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Background: Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal tract. Post-treatment
relapse is a major clinical challenge, and gut microbiota dysbiosis is hypothesized to be involved.

Methods: We enrolled 88 patients with IBD (46 UC, 42 CD) to investigate gut microbiota features associated with post-treatment
relapse. Fecal samples collected before and after therapy were analyzed by 16S rRNA sequencing. A random forest (RF) model was
developed to evaluate the predictive value of microbiota signatures for recurrence.

Results: At baseline (pre-treatment), no differences were observed in gut microbiota diversity between patients with UC and CD. However,
significant compositional differences were observed, with Fusobacterium and Parabacteroides enriched in CD patients, and Anaerostipes and
Enterococcus enriched in UC patients. Post-treatment, there was no significant difference in the a-diversity across IBD patients; however,
B-diversity exhibited significant alterations, marked by enrichment of Akkermansia and Lachnoclostridium. Patients maintaining remission
exhibited significant post-treatment beta-diversity shifts and enrichment of Erysipelatoclostridium, Delftia, Tyzzerella, Sphingomonas,
Subdoligranulum, Proteus, and Enterococcus. Conversely, patients experiencing recurrence showed a significant reduction in Shannon alpha-
diversity post-treatment and enrichment of UCG-002, Odoribacter, Delftia, Flavonifractor, and Erysipelotrichaceae_ UCG-003. Post-treatment
microbiota composition differed significantly between recurrent and non-recurrent patients, with higher alpha-diversity in the non-recurrent
group. Non-recurrent patients exhibited enrichment of Eubacterium_hallii_ group, Clostridioides, UCG-002, Paraprevotella, Bilophila,
Desulfovibrio, Butyricimonas, Clostridium_sensu_stricto 1, Megamonas, Romboutsia, Parabacteroides, and Enterococcus, while Delfiia
was predominantly enriched in recurrent patients. The RF model, built using differentially abundant genera to distinguish recurrence status,
achieved an area under the curve (AUC) of 0.721 in the validation set and 0.861 in the test cohort, indicating good predictive performance.
Conclusion: Our findings suggest that gut microbiota composition may hold clues for predicting IBD relapse. The RF model is
a proof-of-concept that warrants external validation in prospective, multi-center studies before clinical application.
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Introduction

Inflammatory Bowel Disease (IBD) is a chronic inflammatory disorder of the gastrointestinal tract characterized by a complex
pathophysiology involving genetic predisposition, immune dysregulation, intestinal microbiota dysbiosis, and environmental
factors.! The clinical manifestations of IBD are heterogeneous, commonly including bloody diarrhea, anemia, and abdominal
pain.? IBD is primarily categorized into two subtypes: Crohn’s disease (CD) and ulcerative colitis (UC). UC is predominantly
characterized by inflammation of the colonic mucosa,” whereas CD is distinguished by transmural inflammation.? Globally, the
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incidence of IBD is increasing, with reported annual incidence ranging from 7.6 to 246 per 100,000 individuals for UC and from
3.6 to 214 per 100,000 individuals for CD.** Notably, relapse following discontinuation of anti-tumor necrosis factor (TNF)
therapy remains a significant concern, with studies indicating that approximately 55% of patients experience recurrence; the
median time to relapse is reported as 32 months for CD patients and 18 months for UC patients.® Effectively managing IBD
relapse poses a substantial clinical challenge. Both perturbations in the intestinal microbiota composition (dysbiosis) and systemic
infections are recognized triggers that can contribute to recurrence by activating the gastrointestinal mucosal immune system.”

Current therapeutic strategies primarily target suppression of the hyperactive immune system and inflammatory response
modulation through pharmacological interventions; however, these approaches largely overlook the critical role of the
intestinal microbiota.® Furthermore, a substantial proportion of patients exhibit primary non-response to existing therapies
or develop secondary resistance over time.” These agents may also induce adverse effects and potentially contribute to disease
recurrence. Compared with healthy individuals, patients with IBD demonstrate reduced gut microbiota a-diversity, elevated
abundance of pathobionts, and significant alterations in microbial metabolite profiles.'®'* Specifically, enrichment of Rothia
and Ruminococcus has been associated with intestinal stricture formation, while increased Collinsella abundance correlates
with penetrating disease development.'® Mucosal inflammation in IBD correlates with depletion of anaerobic bacteria,
including Bacteroides, Eubacterium, and Lactobacillus."' Notably, reduced abundance of F. prausnitzii is linked to impaired
intestinal mucosal barrier function'? and shorter time to recurrence following infliximab therapy discontinuation.'?

