
fecal calprotectin]|, and improvement in different clinical symptoms three months after
WMT. In particular, mucosal healing after WMT can be evaluated in patients willing to

undergo colonoscopy three months after WMT.

Security assessment

The follow-up was conducted one week, one month, three months, and six months after
WMT to assess the potential AE and concomitant medication changes. The correlation
between AE and WMT was classified as either “unrelated,” “possible,” “probably,” or

“definitive” [17],

Patient and donor fecal sample collection

The stool samples from patients and donors were collected and delivered to the
laboratory within one hour and stored at -8Q_°C until processing. The samples were
collected one week before WMT and three months after WMT. A total of 22 fecal
samples were collected, of which 16 were from eight CD patients (including five
responders and three non-responders), and six were from the six donors. All the
samples were subjected to metagenomic, metatranscriptomic, and untargeted

metabolomic analysis.

DNA/RNA extraction and metagenomic/metatranscriptomic sequencing
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Total gut microbiota genomic DNA was extracted from the 22 thawed stool samples

using the QIAGEN DNeasy PowerSoil Pro Kit (Qiagen, Germany) according to the
manufacturer’s instructions. Total RNA was extracted from the samples using the
QIAGEN RNeasy PowerMicrobiome Kit (Qiagen, Germany), employs the RiboMinus™
Transcriptome Isolation Kit (Invitrogen, United States), that utilizes rRNA-
complementary probes to bind and remove rRNA. Subsequently, the mRNA was
randomly divided into various short fragments of 250-300 bp with divalent cations in
the NEB Fragmentation Buffer, and the first strand of cDNA was then synthesized
using the fragmented RNA as a template and random oligonucleotides as potential
primers. The DNA obtained by both methods was sequenced using the Illumina
NovaSeq PE150 platform. The above experiments were performed at Institute of

Microbiology, Chinese Academy of Sciences, Beijing, China.

Species annotation and functional analysis

The rRNA reads were removed using Bowtie2, based on the sortmerna-4.3 version of
the rRNA database. The sequences were assembled using the MEGAHIT software, and
gene prediction was conducted with Prodigal. The various redundant genes were
removed from multiple samples using cd-hit. The obtained reference sequences and the
reads were then compared to the reference sequences using the software BBMap Suite
to calculate abundance. Both metagenome and metatranscriptome were analyzed using
the software kraken2['8l to obtain abundance tables of species across different taxonomic
levels. Intergroup differences were examined using linear discriminant analysis effect
size (LEfSe).

Identification and quantification of metabolites in fecal samples
The chromatographic separation of the target compounds was performed on a Waters
ACQUITY UPLC BEH Amide (2.1 mm x 50.0 mm, 1.7 pm) liquid chromatography
column using a Vanquish (Thermo Fisher Scientific) ultra-performance liquid

chromatograph(!?l. The liquid chromatographic phase A consisted of an aqueous phase
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containing 25 mmol/L ammonium acetate and 25 mmol/L ammonia, whereag_the
phase B was acetonitrile. The temperature of the sample tray was maintained at 4 °C,
and the injection volume was 2 pL. The Orbitrap Exploris 120 mass spectrometer,
controlled by Thermo’s Xcalibur software (version 4.4), could acquire primary and
secondary mass spectrometry data. The raw data was converted into mzXML format by
ProteoWizard software and then processed by an in-house written R package (kernel
XCMS) for peak identification, extraction, alignment, and integration(2l. The substance
annotation was then performed by matching it with the self-built secondary mass
spectrometry database of BiotreeDB (V2.1), and the cut-off value for algorithm scoring

was set to 0.3.

etabolite analysis of fecal samples
The data were log-transformed and centered (CTR) formatted using SIMCA software
(V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). After that, it was
subjected to alaomated modeling analysisi2ll, and a Score scatter plot of the PCA model
was obtained. For each set of comparisons, we calculated the Euclidean distance matrix
for determining the quantitative values of the differential metabolites and clustered
differential metabolites in a complete chaining approach, and these metabolites were

subsequently presented in a heat map.

