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Elevated antimicrobial antibodies have been reported up to 6 years before diagnosis of Crohn’s
disease (CD), but the specific antibody response is unclear. Here, we characterized the anti-
microbial antibody responses before CD diagnosis in healthy first-degree relatives (FDRs) of

The CCC-GEM (Crohn’s and Colitis Canada - Genetic, Environmental, Microbial) Project nested
case-control cohort consisted of FDRs who later developed CD (N = 77), matched 1:4 by age,
sex, follow-up duration, and geographical location with healthy FDRs (N = 304). Sera at
enrollment were probed for antimicrobial reactivity using a microbiota antigen microarray and
a flagellin peptide cytometric bead array. Conditional logistic regression was used to assess
association with CD onset, and partial Spearman was used to correlate serologic responses with
lactulose-to-mannitol ratio (LMR), C-reactive protein (CRP), and fecal calprotectin (FCP). False
discovery rate was controlled using the Benjamini-Hochberg method (q < 0.05).

Nineteen of 49 IgG antimicrobial antibody responses were significantly associated with the risk
of CD; these antibodies were reactive to Lachnospiraceae family, particularly Roseburia-derived
flagellins; 5 antibodies positively correlated with FCP, whereas 3 positively correlated with
LMR. These IgG-seroreactive flagellins shared significant amino acid sequence homology,
characterized by a conserved “hinge peptide” within D0-D1 domains of the amino-terminus.
The cytometric bead array confirmed that elevated IgG seroreactivity to the hinge peptide is
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BACKGROUND & AIMS:
patients with CD.
METHODS:
RESULTS:
associated with future risk of CD independent of LMR and FCP.
CONCLUSIONS:

Increased antibody response in healthy FDRs towards Lachnospiraceae flagellins is associated
with future risk of CD. Importantly, pre-CD subjects shared seroreactivity toward a conserved

bacterial flagellin epitope, which may represent an early preclinical biomarker of CD.

Keywords: Anti-Flagellin Antibody; Crohn’s Disease; Pre-Disease; Serology.

rohn’s disease (CD) is a chronic relapsing and

Cremitting inflammatory condition affecting the
gastrointestinal tract.” It is hypothesized that CD results
from the loss of tolerance towards commensal bacteria,
which triggers a sustained inflammatory response in
genetically susceptible individuals.” Previous studies
reported patients with CD exhibit altered antibody re-
sponses towards bacterial antigens.>> These immune
responses are also predictive of CD complications,® and
are minimally affected by host genetics,” treatment,”
surgery’ and disease activity.'’

It has been shown that like other immune-mediated
diseases, CD is preceded by a preclinical phase.'’™**
Through the Danish National Patient Registry data,
changes in serum biochemical parameters are detected up
to 8 years before diagnosis.'” The PREDICTS (Proteomic
Evaluation and Discovery in an IBD Cohort of Tri-service
Subjects) cohort, which monitored the serum samples of
United States military personnel who later developed CD,
showed that select antimicrobial antibodies and protein
biomarkers were present up to 5 years prior to their di-
agnoses.'" Likewise, through the CCC-GEM (Crohn’s and
Colitis Canada - Genetic, Environmental, Microbial) cohort,
we also showed that preclinical subjects exhibit altered
antimicrobial response towards a small panel of
commensal microbial antigens years before diagnosis,"”
but the specific antigens are still unclear.

Recently, using a microbiota protein antigen array,
patients with established CD were found to have

increased immunoglobulin G (IgG) against a panel of
commensal flagellins.'® Interestingly, this IgG response
was found to target a conserved domain of commensal
flagellins known as the “hinge peptide,” which may
reflect a key epitope in CD pathogenesis.'” However, it is
unclear whether this antibody response is also present
in the preclinical antibody repertoire, and if so, whether
this has any correlation with the future risk for CD, the
gut epithelial barrier dysfunction, or the host inflam-
matory response. To address this, here we characterized
the antimicrobial antibody responses to the commensal
flagellin antigens in a pre-CD nested case-control cohort
within the GEM cohort using a microbiota antigen pro-
tein microarray and validated using a flagellin peptide
cytometric bead array.

