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BACKGROUND:
 At diagnosis, up to one-third of patients with Crohn’s disease (CD) have a complicated pheno-
type with stricturing (B2) or penetrating (B3) behavior or require early surgery. We evaluated
protein biomarkers and antimicrobial antibodies in serum archived years before CD diagnosis
to assess whether complicated diagnoses were associated with a specific serological signature.
METHODS:
 Prediagnosis serum was obtained from 201 patients with CD and 201 healthy controls. Samples
were evaluated with a comprehensive panel of 1129 proteomic markers (SomaLogic) and
antimicrobial antibodies. CD diagnosis and complications were defined by the International
Classification of Diseases–Ninth Revision and Current Procedural Terminology codes. Cox
regression models were utilized to assess the association between markers and the subsequent
risk of being diagnosed with complicated CD. In addition, biological pathway and network
analyses were performed.
RESULTS:
 Forty-seven CD subjects (24%) had a B2 (n[ 36) or B3 (n[ 9) phenotype or CD-related surgery
(n [ 2) at diagnosis. Subjects presenting with complicated CD at diagnosis had higher levels of
antimicrobial antibodies six years before diagnosis as compared with those diagnosed with
noncomplicatedCD.Twenty-twoproteinbiomarkers (reflecting inflammatory,fibrosis, and tissue
protection markers) were found to be associated with complicated CD. Pathway analysis of the
altered protein biomarkers identified higher activation of the innate immune system and com-
plement or coagulation cascades up to six years before diagnosis in complicated CD.
CONCLUSIONS:
 Proteins and antimicrobial antibodies associated with dysregulated innate immunity, excessive
adaptive response to microbial antigens, and fibrosis precede and predict a complicated
phenotype at the time of diagnosis in CD patients.
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Crohn’s disease (CD) is a chronic inflammatory
condition of the gastrointestinal tract with peak

onset between the ages of 15 and 30 years.1,2 CD is a
progressive disease that can lead to complications
including strictures, fistulae, or abscesses that require
aggressive medical and/or surgical treatment.3,4 Up to
one-third of patients present with a complicated pheno-
type at disease onset.5

Mounting evidence suggests that the diagnosis of CD
is preceded by a lengthy asymptomatic preclinical peri-
od.6–10 Gaining insight into this phase may allow a better
understanding of the primary events that lead to its
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What You Need to Know

Background
Crohn’s disease (CD) has a preclinical period, similar
to other autoimmune diseases like type 1 diabetes,
rheumatoid arthritis, and systemic lupus erythema-
tosus. However, it is unclear whether early patho-
physiologic specific changes are found in preclinical
serum samples of patients with complicated CD.

Findings
A specific preclinical serological signature, including
biomarkers of innate and adaptive immunity,
fibrosis, tissue damage, and amplified antibody
response to commensal microorganisms, is strongly
associated with complicated (stricturing or pene-
trating) behavior at diagnosis.

Implications for patient care
The findings of the current study suggest that these
specific preclinical signatures could predict the
development of complications even many years
before diagnosis, which could result in improving
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development and offer potential strategies to predict and
prevent the disease including its complications. The
PREDICTS (Proteomic Evaluation and Discovery in an
IBD Cohort of Tri-service Subjects) cohort was initiated
to identify biomarkers and altered biological pathways
that precede inflammatory bowel disease (IBD) onset
using preclinical sera from the U.S. Department of De-
fense Serum Repository (DoDSR).11 In our prior studies,
we have observed that antibodies against several mi-
crobial antigens and specific proteins can be detected
years before diagnosis and are highly predictive of
CD.9,10 We have also demonstrated that a higher preva-
lence of antimicrobial antibodies in preclinical CD serum
samples has shown to be associated with complications
at diagnosis.9 Thus, we postulated that aberrant innate
and adaptive immunity against gut microbiota that oc-
curs in the preclinical stage of CD is further amplified
and distinct in those patients with complications at
diagnosis. Using the PREDICTS cohort, we evaluated
antimicrobial antibodies and protein biomarkers in lon-
gitudinal serum samples before diagnosis to assess
whether CD patients with complications at diagnosis had
a specific preclinical antimicrobial or proteomic profile.
prevention strategies and uncovering pathways
important in the development of disease
progression.
Materials and Methods

Study Design and Study Population

We conducted a nested case-control study using the
previously described PREDICTS study.9–11 Briefly, pa-
tients with an incident diagnosis of CD were identified
between 1998 and 2013 in the Department of Defense
Medical Surveillance System.11,12 Linked serum samples
from each subject were obtained through the DoDSR.11,12

Incident CD was defined based on procedural and
International Classification of Diseases–Ninth Revision
(ICD-9) codes. The date of CD diagnosis was based on the
first ICD-9 code for CD. For each subject, 4 serum sam-
ples were obtained from the DoDSR: sample A was the
closest sample available to the date of CD diagnosis, and
sample D was the earliest serum sample available in the
repository before clinical diagnosis; samples B and C
were approximately two and four years before diagnosis,
respectively. For sample D, the SomaLogic proteomic
panel and antimicrobial antibodies were tested for 201
CD, while for sample B and sample C, the number of
samples was 116 and 166, respectively. For this reason,
the sample B and sample C groups were aggregated into
one group. Samples of healthy control (HC) subjects were
also obtained from the DoDSR. As previously
described,10 control subjects were matched on age, sex,
race, and timing of the diagnostic sample and were
required to have no medical encounter with evidence of
IBD, rheumatoid arthritis, celiac disease, or colorectal
cancer (based on ICD-9 codes). From each subject, 3–4
serum samples were retrieved. Sample A from HC sub-
jects was matched to sample A from IBD cases based on
the year of collection (�1 year), whose serum samples
were available and stored from the 3-preceding biennial
(e.g., every two years) HIV test.

