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BACKGROUND AND AIMS: Management of Crohn’s disease
(CD) requires frequent monitoring for disease activity and
response to therapy. In this study, we examined the clinical
utility of a novel stool-derived eukaryotic RNA (seRNA)-based
diagnostic in patients with CD. METHODS: Stool samples were
collected from 68 individuals for up to 3 time points prior to,
and after initiation of an advanced therapy. Stool samples un-
derwent RNA extraction and sequencing using a custom cap-
ture panel (n ¼ 1507 transcripts). seRNA signatures were
compared to Crohn’s Disease Activity Index scores and endos-
copies, when available. Random forest models classified disease
severity when compared to Crohn’s Disease Activity Index
scores. seRNA signatures were also used to assess expression of
the therapy target and cell type abundance at various time
points. RESULTS: Across all 102 samples collected from 68
individuals, the classifier successfully parsed individuals with
active disease (n ¼ 37) relative to those in remission (n ¼ 65)
with 87% sensitivity and 77% specificity, respectively. A sec-
ond classifier, which was employed on subjects with active
disease (n ¼ 37), successfully parsed individuals with mild
disease (n ¼ 15) from those with moderate disease (n ¼ 22)
with 93% and 86% sensitivity, respectively. For the 16 subjects
with longitudinal data, seRNA expression of the therapeutic
target (eg, ITGA4/ITGB7 for vedolizumab or IL12/IL23 for
ustekinumab) as well as lymphocyte burden was correlated
with response. CONCLUSION: A novel seRNA and informatic-
based method reliably discriminates active disease from
remission and stratifies mild from moderate CD activity. This
demonstrates preliminary feasibility to predict therapeutic
response and assess disease activity for patients with CD.
*Cofirst authors.
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Introduction

Crohn’s disease (CD) is characterized by transmural
inflammation of the gastrointestinal mucosa,

affecting more than a million individuals in the United
States.1 CD is a progressive disease where a majority of the
patients ultimately develop complications of either stric-
turing or penetrating disease with intestinal surgery
required for as many as 80% of patients, and a permanent
stoma required in more than 10% of patients.2 Maintaining
long-term remission is therefore the goal of treatment to
effectively avoid complications, surgery, malignancy, and
iatrogenic side effects.3–5 Currently, methods for assessing
treatment effectiveness primarily include invasive tests
such as colonoscopy and sigmoidoscopy, which require
inconvenient and uncomfortable bowel preparation.6

Existing noninvasive diagnostics within the inflamma-
tory bowel disease (IBD) space fall into 3 categories: blood-
based protein biomarkers, stool-based protein biomarkers,
or stool-based microbiome biomarkers. Serology markers
typically include C-reactive protein (CRP).7,8 and fecal
markers typically include calprotectin.9 Currently, there are
no clinically used stool-based RNA biomarkers for diag-
nosing or monitoring CD. While noninvasive biomarkers are
frequently employed for evaluation and monitoring of pa-
tients with CD, current guidelines only recommend nonin-
vasive monitoring of disease activity in niche circumstances
such as patients with established disease, with recently
documented endoscopic remission. False negative and false
positive rates of both fecal calprotectin and serum CRP
prevent recommendations for empirical treatment for in-
dividuals who have discrepant clinical symptoms with
noninvasive outcomes (eg, asymptomatic with elevated fecal
calprotectin levels).10 These limitations include lack of
specificity for CD activity, inability to quantify the extent and
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Figure 1.Overview of the analysis pipeline and the methods employed to understand if stool-derived eukaryotic RNA (seRNA)
can be used to noninvasively assess disease severity and predict therapeutic response for subjects with Crohn’s disease (CD).
Stool samples were collected and total seRNA extraction and sequencing was employed. Quantified seRNA transcripts were
compared to clinical correlates to build algorithms, establish signatures, and predict outcomes. Model results were compared
to CD Activity Index scores.

1080 Ghannam et al Gastro Hep Advances Vol. 3, Iss. 8
severity of inflammation, and inability to detect other con-
ditions that would be identified via endoscopy, such as
dysplasia, cytomegalovirus colitis, or stricturing disease.