Materials and Methods

Cohort Recruitment

Healthy first-degree relatives (FDRs) of patients with
CD were recruited between the years 2008 and 2017 as
part of the prospective GEM study. The GEM study was
designed to uncover potential risk factors of CD by
comparing the baseline pre-disease characteristics of
subjects who eventually developed CD with those who
remained healthy.'® This large multicenter cohort study
was approved by the Mount Sinai Hospital Research Ethics
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Board (Toronto-Managing Center: REB #07-0322-E)
as well as the local recruitment centers involved in the
cohort enrollment.

A total of 5176 subjects between the age of 6 and 35
years were recruited and screened using a standardized
questionnaire at enrollment.'® The inclusion and exclu-
sion criteria, as well as demographic and environmental
risk questionnaires, were collected as previously
described.”>'® Written informed consents were ob-
tained from all subjects and/or their guardians prior to
participating within the GEM study. All subjects were
followed every 6 months via telephone call. If a diag-
nosis of CD was made, the subject is determined as a
“pre-CD FDR” and the diagnosis of CD was then
confirmed by their treating physician based on clinical,
endoscopic, radiographic, and/or histological reports to
verify the medical diagnosis. On the other hand, “healthy
control” is defined as absence of CD diagnosis at follow-
up. The current study was based on the analysis of pre-
disease samples (serum, urine, and stool samples) of a
nested case-control cohort within the GEM project. Each
subject (as of February 2021 at the time of analysis) was
matched with up to 4 healthy controls by age, sex,
geographic location (using postal codes and country
codes), and follow-up duration.

Microbiota Protein Antigen Microarray

At enrollment, serum samples were collected from
subjects via venipuncture and were stored in serum
separating tubes.'® The microbiota antigen microarray
assay was processed, performed, and analyzed as pre-
viously described.'” For details, see the Supplementary
Materials.

Protein Antigen Identification

The protein sequences were inputted as FASTA se-
quences and searched against the National Center for
Biotechnology Information (NCBI) database (http://blast.
ncbinlm.nih.gov/Blast.cgi, latest update: October 29,
2024)." For details, see the Supplementary Materials.

Sequence Alignment Analysis

The protein sequences were aligned via MUSCLE algo-
rithm (MUltiple Sequence Comparison by Log-Expectation)
using software Mega version 11.0.13. MUSCLE-aligned se-
quences were used to construct phylogenetic tree using
Neighbor-Joining Tree algorithm. Sequence alignments
were compared and visualized using BioEdit 5.0.9.

Motif Enrichment Analysis

Given that CD immune responses are often directed
against common microbial antigens, we analyzed the
conserved antigen motifs, which are defined as peptide
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What You Need to Know

Background
Previous studies showed an elevated antimicrobial
antibody response years before the diagnosis of
Crohn’s disease (CD), although the specific antibody
responses and their association with CD risk factors
are unknown.

Findings

We found that elevated anti-flagellin immunoglob-
ulin G (IgG) responses were associated with future
onset of CD, and this response is driven by selective
seroreactivity towards the hinge epitope of
commensal flagellin.

Implications for patient care

IgG response to the hinge peptide is associated with
future onset of CD independent of host inflamma-
tion and abnormal intestinal permeability. Early
anti-flagellin IgG response may represent a pre-
clinical biomarker for future onset of CD.

sequences shared across multiple species using MEME
(Multiple Em for Motif Elicitation: https://meme-suite.
org/meme/tools/meme).”’ Candidate motifs were iden-
tified by aligning peptide sequences from the microbiota
protein microarray and selected based on frequency of
sequence recurrences across the peptides. The motif
“enrichment” or E-value measures of the likelihood that
the repeated sequence occurrence is enriched purely by
artefact. Coverage percentage indicates the percentage of
matched amino acids to the motif of interest.

Flagellin Peptide Cytometric Bead Assay

Detailed methods can be found in the study previously
described, and details can be found in the Supplementary
Materials."”