Phenotype Classification

Disease phenotype (ie, behavior) was categorized
according to the Montreal classification.13,14 Complicated
CD was defined by the presence of penetrating (B3
behavior), stricturing (B2 behavior), or surgical history
of intestinal resection using ICD-9 and Current Proce-
dural Terminology codes from the time of diagnosis
(index ICD-9 code). Detailed information for phenotype
classification is provided in Supplementary Table 1.

Serum Testing

To evaluate protein abundance, serum was tested
using the SomaLogic (Boulder, CO) assay, a multiplex
platform profiling 1129 protein biomarkers, represent-
ing a range of biological functions including innate im-
mune response and inflammatory signals. Samples were
also tested for a panel of antimicrobial antibodies,
including anti-Saccharomyces cerevisiae antibodies (anti-
ASCA) IgA and IgG, anti-CBir1, anti-OmpC (anti-outer
membrane protein C precursor), anti-Flagellin 2, and
anti-Flagellin X. These antibodies were measured by a
standardized enzyme-linked immunosorbent assay using
a Freedom EVO 200 liquid-handling robot (Tecan) at
Prometheus Laboratories (San Diego, CA).15
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Abbreviations of serologic and protein biomarkers are in
the Supplementary Table 2.

Statistical Analyses

The association between each marker (SomaLogic
proteomic biomarker and serum antibodies against
microbiota) and complication was assessed via Cox
regression after adjusting by age and sex. P values were
adjusted for multiple comparisons via Benjamini-Hoch-
berg16 and markers passing a false discovery rate of 10%
were reported as significant. Cox regression models were
estimated for different times before diagnosis (ie, 2–4 and
6 years before diagnosis). We repeated this analysis
adjusting by disease location in the Cox regression model
considering a subset of 167 patients for which disease
location was measured. We also performed differential
analysis via the Wilcoxon rank sum test between patients
with ileal involvement and colonic involvement (L1/L3 vs
L2). P values were adjusted for multiple comparisons via
Benjamini-Hochberg16 adjustment, and only markers with
adjusted P value <10% were reported as significant. To
visualize the association between each marker abundance
and complication, Kaplan-Meier (KM) survival curves were
utilized. To display the association of a set of markers and
time of complication, the estimated mean of the Cox
regression model was utilized in order to stratify patients
into high- and low-risk groups and derive KM curves.
Different multivariate Cox regression models were
compared using the Akaike information criterion (AIC).17

This index is used to determine how well the model fits
the data while accounting for the total number of param-
eters in the model. Although models having more markers
result in a better fit, they are usually less suitable to pre-
dict other datasets. For this reason, finding a good balance
between model fit and parsimony is essential to select the
best model. One of the ways to compare the goodness of fit
among models with the different number of parameters is
the AIC, which is a function of the log-likelihood of the
estimated model and the number of parameters utilized.
The model with the lowest AIC is the preferred model. The
log-likelihood of the Cox regression was computed via the
logLik function available in the Survival R package.18,19

Biological pathways enriched in the set of proteins
associated with complication were identified at each time
point via Fisher’s exact test. For the analysis, pathways are
from the KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes)20 and Reactome databases.21 were utilized. For
each patient, pathway scores were computed as the
average abundance of protein mapping to each pathway
after the z score across patients (mean of 0 and SD of 1).
Besides pathway analysis, we performed coexpression
network analysis to identify the association across pro-
teomic markers and antimicrobial antibodies for patients
with CD and HC subjects using joint random forest.22

Permutation-based techniques were used to find associ-
ation significant at a 10% false discovery rate.22 Network
modules based on the CD network were identified based
on the cluster-edge-betweenness function available in the
iGraph R package.23 All analyses were performed by using
R statistical software (version 3.6.3; R Foundation for
Statistical Computing, Vienna, Austria).

Results

A total of 201 patients with CD and 201 HC subjects
were included in the study. Among CD patients, 23%
presented with complications at diagnosis with 36 B2, 9
B3, and 2 CD-related surgery (1 colectomy and 1 small
bowel resection). The detailed study population charac-
teristics are provided in Supplementary Table 3.

Antimicrobial Antibody Markers Associated
With Complicated CD at Diagnosis

The mean concentration of all antimicrobial antibodies
(except for OmpC) at all serum sample time points before
diagnosis was significantly higher in those diagnosed with
complicated CD than in those diagnosed with noncompli-
cated CD or HC (Figure 1A and Supplementary Figure 1).
High antimicrobial antibodies (>75th percentile) such as
ASCA IgA were associated with an increased risk of
developing complications (at 2–4 years before diagnosis:
hazard ratio [HR], 1.33; 95% confidence interval [CI],
1.13–1.55; and at six years before diagnosis: HR, 1.30;
95% CI, 1.10–1.51) as compared with those with a low
abundance of antimicrobial antibodies (<25th percentile)
(Figure 1B). Antimicrobial antibodies were significantly
higher in complicated cases, compared with noncompli-
cated cases or HC subjects (Figure 1C).