Novel molecular tests that leverage blood-based bio-
markers (eg, IBD sgi Diagnostic and Monitr) have been
developed to improve sensitivity and specificity for pre-
dicting therapeutic response and monitoring mucosal heal-
ing during treatment.11,12 While these noninvasive options
can be leveraged as alternatives to endoscopic procedures,
they lack sufficient specificity for IBD and are not reliable
for predicting therapeutic response or monitoring disease
status during treatment.13,14

Numerous researchers and institutions have attempted
to use RNA biomarkers in stool samples to evaluate
gastrointestinal health with limited success. First, the hu-
man RNA biomarkers in stool samples are heavily degraded.
Previous attempts to isolate eukaryotic RNA in stool have
been largely unsuccessful with 25%–50% of extracted
samples containing no viable RNA for analysis.15,16 Second,
these degraded human signals are outnumbered by bacte-
rial noise. Within the colon, there are approximately 1012

bacterial cells per gram of intestinal content and colonic
microflora can include thousands of different species.17,18
Recent technology has provided insight into the preserva-
tion and stabilization of RNA biomarkers in stool sam-
ples.19,20 This research has leveraged RNA biomarkers in
stool samples to develop diagnostics for gastrointestinal
disease within the oncology space.21

However, stool-based RNA biomarkers have never been
assessed for the ability to improve disease monitoring
within IBD. Here we describe a cohort of 68 subjects who
provided stool samples as part of a prospective observa-
tional cohort. RNA sequencing data from these samples was
assessed to monitor disease activity and predict therapeutic
response during treatment. Results from this study provide
evidence that RNA biomarkers in stool samples can be an
effective method for noninvasive assessment of IBD
(Figure 1).
Methods
Study Overview and Sample Collection

Individuals with CD were identified for enrollment as part
of a prospective observational cohort approved by the institu-
tional review board (NCT03646708). Enrolled subjects were
being evaluated at the Washington University School of
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Medicine IBD center, and stool samples were collected through
the Digestive Disease Research Core Center. For all subjects,
advanced therapies employed were based on treating physi-
cian’s recommendations. Crohn’s Disease Activity Index (CDAI)
was used to determine disease activity at all timepoints where
stool samples were collected. Colonoscopy, fecal calprotectin,
CRP, and other clinical correlates were completed at various
time points based on physician recommendations (Figure A1).
Enrolled subjects were asked to provided stool samples prior to
treatment (T0), approximately 14 weeks (range ¼ 6–22 weeks)
after treatment (T14), and approximately 52 weeks after
treatment (T52).

Stool-Derived Eukaryotic RNA (seRNA) Isolation
For all subjects, stool samples were collected fresh-frozen

and stored at �80 degree celsius until extraction. All stool
samples were shipped on dry ice to a centralized laboratory for
processing. RNA was extracted as previously described.19,20

RNA integrity and mass were evaluated using an Agilent
2100 Bioanalyzer.22 RNA underwent reverse transcriptase, li-
brary preparation, and hybridization capture using a custom
capture sequencing panel (human reference genome (hg38)).23

Sequencing was performed using an Illumina NextSeq 500.

Gene Panel for Targeted Sequencing
The gene panel for targeted sequencing was developed

from literature reviews. One of the primary sources was the
IBD Transcriptome and Metatranscriptome Meta-Analysis,24

from which differentially expressed (DE) gene sets were
downloaded (https://ibd-meta-analysis.herokuapp.com). Each
set was generated by contrasting IBD cohorts with control co-
horts for a particular tissue type (colon, ileum, rectum, fibro-
blasts, epithelium, and stool-associated). Gene candidates were
required to meet one of the following criteria: (1) DE in 3 or
more tissues, (2) DE in 2 or more tissues with high expression,
(3) DE in at least one tissue with extremely high expression.
The gene panel was expanded by incorporating genes identified
in the ClinGen database25 and genes marked with “elite” status
under IBD in MalaCards database.26

Next, a probe set was developed according to the gene
panel. For each gene, probes were deisgned to target regions on
2 disjoined exons. Glyceraldehyde-3-phosphate dehydrogenase,
which served as the housekeeping transcriped, required full
tiling of all exons. A target with max length of 120 basepairs
was extracted by centering at each exon after excluding any
untranslated region. The target candidates were ranked in
descending order of the number of transcript isoforms that
cover the locus. To enrich eukaryotic RNA signals, each candi-
date was compared against microbial genomes and removed if
significant hits were detected. Furthermore, the candidate was
compared against the human genome to ensure minimal effect
of multiple hits.
Biomarker Panel Development
Biomarkers were derived from mining transcript interactions

from each model. Selections for the top 3 performant biomarkers
were based on the following: 1) interactions that had the most
influence on making consistently accurate predictions, 2) if
removing an interaction term (composite biomarker) from the
model imposed an unsatisfactory error rate on performance, and
3) biomarker complexity (ie, the number of constituent tran-
scripts that composed the biomarker).