C-Reactive Protein Measurement

The baseline C-reactive protein (CRP) levels from all
subjects were measured using Prometheus assays as per
manufacturer’s protocol (Prometheus Laboratory) as
outlined in previous studies.”” The upper limit of
detection was 203.8 mg/L, and the lower limit of
detection was set at 0.1 mg/L.

Fecal Calprotectin Measurement

The fecal calprotectin (FCP) levels were measured
using methods as previously described.'®

Gut Epithelial Barrier Function

The intestinal epithelial barrier function was
measured in urine using ratio of fractional excretions of
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lactulose-to-mannitol ratio

described."®

(LMR) as previously

Statistical Analysis

Baseline characteristics were summarized as counts
(percentages) for categorical variables and as medians
(interquartile ranges [IQRs]) for continuous variables.
To evaluate the association between antibody responses
and future risk of CD, we performed conditional logistic
regression (clogit) models with strata defined by the
matched nested case-control sets. Each antibody (log-
transformed and standardized) was modeled separately,
adjusting for the matching factors through stratification.
0Odds ratios (ORs) with 95% confidence intervals (CIs)
and P values were reported. To assess discriminative
ability, linear predictors from each fitted model were
used to generate receiver operating characteristic (ROC)
curves using the pROC package in R. We calculated the
area under the ROC curve (AUC) with 95% Cls based on
2000 bootstrap resamples. For clinical interpretability,
we further derived: (1) the optimal threshold based on
Youden’s index with corresponding sensitivity and
specificity; and (2) sensitivities at approximate fixed
specificities of 80% and 90% (nearest possible values
from ROC). To account for multiple testing across anti-
bodies, false discovery rate was controlled using the
Benjamini-Hochberg procedure, with g < 0.05 consid-
ered statistically significant.

The correlations between antimicrobial antibody
responses and known CD-related biomarkers were
calculated using partial Spearman correlations control-
ling for nested case control clustering including age, sex,
geographic location (using postal codes and country
codes), and follow-up duration. Missing data were
handled by complete-case analysis: participants with
missing values for CRP, FCP, and LMR were excluded
from the respective analyses. All statistical analyses
were performed using R-studio (R version 4.3.1 [2023-
06-16 Universal C runtime]).

Results

The Baseline Characteristics of GEM Nested
Case-Control Cohort

The nested case-control cohort consists of 77 pre-CD
subjects (who later developed CD) and 304 healthy
control (FDRs who remained healthy) (Table 1). The
median age of recruitment was 15.0 years (IQR,
12.0-21.0 years), and the sex distribution was 58.4%
female. Interestingly, 80.5% of the subjects were sib-
lings, whereas only 19.5% were an offspring to a patient
diagnosed with CD—suggesting predominance of sibling
pairs that may reflect shared early-life exposures.
Among the pre-CD group, the median duration from the
collection of baseline sample in relation to timing of CD
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diagnosis was 2.46 years (IQR, 1.25-4.66 years). Among
the pre-CD subjects, 80.5% of the subjects were
recruited in Canada, 13.0% in Israel, and 6.5% in the
United States (Table 1). Compared with healthy FDRs,
pre-CD subjects had more subjects with CRP >10 mg/L
(26.3% vs 3.6%), FCP >100 ug/g (66.7% vs 19.2%), and
LMR >0.025 (39.7% vs 22.9%) (Table 1).

Pre-Disease Antimicrobial Antibody Responses
Are Associated With the Future Onset of CD