Proteomic Biomarkers Associated With
Complicated CD at Diagnosis

Overall, after adjusting for age and sex, 38 protein
biomarkers (measured six or 2–4 years before diagnosis)
were positively associated with the risk of developing CD
complications, while 26 protein biomarkers were nega-
tively associated with the risk of developing complications
(adjusted P value <10%) (Figure 2). Among these 38
protein biomarkers with a positive association, 17 were
found significant at different times before diagnosis (ie, six
years and 2–4 years before diagnosis) (Figure 2A).
Conversely, among the 26 negatively associated protein
biomarkers, five biomarkers were found significantly
different times before diagnosis (ie, six years and 2–4
years before diagnosis) (Figure 2A). An additional analysis
was performed adjusting for disease location (L1/L3 vs
L2) in addition to sex and age, considering a subset of 167
CD patients (ie, L1/L3: 128 samples, L2 disease location:
39 samples) for which disease location was available. After
adjusting by age, sex, and disease location, 18 biomarkers
(of 38 protein biomarkers) were significantly associated
with complicated CD (Supplementary Table 4). Association
analysis results can be found in Supplementary Tables 4



Figure 1. (A) Heatmap of HRs for serologic markers significantly associated with complications for different years before
diagnosis. (B) KM curve of ASCA IgA and ASCA IgG for years 2–4 and year 6 from diagnosis. (C) Boxplot of marker abundance
for complicated CD, uncomplicated CD, and HC subjects for different years before diagnosis.
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and 5. The 95% CIs of estimated coefficients from Cox
proportional hazards regression for protein biomarkers,
which remained significantly associated with complica-
tions, are provided in Supplementary Figures 2 and 3. In
addition, we also performed differential analysis between
L1/L3 and L2 to find markers associated with disease
location. No markers were found significantly associated
with disease location six years before diagnosis (Adjusted
P value <10%). At 2–4 years before diagnosis, only six
protein biomarkers (complement factor I, C-reactive pro-
tein [CRP], C9, complement factor B, serum amyloid P,
stromal cell-derived factor 1) were significantly different
between patients with ileal involvement and colonic
involvement (L1/L3 vs L2).

Figure 2B shows the KM curves of the risk of compli-
cated CD with high and low abundance of representative
protein biomarkers (CRP, lipopolysaccharide-binding pro-
tein [LBP], and serpina family A member 4 [SERPINA4]).
CRP abundance was associated with an increased risk of
developing complications at 2–4 years and 6 years before
diagnosis (HR, 2.15; 95% CI, 1.50–3.08; and HR, 2.04; 95%
CI, 1.46–2.88, respectively), while the abundance of SER-
PINA4 was associated with decreased risk of complications
(HR, 0.16; 95% CI, 0.08–0.35; and HR, 0.16; 95% CI,
0.08–0.34, respectively). All other KM curves of each
protein biomarker showing the cumulative incidence of
complications are shown in Supplementary Figure 4.
Figure 2C shows the box plots of CRP, LBP, and SERPINA4
as examples of protein biomarkers, significantly distinct in
patients with complications at diagnosis, compared with
patients without complications or HC subjects. Additional
box plots of each protein biomarker are presented in
Supplementary Figure 5.
Combination of Protein Biomarkers and
Antimicrobial Antibodies Associated With
Complicated CD at Diagnosis

In this section, we present results based on multi-
variate analysis of antimicrobial antibodies and 22 pro-
tein biomarkers that were found to be associated with
the development of complications at diagnosis for all
time points. Figure 3 shows the KM curves based on a
multivariate Cox regression model considering (1) serum
antimicrobial antibodies, (2) 22 protein biomarkers, and
(3) the integration of the two sets of markers. As shown
in Figure 3, proteomic markers result in better separa-
tion between KM curves than antimicrobial antibodies. A
comparison of the three models based on the AIC
revealed that the best explanatory model of CD compli-
cations was the model based on protein biomarkers
alone (Supplementary Table 6). Note that although the
serologic model is the most parsimonious, it does not
result in the lowest AIC because it fails to adequately
model the data.
Prediagnostic Pathways and Network-Based
Approach

Complement and coagulation cascades and innate
immune system pathways were significantly enriched in
the set of proteins associated with complicated CD at
different time points before diagnosis (Figure 4A).
Figure 4B shows the KM curves for the group of samples
with high-pathway activity and low-pathway activity (P
values from log-rank test ¼ .0066 and .014 at year 6



