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Abstract

BACKGROUND
The healthcare burden of inflammatory bowel disease (IBD) is rising globally and
there are limited non-invasive biomarkers for accurate and early diagnosis.

AIM

To understand the important role that intestinal microbiota play in IBD patho-
genesis and identify anti-microbial antibody signatures that benefit clinical
management of IBD patients.

METHODS

We performed serological profiling of 100 Crohn’s disease (CD) patients, 100
ulcerative colitis (UC) patients and 100 healthy controls against 1173 bacterial and
397 viral proteins from 50 bacteria and 33 viruses on protein microarrays. The
study subjects were randomly divided into discovery (n = 150) and validation (n =
150) sets. Statistical analysis was performed using R packages.

RESULTS
Anti-bacterial antibody responses showed greater differential prevalence among
the three subject groups than anti-viral antibody responses. We identified novel
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antibodies against the antigens of Bacteroidetes vulgatus (BVU_0562) and Streptococcus pneumoniae
(SP_1992) showing higher prevalence in CD patients relative to healthy controls. We also
identified antibodies against the antigen of Streptococcus pyogenes (SPy_2009) showing higher
prevalence in healthy controls relative to UC patients. Using these novel antibodies, we built
biomarker panels with area under the curve (AUC) of 0.81, 0.87, and 0.82 distinguishing CD vs
control, UC vs control, and CD vs UC, respectively. Subgroup analysis revealed that penetrating
CD behavior, colonic CD location, CD patients with a history of surgery, and extensive UC
exhibited highest antibody prevalence among all patients. We demonstrated that autoantibodies
and anti-microbial antibodies in CD patients had minimal correlation.

CONCLUSION

We have identified antibody signatures for CD and UC using a comprehensive analysis of anti-
microbial antibody response in IBD. These antibodies and the source microorganisms of their
target antigens improve our understanding of the role of specific microorganisms in IBD
pathogenesis and, after future validation, should aid early and accurate diagnosis of IBD.

Key Words: Inflammatory bowel disease; Anti-microbial antibody; Protein microarray; Crohn’s disease;
Ulcerative colitis; Gut microbiome

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We performed the largest serological profiling of anti-microbial antibodies to date in using 100
Crohn’s disease (CD) and 100 ulcerative colitis (UC) patients. We identified novel anti-microbial
antibodies with differential prevalence in inflammatory bowel disease (IBD) patients compared with
healthy controls. There was minimal correlation between anti-microbial antibodies and our previously
reported autoantibodies in CD patients. We combined novel anti-microbial antibodies to build biomarker
panels distinguishing CD vs control, UC vs control and CD vs UC with an area under the curve of 0.81,
0.87, and 0.82, respectively. Subgroup analysis revealed that IBD patients with severe disease had the
highest antibody prevalence.
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INTRODUCTION

Inflammatory bowel disease (IBD) represents a group of intestinal disorders that causes chronic inflam-
mation in the digestive tract. The two main clinical phenotypes are ulcerative colitis (UC) and Crohn’s
disease (CD). The public health burden of IBD is rising globally[1]. Early and accurate diagnosis is key
to reducing this burden. Gastroenterologists often use a combination of relatively invasive procedures,
like ileocolonoscopy with biopsy for diagnosis, and to determine the disease extent and activity. There is
a need for serological biomarkers that can reveal the disease state non-invasively. Herein, our objectives
were to discover anti-microbial antibody signatures in IBD patients and understand the association of
microbial infection with IBD pathogenesis.