The association between gut microbiota dysbiosis and IBD pathogenesis is well-established. While several studies have

explored microbial signatures for discriminating IBD diagnoses or predicting treatment response,'* ¢

the development of
models specifically for forecasting post-therapeutic relapse remains comparatively limited and represents a critical unmet
need. While established clinical biomarkers like C-reactive protein (CRP) and fecal calprotectin (FC) are invaluable for
monitoring current inflammatory activity, their ability to reliably predict future relapse is suboptimal. This limitation under-
scores the potential value of complementary approaches. Recent findings suggested that certain microbial taxa, such as the
reduction of Faecalibacterium prausnitzii and enrichment of Escherichia/Shigella, have been associated with disease activity
and relapse risk,'”*'® establishing a foundation for predictive efforts. Building upon this existing knowledge, our study aims to
validate and extend these observations by identifying a comprehensive, relapse-associated microbial signature within a well-
defined cohort of UC and CD patients. We focus on the post-treatment microbiota state and develop a random forest model to
assess its predictive value for recurrence. Our work therefore seeks not only to confirm previously reported associations but

also to uncover novel candidate taxa and construct an integrated model that may eventually aid in clinical risk stratification.

Methods
Study Cohorts

A total of 88 patients (46 with UC and 42 with CD) were recruited from the Gastroenterology Department of Nanchong
Central Hospital between November 2022 and October 2023. The study was approved by the Ethical Committee of Nanchong
Central Hospital (Approval No. 2022-075), and written informed consent was obtained from all participants or their guardians
in accordance with the Declaration of Helsinki. Patients were treated according to standard clinical guidelines, which primarily
included 5-aminosalicylates, corticosteroids, immunomodulators, such as azathioprine or 6-mercaptopurine, and/or biologic
agents (anti-TNF therapy). Clinical remission was defined as the resolution of IBD-related symptoms (absence of bloody
diarrhea and abdominal pain) and objective evidence of mucosal healing from endoscopic evaluation.

Patients’ Clinical Characteristics

Demographic and clinical data were systematically collected from all participants, including: (1) Baseline characteristics:
name, age, age at disease onset, gender, and body mass index (BMI); (2) Lifestyle factors: smoking/alcohol status and dietary
patterns; (3) Clinical parameters: IBD-related complications, comorbidities, and current medication use. Gastrointestinal
symptom severity was assessed using standardized grading scales. Routine hematological parameters were analyzed from

venous blood samples. Dietary intake was quantified through a validated food frequency questionnaire (FFQ).
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Inclusion and Exclusion Criteria

Inclusion criteria: (1) Confirmed IBD diagnosis according to the 2018 Consensus on Diagnosis and Treatment of
Inflammatory Bowel Disease, based on comprehensive assessment of clinical manifestations, laboratory investigations,
imaging findings, endoscopic features, and histopathological evidence;'® (2) Mentally competent and able to commu-
nicate normally; (3) Fully informed about the study content and have provided written consent. Exclusion Criteria: (1)
Patients without provided consent; (2) History of cancer; (3) Use of antibiotics or probiotics, or prebiotics within three
months before data collection.

Group Classification

Patients were dichotomized based on post-therapeutic disease recurrence status: relapse group and non-relapse group. Patients
were followed up every six months after achieving remission to monitor for disease recurrence. Relapse group: Re-emergence of
IBD-related clinical symptoms during the follow-up period after achieving clinical remission through pharmacotherapy. Non-
relapse group: Sustained clinical remission without symptom recurrence during follow-up after pharmacotherapy-induced
remission.

Fecal Sample and DNA Extraction

Fecal samples were collected from participants before and after treatment. Uncontaminated portions of these samples were then
selected and preserved in a stabilization solution at ambient temperature prior to being dispatched to Xiamen Treatgut
Biotechnology Co., Ltd (China) for 16S rRNA gene sequencing. Genomic DNA was subsequently extracted from stabilized
fecal samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Cat. No. 51604, Germany) according to the manufacturer’s
protocol.