Figure 2. (A) Heatmap of HRs from Cox regression model for proteomic biomarkers significantly associated with CD com-
plications (adjusted P value<10%) at different years before diagnosis. (B) KM curve of CRP, LBP, and complement factor B for
years 2–4 and year 6 from diagnosis. (C) Boxplot of marker abundance for complicated CD, uncomplicated CD, and HC
subjects for different years before diagnosis. Among 38 protein biomarkers positively associated with complications (adjusted
P value <10%), 17 biomarkers were significantly higher in serum samples prediagnosis (both at 2–4 years and 6 years before
diagnosis) in patients with complicated CD (panel A). Among 26 protein biomarkers negatively associated with complications,
5 biomarkers were significantly and consistently lower before diagnosis in patients diagnosed with complicated CD, compared
with those diagnosed with noncomplicated CD. KM curves or the box plots (panels B or C, respectively) on the risk of
complicated CD among CD cases with high and low abundance of CRP, LBP, and SERPINA4. Dx, diagnosis; Y, year.
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before diagnosis for innate immune response and com-
plement and coagulation cascade, respectively). Next, we
employed a network-based approach to study the coex-
pression pattern across different proteins in CD patients
and HC subjects considering samples collected at the
furthest year from diagnosis. For this network analysis,
we integrated both SomaLogic and antimicrobial anti-
bodies to identify associations between the 2 sets of
markers. Figure 4C shows the Pearson’s correlation of
markers in this network module for CD patients and HC
subjects. As shown, this network module contains pro-
teins that are positively associated with the development
of complications such as complement factor B, C9, and
CRP, and that are negatively associated with the devel-
opment of complications such as SERPINA4. ASCA IgA
and IgG were strongly correlated with protein bio-
markers in patients with CD. This correlation structure
was not captured in the HC subjects (Figure 4C).



Figure 3. KM curves and cor-
responding 95% CIs for the
antimicrobial antibody-based
model, SomaLogic protein
biomarker-based model, and
the model integrating antimi-
crobial antibodies and protein
biomarkers. For each model,
the estimated mean from Cox
regression was utilized to
stratify patients into high- and
low-risk individuals considering
the median of the fitted mean
as threshold.
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Discussion

In this study, we demonstrate that complicated CD
at diagnosis is associated with a distinct serologic
profile compared with uncomplicated CD years before
diagnosis. This profile is characterized by increased
levels of ASCA IgA and IgG; anti-Flagellin antibodies; a
high abundance of protein biomarkers associated with
innate immunity, fibrosis, and adaptive immunity; and
a low abundance of protein biomarkers related to
protection against tissue damage or fibrosis (SER-
PINA4, fibroblast activation protein a [FAP], KIT, neu-
rotrophic tyrosine kinase receptor type 2 [NTRK2], and
afamin). Moreover, using network-based analysis, we
found a significant correlation between ASCA IgA/IgG
with protein biomarkers related to innate immunity
and lack of tissue-protective factors.
Consistent with previous findings, we confirmed the
presence of higher levels of antimicrobial antibodies
years before diagnosis in patients with complicated CD at
diagnosis as compared with an uncomplicated diag-
nosis.9 Alexander et al13 also showed that patients with
CD displayed a strong adaptive immune response to
flagellin antigens, with a subset of CD patients having
multiflagellin reactivity, which was related to a high
frequency of CD complications. Together with these
findings, our data suggest a preclinical aberrant adaptive
immune response against gut microbiota many years
before CD diagnosis, which is amplified in patients with a
complicated phenotype at diagnosis.

Using the SomaLogic platform, we identified a unique
set of 22 protein biomarkers associated with complicated
CD at diagnosis. Among these 22 protein biomarkers
associated with disease complication, 15 protein bio-
markers were not found associated with disease onset in



Figure 4. (A) Pathway score for the innate immune response and complement and coagulation cascades pathways stratified
by different groups of patients corresponding to complicated CD, noncomplicated CD, and HC subjects. (B) KM curves for
samples at the furthest year of diagnosis based on the score of the complement and coagulation pathway and innate immune
response. (C) Heatmap of Pearson’s correlation of proteins and serum antibodies contained in the network cluster identified
based on coexpression network analysis of CD patients. Pearson’s correlation of protein and serum antibodies markers is
shown for different groups of patients corresponding to complicated CD, noncomplicated CD, and HC subjects.
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our previous study (Supplementary Figure 6).10 Addi-
tional analysis confirmed that the association between
proteomic markers with CD complications was, for the
most part, not confounded with disease location. These
biomarkers have biological plausibility. Twelve of the 22
biomarkers, like CRP, LBP, and complement proteins, are
associated with the innate immune response and
inflammation. Another two biomarkers (IL-7 and fuco-
syltransferase 5) were also significantly increased in
complicated CD. IL-7 plays a central role in B and T cell
development and modulates T cell homeostasis.24 Few
studies have shown the overexpression of the IL-7 or IL-
7 receptor signaling pathway in IBD patients with an
aggressive course.25,26 Fucosyltransferase 5 is involved
in host-commensal interactions with certain bacteria,
causing the upregulation of fucosylation in the intes-
tine.27 Among the 22 protein biomarkers, six were
related to fibrosis (3 markers [matrix metalloproteinase-
1, pregnancy-associated plasma protein A, insulin-like
growth factor binding protein 2] increased and another
three markers [KIT, FAP, and NTRK2] decreased). Matrix
metalloproteinase-1 has shown to be upregulated in the
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areas of intestinal stenosis in patients with CD.28