Analysis and Statistical Considerations
Machine learning classifiers were constructed using custom

code and the following open source R packages with associated
dependencies: tidymodels (CRAN) (v1.1.0), caret (CRAN) (v6.0-
94), caretEnsemble (CRAN) (v2.0.2), randomForest (CRAN)
(v4.7-1.1), MLMetrics (CRAN) (v1.1.1). Models were constructed
using 10-fold internal cross validation with 3 repeats. Models
were assessed for performance using the receiver operating
characteristic (ROC) area under the curve (AUC), sensitivity, and
specificity. Gene ontologies were derived using custom code and
the following open source R packages with associated de-
pendencies: DESeq2 (Bioconductor) (v1.42.0), clusterProfiler
(Bioconductor) (v4.10.0). Models were assessed using genome
wide annotations for human (org.Hs.eg.db) (v3.19.1) and bio-
logical process sub ontology. Using a microenvironment cell
populations-counter, the abundance of tissue-infiltrating im-
mune and stromal cell populations were deconvoluted using the
entire targeted transcript expression profile of the CD cohort.27
Results
Cohort Demographics and Clinical Information

In total 102 stool samples were obtained from 68 subjects
(Table). Of the 68 subjects, 39 (57%) were female with 39
subjects (57%) being 17–40 year old and 28 (41%) being over
40 year old. Almost all participants (97%) had ileal or ileo-
colonic disease with 54% having stricturing or penetrating
disease and 10% having concomitant perianal disease. Based
on CDAI scores, 64% of subjects were in remission (score
<150), 15% had mild disease (score�150 to<220), and 22%
had moderate disease (score �220 to <450). The majority of
participants were being treated with vedolizumab (26%) or
ustekinumab (32%) with a small proportion of individuals
being treated with infliximab (9%). Across all 68 subjects, 5
endoscopies were completed, 2 subjects had fecal calprotectin
completed, 21 subjects had a CRP completed contemporane-
ously with stool sample (�14 days) (Figure A1).

Stool Sample Sequencing Quality and Integrity
Stool-derived eukaryotic RNA (seRNA) from all stool

samples underwent custom capture sequencing (see
Methods). All samples (n ¼ 102) had a minimum of 0.75
million reads per sample with 82% having over 1 million
reads per sample (Figure A2). There were 39 samples that
had �25% alignment to the targeted regions of interest.

seRNA Classifier Models Stratify IBD Disease
Activity

Using the concentrations for seRNA transcripts, 2 clas-
sifiers were constructed to predict disease activity (based
on CDAI) for subjects with CD (n ¼ 102 stool samples from
68 unique patients). For all individuals, Classifier 1 correctly

https://ibd-meta-analysis.herokuapp.com


Table. Distribution of Demographic and Clinical Information for All Eligible Participants and Associated Stool Samples

Characteristic Eligible cohort

No. 68 participants (102 stool samples)

Sex
Female 39 participants (58 stool samples)
Male 29 participants (44 stool samples)

Age at diagnosis
�16 y 0 participants (0 stool samples)
17–40 y 39 participants (54 stool samples)
>40 y 28 participants (46 stool samples)
Unknown 1 participant (2 stool samples)

Location (not mutually exclusive)
Ileal 25 participants (39 stool samples)
Colonic 0 participants (0 stool samples)
Ileocolonic 41 participants (62 stool samples)
Upper gastrointestinal disease 2 participants (3 stool samples)

Behavior (not mutually exclusive)
Nonstricturing or nonpenetrating 33 participants (48 stool samples)
Stricturing 26 participants (39 stool samples)
Penetrating 11 participants (18 stool samples)
Concomitant perianal disease 7 participants (10 stool samples)

Stool sample collections
Pre-treatment (T0) 55% (56 stool samples)
14 wk post-treatment (T14) 32% (33 stool samples)
52 wk post-treatment (T52) 13% (13 stool samples)

Crohn’s disease activity index (CDAI)
Remission (score <150) 64% (65 stool samples)
Mild (score �150 to <220) 15% (15 stool samples)
Moderate (score �220 to <450) 22% (22 stool samples)

