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BACKGROUND & AIMS: Preclinical ulcerative colitis is poorly
defined. We aimed to characterize the preclinical systemic
inflammation in ulcerative colitis, using a comprehensive set of
proteins. METHODS: We obtained plasma samples biobanked
from individuals who developed ulcerative colitis later in life
(n = 72) and matched healthy controls (n = 140) within a
population-based screening cohort. We measured 92 proteins
related to inflammation using a proximity extension assay. The
biologic relevance of these findings was validated in an incep-
tion cohort of patients with ulcerative colitis (n = 101) and
healthy controls (n = 50). To examine the influence of genetic
and environmental factors on these markers, a cohort of
healthy twin siblings of patients with ulcerative colitis (n = 41)
and matched healthy controls (n = 37) were explored.
RESULTS: Six proteins (MMP10, CXCL9, CCL11, SLAMF1,
CXCL11 and MCP-1) were up-regulated (P < .05) in preclinical
ulcerative colitis compared with controls based on both

univariate and multivariable models. Ingenuity Pathway Ana-
lyses identified several potential key regulators, including
interleukin-18, tumor necrosis factor, interferon-gamma,
oncostatin M, nuclear factor-«B, interleukin-6, and
interleukin-4. For validation, we built a multivariable model to
predict disease in the inception cohort. The model discrimi-
nated treatment-naive patients with ulcerative colitis from
controls with leave-one-out cross-validation (area under the
curve = 0.92). Consistently, MMP10, CXCL9, CXCL11, and MCP-
1, but not CCL11 and SLAMF1, were significantly up-regulated
among the healthy twin siblings, even though their relative
abundances seemed higher in incident ulcerative colitis. CON-
CLUSIONS: A set of inflammatory proteins are up-regulated
several years before a diagnosis of ulcerative colitis. These
proteins were highly predictive of an ulcerative colitis diag-
nosis, and some seemed to be up-regulated already at exposure
to genetic and environmental risk factors.
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he inflammatory bowel diseases (IBDs), including

the 2 major forms—ulcerative colitis and Crohn’s
disease—are chronic inflammatory diseases of the gastro-
intestinal tract. As with many other chronic immune-
mediated diseases, inflammation seems to result from
exposure to environmental risk factors in genetically pre-
disposed individuals. Our current understanding of early
key drivers and initiating triggers of the immune dysregu-
lation that ultimately leads to an irreversible inflammation
is poor." Nevertheless, an increasing amount of data in-
dicates that the onset of symptoms and the diagnosis of an
overt disease is preceded by a preclinical disease phase.
During this phase, complex interactions between genetic
and environmental risk factors lead to microbial shifts, loss
of epithelial integrity, and initiation and propagation of a
dysregulated immune response.” These early disease pro-
cesses eventually culminate in subclinical inflammation,
with activation of both the innate and adaptive immune
systems.” This hypothesis is supported by analyses of in-
dividuals who are at high risk of developing IBD, such as
healthy twin siblings of patients with IBD. Zhulina et al’
demonstrated that exposure to genetic and environmental
risk factors translates into a subclinical mucosal inflamma-
tion, defined by increased nuclear factor-«B (NFkB) activity,
and activation of neutrophils among 73%-75% of the
healthy twin siblings among pairs discordant for IBD.

In contrast to many other chronic diseases in which the
initiation of the preclinical phase is defined by development
of circulating autoantibodies,” disease onset is poorly
defined in IBD. Even though no autoantigen has been
identified, antibodies to microbial antigens have been
demonstrated in 19%-61% of individuals who develop
Crohn’s disease later in life,® and perinuclear anti-
neutrophil cytoplasmic antibodies (pANCAs) can be pre-
sent several years before diagnosis of ulcerative colitis.”*
Activation of the adaptive immune response seems to be
associated with systemic inflammation. Lochhead et al” re-
ported elevated levels of high-sensitive C-reactive protein
and interleukin (IL)-6 in serum samples from individuals
with preclinical Crohn’s disease and ulcerative colitis.
Recent data from the PREDICTS (Proteomic Evaluation and
Discovery in an IBD Cohort of Tri-service Subjects) study
demonstrate that Crohn’s disease can be predicted up to 5
years before diagnosis by analyzing a panel of antibodies
and SOMAmers, that is, protein biomarkers.'® However, in
individuals with preclinical ulcerative colitis, only 2 SOMA-
mers—IL-11 receptor subunit alpha and lymphocyte acti-
vation gene 3 protein— were identified as differentially
regulated across all time points and their overall predictive
performance was low in the multivariate analysis. Taken
together, these studies indicate that no protein signature
has yet been identified in the serum of individuals who are
diagnosed with ulcerative colitis later in life.