16S rRNA Gene Sequencing

The V3-V4 region of bacterial 16S ribosomal RNA genes was amplified using primers 341F (5-GTGCCAGCMGC
CGCGGTAA-3") and 806R (5-GGACTACNVGGGTWTCTAAT-3). PCR amplification protocol consisted of an initial
denaturation at 95°C for 2 min, followed by 25 cycles of denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec, and
extension at 72°C for 30 sec, and a final extension at 72°C for 10 min. PCR products were quantified using the Quant-iT™
PicoGreen™ dsDNA Assay Kit (ThermoFisher Scientific, Cat. No. P7589) on QuantiFluor fluorometer (Promega), and the
libraries were subsequently pooled. Negative controls (no-template controls) were included during the PCR amplification and
library preparation steps to monitor for potential reagent contamination. Paired-end sequencing was performed on the Illumina
sequencing platform 250PE (Illumina) following manufacturer’s standardized protocols.

Bioinformatic Processing of Sequencing Data

Bioinformatics analysis was performed using QIIME2 (version 2023.5.1). The workflow initiated with demultiplexing and
quality control via the g2-demux plugin, followed by sequence denoising employing the DADA2 algorithm. Potential con-
taminants were bioinformatically monitored by inspecting the prevalence of taxa in the negative controls. Any taxa predominantly
found in controls were removed from subsequent analyses. For taxonomic classification, amplicon sequence variants (ASVs)
were classified using the g2-feature-classifier classify-sklearn tool, which leveraged a naive Bayes classifier with the SILVA
database release 138 as a reference. The analysis was refined by including only bacterial genera that met a threshold of at least
0.01% of the mean relative abundance across a minimum of 10% of the samples for subsequent analyses. Alpha diversity,
encompassing richness and the Shannon index, was determined using the R package microbiome version 1.22.0. Beta diversity
was evaluated via Principal Coordinate Analysis (PCoA), which was based on Bray-Curtis dissimilarity metrics or unweighted
Unifrac distance and calculated with the R package vegan version 2.6.4. These diversity indices were computed following
rarefaction to the lowest sequencing depth. This study focused on taxonomic profiling to identify microbial signatures associated
with relapse. Functional prediction analysis was not performed, as reliable inference of gene content from 16S rRNA data is
limited. Additionally, in this study, the designation “UCG” in taxonomic assignments, such as Erysipelotrichaceae UCG-003,
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refers to “Uncultured Group”, indicating phylogenetic clusters that are known from sequence data but have not yet been formally
isolated and cultivated.

Biomarker ldentification Using Linear Discriminant Analysis Effect Size (LEfSe)

Linear Discriminant Analysis Effect Size (LEfSe) was employed to identify taxa exhibiting differential abundance across distinct
disease states. This analysis was performed using the R package microeco version 1.5.0, which employed a non-parametric
factorial Kruskal-Wallis test coupled with linear discriminant analysis to detect biologically relevant features. The LEfSe
algorithm generated effect size estimates quantified by Linear Discriminant Analysis (LDA) scores, where higher absolute values
indicate greater discriminatory power between groups. Taxa that achieved statistical significance (Kruskal-Wallis p < 0.05) with
LDA scores>2.0 were considered potential biomarkers, satisfying both statistical significance and biological effect magnitude
thresholds.

Random Forest Classifier Model

To evaluate the discriminatory capacity of microbial biomarkers for inter-group differentiation, we implemented a random
forest classifier using the randomForest R package (v4.6.14). To ensure the reproducibility of the random partitioning and
model training, a random seed was set (set.seed(123)) prior to data splitting and model building. Moreover, to ensure model
rigor and prevent overfitting, the following structured pipeline was adhered to: First, the entire dataset was randomly
partitioned into a training set (70%) and a hold-out test set (30%). A strict separation between these sets was maintained
throughout the entire model-building process to prevent data leakage. Specifically, the differential genera (biomarkers) used as
input features for the Random Forest model were identified exclusively from the training set using LEfSe analysis with
stringent thresholds (Kruskal-Wallis p < 0.05, LDA score > 2) or, for clinical models, least absolute shrinkage and selection
operator (LASSO) regression via the glmnet package (v4.1.8). The test set was never involved in this feature discovery phase.
Subsequently, the Random Forest model was trained and optimized using only the data from the training set, with
hyperparameter tuning assisted by five-fold cross-validation implemented via the R package caret (v6.0.88). Finally, the fully-
trained model, with its features and parameters fixed, was evaluated only once on the independent hold-out test set. Classifier
efficacy was assessed through receiver operating characteristic (ROC) analysis (pROC v1.17.0.1), with the area under the
curve (AUC) quantifying predictive accuracy. Feature importance was determined by Gini index scores.