Pregnancy-associated plasma protein A is a metal-
loproteinase, working as an interactive cellular mecha-
nism promoting pulmonary fibrosis.29 In addition,
insulin-like growth factor binding protein 2, which is a
transport protein for insulin-like growth factors, is also
increased in patients with pulmonary fibrosis or sys-
temic sclerosis.30 Regarding FAP, Corsi et al31 also
showed that circulating FAP concentration was reduced
in patients with IBD, especially those undergoing sur-
gery. The decreased levels of circulating FAP have also
been shown to be related to organ damage and fibrosis in
other diseases.32,33 Serum protein KIT is significantly
reduced in patients with hypertrophic cardiomyopathy,
which is another fibrosis-related condition.34 NTRK2 is a
receptor brain-derived neurotrophic factor, and brain-
derived neurotrophic factor/TrKB axis activation has
shown an association with lung fibrosis.35

Two biomarkers (SERPINA4 and afamin), known to
be linked to protection from tissue injury or anti-
inflammatory properties,36–38 were significantly
decreased in the preclinical serum of patients with
complications at diagnosis, compared with the uncom-
plicated CD or HC subjects. SERPINA4 is a unique pro-
tein, showing protective roles against tissue damage by
preventing apoptosis, oxidative stress, and inflammation
in several conditions like sepsis and cardiovascular dis-
eases.36,39 Stadnicki et al40 showed that intestinal tissue
SERPINA4 was significantly decreased in the inflamed
intestine in patients with active IBD. Afamin, a vitamin
Figure 5.Overview of immune dys-
regulation and tissue destruction in
CD. After infections or dysbiosis of
gut microbiota trigger disease devel-
opment, induced acute and chronic
inflammation could cause epithelial
damage, which consequently acti-
vates the innate immune response
and complement system. Then,
several cytokines are released by in-
testinal epithelium and innate im-
mune cells, which subsequently
activate the adaptive immune
response against gut microbiota.
Lack of protective cytokines against
tissue damage enhances dysregu-
lated tissue repair. Finally, chronic
inflammatory reactions due to
persistent interactions between host
and environment could result in
developing fibrosis in CD.
E-binding protein, also plays a protective role in condi-
tions of oxidative and inflammatory stress.37,38

Finally, we identified two pathways linked to innate
immunity and coagulation and complement cascade to be
significantly upregulated in the preclinical serum sam-
ples of patients with complications at diagnosis,
compared with the noncomplicated CD group. The
network analysis showed the clustering of antimicrobial
antibodies and protein biomarkers together in serum
samples collected six years before the diagnosis of CD.
Overall, our findings may suggest that perturbations in
innate immune response against gut microbiota may
induce the overproduction of inflammatory proteins and
stimulate adaptive immunity, leading to the production
of antimicrobial antibodies in complicated phenotypes.
Figure 5 summarizes the potential mechanism of com-
plications in the preclinical stage of the disease.

Our study has several strengths. We used preclinical
samples from a well-characterized cohort, which allowed us
to explore the early changes of the innate and adaptive
immune response against microbiota and to discover pro-
tein biomarkers of the early host response. The unique
availability of preclinical samples collected at multiple time
points allowed us to examine the sequence of immunolog-
ical changes and protein biomarkers that occurred before
diagnosis. We also evaluated a wide array of protein bio-
markers, utilizing a novel proteomic platform, and applied
novel rigorous statistical approaches, which allowed us to
discover the potential biomarkers and biologic pathways for
the complicated phenotypes even before diagnosis.
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Our study also has limitations. First, the study’s find-
ings may not be generalizable because the study popula-
tion was mainly White and male. Second, the cases and
complicated phenotypes were identified based on the
diagnostic and procedural codes and were not validated
using medical records review. However, the case ascer-
tainment for IBD, utilizing the diagnostic codes, has shown
a high level of accuracy in similar populations.11 Third, it is
possible that our findings are confounded by a diagnostic
delay in CD. However, this is unlikely because significant
changes in biomarkers were observed six or more years
before diagnosis.5 Finally, data on other potentially
important risk factors for complications (eg, smoking
history, genetics) were not available in this cohort.

In conclusion, a complicated CD phenotype at diag-
nosis is associated with a specific serological profile
years before diagnosis including biomarkers of innate
and adaptive immunity, fibrosis, tissue damage, and
amplified antibody response to commensal microorgan-
isms. Altogether, the hypothesis can be proposed that the
combination of increasing levels of inflammatory cyto-
kines, loss of anti-inflammatory proteins, and production
of antimicrobial antibodies could accelerate and magnify
tissue destruction and fibrosis driving complications at
diagnosis in CD. These data support the concept that
complicated CD may not always be the result of the
progression of an uncontrolled inflammatory disease but
may also be the consequence of a unique pathophysio-
logical process. The serological signature that we iden-
tified could help to further select subjects at risk of
developing complicated CD who could be preferential
candidates for preventative strategies.