IBD is caused by a combination of genetic predisposition, faulty immune responses, and environ-
mental factors[2]. The interaction of microbes with the gut mucosa in a genetically susceptible
individual and the corresponding immune response play a pivotal role in the initiation and progression
of IBD[3]. After birth, a limited diversity microbial community develops into a complex community due
to the influence of diet and environmental factors[4]. During the second or third decade of life, a
dysbiosis is observed in IBD patients which leads to an imbalance between commensal and potentially
pathogenic microorganisms[5]. The healthy gut microbiota predominately comprises Firmicutes and
Bacteroidetes, and to a lesser extent, Actinobacteria and Proteobacteria[6,7]. In IBD, dysbiosis is
observed with reduced abundance of Firmicutes and either higher or similar abundance of Proteo-
bacteria. Besides compositional changes, genetic alterations also contribute to gut dysbiosis that leads to
disease initiation and progression. For example, NOD2 variants were found in 20%-40% of European
and American CD patients[8,9]. NOD2 encodes an intracellular receptor for the bacterial peptidoglycan
muramyl dipeptide, which helps maintain the balance of commensal bacterial flora[10].
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Immune response to microbes results in the production of antibodies to microbial antigens[11]. Anti-
Saccharomyces cerevisiae antibodies (ASCA) are associated with CD patients, with sensitivities and
specificities ranging between 55% to 65% and 80% to 95%, respectively[12]. Perinuclear antineutrophil
cytoplasmic antibodies (pANCA) are associated with UC patients, with sensitivities and specificities
ranging between 50% to 71% and 75% to 98%, respectively[13]. Outer membrane protein of Escherichia
coli (OmpC) and flagellin (CBirl) antibodies are prevalent in CD patients, with prevalence ranging
between 24 %-55% and 50%-56%[13]. The number and response magnitude of anti-microbial antibodies
have previously been shown to indicate the presence of IBD, its severity and its clinical course; however,
the clinical utility of available antibodies in diagnosis and clinical management of IBD patients has been
limited. The techniques used to discover the known anti-microbial antibodies associated with IBD are of
low throughput, and have only been applied to test on small number of candidate microorganisms or
microbial antigens[14]. We have performed a large-scale comparative profiling of anti-microbial
antibodies in CD and UC patients and healthy controls using an innovative protein microarray
technology, namely Nucleic Acid Programmable Protein Array. We selected 1570 microbial proteins
from our microbial protein collection (DNASU.org) from 50 bacteria and 33 viruses based on
preliminary studies in our laboratory and a review of the literature, displayed them on microarrays and
probed them against 100 CD, 100 UC and 100 healthy control serum samples.

MATERIALS AND METHODS

Patients and samples

All the serum samples were acquired from Serum Biobank at Mayo clinic with approval from institu-
tional review board. CD patients were randomly selected, followed by age and gender matched healthy
controls and UC patients. The samples (100 CD, 100 UC and 100 controls) were divided evenly into two
non-overlapping discovery and validation sets randomly (Table 1). Disease status for study participants
was assessed by clinicians at Mayo clinic.

Microbial protein array fabrication

We analyzed 1570 microbial proteins, of which 1173 proteins were from 50 different species of bacteria,
397 proteins were from 33 different species of viruses and the remaining proteins were autoantigens.
These proteins were selected from our large collection of microbial antigens (DNASU.org) with
reference to our anti-microbial antibody studies on other diseases (unpublished data). Microbial protein
arrays were fabricated as described earlier[15,16]. Briefly, plasmids with genes of interest cloned in the
PANT7_cGST expression vector were obtained from the DNASU plasmid repository, prepared, and
printed into silicon nanowells using a piezoelectric dispensing system to produce microbial protein
arrays. On the day of experiment, proteins were freshly expressed from printed plasmids using an in-
vitro transcription and translation protein expression kit (Fisher Scientific) and captured by anti-GST
antibody co-printed in each nanowell. After expression, microarrays were incubated with 1:100 diluted
serum samples. We randomized the case and control serum samples while profiling on microarray to
reduce bias. IgG and IgA anti-microbial protein antibodies were detected by Alexa-647 goat anti-human
IgG (H+L) and Cy3 goat anti-human IgA (Jackson ImmunoResearch). After washing and drying, the
microarrays were scanned in a Tecan PowerScanner and the raw fluorescence intensity data were
extracted using the ArrayPro Analyzer Software. Raw fluorescence intensity of each protein on the
microarray was divided by the median intensity of all the proteins on the microarray for normalization.
The normalized value was termed as Median Normalized Intensity (MNI) and used for all analysis.
Seropositivity of antibody for a particular antigen was defined as MNI = 2 as we have done for our other
studies[17,18].

Statistical analysis

Pairwise comparisons of numbers of IgG or IgA antibodies for each bacterial species among the 3
subject groups were performed using Chi-squared tests to assess statistical significance (Supple-
mentary Figure 1). For each pairwise comparison, the Chi-squared P values were adjusted using the
FDR (false discovery rate) method to reduce the likelihood of false positives. In addition to the multiple
comparison adjustment at the antibody level, we performed adjustment at the species level.