The baseline blood samples of pre-CD subjects and
healthy controls were tested for antimicrobial responses
using an established microbiota antigen microarray
(Figure 14)."”'? Compared with healthy controls, pre-
CD FDRs had 28 elevated antimicrobial antibody re-
sponses that were associated with future risk of CD
(Figure 1B; peptide annotations in Table 2). Among
these, 19 were IgG and 9 were immunoglobulin A (IgA)
responses, with the top 8 signals all IgGs targeting
commensal flagellins: anti-3-1-157Fla (OR, 2.37; 95% CI,
1.56-3.61; false discovery rate = 0.0028), anti-RinuF5
(OR, 2.19; 95% CI, 1.50-3.22; false discovery rate =
0.003), anti-CBir11 (OR, 2.18; 95% CI, 1.47-3.23; false
discovery rate = 0.004), anti-MDR254 (OR, 2.00; 95%
Cl, 1.39-2.87; false discovery rate = 0.004), anti-RinuF2
(OR, 2.39; 95% CI, 1.52-3.76; false discovery rate =
0.004), anti-A4Fla4 (OR, 2.29; 95% CI, 1.47-3.59; false
discovery rate = 0.004), anti-FlaX (OR, 2.04; 95% CI,
1.39-2.99; false discovery rate = 0.004), and anti-
RhomF1 (OR, 1.70; 95% CI, 1.27-2.27; false discovery
rate = 0.005) (Supplementary Figure 1; Supplementary
Table 1). Four of the antigens elicited both IgG and IgA
response: anti-RintF1 (OR, 1.49; 95% CI, 1.17-1.90; false
discovery rate = 0.007), anti-RintF2 (OR, 1.37; 95% CI,
1.08-1.73; false discovery rate = 0.039), anti-A4Fla4
(OR, 1.42; 95% CI, 1.09-1.84; false discovery rate =
0.039), and anti-RhomF1 (OR, 1.38; 95% CI, 1.07-1.78;
false discovery rate = 0.046) (Figure 1C; Supplementary
Table 1). The discriminative ability of individual anti-
bodies was modest, with AUCs ranging from 0.60 to 0.69
(Supplementary Table 1). At the optimal Youden’s cut-
off, anti-RinuF5 IgG achieved balanced sensitivity/
specificity of 66%/66%, whereas anti-3-1-57Fla IgG
showed high sensitivity (82%) but low specificity (48%)
(Supplementary Table 1).

Pre-Disease IgG Response to
Lachnospiraceae-Derived Flagellins Is
Associated With Host Systemic and Intestinal
Inflammation and Gut Barrier Dysfunction

To characterize the antigens, the peptide sequences
of all 49 proteins were compared with human micro-
biome signatures using NCBI Gene Bank and the meta-
genome gene catalog."” Surprisingly, all IgG responses
associated with CD onset were directed against closely
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Table 1. Demographics of the Nested Case-Control Cohort

Healthy FDRs Pre-CD FDRs

(n = 304) n=77) P
Age at 15.0 (11.0-22.0) 15.0 (12.0-21.0) .600
recruitment, y
Sex 1.000
Female 177 (568.2) 45 (58.4)
Male 127 (41.8) 32 (41.6)
Relation to .040
proband
Sibling 204 (67.1) 62 (80.5)
Offspring 100 (32.9) 15 (19.5)
Follow-up 2.46 (1.25-4.66) 2.46 (1.25-4.66) 1.000
duration, y
Country of 1.000
recruitment
Canada 259 (85.2) 62 (80.5)
Israel 37 (12.2) 10 (13.0)
United States 8 (2.6) 5 (6.5)
CRP 6.71e—7
CRP >10 mg/L 11 (3.6) 20 (26.3)
FCP 7.41e-10
FCP >100 ug/g 54 (19.2) 42 (66.7)
LMR .00602
LMR >0.025 66 (22.9) 25 (39.7)

NOTE. Categorical variables were presented as number (%); continuous var-
iables were presented as median (interquartile range).

CD, Crohn’s disease; CRP, C-reactive protein; FCP, fecal calprotectin; FDR,
first degree relatives; LMR, lactulose-to-mannitol ratio.

@Univariate conditional logistic regression accounting for nested groups
comparing healthy and pre-CD FDRs.

clustered members of the Lachnospiraceae family
(Supplementary Figure 24). Among these members, we
identified 5 conserved motifs shared across the CD-
associated antigens, with the most highly conserved
sequence being a 34-amino-acid “hinge peptide”
sequence localized within the DO-D1 domains of Lach-
nospiraceae flagellin (Figure 2A4; Supplementary
Figure 2B).