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.2023.01.033.
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Statistical Analysis

For the Kaplan-Meier (KM) survival curves, the time
to event was measured as the time when complications
developed since the serum sample collection. For most
patients, complications developed within one year from
diagnosis (complication time; 25th quantile ¼ at diag-
nosis, 50th quantile ¼ 27 days after diagnosis, and 75th
quantile ¼ 340 days after diagnosis); while the last
follow-up, time for the noncomplicated Crohn’s disease
(CD) was for most patients within 600 days after diag-
nosis (last follow-up time; 25th quantile ¼ 227 days,
50th quantile ¼ 585 days, and 75th quantile ¼ 1227
days after diagnosis). To visualize KM curves, for each
group of samples, CD cases were allocated to 2 groups:
high (abundance of each biomarker greater than the 75th
quantile) or low (abundance of each biomarker lower
than the 25th quantile) abundance. The median time to
complication from marker measurement was 1508 days
(fifth quantile ¼ 936 days and 95th quantile ¼ 3350
days) and 2278 days (fifth quantile ¼ 2019 days, 95th
quantile ¼ 4456 days) for samples B/C and D, respec-
tively, while the last follow-up median time for
noncomplicated CD was 1948 days (fifth quantile ¼ 973
and 95th quantile ¼ 4191 days) and 2750 days (fifth
quantile ¼ 2116 days and 95th quantile ¼ 4906 days),
respectively.

Furthermore, to visualize this association via KM
analysis, for each sample, we measured the pathway
activity by taking the average between proteins mapping
to a particular pathway after standardizing each protein
to a z score (mean of 0 and SD of 1). Samples were then
divided into 2 groups, high (pathway activity greater
than the 75th quantile) or low (pathway activity lower
than the 25th quantile) activity, and KM curves were
visualized for these 2 groups of samples.
Study Population Characteristics

Supplementary Table 3 shows the demographics of
cases and healthy control (CD) subjects. The median in-
terval between the earliest sample and the date of
diagnosis or timing of sample D was –5.9 (interquartile
range [IQR], �6.2, �5.7) years for complicated CD, –5.9
(IQR, �6.1, �5.7) years for noncomplicated CD, and –6.4
(IQR, �7.8, �5.4) years for HC subjects. The mean age at
diagnosis of patients with complicated CD was 31.4 � 6.6
years, of patients with noncomplicated CD was 28.9 �
5.2 years, and of HC subjects was 28.5 � 4.8 years. The
study population was predominantly male and White
(Supplementary Table 3). The majority of patients with a
complication at diagnosis had ileal involvement (94%
[n ¼ 44 of 47].
Supplementary Reference
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Supplementary Figure 1. Box plots of antimicrobial antibodies according to disease status. Dx, diagnosis; Y, year.
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Supplementary Figure 2. Plots of Cox regression co-
efficients and confidence intervals of significant markers
(10% false discovery rate) at 6 years before diagnosis, after
adjusting for age, sex, and disease location.

Supplementary Figure 3. Plots of Cox regression co-
efficients, confidence intervals of significant markers (10%
false discovery rate) at 2–4 years before diagnosis, after
adjusting for age, sex, and disease location.
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Supplementary Figure 4. Box plots of protein biomarkers according to disease status. Dx, diagnosis; Y, year.
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Supplementary Figure 5. KM curves of each antimicrobial
antibody and each SomaLogic protein biomarker according
to years before diagnosis.
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Supplementary Figure 5. (Continued)
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Supplementary Figure 5. (Continued)
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Supplementary Figure 6. Distinct protein biomarkers signif-
icantly associated with CD onset1 or complicated pheno-
types. Among the 22 protein biomarkers significantly
associated with complicated phenotypes at diagnosis, only 7
were associated with CD onset. *, AFM, CASP2, FAP, FGG,
FGB, FUT5, IGFBP2, IL-7, KIT, MMP1, NTRK2, PLA2G2A,
PAPPA, SERPINA4, SAA1. **, PRSS2, APCS, OMD, ACAN,
IL1RA, MRC1, SET, EPHA5, TNFRSF1A, NRCAM, MB, GNS,
IGFBP5, IL12BIL23A, BRF1, IL10, C5 C6, EPOR, PON1,
HAPLN1, RET, UNC5D, PRTN3, CFC1, GHR, SERPIND1,
PLG, TNFRSF1B, Human-virus, HCK, IFGBP6, RARRES2,
IL18RAP, PLAUR, CTSL2, AGT, CSK, WIF1, MMP13, ABL1,
ECM1, MMP3, UBE21, CSNK2A1.

Supplementary Table 1. ICD-9 or CPT Codes for
Complicated Cases

Complication Type
ICD-9-CM Code or CPT

Code

Obstructing/stricturing
disease (B2)

560, 560.8, 560.89, 560.9, 537.3

Fistulizing/internal
penetrating disease (B3)

537.4, 567.22, 567.21, 567.2,
569.5, 569.81, 569.83,
593.82, 596.1, 619.1

Intestinal resection 44160, 44205, 44207, 44120

CPT, Current Procedural Terminology; ICD-9, International Classification of
Diseases–Ninth Revision; ICD-9-CM, International Classification of
Diseases–Ninth Revision–Clinical Modification.