Heat mapping of metabolite and microbial species correlation in fecal samples

Based on the non-parametric test method, paired Wilcoxon tests were employed to
obtain significant differences in metabolite level (P < 0.05), RNA level species annotated
with LEfSe LDA greater than two, and significant differences (P < 0.05) in species
annotated with LEfSe LDA. The correlation coefficients, R, were calculated with a P

value using the Spearman method to create the heatmap.

Statistical analysis
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The descriptive statistics included reporting the means and standard deviations for

continuous variables and the frequencies and percentages for categorical variables. The
data were examined using IBM SPSS 26.0. Wilcoxon signed-rank tests were employed

to analyze paired data. P values < 0.05 were considered as significantly different.

RESULTS

Clinical outcome

The baseline characteristics of patients are depicted in Table 1 (Supplementary Table 1
for specific parameters). We found that seven of the 11 patients met the primary
endpoint of CDAI improvement-a clinical response rate of 63.6%. All the responders
achieved clinical remission. The remaining four non-responders experienced symptoms
of disease within three months of treatment and returned to the hospital. The seven
patients who reached the primary observation endpoint were followed up 3-6 months
after the treatment. Among these, one patient experienced increased abdominal pain
and was readmitted to the hospital. Two patients in remission requested a repeat WMT
to consolidate their treatment. The remaining four patients remained in clinical
remission. The different parameters in responders and non-responders three months
after WMT-including CDAI, HBI, stool frequency, abdominal pain, CRP, ESR, and fecal
calprotectin-are shown in Table 2.

Based on a decrease of more than 100 points in their CDAI score, the patients were
categorized into responders (n = 7) and non-responders (n = 4). After three months of
WMT, responders exhibited significant improvements in HBI, CDAI, and bowel
frequency (P < 0.05). In addition, abdominal pain, hs-CRP, and ESR decreased to
varying degrees, although the reduction was not statistically significant. The fecal
calprotectin levels in responders remained constant before and after the treatment
(Table 2). However, non-responders did not experience any improvement in CD-related
clinical symptoms and inflammatory indexes; in some cases, their condition even
deteriorated compared to the baseline period (Supplementary Table 2). Consistent with

the clinical symptoms and laboratory indices, four patients in the responder group
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displayed a trend of decreasing SES CD scores compared with the previous period.
Conversely, the non-responder group showed increased SES CD scores during the same

period.

AEs

The incidence of AEs was 2/22 (9.1%). One patient experienced constipation (possibly
related, mild) within one week of transplantation, which improved rapidly with
laxative medication. A mild increase in bowel movements was observed in another
patient the day after transplantation (possibly related, mild), which was left untreated.
Two other patients experienced painful episodes of urticaria and gout after treatment,
which resolved spontaneously within 24 h. Because these patients had previously
relapsed with similar conditions, the treating physicians did not consider them to be
transplant-related. All of these AE were clarified as short-term AE according to the cut-
pont of 1 month-post WMTIZL No severe AEs and long-term AE occurred during

treatment and follow-up.

MICROBIOME AND METABOLOMIC ANALYSIS

Differences in the gut microbiome and metabolome between patients with mildly active
CD and donors

Metagenomic species-level annotation showed that CD patients had significantly
decreased Shannon and Simpson indices compared to donors prior to WMT, indicating
lower alpha diversity (ANOVA, P < 0.01; P < 0.05) (Figure 1A). Regarding B-diversity,
we constructed a principal coordinate analysis plot of the categorical distances between
the samples (Jaccard index in Figure 1B), revealing a significant separation between the
two groups, with the donor group exhibiting a more compact clustering. At the
metabolome level, a significant separation between the two groups was visible in the
Score scatter plot of the PCA model. The donor group exhibited a significantly closer
clustering than the CD group (Figure 1C). Differences in the amino acids composition of

fecal samples were found between patients with baseline CD patients and donors
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(Figure 1D). Amino acids levels in the feces of CD patients were higher than those of
donors.