For univariate analysis between two comparison groups, we calculated sensitivity for one group at
the 96th percentile of the other group or the MNI of 2, whichever was larger. Antibodies with > 14%
sensitivity in the discovery set were selected as candidates for further validation. If an antibody had >
14% sensitivity at 96% specificity in both discovery and validation sets, then it was considered as a
“validated marker”. Venn diagram for the overlap of microbial antigen targets were plotted using
Venny[19].

We used a three-stage approach to build our multi-antibody panels. In the first stage, we selected all
candidate biomarkers that passed the criteria above, i.e., sensitivity was greater or equal than 14% at
96% specificity. Next, we applied the minimum redundancy maximum relevance algorithm to further
select biomarkers that were possibly the most important and least correlated[20]. In the third stage, we
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Table 1 Clinical information of the samples

Discovery set Validation set
CcD uc HC CcD uc HC
N 50 50 50 50 50 50
Gender (female, male) 29,21 29,21 29,21 28,22 28,22 28,22
Age (median + SD) 41 +17.66 44 +£17.25 42 +18.47 39.5+17.49 445+17.23 39.5+16.02
Disease behavior (B1/B2/B3) 9/10/6 16/8/2
Disease location 12/6/7/0 12/7/7/0
(L1/L2/L3/14)
Disease extent (E1/E2/E3) 0/32/18 0/34/16
Surgery (Yes, No) 24,25 8,42 22,27 7,42

Fischer’s exact test P value is equal to 1 for the gender difference among CD, UC and HC in both discovery and validation set. Kruskal-Wallis test P value
for the age difference among CD, UC and HC in discovery and validation set were 0.3159 and 0.1737 respectively. CD: Crohn’s disease; UC: Ulcerative
colitis; HC: Healthy control.
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fit a logistic regression model using the selected biomarkers from the first two stages and generated its
receiver operating characteristic curve and AUC value to evaluate the model’s discriminatory
performance between CD, UC, and healthy controls.

Pair-wise subgroup comparisons based on the Montreal classification were performed for the odds
ratio (OR) of each antibody using the seropositivity threshold defined as the maximum of MNI 2 and
the 75" percentile of all samples. Chi-squared tests were used to test global significance between all
groups with a slight modification by adding 0.5 to each cell of the table to avoid zero cell counts. P
values from the Chi-squared method were adjusted for each pair of comparisons and for all candidate
biomarkers. The number of antibodies with significant difference in prevalence among classifications
were counted based on OR > 1 and OR < 1 for each pair of classification of CD behavior, CD location,
UC extent and the surgery history of CD patients. The difference in total number of antibodies with
significant difference between classification groups were computed using two sample proportion test.
We did not perform a subgroup analysis for the UC patients based on the surgery history because most
(84 out of 100) had no surgeries (Table 1).

Spearman’s rank correlation analysis was performed to assess the correlation between autoantibody
and anti-microbial antibody reactivity for CD patients and healthy controls. The R “pheatmap” package
was used to generate the heatmap for correlation coefficients.

Bioinformatics analysis
The NCBI Taxonomy browser was used to find the taxonomical details of all the bacteria and viruses
used in our study. The taxa were downloaded as phylip tree file and was used as an input in interactive
tree of life software. Two phylogenetic trees were created for bacteria and viruses with different colors
distinguishing the phylum.

For sequence homology analysis, a pair-wise BLAST analysis was carried out on the antigen protein
sequences of validated antibodies for CD vs healthy control analysis. E-values were used to generate a
heatmap using Python Seaborn package.