To determine the association of this “hinge peptide”
with known risk factors for CD, we correlated the anti-
body responses with CRP, FCP, and LMR.?! To do this,
we first ranked all 49 commensal antigens based on the
enrichment of Motif 1 (“hinge peptide”) within the
protein sequence (Figure 2B). When this was aligned
with future risks for CD, pre-CD subjects showed
elevated IgG response only to peptides highly enriched
in the “hinge peptide” (Figure 2C). Among these, 5 of the
21 IgGs positively correlated with FCP (RintF1 p = 0.15;
AgF2 p = 0.14; MDR254 p = 0.14; RinuF5 p = 0.15; and
anti-CBir66 p = 0.15); and only 3 of the 21 anti-flagellin
IgGs (RinuF5 p = 0.17; 3-1-57Fla p = 0.15; and MDR254
p = 0.16) positively correlated with LMR (Figure 2D). No
significant correlations were seen between serum CRP
and the anti-flagellin IgG responses.

Clinical Gastroenterology and Hepatology Vol. 24, Iss. 8

On the other hand, the IgA responses towards RintF2,
RintF1, RhomF1, A4Fla4, CBir5, riB2, yidx, riB20 and
CBir45 significantly correlated with future onset of CD,
despite having low enrichment of the hinge peptide in
the protein sequence (Supplementary Figure 3A4-B).
Furthermore, none of the IgA responses correlated with
FCP and LMR, but IgA responses to RintF1, RhomF1,
yidx, and RiB20 correlated with CRP (Supplementary
Figure 3C). Taken together, these findings indicate that
the pre-disease anti-flagellin IgG responses are shared
by a common consensus motif in the “hinge peptide,”
and this response is correlated with the future risk of
developing CD.

Pre-Disease Anti-Flagellin Antibody Responses
Are Driven by Seroreactivity to a Dominant
Epitope on Lachnospiraceae Flagellin Peptide

To validate our findings, we applied an established
flagellin peptide cytometric bead array to measure IgG
reactivity to 8 conserved Lachnospiraceae flagellin pep-
tides (Figure 34)."” Indeed, IgG concentrations specific
to the hinge peptide (DO-1N p25-59) and its sub-
epitopes (D1N p41-59 and DON p25-44) were signifi-
cantly elevated in pre-CD subjects, but not towards the
“non-hinge” regions (Figure 3B), suggesting a highly
specific response to the “hinge peptide.” In addition, IgG
concentrations of the hinge peptide (DO-1N p25-59) was
correlated with FCP (p = 0.15; P = .004) and LMR (p =
0.18; P =.0009), but not with CRP (p = —0.05; P = .36)
(Figure 3C-D). In fact, elevated IgG responses to both
hinge sub-epitopes (D1N p41-59 and DON p25-44) also
correlated with FCP, and D1N p41-59 correlated with
LMR (Figure 3C-D).

Given there may be potential associations between
anti-hinge peptide IgG response vs CD risk and CD risk
factors, next we performed conditional logistic regres-
sion adjusting for CRP, LMR, and FCP, as well as com-
bination of all 3 risk factors. Interestingly, when
adjusted for CRP, FCP, or LMR individually or together
(Supplementary Figure 4A-D), IgG response to the hinge
peptide (DO-1N p25-59) remained significantly associ-
ated with future onset of CD. Taken together, this
demonstrates that the IgG response to the hinge peptide
is associated with future onset of CD independent of
baseline changes in CRP, FCP, or intestinal permeability.