Gaining insight into the early phases of ulcerative colitis
could advance our knowledge of disease pathogenesis and
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Preclinical assessment of inflammatory proteins could
provide insight into the early phases of ulcerative colitis,
identify individuals at increased risk for developing the
disease, and work as a diagnostic tool.

NEW FINDINGS

We identified an inflammatory protein signature in plasma
from individuals who developed ulcerative colitis later in
life. This signature had a high diagnostic capacity in an
independent inception cohort. According to analyses of
healthy twin siblings of patients with ulcerative colitis,
some proteins were already up-regulated at exposure to
genetic and environmental risk factors.

LIMITATIONS
These findings must be replicated in independent cohorts.

IMPACT

This panel can be used as a diagnostic tool and provides
important insights into the preclinical stage of ulcerative
colitis.

treatment targets because the pattern of early key inflam-
matory pathways can be masked by nonspecific inflamma-
tion once patients develop symptoms and are diagnosed
with established disease. We designed a study with the aim
to characterize the systemic preclinical inflammatory im-
mune response of ulcerative colitis. Plasma samples,
collected up to 15 years before the diagnosis of ulcerative
colitis, were analyzed using a highly specific protein panel of
inflammatory markers. To examine the biological relevance,
we assessed the identified dysregulated protein markers in
treatment-naive, newly diagnosed patients with ulcerative
colitis. Ultimately, we examined whether the dysregulated
proteins were triggered by exposure to genetic and envi-
ronmental risk factors in a twin cohort with ulcerative
colitis.

Methods
Study Design

We performed a case-control study, nested within a cohort
study, and compared prediagnostic plasma samples from pa-
tients who developed ulcerative colitis later in life (cases) with
those from individuals who remained free from IBD during
follow-up (controls). Next, we validated our findings in an
inception cohort of treatment-naive patients with ulcerative

Abbreviations used in this paper: AUC, area under the curve; DSS, dextran
sulfate sodium; IBD, inflammatory bowel disease; IFN, interferon; IL,
interleukin; LOD, limit of detection; LOO, leave-one-out; MMP, matrix
metalloproteinase; NFkB, nuclear factor-xB; OSM, oncostatin-M; pANCA,
perinuclear anti-neutrophil cytoplasmic antibody; PEA, proximity exten-
sion assay; TNF, tumor necrosis factor.
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Figure 1. Flowchart showing cohorts included in the study.

colitis. To examine the influence of genetic and environmental
risk factors, we examined twin pairs discordant for ulcerative
colitis and compared healthy twin siblings with external
healthy controls, as outlined in Figure 1.

Register Sources

The unique personal identity number, issued to all Swedish
residents,"’ was used to link records from the following
population-based registers.

The National Patient Registry. The Swedish National
Patient Registry comprises data on hospital admissions since
1964, with national coverage since 1987. From 2001, it also
includes information on nonprimary outpatient care. Main and
contributory diagnoses are coded according to the International
Classification of Diseases codes and are assigned by the treating
physician.

The Northern Sweden Health and Disease Study
register. The Northern Sweden Health and Disease Study
register cohort contains 3 subcohorts, from which individuals
within the Vasterbotten Intervention Program and the
Mammography Screening Project (MA) were eligible for the
current study.'” The Visterbotten Intervention Program has
been described in detail previously.'® In the MA cohort, blood
samples and survey data were collected at mammography. In
total, 54,000 blood samples were taken from women aged 18-
82 years, of whom 95% were aged 48-70 years at sample
collection."*

The Swedish Twin Registry. The Swedish Twin Reg-
istry was established in the 1960s and has information about
some 85,000 twin pairs for which zygosity is known. Zygosity is
determined by DNA analyses or a questionnaire on intrapair
similarities in childhood and being of the opposite sex. The
questionnaire has been validated previously and intrapair
similarities have >98% accuracy compared with DNA
analyses.'”