Supplementary Table 2. Abbreviations of Serologic and
Protein Biomarkers

Abbreviation Full Name

Serologic markers
ASCA anti-Saccharomyces cerevisiae
OmpC anti-outer membrane protein C precursor

Protein biomarkers
AFM Afamin
CASP2 Caspase-2
CRP C-reactive protein
CFB Complement factor B
CFI Complement factor I
CFH Complement factor H
C5 Complement C5a
C9 Complement 9
FAP Fibroblast activation protein a

FGG Fibrinogen gamma chain dimer
FGB d-dimer
FUT5 Fucosyltransferase 5
IGFBP2 Insulin like growth factor binding protein 2
IL-7 Interleukin-7
KIT Stem cell factor receptor/CD117/c-Kit
LBP Lipopolysaccharide-binding protein
MMP1 Matrix metalloproteinase-1
NTRK2 Neurotrophic tyrosine kinase receptor type 2
PLA2G2A Phospholipase A2 Group IIA
PAPPA Pregnancy-associated plasma protein-A
SERPINA4 Serpina family A member 4
SAA1 Serum amyloid A
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Supplementary Table 3. Study Population Characteristics

Crohn’s Disease,
Complicated at

Diagnosis (n ¼ 47)

Crohn’s Disease,
Noncomplicated at
Diagnosis (n ¼ 154)

Healthy Control
Subjects (n ¼ 201)

Samples tested at 2–4 y before diagnosis 47 154 200

Samples tested at 6 y before diagnosis 47 154 200

Age, ya 30.1 � 5.9 31.8 � 6.8 28.5 � 4.7

Male, % 77% 81% 91%

White, % 75% 68% 89%

Disease behavior at diagnosis, %
Obstruction 77% — —

Penetration 19%
Surgery 4%

Disease location at diagnosisb

L1 20 (43%) 37 (24%)
L2 2 (4%) 38 (25%)
L3 24 (51%) 46 (30%)
Unknown 1 (2%) 33 (21%)

Values are n, mean � SD, or n (%), unless otherwise indicated.
aCrohn’s disease cases at diagnosis and healthy control subjects (sample A).
bL1, ileal disease; L2, colonic disease; L3, ileocolonic disease.
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Supplementary Table 4. The Association Between Complication Phenotypes and Protein Biomarkers After Adjusting by
Disease Location, Age, and Sex (Cox Regression Model)

Gene

6 y Before Diagnosis (Time D) 2–4 y Before Diagnosis (Time B/C)

P Value
Adjusted
P Valuea

Coefficient
in a Cox Regressionb P Value

Adjusted
P Valuea

Coefficient in a
Cox Regressionb

C9 .00006 .02330c 1.75048 .0000007 .00040c 2.28231

CFB .00046 .05744c 1.72744 .00002 .00369c 2.14613

CRP .00072 .07812c 0.58737 .00039 .02329c 0.70789

CFI .00076 .07812c 2.77520 .00007 .00765c 2.99112

PLA2G2A .00097 .08400c 0.50989 .00056 .03014c 0.74238

LBP .00112 .09058c 0.91962 .00000 .00078c 1.51495

SAA1 .00138 .10393 0.23852 .00339 .12346c 0.20811

PAPPA .00447 .16422 0.52767 .00000 .00040c 0.62019

CASP2 .00384 .16422 0.39675 .00004 .00631c 0.72224

CFH .00451 .16422 2.59233 .00012 .01016c 3.03548

FUT5 .00216 .14325 0.95883 .00012 .01016c 1.03816

IGFBP2 .00573 .17970 0.70953 .00031 .02047c 0.86780

FGG .01185 .23658 1.18003 .00034 .02148c 1.27079

C5 .01298 .24418 1.22994 .00133 .06018c 1.36878

FGB .01563 .27571 1.40844 .00173 .07214c 1.50506

IL7 .01484 .26754 0.63688 .00480 .14875 0.72409

MMP1 .00229 .14337 0.52647 .00835 .20873 0.51570

KIT .00002 .02000c –1.72917 .00007 .00765c –1.44441

AFM .00012 .03422c –2.01037 .00960 .22116 –0.56528

SERPINA4 .00037 .05738 –1.44678 .00026 .01948c –1.44749

FAP .00606 .18493 –1.34379 .01490 .26976 –1.37278

NTRK2 .00305 .16247 –1.71492 .00671 .17619 –1.48064

For abbreviation expansions, please see Supplementary Table 2.
aAdjusted P values were calculated based on the adjustment of age, gender, and disease locations.
bThe positive coefficient in a Cox regression indicates a worse prognosis (complications) and a negative coefficient indicates a protective effect of the variables on
developing the complications at diagnosis.
cAdjusted P-value < 10%.
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Supplementary Table 5. Complication Phenotypes and Protein Biomarkers Before Diagnosis, Adjusted by Age and Gender
(Cox Regression Model)

6 y Before Diagnosis (Time D) 2–4 y Before Diagnosis (Time D)