Discussion

Patients with inflammatory bowel disease (IBD) are
known to have distinct antimicrobial antibody responses
compared with the general population.”*"®?*"** Recent
evidence shows that select antibody responses are already
present in the pre-disease phase of CD,>""'*"'° suggesting
that mucosal and systemic immune activations may be
occurring years well in advance of CD onset. However,
characterization of the pre-disease antigen and antibody
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Figure 1. Study schematic of the nested cohort and the antimicrobial antibody response in pre-CD FDRs vs healthy FDRs.
(A) Schematic diagram illustrating the GEM nested case-control cohort (dark blue denotes baseline samples collected from
pre-CD FDRs; light blue denotes baseline samples collected from healthy FDRs). Patient sera were processed for microbial
protein microarray at baseline and were followed for a median of 2.46 years for potential diagnosis of CD. (B) Volcano plots
demonstrating a total of 28 antimicrobial antibody responses that were significantly increased in pre-CD FDRs (n = 77)
compared with healthy controls (n = 304). Data presented as scattered volcano plots showing IgA in red, and IgG in green,
and analyzed statistically using conditional logistic regression with false discovery rate using Benjamini-Hochberg method
with g < 0.05 defined as statistically significant. Vertical dotted line indicates an OR of 0, and horizontal dotted line indicates g
of 0.05. (C) Venn diagram comparing the IgG- and IgA-seroreactive antigens that were significantly associated with future
onset of CD. Top circle indicates antigens mounting 1gGs, and bottom circle indicates antigens mounting IgAs in pre-CD

FDRs.

repertoires have been challenging due to the difficulties in
following pre-CD cohorts and the limited number of an-
tigens profiled in conventional assays.''® Here, we
applied a novel microbiota antigen microarray and
flagellin peptide cytometric bead array to the well-
established GEM pre-CD cohort."*'®?! We now extend
on the previous work by others'**'”*> and demonstrate
the preclinical anti-flagellin antibody responses target a
conserved hinge peptide within the D0-1 domains of
Lachnospiraceae flagellin. This response occurs indepen-
dent of baseline CRP, FCP, and LMR. This suggests that
early anti-flagellin antibody responses selectively target a
conserved domain of commensal flagellins, which may
serve as an early biomarker to predict future CD onset.
The anti-flagellin antibody patterns are known to be
associated with penetrating and stricturing complications
as well as higher surgical rates in adults and children with
CD.****7 Previously, the PREDICTS study showed that
individuals with CD displayed seropositivity in ASCA and

ANCA antibodies up to 8 years prior to diagnosis.” At 5
years prior to onset, this cohort expressed increased
seroreactivity to commensal flagellins CBir1, as well as the
Lachnospiraceae flagellins Fla-X and A4Fla2."! Similarly,
we found that early antimicrobial antibodies have been
associated with future onset of CD.'® This study extends
on those prior findings by showing a specific target
epitope within the conserved hinge peptide (DO-1N p25-
59) of Lachnospiraceae flagellins. This is not surprising
given that Lachnospiraceae is an abundant family of
anerobic butyrate-producers within the Bacillota
phylum,”® and have similar pattern of colonization in the
small intestine and proximal colon seen in CD ileocoli-
tis.””**  Lachnospiraceae-derived flagellins are also
strongly immunogenic, likely owing to the TLR-5 epitope
expressed in its D1 domain®' and optimization of B-cell
responses.”” Indeed, IgG response to Lachnospiraceae
flagellins are observed in patients with CD but not ulcer-
ative colitis (UC).**
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Table 2. Peptide Identity of Seroreactive Antigens in Pre-CD FDRs

Protein Description of antigen Query cover E-value Percent identity
RinuF5 R. inulinivorans Fla5 100% 0 100%
RinuF2 R. inulinivorans Fla2 100% 0 100%
RintF2 R. intestinalis Fla2 100% 0 100%
RintF1 R. intestinalis Fla1 100% 0 100%
RhomF1 R. hominis Fla 100% 0 100%
RfaeF3 R. faecis Fla3 100% 0 100%
RfaeF1 R. faecis Flal 100% 0 100%
MDR254 MDR254 Fla 97% 6e—91 63%
riB10 Lachnospiraceae SSB 92% 7e—133 87%
AgF2 Lachnospiraceae Fla2 100% 0 100%
AgF1 Lachnospiraceae Fla1 100% 0 100%
3-1-57Fla Lachnospiraceae Fla 100% 0 83%
CBir11 Lachnospiraceae Fla 98% 2e—145 82%
FlaX Lachnospiraceae Fla 99% 0 97%
Cbir1 Lachnospiraceae Fla 99% 0 81%
CBir66 Lachnospiraceae CBir66 Fla 80% 8e—106 100%
A4Fla4 Lachnospiraceae A4 Fla4 100% 0 100%
A4Fla3 Lachnospiraceae A4 Fla3 100% 0 100%
A4Fla2 Lachnospiraceae A4 Fla2 100% 0 100%
14-2Fla Lachnospiraceae 14-2 Fla 100% 0 100%
CBir5 H. spp TIpB 100% 0 100%
riB20 Firmicutes uncharacterized 76% 2e—-33 43%
riB2 F. plautii Fla 76% 4e-33 62%
yidx E. coli FliC 100% 4e—161 100%

Fla, flagellin; FlicC, flagellar filament structural protein; SSB, single-standed binding protein.