Patients and Cohorts

The diagnosis of ulcerative colitis was based on interna-
tionally accepted criteria, following thorough clinical, microbi-
ological, endoscopic, histologic, and radiologic evaluation in all
3 cohorts.'® The date of diagnosis was defined as the date of the
first endoscopy demonstrating macroscopic and histologic ev-
idence of ulcerative colitis. Detailed information on each cohort
is provided in the Supplementary Material.

Cohort of preclinical ulcerative colitis. Individuals
who developed ulcerative colitis later in life were identified by
linking the Northern Sweden Health and Disease Study register
dataset with the International Classification of Diseases code
register of Region of Vasterbotten, Sweden. Copies of the
medical notes from the departments of medicine, surgery, and
pathology for all individuals with at least 1 inpatient or non-
primary outpatient care visit listing a diagnosis of IBD, ac-
cording to the International Classification of Diseases, Tenth
Revision codes (K50.1-9 or K51.1-9), were manually scruti-
nized by an experienced gastroenterologist to confirm or reject
a diagnosis of ulcerative colitis and to classify the disease ac-
cording to the Montreal classification.'”

Inception cohort of treatment-naive ulcerative
colitis. To validate the biological relevance of the findings in
the preclinical cohort, the identified proteins were measured
among patients with ulcerative colitis within the IBD Character
(Inflammatory Bowel Disease Characterization by a Multi-
Modal Integrated Biomarker Study) cohort. The IBD Character
cohort represents a multicenter IBD inception cohort, recruited
at 6 European centers (Edinburgh, UK; Oslo, Norway; Orebro,
Sweden; Linkdping, Sweden; Zaragoza, Spain; and Maastricht,
Netherlands) between 2012 and 2015 (EU ref. no. 305676).'°

Cohort of twin pairs discordant for ulcerative
colitis. Twin pairs discordant for ulcerative colitis were
identified from a previously described nationwide, population-
based cohort of twins with IBD in Sweden.'>*° For each twin
pair, an external nonrelated healthy control, matched by sex
and age +5 years was randomly identified from a previously
described cohort of healthy blood donors with no history of
chronic gastrointestinal disease, recruited at Orebro University
Hospital, Sweden.?"*?

Protein Analysis

The relative concentrations of 92 different proteins were
analyzed using the Proseek Multiplex Inflammation I Probe kit
96x96 (Olink Bioscience, Uppsala, Sweden) and reported as
arbitrary units, that is, normalized protein expression on a log2
scale, as described previously.?® Further details can be found in
the Supplementary Material.

Data Analysis
Continuous data, such as age, and data on an ordinal scale,
including body mass index, are presented as median and range
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or interquartile range, and differences were tested with the
Mann-Whitney U test, 2-sided, with significance level 95%, and
nominal P values were reported. Categorical data are presented
as frequencies and were compared using the Pearson x test or
Fisher exact test when appropriate. Principal component ana-
lyses were performed, and score plots were visually inspected
for identification of possible outliers and gross separation of
cases and controls.

Preclinical cohort. Potential associations between in-
flammatory proteins and future diagnosis of ulcerative colitis
were assessed by 2 types of models. First, we used logistic
regression models, with age, sex, and smoking status as cova-
riates, to investigate associations between individual proteins
and risk for future ulcerative colitis. Next, we fitted multiple-
protein logistic regression models based on all 65 proteins
above limit of detection (LOD) in at least 20% of individuals
who developed ulcerative colitis later in life or controls. We
used the same covariates as in the single-protein regression
models. Hereto, minimax concave penalty-regularized regres-
sion models were employed,”* using a default gamma = 3 and a
lambda obtained by optimization in internal cross-validations.
We did not use any further constraint to numbers of included
proteins. The selection of predictive proteins was based on
1000 model fits, and all proteins with nonzero coefficients in
any model are reported. Correlations between individual
markers or combinations of markers and time period to a
diagnosis of ulcerative colitis were assessed using Spearman p
or Pearson correlation test. To examine potential heterogeneity
within the group of individuals with prediagnostic ulcerative
colitis and increase the likelihood of identifying subgroups of
individuals, each protein marker was assigned a quartile score
of 1, 2, 3, and 4, respectively.25 Quartile sums for significant
protein markers were calculated and tested against time to
diagnosis, age, sex, and extent of inflammation at the diagnosis
of ulcerative colitis.