RESULTS

Anti-microbial antibody profiling in IBD on microbial protein arrays

We studied IgG and IgA anti-microbial antibody profiles of 100 CD and 100 UC patients and 100 age-
gender matched healthy controls (Table 1) against 1570 microbial antigens including 1173 antigens from
50 different bacteria and 397 antigens from 33 different viruses using our protein microarray platform
(Figure 1, Supplementary Table 1). This study provided a representative overview of the anti-microbial
antibody response in IBD patients (Supplementary Figure 1). The numbers of IgG antibodies against
bacterial proteins from Bacteroidetes vulgatus (B. vulgatus) and Citrobacter koseri (C. koseri) were
significantly higher in CD patients compared with those in healthy controls (Chi-square test, P < 0.01)
(Supplementary Figure 1). On the contrary, the numbers of IgG antibodies against proteins from several
bacteria, such as Streptococcus pneumoniae (S. pneumoniae), Haemophilus influenza (H. influenzae), Staphylo-
coccus aureus (S. aureus), Helicobacter pylori (H. pylori) and Parvimonas micra (P. micra) were significantly
lower in CD and UC patients compared with those in healthy controls (Chi-square test, P < 0.05)
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Figure 1 Phylogenetic tree of microbes studied with their corresponding number of proteins analyzed. A: Fifty species of bacteria with 1173
proteins were segregated into 6 phyla; B: Thirty-three species of viruses with 397 proteins were segregated into 10 phyla.
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(Supplementary Figure 1). Overall, fewer IgA anti-microbial antibodies were found than IgG antibodies.
The numbers of IgA antibodies against S. pneumoniae, H. influenzae, S. aureus, and H. pylori were
significantly lower in UC patients compared with those in healthy controls (Chi-square test, P < 0.01).
On the other hand, anti-viral IgG and IgA antibodies showed heterogenous prevalence with no clear
trend of differences among CD, UC, healthy controls (data not shown). Therefore, we focused our
analysis on anti-bacterial antibodies.

Antibodies distinguishing CD from healthy controls

We compared prevalence for individual anti-microbial antibodies between CD patients and healthy
controls. We randomly split samples evenly into discovery and the validation sets (Table 1). For
antibodies with elevated prevalence in CD patients, 13 IgG antibodies passed the criteria (sensitivity >
14% at 96% specificity) in both discovery and validation sets (Table 2). Anti-A4-Fla2_IgG, a well-studied
anti-bacterial flagellin antibody in CD, had the best performance with 47% sensitivity at 96% specificity
in the full sample set (Table 2). Beside the flagellins, we found antibodies to four novel target antigens
from B. vulgatus (BVU_0562), P. mirabilis (PMI_RS06815), S. flexneri (SF_Lpp) and S. pneumoniae
(SP_1992) (Table 2) with no significant sequence homology to flagellins (Figure 2A).

To our surprise, 12 validated IgG antibodies showed elevated prevalence in healthy controls relative
to CD patients (Supplementary Table 2). Among these 12 antibodies, anti-bacterial antibodies performed
better in differentiating CD patients from healthy controls than anti-viral antibodies
(Supplementary Table 2). Antibody against SPy_2009, an anchoring protein located in the cell wall of
Streptococcus pyogenes (S. pyogenes), had the highest sensitivity of 24% at 96% specificity in healthy
controls relative to CD patients. Seven validated IgA antibodies showed higher prevalence in healthy
controls relative to CD patients (Supplementary Table 4).

Antibodies distinguishing UC from healthy controls

For anti-microbial antibodies with elevated prevalence in UC patients relative to healthy controls, 4 IgG
antibodies passed the criteria in both discovery and validation sets (Table 2). Antibodies to A4-Fla2_IgG
and a flagellin from C. koseri had a sensitivity of 18% and 15% respectively. For IgG antibodies with
higher prevalence in healthy controls relative to UC patients, 32 antibodies got validated
(Supplementary Table 3). Source microorganisms for the target antigens of these 32 antibodies were
enriched for S. pneumoniae, S. aureus, and H. influenzae (2-sample proportion test, P < 0.05). 2.7% of the
proteins on the microbial protein microarray were from S. pneumoniae while 18.7% of antigens for
validated antibodies were from S. pneumoniae, 6.1% of the proteins on the microarrays were from S.
aureus while 18.7% of antigens for validated antibodies were from S. aureus, and 1.4% of the proteins on
the microarrays were from H. influenzae while 12.5% of antigens for validated antibodies were from H.
influenzae. Nine validated IgA antibodies showed higher prevalence in healthy controls relative to UC
patients (Supplementary Table 4).

Fewer anti-viral antibodies than anti-bacterial antibodies were validated comparing CD or UC
patients with healthy controls (Table 2, Supplementary Tables 2 and 3). Anti-viral antibodies to
Rhinovirus B14, Enterovirus C, Influenza A virus, Human metapneumovirus had higher prevalence in
healthy controls compared with CD and UC patients (Supplementary Tables 2 and 3).