Statistical Analysis

Statistical analyses were conducted using R (version 4.3.1). For graphical representation, boxplots and barplots were
generated with the aid of the R packages ggpubr (v0.6.0) and ggplot2 (v3.5.0), respectively. Heatmaps were crafted using
the R package pheatmap (v1.0.12). Spearman correlation analysis was executed with the R package corrplot (v0.92). The
selection of statistical tests was guided by the study’s design, which encompassed both longitudinal (within-subject) and cross-
sectional (between-group) comparisons. For longitudinal comparisons of the same group at different time points (eg, pre- vs
post-treatment microbiota within all IBD patients, or within the relapse/non-relapse subgroups), the paired Wilcoxon signed-
rank test was applied. For cross-sectional comparisons between different groups at the same time point (eg, baseline
microbiota between patients who subsequently relapsed and those who maintained remission, post-treatment microbiota
between relapse vs non-relapse patients, or all UC vs CD comparisons at baseline), the unpaired Wilcoxon rank-sum test
(Mann—Whitney U-test) was employed. The Kruskal-Wallis test was utilized for comparisons across multiple groups.
Multiple testing correction was applied using the Benjamini-Hochberg false discovery rate (FDR) procedure. Statistical
significance was defined as: *P < 0.05, **P < 0.01, ***P < 0.001, and NS for not significant (p > 0.05).

Results

Clinical Characteristics of Study Cohorts

This study comprised 40 IBD recurrence patients (24 male and 16 female). The median age was 37 years, ranging from
14 to 75 years, while the median BMI was 20.8, varying between 16.6 and 28.6, the median disease duration was 3 years
ranging from 1 to 17 years. And comprised 48 non-relapse IBD patients, including 29 male and 19 female. The median
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age of the non-relapse was 40.5 years, with an age range of 16 to 80 years, and a median BMI of 21.1, ranging from 15.6
to 28.0, the median disease duration was 3 years ranging from 1 to 17 years. No significant differences in gender, age,
disease duration, or BMI were observed between groups (Table 1).

No Significant Differences in a- and B-Diversity of Gut Microbiota Were Observed
Between UC and CD Patients at Baseline

The study cohort included 46 UC and 42 CD patients, with 40 experiencing recurrence and 48 maintaining remission.
Histopathological evaluation (hematoxylin and eosin staining) and endoscopic imaging were performed at three timepoints:
baseline, post-treatment improvement, and post-recurrence (Figure SIA and B). Comparative analysis of pretreatment gut
microbiota revealed no significant difference in species richness or Shannon diversity index (Figure S2A). PCoA based on
Bray-Curtis dissimilarity showed no significant separation between UC and CD groups (Figure S2B). Notwithstanding
distinct clinical presentations, UC and CD patients exhibited comparable gut microbiota profiles at baseline, with no
significant differences in a-diversity indices or B-diversity structure.

Dynamic Shifts in Gut Microbiota Following Therapeutic Intervention

Comparative analysis of gut microbiota from IBD patients before and after treatment revealed no significant differences
in a-diversity metrics, including species richness and the Shannon index (Figure 1A). However, PCoA plots based on
Bray-Curtis dissimilarity revealed significant shifts in microbial community structure (P = 0.01; Figure 1B). To identify
treatment-responsive taxa, we performed LEfSe analysis (LDA score>2.0), which revealed significant pre-treatment
enrichment of Gemella and post-treatment enrichment of Akkermansia and Lachnoclostridium (Figure 1C).