Treatment modalities (not mutually exclusive)
Vedolizumab 26% (18 participants)
Ustekinumab 32% (22 participants)
Infliximab 9% (6 participants)
Adalimumab 1% (1 participants)
Concomitant anti-inflammatorya 9% (6 participants)
Unknown 6% (4 participants)

aAnti-inflammatory agents included prednisone, budesonide, azathioprine, or mesalamine.
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predicted 32 of 37 subjects with active disease
(sensitivity ¼ 87%) and 50 of 65 subjects in remission
(specificity ¼ 77%). ROC AUC was 0.90 (Figure 2A). While
the model identified a calprotectin subunit (S100A8) as a
significant contributor to segregating subjects with various
disease activities, ROC AUC for the surrogate fecal calpro-
tectin protein marker (S100A8) in isolation was only 0.58
(Figure 2A). For the 37 subjects with active disease (ie, mild
or moderate), Classifier 2 correctly classified 14 of 15 in-
dividuals with mild disease (sensitivity ¼ 93%) and 19 of
22 individuals with moderate disease (sensitivity ¼ 86%).
ROC AUC was 0.91 (Figure 2B). Based on gene ontologies,
the biomarker signatures leveraged to classify subjects were
directly related to inflammation, mucosal disease, and in-
testinal neoplasia.
Predicting Therapeutic Response Using seRNA
Biomarkers

Across all subjects, 16 had a valid baseline stool sample
with a valid subsequent time point (T14 or T52). Of these, 9
were being treated with vedolizumab (Figure 3A), 4 were
being treated with ustekinumab (Figure 3B), and 3 were
being treated with infliximab (Figure 3C). Of the 12 subjects
being treated with vedolizumab and infliximab, only 2 had
mild or moderate CDAI scores at baseline (10 had CDAI
scores indicating remission). However, 75% of subjects
being treated with ustekinumab had baseline disease ac-
tivity (mild or moderate disease) with subsequent CDAI
scores indicating remission after 14 weeks of treatment. For
these subjects, 2 had high expression of the therapeutic
target at T0 with depletion of the target transcript after
treatment. Similarly, when looking at cell deconvolution of
various resident lymphocytes over time, there was a high
lymphocytic burden in the gastrointestinal tract at T0 with
reduction in lymphocytic burden at T14 (Figure 3B).
Discussion
This study provides preliminary evidence that RNA

biomarkers in stool samples might be viable to predict
therapeutic response prior to treatment and longitudinally



Figure 2.Machine learning model classifiers show seRNA’s ability to approximate disease activity. For each classifier, the top
3 biomarker signatures are shown. Each row in the heatmap indicates a composite biomarker, which is composed of high-
lighted transcripts in that row. The shade of the highlight indicates transcript expression. Gene ontologies for each transcript
are also provided. (A) Classifier 1 predicted subjects with active disease (n ¼ 37) relative to subjects in remission (n ¼ 65) when
compared to the Crohn’s Disease Activity Index (CDAI). The receiver operating characteristic (ROC) curve for the RNA cal-
protectin subunit (S100A8) is shown to provide a surrogate marker for fecal protein calprotectin (ROC area under the curve
(AUC) ¼ 0.58). (B) For subjects with active disease, Classifier 2 further parsed those with mild disease (n ¼ 15) relative to those
with moderate disease (n ¼ 22) when compared to the CDAI.
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dictate disease severity for patients with CD. Using stool
samples to assess disease activity offers a range of sub-
stantial benefits. First, it provides a noninvasive and patient-
friendly approach that does not require a physician
appointment for sample collection. This mitigates the need
for uncomfortable and sometimes risky invasive proced-
ures, such as repeated endoscopies, and can improve patient
compliance associated with disease monitoring. At-home
stool sample collection also enable frequent and longitudi-
nal assessments, allowing for more accurate tracking of
disease progression. Furthermore, this method offers cost-
effective and convenient disease monitoring, reducing
health-care expenses and overall burden.

Stool-based RNA tests could address some of the limi-
tations associated with fecal calprotectin, CRP, and other
noninvasive approaches.10 Specifically, the output from the
RNA test provides an ordinal value, which could be used to
quantify disease activity, extent of disease, or potentially
point to disease location. Research is ongoing to determine
the bounds of RNA technology as it relates to advancing
noninvasive diagnostics for patients with CD. Further, a
future version of this test could be used in conjunction with
other noninvasive RNA-based diagnostics that assess other
disease states such as presence of dysplasia.21

With the introduction of new therapies that incldue
novel mechanisms of action, the utilization of RNA bio-
markers in stool samples to predict therapeutic response
could represent an interesting approach to precision medi-
cine. Although the data generated in this study was pri-
marily intended to assess feasibility, and represents