LEfSe was employed in the metagenomic analysis to screen the two groups for the
differential species based on LDA = 2 and P < 0.05. The three species with the highest
abundance in the patient group before the transplantation were Collinsella aerofaciens
(LDA = 4901 P < 0.05), Erysipelotrichaceae bacteriumlI46 (LDA = 3.745, P < 0.05), and
Clostridium scindens (LDA = 3.697, P < 0.01). In contrast, the three species with the
highest abundance in the donor group were F. prausnitzii (LDA = 5.002, P < 0.01),
Anaerostipes hadrus (A. hadrus, LDA = 4.259, P < 0.01), and Bacteroides vulgatus (LDA =
4104, P < 0.01), respectively (Supplementary Figure 1).

The same LEFSe was employed in the metatranscriptomic analysis to screen for the
differential species between baseline and donor in CD patients based on LDA >2 and P
< 0.05. The top three species with the highest baseline abundance in CD patients were
observed to be Phocaeicola coprophilus (LDA = 4.43, P < 0.01), Bacteroides fragilis (LDA =
4178, P < 0.01) and Bacteroides sp. PHL 2737 (LDA = 4.035, P < 0.01). The three species
with the highest abundance in the donor group were Bifidobacterium bifidum (LDA =
4.746, P < 0.05), A. hadrus (LDA = 4.638, P < 0.01), and Blautia producta (LDA = 4.518, P <
0.01) (Supplementary Figure 2). Interestingly, when analyzed in comparison with the
metagenome assay results, elevated expression of F. prausnitzii, A. hadrus, and R.
intestinalis in the donor group was found to be almost identical to the

metatranscriptomic assay results (Supplementary Table 3).

The diversity of gut microbiome increased in responders after WMT, and the diversity
was associated with clinical symptoms

According to the metagenomic species level annotation, there was a significant increase
in alpha diversity (as indicated by the observed species and chaol index) in the
responder group after WMT compared to the baseline (ANOVA, both P < 0.01) (Figure

2A). However, the non-responder group did not show any notable alterations in
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observed species and chaol index following WMT compared to the baseline (ANOVA,
both P <0.05) (Figure 2B).

When analyzing the disparities in post-transplant microbiome diversity, the
responder group presented a significant increase in observed species and chaol index
compared to the non-responder group. (ANOVA, both P <0.05) (Figure 2C). Examining
the disparity in species abundance at the DNA and RNA levels in both groups showed
a marked resemblance between the two differential microbiomes (Figure 2D). There

was a decrease in F. prausnitzii and Phocaeicola vulgatus and an increase in E. coli.

Changes in microbiome and metabolome before and after WMT in responders

A thorough comparison of DNA levels between the baseline responder group, post-
transplantation responders, and donors exhibited that the transfer of F. prausnitzii can
be identified in both donor and responder samples, with corresponding variations
observed in RNA levels (Figure 3A). The fecal metabolites L-glutamic acid, gamma-
glutamyl-leucine, and prolyl-glutamine were significantly higher than the donors
before WMT but decreased after WMT (Figure 3B). Furthermore, a number of
metabolites exhibit a similar pattern of alteration (Figure 3C).

At the DNA level, the comparison between the community species pre-and post-
WMT revealed an increase in Desulfovibrio piger (D. piger) and Clostridiales
bacteriumCCNA10, and a decrease in Paraclostridium bifermentans (P. bifermentans),
Bradyrhizobium sp 6 2017, and Bradyrhizobium sp SK17 (Figure 3D), according to the
results from the comparative LEfSe analyses. Interestingly, the most significant changes
at the RNA level included a decrease in C. difficile and a significant increase in Prevotella
copri (P. copri) (Figure 3E). Analysis of fecal metabolites showed a significant decrease in
several metabolites, such as isonicotinic acid, lutein, and norvaline (Supplementary
Figure 3). Heatmaps were plotted to show differential species (RNA levels) and
differential metabolite correlations before and after WMT in the responding group, as

shown in Figure 3F.
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DISCUSSION