Post-Therapeutic Microbial Restructuring in Non-Relapsed IBD Patients and Relapsed
Patients

Analysis of gut microbiota dynamics in non-relapsed patients revealed no significant differences in a-diversity metrics
(species richness and Shannon index) between pre- and post-treatment states (Figure 2A). However, PCoA demonstrated
significant shifts in microbial community structure (P = 0.049; Figure 2B). Further LEfSe analysis (LDA score>2.0)
identified significant post-treatment enrichment of the genera Erysipelatoclostridium, Delftia, Tyzzerella, Sphingomonas,
Subdoligranulum, Proteus, and Enterococcus in these non-relapsed patients (Figure 2C).

In relapsed patients, analysis of gut microbiota diversity before and after treatment showed no significant differences
in species richness or -diversity. Nevertherless, a notable reduction in the Shannon index, indicative of a-diversity, was
observed post-treatment (Figure 3A and B). To identify differentially bacterial genera, LEfSe analysis (LDA score>2.0)
revealed significant enrichment of the genera Escherichia-Shigella, Clostridium_sensu_stricto I, Romboutsia, and
Campylobacter prior to treatment, whereas the genera UCG-002, Odoribacter, Delftia, Flavonifractor, and
Erysipelotrichaceae_ UCG 003 were significantly enriched following treatment in these patients (Figure 3C).

Table | Baseline Clinical Characteristics of the Study Cohorts

Clinical features IBD Recurrence | Non-Relapse P

Gender Female 16/40 19/48 0.25
Male 24/40 29/48

Age (years) Median 37 40.5 0.39
Range (14, 75) (16, 80)

Disease duration (years) | Median 3 3 0.54
Range (1, 17) (1, 15)

BMI value Median 20.8 21.1 0.91
Range (16.6, 28.6) (15.6, 28.0)
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Significant Differences Existed in the Baseline Gut Microbiota Between Patients Who

Later Experienced Recurrence and Those Who Remained Non-Recurrent

Analysis of baseline alpha diversity indicated no significant difference between the two groups (Figure 4A). However,
PCoA demonstrated significant differences in beta diversity (P = 0.012; Figure 4B). The nine most abundant phyla
identified in the baseline gut microbiota of all IBD patients were Actinobacteriota, Bacteroidota, Campilobacterota,
Desulfobacterota, Firmicutes, Fusobacteriota, Proteobacteria, Synergistota, and Vermicomicrobiota (Figure 4C). To
identify genus-level differences at baseline, we performed LEfSe analysis (LDA score>2.0). It was found that the
bacterial genera Haemophilus and Anaerostipes were significantly enriched in patients who experienced recurrence,
whereas the genera Monoglobus, Actinobacillus, Aggregatibacter, Delftia, and Phascolarctobacterium were significantly
enriched in patients who remained non-recurrent (Figure 4D). These results indicated that the structure (but not the
diversity) of the baseline gut microbiota differentiates between relapsed and non-relapsed IBD patients. Specifically,
enrichment of genera such as Haemophilus was associated with relapse risk, whereas genera such as
Phascolarctobacterium may confer protective effects, offering potential biomarkers for relapse prediction.

Post-Treatment Gut Microbiota Composition Differed Significantly Between

Recurrent and Non-Recurrent IBD Patients

Analysis of post-treatment o-diversity revealed significantly higher diversity in non-recurrent patients compared to
recurrent patients (Figure 5A). PCoA demonstrated significant differences in B-diversity (P = 0.019; Figure 5B). The
nine most abundant phyla in the post-treatment gut microbiota of all IBD patients were Actinobacteriota, Bacteroidota,
Campilobacterota, Desulfobacterota, Firmicutes, Fusobacteriota, Proteobacteria, Synergistota, and Vermucomicrobiota
(Figure 5C). To identify differentially abundant bacterial genera post-treatment, we performed LEfSe analysis (LDA
score>2). Non-recurrent patients exhibited significant enrichment of the genera FEubacterium_hallii_group,
Clostridioides, UCG-002, Paraprevotella, Bilophila, Desulfovibrio, Butyricimonas, Clostridium_sensu_stricto I,
Megamonas, Romboutsia, Parabacteroides, and Enterococcus. Conversely, Delftia was significantly enriched in
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recurrent patients (Figure 5SD). Collectively, following treatment, non-relapsed IBD patients exhibited significantly higher
gut microbiota diversity and enrichment of multiple potentially beneficial genera capable of producing short-chain fatty
acids (SCFAs). Conversely, relapsed patients displayed reduced microbial diversity alongside enrichment of pro-
inflammatory genera such as Delftia. these differences provide a critical foundation for predicting relapse and developing

personalized therapeutic strategies.