Figure 3. seRNA biomarkers demonstrated preliminary ability to predict response to targeted therapeutics. Each grouping
represents a unique individual. Each stacked row represents a unique timepoints (eg, T0, T14, T52). For each timepoint, the
Crohn’s disease activity index (CDAI) is provided. The first column of blue boxes indicates the expression of the transcript
related to the therapy target, or its associated receptor. The second column of blue boxes indicates the abundance of various
immune-related cell types for each timepoint. (A) Data for the 9 subjects on vedolizumab. (B) Data for the 4 subjects on
ustekinumab. (C) Data for the 3 subjects on infliximab.
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individual case studies that may not be generalizable, the
results demonstrate a promising avenue for further
research. By analyzing RNA signatures in stool, providers
could gain valuable insights into the dynamic molecular
changes occurring within the gut mucosa. This approach
enables the identification of specific gene expression pat-
terns associated with therapeutic response in the pre-
treatment stool sample, thereby allowing for the selection
of a more tailored and effective treatment strategy. Such
personalized medicine approaches have the potential to
significantly improve patient outcomes by optimizing the
selection of advanced therapies, minimizing the risk of
adverse effects, and enhancing the overall management of
CD. This innovative use of RNA biomarkers in stool sam-
ples may ultimately revolutionize the way we treat CD,
paving the way for precision medicine in gastroenterology
and leading to better outcomes and quality of life for
patients.

Beyond querying the targeted transcript of interest, the
evaluation of cell deconvolution using stool samples to
assess changes in cell types for patients with CD represents
a novel approach for noninvasive assessment. By using stool
samples, this method alleviates the discomfort of invasive
procedures, and provides a comprehensive and longitudinal
view of changes in cell types, which previously required
repeated endoscopic evaluations, mucosal biopsies, and
additional complex context including cytometry by time-of-
flight or single cell sequencing. This novel technique opens
up new avenues for the study of CD, offering a deeper
insight into the complex immune and epithelial interactions
underlying the disease, potentially paving the way for more
effective diagnostic and therapeutic strategies.
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Several limitations need to be acknowledged in the pre-
sent study. First, therewas a lack of stool samples collected at
all 3 time points for all subjects, whichmay have impacted the
ability to fully capture the dynamics of gut mucosa over time.
This was due to opportunistic collection of stool samples
from willing participants at clinic visits managed by care
coordinators and not part of a larger-scale clinical trial.
Additionally, the absence of endoscopic assessments at all
timepoints hindered the ability to correlate RNA signatures
with disease severity, potentially limiting our understanding
of the relationship between gene expression and disease
progression. The use of a surrogate marker for clinical ac-
tivity (ie, CDAI) has limitations; as such, results from this
study are preliminary and demonstrate feasibility rather
than clinical utility. Furthermore, the capture panel used in
this study did not offer a comprehensive assessment of the
transcriptome, and there is potential for further improve-
ment by expanding its coverage to evaluate cellular pathways
more comprehensively and enhance the accuracy of cell
abundance deconvolution. These limitations should be taken
into consideration when interpreting the findings of this
research and may serve as opportunities for future studies.

Future studies should prioritize the validation and
refinement of the stool-derived transcripts identified in this
study, aiming to better understand the overall role in pre-
dicting therapeutic response and monitoring mucosal heal-
ing. Robust validation is crucial to establish the reliability
and generalizability of these innovative approaches in clin-
ical practice. Large-scale, multicenter trials involving
diverse patient populations should be conducted to confirm
the accuracy and reproducibility of RNA biomarker-based
predictions of disease activity and therapeutic response in
patients with CD. Additionally, exploring the longitudinal
stability of these RNA biomarkers over extended periods of
time will be essential to assess their suitability for moni-
toring disease progression. Comparative studies, analyzing
the performance of RNA biomarkers alongside established
diagnostic and monitoring methods, can help ascertain their
added value in CD management. Furthermore, investigations
into the potential for stool-based RNA biomarkers to predict
disease flares and long-term outcomes are warranted. By
conducting rigorous validation studies, we can solidify the
foundation for the integration of RNA biomarkers in stool
samples as a valuable and reliable tool in the clinical man-
agement of CD, offering patients more precise and person-
alized treatment strategies in the future.
Supplementary Materials
Material associated with this article can be found in the

online version at https://doi.org/10.1016/j.gastha.2024.07.
012.
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