In this prospective study on the effectiveness of WMT for CD, 63.6% of patients
experienced notable improvements in CDAI (of more than 100 points) three months
after WMT. This treatment efficacy was higher than in a previously reported study!'l.
Although inflammatory indicators such as SES CD, fecal calprotectin, hs-CRP, and ESR
decreased in the responding group, the small sample size prevented the identification
of statistically differences (P > 0.05). Therefore, randomized controlled trials with larger
sample sizes are needed for further validation of these findings.

We thoroughly analyzed fecal samples obtained from patients before and after WMT-
and from donors-for metagenomic, metatranscriptomic, and non-targeted metabolomic
assays. To our knowledge, this is the first time that metatranscriptomic and
metabolomic techniques have been used to analyze pre- and post-transplant fecal
samples in a study of FMT for CD. Metagenomic-based species annotation studies
revealed that patient clinical phenotypes were significantly associated with alpha
diversity (Figure 1A; Figure 2A-C). For example, the alpha diversity of the donor gut
microbiome was significantly hiﬁler than that of baseline patients. The alpha diversity
of the post-WMT responders was significantly higher than that of the baseline.
However, the alpha diversity of the non-responders was not significantly altered pre-
and post-WMT. These findings were consistent with those reported in previous
studies[23l. In terms of beta diversity, it was observed that there was a distinct separation
between the donor group and the baseline patients, and the samples were clustered
more tightly between the donor groups, which also aligns with previous reports(2t. A
similar phenomenon was observed in metabolomic analyses (Figure 1B).

The microbiome characteristics of the baseline CD patient samples were also
analyzed. The significant reductions in R. intestinalis, F. prausnitzii, and Akkermansia
muciniphila  in  the DNA-level species-richness-based differential analyses
(Supplementary Figure 1) were very similar to the results of other recently reported
studies of CD patients and healthy controlsi?l. However, despite the presence of a gene

in the DNA, its functionality and transcriptional activity are not guaranteed as they rely
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on the type and quantity of RNA transcribed from it/?®l. The metatranscriptome can
offer improved “resolution” for species identification compared to the metagenomel!1l.
In this study, we compared the metagenomic and metatranscriptomic analyses and
observed that the changes in certain strains were consistent. When studying the species
differences between the donors and baseline CD patients, it was discovered that F.
prausnitzi, A. hadrus, and R. intestinalis were significantly more abundant in the donors
than in baseline CD patients based on both DNA and RNA species annotation
(Supplementary Table 3). All three bacteria are producers of short-chain fatty acid
(SCFA)[1. SCFA is an important metabolite for maintaining intestinal homeostasis and
is thought to have some therapeutic potential for IBDI?7l. F. prausnitzi and R. intestinalis
are recognized as beneficial bacteria in IBD and can exert anti-inflammatory effects
through the regulation of multiple pathwaysl2>28l. When comparing the differences in
bacterial microbiomes between the responder and non-responder groups post-
transplantation, an increase in SCFA-producing bacterial?®], such as F. prausnitzii and
Phocaeicola vulgatus, as well as a decrease in the potentially pathogenic bacterium E. coli,
were also found in the responder group at both the DNA and RNA levels (Figure 2D).
The effectiveness of WMT lies in its ability to restore the patient’s microbial balance
effectively. We observed that, whether based on investigation of DNA or RNA levels,
the abundance of F. prausnitzii showed a remarkable increase after transplantation in
the responders compared to baseline and was higher than in the non-responders group
(Figures 2D and 3A). It was observed that Ruminococcus gnavus, a well-established CD
causative agentld, significantly decreased in the responders after transplantation at the
RNA level. However, contrasting results were observed at the DNA level, indicating
either an opposite trend or no change (Figure 3A). Thus, RNA-based transcriptional
activity of the baﬂerial population could be more relevant to the clinical outcomes.
Furthermore, a significant increase in the abundance of D. piger in the responding
group (based on DN A levels) was noted in this study. Around 50% of individuals carry
sulfate-reducing bacteria (SRB) in their gut. Specifically, D. piger was reported to be the