Comparison of anti-microbial antibody response between CD and UC

We found 46 IgG and 22 IgA validated anti-microbial antibodies with higher prevalence in CD patients
compared to UC patients while 28 IgG and 9 IgA validated anti-microbial antibodies with higher
prevalence in UC patients compared to CD patients. There was minimal overlap of the target antigens of
these validated IgG and IgA antibodies (Figure 2B).

Multivariate analysis to distinguish CD, UC, and healthy controls

We built multi-antibody panels that could distinguish CD vs control, UC vs control, and CD vs UC with
an area under the curve (AUC) of 0.81, 0.87, and 0.82 respectively. For CD vs control, antibodies against
novel flagellins (HP_0115, CK_LafA, CK_LafA.1, VC_flaD, VC_flaB, VC_flaE, VC_flaA) had an AUC of
0.73, antibodies against non-flagellins (BVU_0562, SP_1992, PMI_RS06815, and SF_Lpp) had an AUC of
0.75 and the combined AUC of antibodies against novel flagellins and non-flagellins was 0.81
(Figure 3A). For UC vs control, a combination of seven antibodies, four against S. pneumoniae and one
each against S. aureus, H. influenzae and B. vulgatus had an AUC of 0.87 (Figure 3B). For CD vs UC,
combination of seven antibodies, two against H. pylori and one each against E. coli, S. pneumoniae, S.
pyogenes, C. jejuni and L. bacterium A4 had an AUC of 0.82 (Figure 3C).

Subgroup analysis

We investigated the association of CD behavior (B1, B2, B3), CD location (L1, L2, L3), and UC extent (E1,
E2, E3) based on the Montreal classification with the anti-microbial antibody prevalence. We calculated
the 4™ quartile odds ratio for each antibody between the two classification groups and compared the
number of antibodies with significant odds ratio (P value < 0.05) in each group. We found B3
(penetrating) had the highest prevalence of antibodies followed by B2 (stricturing) and B1 (non-
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Table 2 Sensitivities of validated IgG antibodies comparing Crohn’s disease and ulcerative colitis with healthy controls in the

discovery, validation, and the entire set at 96% specificity

Antigen Protein name Organism Discovery Validation Entire
Crohn's disease ~ Bacteria HP_0115 Flagellin B H. pylori 28 48 38
BVU_0562 Uncharacterized protein B. vulgatus 26 22 25
CK_LafA Lateral flagellin C. koseri 20 22 21
CK_LafA.1 Lateral flagellin C. koseri 16 26 24
A4-Fla2 Flagellin L. bacterium A4 40 54 47
PMI_RS06815 Hypothetical protein P. mirabilis 14 16 15
VC_flaD Flagellin V. cholerae 24 18 19
VC_flaB Flagellin V. cholerae 28 22 24
VC_flaE Flagellin V. cholerae 26 28 23
VC_flaA Flagellin V. cholerae 20 22 21
SE_Lpp Outer membrane S. flexneri 14 18 14
lipoprotein
SP_1992 Cell wall surface anchor S. pneumoniae 20 16 18
Virus BILF2 Glycoprotein BILF2 Human herpesvirus 18 18 18
4
Ulcerative colitis ~ Bacteria CK_flgG Flagellar basal-body rod C. koseri 14 16 15
protein
A4-Fla2 Flagellin L. bacterium A4 22 16 18
Virus BVRF2 Capsid scaffolding protein ~ Human herpesvirus = 14 16 14
4
UL139 Membrane glycoprotein Human herpesvirus 14 20 17
UL139 5

Jaishideng®

stricturing, non-penetrating) (Table 3). For CD location, we found L2 had the highest prevalence of
antibodies followed by L3 (ileocolonic) and L1 (Table 3). For UC extent, E3 (extensive UC) had higher
prevalence of antibodies compared to E2 (left sided UC). In addition to the Montreal classification, we
also performed subgroup analysis based on the surgery history of CD patients. We found that patients

who had surgery possessed higher prevalence of antibodies compared to those without surgery
(Table 3).

Correlation of anti-microbial antibodies and autoantibodies in CD patients

We previously reported novel autoantibodies in CD patients using the same set of CD patients and
healthy controls[21]. We profiled both IgG and IgA autoantibodies and anti-microbial antibodies in all
100 CD and 100 healthy controls. It is interesting to note the antibodies showing differences for
autoantibodies were mostly IgA, but the anti-microbial antibodies were mostly IgG[21]. Anti-
SNRPB_IgA had the highest sensitivity of 20% at 96% specificity among all autoantibodies compared
with 47% sensitivity at 96% specificity for the best performing anti-microbial antibody, anti-A4-
Fla2_IgG.