Flagellins share a conserved amino and carboxy DO-
D1 domains separated by a hypervariable region.”’ The
epitope we identified also confirms the recent study by
Zhao et al, which showed a strong IgG response to the
hinge peptide in patients with established CD.'”
Furthermore, using next-generation epitope profiling
techniques,””** several studies have also performed in-
depth characterization of the antigen repertoire in IBD
cohorts. For instance, Bourgonje et al showed that the
dominant bacterial antigens in patients with established
CD as well as chronic fatigue syndrome were localized to
the conserved regions of Lachnospiraceae flagellins.”>*
These responses against bacterial flagellins were further
associated with ileal disease and fibrostenotic disease
types.”* The findings here support those prior work and
indicate that this antibody response to the commensal
flagellin epitope may occur before the onset of CD in
healthy FDRs. When adjusted for CRP and LMR, this
select response was independently associated with the

future onset of CD, suggesting that this early anti-
flagellin response may serve as a preclinical biomarker
of future disease prior to mucosal inflammation. Despite
these observations, validation of our findings in other
preclinical cohorts such as PREDICTS and the Israeli
Army cohort are warranted. Similarly, it would be
important to compare anti-flagellin responses with
existing clinical serological markers in future studies.
Although our findings may suggest a role of preclinical
anti-flagellin antibody responses in the development of
IBD, it raises several important unanswered questions on
the mechanisms by which this may play a role in IBD.
Previously, antibacterial IgG antibodies have been shown
to target bacteria taxa that translocate across the mucosal
barrier function.** This may lead to adaptive immune
activation and therefore loss of tolerance to commen-
sals.®® For instance, commensal flagellin IgG responses
have been shown to correlate with altered T cell and B
cell responses.”®**?>3% In patients with established CD,
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Figure 2. Anti-flagellin IgG responses target a conserved hinge peptide and is correlated with independent risk factors of CD:
FCP, CRP, and LMR. (A) Five conserved motifs annotated using Lachnospiraceae-derived A4Fla2 flagellin (PyMOL version
3.0.4) and multiple sequence alignment of the most highly enriched “hinge peptide” in the CD-associated antibody responses
(MEGA version 11.0.13, comparison by log-expectation [MUSCLE] algorithm). (B) Heatmap of the commensal antigens
ranked by enrichment of “hinge peptide” expressed using multiple sequence enrichment P values. (C) IgG fluorescence
intensities were compared with risk of future CD onset. Data were expressed as ORs, analyzed using conditional logistic
regression with false discovery rate using Benjamini-Hochberg method with g < 0.05 as statistical significance. (D) IgG
fluorescence intensities were correlated with risk factors of CD: CRP, FCP, and LMR. Data were expressed as partial
Spearman correlation p coefficients, with a P value <.05 deemed as statistically significant.

elevated anti-flagellin IgGs were associated with flagellin-
specific T cell populations.’® T cell transfer of flagellin
(CBir1)-specific CD4" T cells has been shown to induce
T-cell-mediated colitis in mice.* On the other hand, it has
also been shown in vivo that augmenting mucosal anti-
flagellin IgA response by vaccinating purified flagellin
protects spontaneous colitis and alters the gut micro-
biome in interleukin (IL)-10 deficiency mice.*® Interest-
ingly, this study found that this response appears to be
dependent on B-cell responses. Taking this to consider-
ation, although beyond the scope of our study, further
functional mechanistic studies to study the peripheral
blood mononuclear cells derived from pre-CD FDRs, and
careful interrogation of flagellin-specific B cell and T cell
responses are much needed. Such information would also
help explain the apparent differences in anti-flagellin IgG

vs IgA responses as noted in our findings, as this could
represent difference on innate vs adaptive responses to
commensal flagellins. Lastly, in a recent study by Gaifem
et al, it has been shown that preclinical ASCA IgGs form
immune complexes to activate innate immune cells,
which enabled downstream nuclear factor kappa B
(NFkB) activation.’” This raises the possibility that select
antimicrobial IgGs could impact innate immune re-
sponses, and further characterization of macrophage and
dendritic cell populations can be explored in future
studies.