most common SRB in a cohort of healthy adults in the United States/?l. In addition,
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prior studies have shown that a higher abundance of D. piger is resistant to invasion by
Salmonella enteritidis in a chick preclinical model3l. Moreover, the abundance of
potentially pathogenic bacteria, such as P. bifermentans and Bradyrhizobium sp 6 2017,
was significantly reduced in the responder group after the transplantation. P.
bifermentans was the first strain reported to cause worsening of the pathological scores
in a mouse model of ulcerative colitis®!l. In another elegant study, Bradyrhizobium
enterica (B. enterica) nucleotide sequences were identified by PCR from the biopsy
specimens of patients with umbilical cord colitis, thereby suggesting that B. enferica may
be an opportunistic human pathogenl32l.

Interestingly, the decreased abundance of C. difficile and increased abundance of P.
copri was predominantly found at the RNA level (Figure 3E). C. difficile is an
opportunistic pathogen with increased abundance in the intestines of dysbiotic
intestinal hosts and is a leading pathogen in pseudomembranous colitis. Several
previous studies have shown a significant decrease in P. copri in pediatric CD patients
and in a canine model of CDI[3, whereas P. copri abundance was significantly increased
after WMT intervention. Based on these findings, it can be suggested that WMT can
improve patients’ clinical outcomes by optimizing microbiome structure, boosting the
presence of helpful bacteria, and reducing the colonization of pathogenic bacteria.

Increased levels of many amino acids were observed in the baseline samples collected
from CD patients (Figure 1D). Previous studies have shown that there is a noticeable
increase in specific metabolites related to glutathione metabolism (including glutamate,
glycine, cysteine, and pyroglutamate) in the urine of pediatric IBD patients®l, and it
has also been suggested that CD patients tend to have enhanced fecal amino acidsl?*1.
Furthermore, various studies in preclinical models have indicated that bacterial urease
expression can effectively transfer host-sourced nitrogen to the gut microbiota to
facilitate amino acid synthesis during gut microbiota dysregulation and
inflammation/®l.

Interestingly, several amino acids (including L-glutamic acid, gamma-glutamyl-

leucine, and prolyl-glutamine) were elevated in the baseline samples compared to the
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donors but decreased significantly after WMT (Figure 3B). Among these, glutamic acid
has been recognized as an inflammatory marker in an immunocompromised mouse
model of a specific type of ulcerative colitisP®l. Moreover, another study indicates that
increased levels of gamma-glutamyl-leucine-a biologically active peptide implicated in
inflammation, oxidative stress, and glucose management-are causally associated with
cardiometabolic riskl*”l. In addition, the down-regulation of prolyl-glutamine has been
linked with immune enhancement in micel®l. We have illustrated the presence of
several metabolites showing similar patterns (Figure 3C). One of these metabolites, N1-
methyl-2-pyridone-5-carboxamide (M2Py), is known to be a uremic toxin(3%. The
reduction in M2Py levels after transplantation through WMT suggests that WMT could
be a potentially effective approach in protecting the renal function of patients suffering
from renal failurel®l. In addition, the levels of many anti-inflammatory substances
(including isonicotinic acid, lupulone, and norvaline) were elevated in the responders
after WMT. The combination of isoniazid and salazosulfapyridine has demonstrated
anti-colitis effects in preclinical experiments by suppressing the pathology of
inflammation and fibrosis in a model of colitis/*!l. Lupulone, a component found in hops
extracts, is recognized for its significant role in exhibiting antimicrobial effects and its
potential as an antioxidant, anti-inflammatory, and antibacterial agent/?l. Norvaline
demonstrates anti-inflammatory properties by inhibiting arginase, and its effectiveness
in reducing inflammation is partially due to its ability to suppress inhibited p70s6kl4l.
Correlation heatmap display analyses were performed for both differential
metabolites and differential species at the RNA level pre-and post-WMT in the
responders (Figure 3F). It was observed that species such as Eubacterium limosum and
Bacillus cereus were positively correlated with the metabolite norvaline, which is
associated with anti-inflammatory properties. In addition, previous studies have
indicated that Eubacterium spp. and Bacillus cereus can exhibit significant anti-
inflammatory effects related to intestinal inflammation254l. Several species within the