Protein P Value
Adjusted
P Valuea

Coefficient From
Cox Regressionb Protein P Value

Adjusted
P Valuea

Coefficient From
Cox Regressionb

C9 .000000443 .0002 2.160409 C9 .0000000058 .0000131 2.42725087

SERPINA4 .000002100 .000659 –1.83492 PAPPA .0000000175 .0000197 0.701759115

PLA2G2A .000006830 .001285 0.658492 LBP .0000000792 .0000596 1.503698892

KIT .000008180 .001319 –1.83507 CFB .0000002410 .000135783 2.410964398

CFB .000024700 .002672 2.101364 CFI .0000007650 .000287902 3.432223201

LBP .000026800 .002752 1.157265 SERPINA4 .0000023300 .000658968 –1.812038413

AFM .000028900 .002835 –1.68646 PGF .0000026900 .000674717 0.744562501

SAA1 .000035400 .003137 0.303273 CASP2 .0000058900 .001284693 0.794488205

CRP .000036100 .003137 0.715824 FUT5 .0000068300 .001284693 1.138661022

FGG .00010865 .008178 1.694267 FGG .0000077300 .001318862 1.487298163

FGB .00017218 .0119 1.951875 IGFBP5 .0000113000 .001702077 –2.073680362

NTRK2 .00017391 .0119 –2.20944 GSN .0000162000 .002284455 –2.299462286

EDA .00022185 .01335 –2.12055 PLA2G2A .0000207000 .00267244 0.89178537

PAPPA .00022468 .01335 0.709576 CFH .0000231000 .00267244 3.137133832

CASP2 .00023973 .01388 0.494113 ANGPT2 .0000241000 .00267244 0.869831802

CFI .00028185 .015523 2.927202 KIT .0000249000 .00267244 –1.630929664

FUT5 .00029053 .015615 1.124963 CRP .0000314000 .002958224 0.766426005

FAP .00037712 .018923 –1.637 IGFBP2 .0000503000 .004203845 0.976461237

MMP3 .00045914 .022058 1.035944 ADAM12 .0000647000 .005214727 0.340196445

CNTN1 .0006858 .031603 –1.56826 C5 .0000773000 .006016109 1.556588656

IL7 .00078368 .035391 0.835993 SAA1 .000153087 .011150674 0.262222963

LYZ .00087214 .037871 0.518574 CGA CGB .000196012 .013017516 0.271883622

TNFRSF8 .00099431 .040363 1.201836 FGB .000202291 .013050646 1.518847699

NCAM1 .00100001 .040363 –1.34181 GRN .00022355 .013350401 1.265609

BMP1 .00105976 .041258 –1.02382 DSG2 .000257646 .014544137 1.417792937

CHL1 .00125528 .048041 –1.39902 IL7 .000297357 .015614676 0.921168875

RARRES2 .00134071 .050127 1.699627 FAP .000315551 .016193512 –1.896628465

TGFB3 .0013764 .050127 1.897887 MMP12 .000455567 .022058259 0.882149767

TNFSF8 .00167785 .058435 –1.88318 AGRP .000614686 .02891587 0.881751562

IGFBP2 .00170803 .058435 0.775074 ACY1 .000871073 .037871037 –0.608462591

MMP1 .00175916 .059286 0.529295 FSTL3 .000921923 .039277404 1.431282978

KLKB1 .00179756 .05969 –1.71598 SERPINA3 .001001031 .040363013 2.313769749

EGFR .00192972 .063149 –1.71297 MMP8 .001055714 .04125752 0.842733277

IL19 .00205023 .065203 –1.5741 APCS .001359678 .050127415 2.024181957

KIR3DL2 .00224954 .069582 0.37067 IGF1 .001398975 .050141038 –1.921406358

ALCAM .00247377 .074477 –1.63952 ALB .001690062 .058435159 –1.032066309

CFH .00262218 .076894 2.767531 C5 C6 .001991609 .064243611 1.007296736
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Supplementary Table 5.Continued

6 y Before Diagnosis (Time D) 2–4 y Before Diagnosis (Time D)

Protein P Value
Adjusted
P Valuea

Coefficient From
Cox Regressionb Protein P Value

Adjusted
P Valuea

Coefficient From
Cox Regressionb

SHH .00272354 .077845 –0.9417 EDAR .002224038 .069581526 –0.599574033

CAPG .00288794 .081512 0.468189 SELL .002396611 .073129034 –1.623055255

FUT3 .00331225 .091208 0.468359 F7 .002507996 .074513877 –1.166047121

SOD2 .00351625 .094899 –1.49092 NTRK2 .002689868 .077844861 –1.675119113

C5 .00353035 .094899 1.417452 MMP10 .003101506 .086459267 –1.932268602
MMP1 .003699553 .098277525 0.557021939
AFM .003802853 .099847006 –0.617827933

For abbreviation expansions, please see Supplementary Table 2.
aAdjusted P values were calculated based on the adjustment of age and sex.
bThe positive coefficient in a Cox regression indicates a worse prognosis (complications) and a negative coefficient indicates a protective effect of the variables on
developing the complications at diagnosis.

Supplementary Table 6. The AIC for the SomaLogic-Based
Model, Serologic-Based Model,
and the Model Integrating Both
SomaLogic and Serologic Markers

SomaLogic
(k ¼ 22)

Serologic
(k ¼ 5)

SomaLogic þ
Serologic (k ¼ 27)

B/Ca 398.0359 423.7102 401.3239

Db 422.425 427.3763 429.2994

The AIC index is used to determine how well the model fits the data while
adjusting for the total number of parameters in the model. This score is
calculated as a function of the log likelihood and the parameters estimated in
the model (k), ie, AIC ¼ –2*(partial log likelihood)þ 2*k. The model based on
SomaLogic protein biomarkers achieves a lower AIC than the serologic þ
SomaLogic markers and the serologic-based models. This result demonstrates
that the SomaLogic-based model can fit the data better than the competitive
models.
AIC, Akaike Information Criterion.
aB/C¼ 2–4 years before diagnosis
bD ¼ 6 years before diagnosis.
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