We compared the novel autoantibodies and validated anti-microbial antibody profiles to determine if
correlation existed between their reactivity. Overall, we did not observe high correlation between
autoantibodies and anti-microbial antibodies in CD patients (Figure 4). Anti-microbial antibodies
formed two clusters, one with anti-flagellin antibodies, and the other with SF_Lpp_IgG and
PMI_RS06815_IgG. Five autoantibodies, PRPH_IgA, SNAI1_IgA, PPP1R13L_IgA, SNRPB_IgA and
PTTG1_IgA, formed a cluster. The remaining antibodies had relatively unique reactivity patterns.

DISCUSSION

We have performed a microbiomics study to understand the connection between host anti-microbial
responses and IBD and to identify antibody signatures that can aid in the accurate diagnosis of IBD. We
found antibody responses to novel non-flagellin antigens with elevated prevalence in CD patients
compared with healthy controls. On the contrary, we observed many anti-microbial antibodies with
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Table 3 Subgroup analysis of inflammatory bowel disease patients

o . Number of antibodies with Two samp|e proporﬁon
Classification Comparison
OR>1 OR<1 test

Disease behavior: B1: non-stricturing, non- B1 vs B2 (P < 0.05) 0 32 P <0.001
penetrating; B2: stricturing; B3: penetrating

B2 vs B3 (P < 0.05) 0 19 P <0.001

B1 vs B3 (P < 0.05) 2 41 P <0.001
Disease location: L1: ileal; L2: colonic; L3: L1ws L2 (P <0.05) 0 38 P <0.001
ileocolonic

L2 vs L3 (P < 0.05) 9 5 P=0.131

L1 vs L3 (P < 0.05) 5} 16 P <0.001
Disease extent: E2: left sided UC; E3: extensive E2 vs E3 (P < 0.05) 11 39 P <0.001
ucC
Surgery in CD patients No vs Yes (P < 0.05) 6 25 P <0.001

For each comparison, the number of antibodies with significant difference in prevalence between two classifications were counted based on odds ratio (OR)

>1 and OR < 1. The difference in total number of antibodies for each comparison were computed using two sample proportion test. CD: Crohn’s disease;
UC: Ulcerative colitis; OR: Odds ratio.
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Figure 2 Sequence homology of target antigens of validated antibodies and overlap of antibodies among Crohn’s disease and ulcerative
colitis. A: Heatmap showing sequence homology among target antigens for antibodies with validated performance of 2 14% sensitivity at 96% specificity comparing
Crohn’s disease (CD) patients with healthy controls; B: CD_IgG, ulcerative colitis (UC)_IgG, CD_IgA and UC_IgG represent the overlap of anti-microbial antibodies of
IgG and IgA isotypes in CD and UC patients with = 14% sensitivity at 96% specificity against healthy controls in the discovery set. CD: Crohn’s disease; UC:

Ulcerative colitis.
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lower prevalence in UC patients relative to healthy controls. We built antibody panels that could
distinguish CD vs control, UC vs control and CD vs UC with AUCs of 0.81, 0.87, and 0.82, respectively.
Lichtenstein et al[22] reported an integrated serological (ASCA-IgA, ASCA-IgG, anti-OmpC, anti-CBir1,
anti-12, pANCA) and genetic (SNP8, SNP12, SNP13) marker panel with an AUC of 0.80 to distinguish
CD vs control. A panel of serological markers (ASCA-IgA, ASCA-IgG, ANCA, pANCA, OmpC, and
CBirl) built by Plevy et al[23] yields an AUC of 0.78 to distinguish CD vs UC. Our novel antibody
marker panels had comparable or better performance in IBD diagnosis or distinguishing CD from UC
subtypes. We observed a stronger anti-microbial antibody response with more aggressive disease in
both CD and UC patients. Finally, we demonstrated that anti-microbial antibodies and autoantibodies
had different reactivity patterns in CD patients.