Correlations Between Post-Treatment Differential Genera and Clinical Indicators in
Recurrent versus Non-Recurrent Patients

Correlation analysis showed significant associations between treatment-responsive bacterial genera and key clinical indicators
—including albumin (ALB), derived neutrophil-to-lymphocyte ratio (INLR), and eosinophil counts—in both patient groups.
At baseline, ALB was positively correlated with Anaerostipes and Monoglobus, but negatively correlated with Delftia.
Following treatment, ALB demonstrated a positive association with Enterococcus and Clostridioides. No bacterial genera
exhibited correlations with ANLR; however, post-treatment, INLR was negatively associated with Paraprevotella. In terms of
eosinophil count, no significant correlations with bacterial genera were identified at baseline, but post-treatment, a significant

positive association was observed with the genus Paraprevotella (Figures 6A and B, S3A and B).

Predicting IBD Relapse Risk Using Baseline Differential Genera and Clinical Indicators

in Recurrent versus Non-Recurrent Patients

To evaluate the prognostic value of baseline gut microbiota for treatment response, we constructed a random forest (RF)
classifier to predict post-treatment relapse risk in recurrent versus non-recurrent IBD patients. This model integrated LEfSe-
identified differential genera distinguishing patient outcomes: Haemophilus, Anaerostipes, Phascolarctobacterium, Delftia,
Monoglobus, Aggregatibacter, and Actinobacillus (Figure S4A). The microbiota-based classifier achieved AUCs of 0.724
(validation cohort) and 0.677 (test cohort) (Figure S4B). Additionally, an RF model incorporating LASSO-selected clinical
indicators—platelet count, chloride (Cl), urea, hemoglobin (Hb), and magnesium (Mg) (Figure S5A) —yielded AUCs of
0.661 (validation) and 0.662 (test) (Figure SSB). Furthermore, we constructed an integrated RF classifier combining LEfSe-
derived genera and LASSO-selected clinical features (Figure 7A). This combined model demonstrated significantly improved
performance with AUCs of 0.676 (validation) and 0.769 (test) (Figure 7B).
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Figure 6 (A) Correlation analysis of clinical indicators after treatment in IBD patients with and without relapse. (B) Correlation analysis between clinical indicators after
treatment and differential bacterial genera in patients with and without relapse. *P < 0.05; **P < 0.01.
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Figure 7 (A) Lefse analysis for identifying bacterial genera based on gut microbiota and clinical indicators at baseline between patients with and without relapse. (B) Random
forest model to predict IBD relapse post-treatment, utilizing differential bacterial genera and clinical indicators at baseline.

Predicting Post-Treatment Relapse Risk Using Differential Genera and Clinical

Indicators in Recurrent versus Non-Recurrent IBD Patients

To assess the prognostic value of the post-treatment gut microbiota for relapse prediction, we developed a RF model
leveraging LEfSe-identified differential genera between recurrent and non-recurrent patients. The model incorporated 13
genera: Clostridium_sensu_stricto 1, Parabacteroides, Eubacterium_hallii_group, Romboutsia, Delftia, Enterococcus,
Bilophila, Clostridioides, Butyricimonas, Desulfovibrio, UCG-002, Megamonas, and Paraprevotella (Figure 8A). This
microbiota-based predictor achieved AUCs of 0.721 (validation cohort) and 0.861 (test cohort) (Figure 8B), demonstrating
robust discriminatory capacity. We subsequently established a clinically-driven RF model using LASSO-selected features.
LASSO regression identified 19 clinical indicators for inclusion (Figure S6A and B), yet the model delivered minimal
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Figure 8 (A) Lefse analysis for discriminating bacterial taxa in the gut microbiota after treatment between patients with and without relapse. (B) Random forest model to
predict IBD relapse post-treatment, based on differential bacterial taxa identified after treatment.
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predictive utility with AUCs of 0.485 (validation) and 0.489 (test) (Figure S6C). Finally, an integrated RF classifier combining
LEfSe-derived genera and LASSO-selected clinical variables (Figure S7A) attained AUCs of 0.747 (validation) and 0.688
(test) (Figure S7B). Overall, post-treatment microbial signatures, particularly those encompassing 13 key genera, exhibit
considerable discriminatory power in predicting relapse risk, significantly surpassing the predictive performance of models
based solely on conventional clinical indicators. These findings underscore the potential of gut microbiota as independent,
robust biomarkers for relapse stratification in IBD patients.