Pathway analyses. We used Ingenuity Pathway Analysis
software (Ingenuity Systems Inc, Qiagen, Redwood City, CA) to
identify canonical pathways and upstream regulators of dys-
regulated preclinical protein markers. A detailed description of
the analysis can be found in the Supplementary Material.

Inception cohort and twin cohort. Using the proteins
derived from the preclinical cohort, biosignature models were
created by implementing logistic regression for the inception
cohort and twin cohort. The predictive ability of the models
was validated through leave-one-out (LOO) cross-validation
and visualized by receiver operating characteristic curves and
by assessing the area under the receiver operating character-
istic curve (AUC).

Information on statistical comparisons across cohorts is
provided in the Supplementary Material. Statistical analyses
and data processing were performed in IBM SPSS Statistics for
Windows, version 25.0 (IBM Corp, Armonk, NY) and R 3.6.1 (R
Foundation for Statistical Computing, Vienna, Austria) with the
packages caret 6.0-84, ncvreg 3.12.0 and pROC 1.15.3.2%2%%7

Ethics Statement

The study was approved by the regional ethical boards
(Dnr 06-024M, 2010-284-31M, Dnr 2010/313, Dnr 167/03),
and all centers were granted local ethics approval. All patients
gave written and informed consent before participating in this
study.
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Results
Cohort With Preclinical Ulcerative Colitis

Prediagnostic plasma samples from 83 individuals who
developed ulcerative colitis later in life were identified from
the prospectively collected Northern Sweden Health and
Disease Study register cohort. To minimize the potential
effects of active inflammation because of a likely diagnostic
delay, 8 individuals who were diagnosed with ulcerative
colitis within 1 year from blood sampling were excluded.
During experimental analyses, 3 plasma samples failed
proximity extension assay (PEA) for technical reasons. The
final cohort used for the characterization of preclinical
inflammation comprised 72 cases with preclinical ulcerative
colitis and 140 matched healthy controls. Demographics and
clinical characteristics of patients with ulcerative colitis are
reported in Table 1. The median period from when a pre-
diagnostic sample was obtained to the diagnosis of ulcera-
tive colitis was 4.8 years (interquartile range, 2.2-7.2 years).
A numerically higher but not statistically different propor-
tion of former smokers (P = .08) was observed among in-
dividuals who developed ulcerative colitis later in life
compared with controls (Table 1), but no difference in body
mass index was observed (P = 0.84).

Differentially Regulated Proteins in Individuals
Who Develop Ulcerative Colitis Later in Life

To characterize the preclinical inflammatory profile,
plasma samples were subjected to PEA using a panel of 92
predefined cytokines, chemokines, and other proteins
involved in inflammation (Supplementary Table 1). Twenty-
seven proteins had quantified levels below the limit of
detection in >80% of samples from preclinical cases and
controls and were excluded from further analyses. The
principal component analysis did not reveal any clear sep-
aration between preclinical cases and controls with respect
to the overall inflammatory signature (Supplementary
Figure 1). However, single-protein logistic regression
models identified 6 specific proteins (MCP-1, CXCL9,
SLAMF1, CCL11, MMP10, and CXCL11 that were differen-
tially regulated (nominal P value <.05) between preclinical
ulcerative colitis and controls (Table 2). All markers
remained significant after including sex, age, and smoking
habits as covariates. Among the markers, MMP10, CXCL9,
and CCL11 were most strongly associated with a future
diagnosis of ulcerative colitis. The measured value of
SLAMF1 was above LOD for only 26% of preclinical cases
and even less for controls.