Our comprehensive study of anti-microbial antibodies in IBD patients provided interesting insight
into its pathogenesis. Antibody responses to proteins from B. vulgatus, P. mirabilis, S. flexneri and S.
pneumoniae were elevated in CD patients. B. vulgatus has been reported to induce colitis in IBD-
susceptible mice[24,25]. P. mirabilis in gut can induce inflammation in cells and a colitis mouse model
and has been associated with CD pathogenesis[26]. Our results suggest that B. vulgatus and P. mirabilis
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Figure 3 Receiver operating characteristic curves to discriminate Crohn’s disease, ulcerative colitis, and healthy controls. A: Receiver
operating characteristic (ROC) curve for Crohn’s disease (CD) vs healthy controls. Area under the curve (AUC) values of novel anti-flagellin antibodies (HP_0115,
CK_LafA, CK_LafA.1, VC_flaD, VC_flaB, VC_flaE, VC_flaA) and anti-non-flagellin antibodies (BVU_0562, SP_1992, PMI_RS06815, SF_Lpp) was 0.73 and 0.75,
respectively. The AUC value obtained with a combination of novel anti-flagellin and anti-non-flagellin antibodies was 0.81; B: ROC curve for ulcerative colitis (UC) vs
healthy controls. The AUC value obtained with a combination of 7 markers was 0.87; C: ROC curve for CD vs UC. The AUC value obtained with a combination of 7

markers was 0.82.
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Figure 4 Spearman’s rank correlation coefficient heatmap of anti-microbial antibodies and autoantibodies in Crohn’s disease patients.
The names of anti-microbial antibodies are colored in blue while autoantibodies are colored in black.

may also play a role in human CD development. We observed reduced antibody responses in UC
patients to several genera of the Firmicutes phylum including P. micra, S. pyogenes, S. aureus, which were
often reduced in abundance in UC patients’ gut microbiota[27]. For several genera belonging to Proteo-
bacteria phylum, such as H. influenzae, H. pylori, K. oxytoca, we observed overall reduced antibody
responses; however, their abundance in the gut microbiota of UC patients has been reported to be either
increased or remained the same compared with healthy controls[6,28].

Beyond exposure alone, antibody response requires functional immunological interaction between a
microorganism and the host; however, anti-microbial antibodies by themselves do not prove causality.
As such, source microorganisms whose antibodies show significant changes between IBD patients and
healthy controls warrant future confirmation and functional assessment in causing IBD. A4-Fla2
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flagellin included in our study showed IBD-specific prevalence with performance similar to that
reported in the literature[14,29]. We also identified several antibodies to flagellins with higher
prevalence in CD patients relative to healthy controls.

Previous studies mostly focused on antibodies with higher prevalence in IBD patients[30]. Our
unbiased data-driven approach revealed the existence of many anti-microbial antibodies with higher
prevalence in healthy controls relative to CD and especially UC patients (Supplementary Tables 3 and
4). The reduction observed in CD and UC patients may be attributed to the dysbiosis and reduced
diversity of gut microbiota in CD and UC patients[28,31]. It is also possible that the reduction in anti-
microbial antibodies in some CD and UC patients was in part because of immunosuppressive therapies
they received. The greater number of antibodies having high prevalence in CD patients compared with
UC patients indicates stronger anti-microbial humoral immunity in CD than in UC, which is consistent
with reports in the literature that most known anti-microbial antibodies, such as ASCA, anti-OmpC,
anti-Cbirl, and anti-12, had higher prevalence in CD patients than in UC patients[30]. This agreement,
together with comparable performance of anti-flagellin antibodies in our study and that reported in the
literature, suggests that our results reflect the microbial association of IBD etiopathology. However, the
use of samples from patients with established disease and the lack of information on immunosup-
pressive therapies of these patients limited the interpretation of the results.

We studied the association between anti-microbial antibody prevalence and various disease classific-
ations based on Montreal classification and surgery history. We found more antibodies with
significantly higher prevalence in patients with more aggressive disease behaviors relative to those with
milder disease behavior. We also found more antibodies with significantly higher prevalence in colonic
CD patients relative to those in ileal CD patients. Our results were consistent with previous reports that
increasing diversity and magnitude of anti-microbial immune response was correlated with increased
frequency of penetrating and/or stricturing disease behavior[13,32]. It is known that the colon has a
microbial density of 10"-10" anaerobic bacteria/gram while the ileum is colonized by 107-10° anaerobic
bacteria/gram[7]. Kleessen et al[33] found higher percentage of bacterial invasion of mucosa in colon
compared to ileum. CD patients requiring surgery usually had more severe disease compared with
those who did not need surgery. Stronger anti-microbial immune response in patients with severe CD
or UC suggests a higher abundance of the source microorganisms for the target antigens of the differ-
ential antibodies and/or a stronger more conducive immune microenvironment at the disease site in
severe disease.