Discussion

In this study, we employed 16S rRNA gene sequencing to compare gut microbiota dynamics in relapsed versus non-
relapsed IBD patients before and after treatment. Significant intergroup differences emerged in microbial diversity,
community structure, and dominant taxa post-treatment. Furthermore, correlation analyses identified significant associa-
tions between relapse-associated differential genera and key clinical indicators. We subsequently developed an RF
classifier for post-treatment relapse risk prediction, utilizing LEfSe-derived genera and/or LASSO-selected clinical
features. The microbiota-based model encompassing 13 key genera (Clostridium_sensu_stricto_I, Parabacteroides,
Eubacterium_hallii_group, Romboutsia, Delftia, Enterococcus, Bilophila, Clostridioides, Butyricimonas, Desulfovibrio,
UCG-002, Megamonas, and Paraprevotella) achieved an AUC of 0.861, demonstrating substantial clinical utility for
relapse monitoring and early intervention in IBD management.

Intestinal mucosal barrier, composed of epithelial cells secreted by goblet cells and a mucus layer, harboring commensal
bacteria, serves as the first line of defense against pathogenic intestinal flora.”® Impairment of the intestinal barrier resulting
from gut microbiota dysbiosis may be a significant contributing factor to the recurrence of IBD.>' In comparison to healthy
individuals, patients with IBD in remission display a persistently reduced a-diversity and significant alterations in gut
microbiota composition, potentially increasing their susceptibility to external and internal perturbations. During such
disturbances, certain pathogenic bacteria associated with the onset and progression of IBD may proliferate rapidly, leading
to disease recurrence.”> Additionally, in patients with a stabilized gut microecology following treatment, beneficial bacteria in
the intestine can regulate bile acid metabolism and exert a positive influence on intestinal immunity by activating bile acid
receptors.”> Our study demonstrated that there was no significant change in gut microbiota diversity among non-relapsed
patients before and after treatment. In contrast, a notable reduction in gut microbiota diversity was observed in relapsed
patients. These finding suggested that post-treatment gut microbiota dysbiosis occurred in relapsed patients, with a potential
increase in the abundance of bacteria linked to IBD recurrence during this period, thereby influencing the relapse of IBD.

In patients with IBD, gut microbiota dysbiosis contributed to the disruption of immune tolerance, potentially triggering
disease relapses.”* There was a direct association between the chronic inflammatory response characteristic of IBD and an
imbalance in the immune system. Innate immune cells, including neutrophils and eosinophils, exacerbated inflammation in the
intestinal mucosa through the release of cytotoxic proteins.”> Research has demonstrated that the high recurrence rate of CD
following surgical intervention was linked to elevated tissue eosinophil activity and the overexpression of interleukin-5 (IL-5).%°
Our study identified a significant correlation between eosinophil counts in peripheral blood post-treatment and the presence of the
genus Paraprevotella. Notably, Paraprevotella was the predominant genus in patients who did not experience disease recurrence
following treatment. Dysbiosis of the Prevotellaceae family was linked to the progression of IBD in experimental mouse
models.?” Prevotellaceae are known to activate the Wnt signaling pathway, leading to the upregulation of pro-inflammatory
cytokines and the downregulation of anti-inflammatory cytokines. This activation promoted lymphocytic inflammatory infiltra-
tion and played a significant role in the pathogenesis of colorectal cancer (CRC).*® Our study indicated a potential association
between Prevotellaceae and eosinophil count in the mechanism of IBD recurrence. However, these findings must be interpreted
with caution. The cross-sectional nature of our analysis cannot determine whether microbial shifts drive clinical changes or vice
versa. The clinical relevance of these correlations remains speculative and requires validation in longitudinal studies.