genus Prevotella, including P. copri, are negatively correlated with the immune-related
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metabolite dehydrophytosphingosinel*! but positively correlated with the anti-
in matory metabolite norvalinel*l and urocanic acidl46l.

A limitation of this study is its small sample size, which is related to our strict
inclusion criteria. To minimize the interference of drugs on the results of microbiome
testing, we excluded patients who had used drugs (such as antibiotics, proton pump
inhibitors, and probiotics) within three months before recruitment and three months
after WMT. We also excluded some patients with moderately to severely active CD.
Nonetheless, although not designed as a randomized controlled trial, this study closely
integrates microbiomics and metabolomic analyses, providing new evidence for
understanding FMT in treating CD and thus advancing the field of microbiota

medicinel47l.

CONCLUSION

This study demonstrates that WMT is effective in CD treatment. The clinical phenotype
of the patients was closely related to the altered diversity of the gut microbiota, and
metagenomic and metatranscriptomic techniques were effective and complementary in

"

improving the “resoluti of the active microbiome, which could potentially have
significant implications. To better understand the role of the microbiome in WMT
treatment and uncover the underlying mechanisms, it remains crucial to utilize

additional genomic techniques such as macro-proteomics and culture genomics in

future studies.

ARTICLE HIGHLIGHTS

Research background

Incidence of Crohn's disease (CD) s increasing every year, posing a serious threat to
human health. Fecal microbial transplantation_(FMT) is a promising therapeutic
approach for the treatment of CD. The new methodology of FMT, based on the

automatic washing process, was named as washed microbiota transplantation (WMT).
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Research motivation
Most existing studies have focused on observing clinical phenomena. However, a
combined multi-omics (metagenomic, metatranscriptomic, and metabolomic) analysis

of FMT for the effective treatment of CD has not been reported.

Research objectives
To examine the effects of two consecutive fixed WMT doses on clinical and endoscopic
outcomes in CD patients. A secondary aim was to explore alterations in the microbiome

and metabolome in response to WMT.

Research methods

WMT was administered to 11 patients with active CD. Their clinical response (defined
as a decrease in CD activity index score > 100 points) was assessed three months after
transplantation. Fecal samples collected 1 wk before and 3 months after WMT were

subjected to combined metagenomic, metatranscriptomic, and metabolomic analyses.

Research results

Seven of 11 patients (63.6%) demonstrated response 3 months after WMT. There was a
significant increase in the diversity of the gut microbiota after WMT, consistent with
improved clinical symptoms. A comparison of metagenomic and metatranscriptomic
analyses revealed constant changes in certain strains, such as Faecalibacterium
prausnitzii, Roseburia intestinalis, and Escherichia coli. Metabolomic analysis of the
responder group identified certain amino acids that may be associated with disease
progression (e.g., L-glutamic acid, gamma-glutamyl-leucine, and prolyl-glutamine) that

were higher in the pre-transplant than in the donor but lower in the post-transplant.

Research conclusions
WMT has shown efficacy in CD treatment, possibly due to the effective reconstitution of

the patient’s microbiome. Combined metagenomic, metatranscriptomic, and
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metabolomic analyses can effectively help decipher the underlying mechanisms of

WMT for CD.