Both autoantibodies and anti-microbial antibodies associated with IBD have been reported[30]. One
popular hypothesis for the autoantibody elicitation is molecular mimicry, where anti-microbial
antibodies cross react with human proteins. However, we found minimal correlation between the anti-
microbial antibodies and the autoantibody profiles in the same set of CD samples. The lack of
correlation suggests that IBD-specific autoantibodies and anti-microbial antibodies are elicited
independently through different underlying mechanisms, and cross-reactivity may play less of a role in
eliciting CD-associated autoantibodies. The breakdown of immune tolerance to human proteins might
have occurred due to the damaged gut epithelial cells and the faulty immunological microenvironment
partly caused by microbial infections. In addition, the elicitation of autoantibodies may be associated
with the infections of multiple microorganisms, and the correlation with individual anti-microbial
antibodies may not be great.

Strengths of our study include the broadest analysis to date of IgG and IgA antibodies against
individual antigens from many different microorganisms in both CD and UC patients and the use of a
two-stage approach with discovery and independent validation of antibody markers. There are some
limitations to our study. Except for a few microbes, the number of proteins studied for each species is
small, which might limit our interpretation of antibody response in IBD at the species level.
Furthermore, many samples used in studies were collected from patients with established disease.
Future studies with access to more clinical information, such as information about the use of
immunosuppressive or antibiotics treatment, could aid in the interpretation of our results. In addition,
samples collected from newly diagnosed patients will strengthen our ability to identify diagnostic
markers and microbial connections for IBD development.

CONCLUSION

In summary, we have demonstrated the power of a microbiomics study of anti-microbial antibodies in
IBD for the identification of anti-microbial antibody signatures to improve early accurate diagnosis and
help understand IBD etiology. The elucidation of the source microorganisms of the target antigens of the
antibody biomarkers could lead to novel strategies for the prevention of IBD.
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ARTICLE HIGHLIGHTS

Research background
Early and accurate diagnosis of inflammatory bowel disease (IBD) can benefit the clinical management
of IBD patients. The clinical utility of available non-invasive biomarkers is limited.

Research motivation

The gut microbiota plays an important role in the pathogenesis of IBD. Antibody responses to microbial
antigens can be exploited to identify better diagnosis markers and improve our understanding of IBD
pathology.

Research objectives
This study aimed to compare anti-microbial antibody profiles in Crohn’s disease (CD) and ulcerative
colitis (UC) patients and healthy controls.

Research methods

We employed an innovative protein microarray platform and profiled antibodies against 1570 microbial
antigens in 100 CD, 100 UC, and 100 healthy controls.

Research results

Antibodies to bacterial proteins were better in distinguishing IBD patients from healthy controls
compared with antibodies to viral proteins. We identified a set of novel anti-microbial antibodies
against the antigens of Bacteroidetes vulgatus (BVU_0562) and Streptococcus pneumoniae (SP_1992)
elevated in CD patients relative to healthy controls. In addition, anti-microbial antibodies against the
antigen of Streptococcus pyogenes (SPy_2009) were found to be elevated in healthy controls relative to UC
patients. We constructed antibody panels that could distinguish CD vs control, UC vs control, and CD vs
UC with an AUC of 0.81, 0.87 and 0.82 respectively. Patients with severe disease had higher prevalence
of anti-microbial antibodies. There was minimal correlation among the occurrence of autoantibodies and
anti-microbial antibodies in CD patients.

Research conclusions

This study discovered novel anti-microbial antibodies with differential prevalence in CD and UC
patients relative to healthy controls. In addition, this study revealed the potentially different roles of gut
microbiota in CD and UC pathology.

Research perspectives

Our study demonstrated the power of a microbiomics approach to identify biomarkers that could aid in
the early and accurate detection of IBD non-invasively, and shed light into the role of various microbes
in IBD etiology.
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