IBD is characterized by a high risk of relapse after treatment, and gut microbiota differences as well as specific
clinical indicators can be used for predicting IBD relapses.””~° We constructed Random Forest models based on the
differential gut microbiota and selected clinical indicators, either individually or in combination, from patients who
experienced relapse versus those who did not, both before and after treatment. Results indicated that the Random Forest
model built upon the differential gut microbiota of post-treatment relapse versus non-relapse patients yielded an AUC
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value of 0.721 in the validation cohort and 0.861 in the test cohort, demonstrating the highest predictive accuracy among
all models examined in this study. This predictive model shows potential in aiding the cessation of anti-TNF therapy for
patients at reduced risk of relapse, equipping physicians with a valuable instrument for making informed decisions
concerning the management of anti-TNF therapy in patients with IBD. Nonetheless, before its integration into clinical
practice, it is crucial for the model to be validated through extensive prospective studies. Beyond its standalone predictive
value, a critical next step involves evaluating how our microbiota-based model complements existing clinical biomarkers,
particularly fecal calprotectin.®’ FC is a robust indicator of current intestinal inflammation but has limited reliability in
predicting future relapse.*> We hypothesize that our model, which reflects the underlying microbial ecology, provides
a complementary and prospective dimension to risk stratification. Integrating the microbial risk profile with FC levels has
the potential to facilitate more nuanced and personalized management decisions, ultimately improving long-term
outcomes for patients with IBD.

Despite these findings, this study has several limitations that warrant consideration. First, the relatively modest sample size
(n=88) may limit the statistical power and generalizability of our conclusions. A larger cohort would enhance the robustness of
the identified microbial signatures and allow for more sophisticated subgroup analyses, such as stratifying by IBD subtype (UC
vs CD) or specific treatment regimens, to uncover more nuanced associations. Second, and critically, our predictive model was
developed and validated within a single-center cohort, lacking an independent external validation set. Although our model
demonstrated encouraging performance in the test cohort (AUC = 0.861), its more moderate performance in the validation set
(AUC = 0.721) and the lack of external validation indicate that its generalizability requires further confirmation. Future studies
involving multi-center, prospective cohorts are essential to externally validate and refine these microbial biomarkers, confirming
their clinical utility for predicting IBD relapse risk across diverse demographics and healthcare settings. Moreover, unaccounted
confounders, including dietary patterns, lifestyle behaviors, and environmental exposures, could introduce bias in gut microbiota
analyses. In addition, it is important to note that genera such as Delftia are also common environmental contaminants. While we
observed a statistically significant association with relapse status, the biological relevance of this finding warrants further
validation in studies that include negative control samples to definitively rule out contamination. Furthermore, building upon the
promising but preliminary findings of this 16S rRNA-based study, Shotgun metagenomic sequencing would provide superior
taxonomic resolution to the species or strain level and directly elucidate the functional potential of the microbial community,
allowing for a more precise validation of genera like UCG-002 and Delftia. Furthermore, metabolomic profiling of fecal and
serum samples could identify microbial metabolites that serve as functional effectors in IBD relapse, bridging the gap between
microbial presence and host physiology. The integration of these multi-omics datasets using advanced machine learning
frameworks is a critical next step. Despite these limitations, our investigation offers meaningful insights into the gut microbiota-
relapse relationship in IBD and lays a foundation for future mechanistic research.

Conclusions

In summary, our study provides preliminary evidence of distinct gut microbiota structures between IBD patients who
relapse and those who maintain remission after treatment. We observed statistical associations between specific microbial
taxa and clinical indicators, although these relationships remain speculative and their clinical utility as biomarkers is not
established. The predictive model built on post-treatment microbiota showed promising but preliminary discriminatory
power, requiring external validation. Its primary contributions lie in identifying microbial candidates for future investiga-
tion and in constructing a foundational model that must be rigorously tested in larger, multi-center cohorts. Ultimately,
our findings do not confirm but rather propose a potential link between the post-treatment microbiota and IBD relapse,
setting the stage for future research to elucidate any causal relationships.

Abbreviations
IBD, Inflammatory bowel disease; UC, Ulcerative colitis; CD, Crohn’s disease; AUC, Area under the curve; ALB,
Albumin; dNLR, derived neutrophil-to-lymphocyte ratio.
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