Research perspectives
The exact mechanism by which FMT treats CD still needs to be better understood.
Future studies need to clarify the underlying mechanisms by utilizing additional

histological techniques (e.g., macro-proteomics and culture genomics efc.).
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Figure 1 Mildly active Crohn’s disease patients differed from the donors in alpha and
beta diversity and metabolites. A: Baseline Crohn’s disease (CD) patients exhibited
significantly lower gut microbiome Shannon’s and Simpson’s indices than the donors;
B: Comparison of beta diversity of the microbial communities between baseline CD
patients and donors. The Jaccard distances from principal coordinate analyses of
abundance are depicted as donors (red) and baseline CD patients (blue). The donors’
samples were more tightly clustered than the baseline samples; C: The PCA score plot
clearly discriminated between donors (red) and baseline CD patients (blue), where
donors” samples were more tightly clustered than baseline CD patients” samples; D: The

heat map depicts the intensity of amino acid in the feces of CD patients and donors.

Figure 2 Patients” clinical symptoms were correlated with the composition of the gut
microbiota and alpha diversity. A: The observed species and chaol index of the gut
microbiota were significantly increased in the responders after transplantation; B: The
observed species and chaol index of the gut microbiota of the non-responders did not
change significantly before and after washed microbiota transplantation (WMT); C: The
observed species and chaol index significantly larger in the responders than non-
responders post-transplantation; D: Similar differences in species-rich changes at both
DNA and RNA levels were observed between the responders and non-responders after

WMT treatment. WMT: Washed microbiota transplantation.

A: The transfer of Faecalibacterium prausnitzii from the donor to the responders can be
detected at both the DNA and RNA levels; B: Demonstration of several fecal
metabolites that were significantly higher than those of the donors before the washed
microbiota transplantation (WMT) and declined after the WMT; C: Heat map of the

selected metabolite intensities between the responder group before and after WMT
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treatment and the donor trio; D: A plot of the difference in linear discriminant analysis
effect size of the species level at the DNA level in the responders before and after the
WMT revealed statistically significant differences (P < 0.05); E: The species changes at
the RNA level before and after WMT in the responders; F: Correlation heatmap analysis
of the differential metabolites in differential species (RNA levels) before and after WMT
in the responder group. * P < 0.05, * P < 0.01. WMT: Washed microbiota

transplantation.
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Table 1 Baseline characteristics of the study participants, # (%)

Characteristic 1 (%)
Age (SD) 35.6 (9.4)
Male 8 (81.8)
Female 3(18.2)
Age at diagnosis (Montreal classification)
Al (age<16yr) 1(9.1)
A2 (age17-40 yr) 9(81.8)
A3 (age>40yr) 1(9.1)
Location (Montreal classification)
L1 (terminal ileum disease) 5 (45.5)
L2 (colonic disease) 3(27.3)
L3 (ileocolonic disease) 3(27.3)
L4 (upper GI) 0(0.0)
Behavior (Montreal classification)
Bl (inflammatory) 3(27.3)
B2 (stricturing) 4 (36.4)
B3 (penetrating) 2(18.2)
B2 + B3 2(18.2)
Perianal disease 4 (36.4)
Duration of disease, mean (SD), yr 8.8 (6.9)
Medication at the time of WMT
None 2(18.2)
Mesalamines 7 (63.6)
Steroids 1(9.1)
Immunomodulators 3(27.3)
Biologics therapy 1(9.1)
Bowel surgery 2(18.2)
Anal surgery 4 (36.4)
Smoking status
Current 0(0.0)
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Ex-smoker 2(18.2)

Never smoker 9(81.8)
Disease severity

Mild 11 (100.0)

Moderate 0(0.0)

Severe 0(0.0)
Route of WMT

Mid-gut TET 4(36.4)

Colonic TET 7 (63.6)

GI: Gastrointestinal;, WMT: Washed microbiota transplantation; TET:

Transendoscopic enteral tubing.
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