The strength of our study is that all clinical samples
were derived from a well-characterized multinational
at-risk cohort of healthy FDRs, which allows for the
analysis of biomarkers before disease onset.'>'%?!
Although traditional serological profiling techniques use
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Figure 3. Seroreactivity to the hinge peptide of DO-1 domains of Lachnospiraceae flagellin correlates with future risk of CD.
(A) Schematic diagram of the workflow for the flagellin peptide cytometric bead array and the associated conserved motifs.
(B) Forest plot comparing epitope-specific IgG concentrations to the risk of developing CD. Data was analyzed using con-
ditional logistic regression with false discovery rate using Benjamini-Hochberg. * denotes g < 0.05 and ** denotes g < 0.005.
(C) Heatmap showing the correlation between epitope-specific IgG concentrations (pg/mL) and ORs of developing CD. Data
were expressed as ORs and analyzed using conditional logistic regression with false discovery rate using Benjamini-
Hochberg method. * denotes g < 0.05. (D) Epitope-specific IgG concentration were correlated with CRP, FCP, and LMR.
Data were expressed as partial Spearman correlation p coefficients and * denotes P value <.05.

enzyme-linked immunosorbent assay (ELISA)-based com-
mercial kits, they often suffer from selection bias by con-
taining only few antigens such as the Prometheus panel we
described previously.'®'” Here, we targeted more antigens
in using a systematic microbiota antigen microarray and
validated using a flagellin peptide cytometric beads array.
In addition, by incorporating clinical datasets including
subjects’ FCP, serum CRP, and gut permeability, we were
able to correlate the antimicrobial antibody responses with
known risk factors of CD. Despite these strengths, any over-
interpretation of the correlation to causation in the pre-CD
anti-flagellin antibody response warrants caution given the
lack of mechanistic experiments in our study design. Sec-
ondly, we recognize that the microbiota antigen micro-
array was performed at a single time-point, and is limited
in the number of antigens detected,*® which is surpassed
by high-throughput approaches such as phage display
immunoprecipitation sequencing and IgA sequencing
methodologies. Similarly, it is also possible that the assays
may also not fully capture all potential epitopes in the pre-

CD cohort. Furthermore, although the GEM cohort enables
the study of preclinical risk factors, the median follow-up of
2.46 years may introduce bias, as healthy FDRs can still
potentially develop CD at longer follow-up. Potential con-
founders such as patient disease phenotypes at diagnosis,
diet, and microbiome data are not included as part of our
analysis. In addition, our cohort demographic is also mostly
comprised of pediatric and young adults with a median age
of 15 years, which therefore limits the generalizability to an
older-onset IBD population. Therefore, although our ob-
servations are hypothesis-generating, further studies to
corroborate our findings in other pre-clinical disease
cohorts are further warranted.

Conclusion

In summary, our findings demonstrate that anti-
flagellin antibody responses are associated with future
onset of CD. In addition, these pre-CD IgG responses
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appear to be driven by a conserved domain within the
hinge peptide of DO0-1 domain of Lachnospiraceae
flagellin and is independent of known CD risk factors
such as gut and systemic inflammation and intestinal
permeability. The clinical implication of these findings
open new perspectives in disease prevention and
treatment. It raises the possibility for anti-flagellin bio-
markers and the potential designing of flagellin-directed
vaccines in selected high-risk individuals. Further vali-
dation and mechanistic studies are warranted.

Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.org,
and at https://doi.org/10.1016/j.cgh.2025.12.006.
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