The minimax concave penalty penalized multiple-protein
models with all 65 PEA-assessed proteins identified 9 pro-
teins (MCP-1, CXCL9, SLAMF1, CCL11, MMP10, PDL1,
CXCL5, CXCL6, and STAM-binding protein), that is, these
models included all but 1 (CXCL11) of those proteins
identified by the single-protein models. Strongest correla-
tions were observed between CXCL11 and CXCL9
(Spearman p = 0.74; P < .01), as well as with CCL11
(Spearman p = 0.33; P < .01) (Supplementary Table 2).
When excluding CXCL9 and CCL11 from the analyses,
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Table 1.Demographic and Clinical Characteristics of the Study Cohorts

Preclinical cohort Inception cohort Twin cohort

Clinical characteristics Ulcerative colitis (n = 72) Controls (n = 140) Ulcerative colitis (n = 101) Controls (n = 50) Healthy twin (n = 37) Controls (n = 41)
Sex, male, n (%) 34 (47) 64 (46) 63 (62)* 20 (40) 14 (38) 18 (44)
Body mass index, kg/m?, median (IQR) 25 (23-28) 26 (23-28) NA NA NA NA
Smoking status, n (%)

Current 22 (31) 32 (23) 5 (5) 3 (6) 8 (22) NA

Former 26 (36) 39 (28) 44 (44y~ 10 (20) 7 (19) NA

Never 24 (33) 66 (47) 48 (48) 37 (74) 17 (46) NA

Missing 0(0) 32 4 (4) 0(0) 5(13) 41 (100)
Age at sample, y, median (range) 50 (30-70) 50 (30-70) 37 (18-77)" 26 (19-65) 59 (29-80) 60 (29-69)
Age at diagnosis, y, median (range) 54 (31-74) — 37 (18-77) — — —
Disease extent, n (%)

Proctitis (E1) 16 (22) — 25 (25) — — —

Left-sided colitis (E2) 28 (39) — 33 (33) — — —

Extensive colitis (E3) 28 (39) — 43 (43) — — —

NOTE. Cases and controls in the preclinical cohort were matched by sex, age, area of residence, and time of sampling. Data on sex, age, body mass index, and smoking
status were collected at the time of plasma sampling. There were no statistically significant differences between cases and controls with regard to the demographic and
clinical variables. The cohort of treatment-naive patients with incident ulcerative colitis and healthy controls were collected at 6 European IBD centers. Patients with
ulcerative colitis were significantly older and a larger proportion were men and former smokers compared with healthy control subjects. In the cohort of healthy twin siblings

among pairs discordant for ulcerative colitis, healthy blood donors, matched for age and sex, were included as controls.
IQR, interquartile range; NA, not available.

“P < .01.
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Table 2.Differentially Expressed Plasma Protein Markers in the Preclinical Cohort

Protein Symbol Uniprot ID P value AUC (95% CiI)
Stromelysin-2 MMP10 P09238 .004 0.65 (0.57-0.73)
C-X-C motif chemokine 9 CXCL9 Q07325 .004 0.64 (0.56-0.72)
Eotaxin CCL11 P51671 .008 0.63 (0.55-0.71)
Signaling lymphocytic activation molecule SLAMF1 Q13291 .025 0.60 (0.52-0.68)
C-X-C motif chemokine 11 CXCL11 014625 .028 0.60 (0.52-0.68)
Monocyte chemotactic protein 1 MCP-1 P13500 .033 0.61 (0.53-0.69)
All 6 markers combined — — .001 0.71 (0.63-0.78)

NOTE. The relative abundance of plasma proteins among individuals with preclinical ulcerative colitis and healthy controls was
compared using logistic regression and adjusting for age, sex, and smoking status.

Cl, confidence interval.

CXCL11 was selected in the minimax concave penalty
penalized multivariable models.

The 6 proteins that were identified by both the single-
protein and multiple-protein models were used in all
downstream analyses. To examine potential correlations
with the period from when a sample was obtained to until
the date of diagnosis of ulcerative colitis, we first analyzed
measured values of each of the 6 prediagnostic markers
alone. We did not observe any significant correlations be-
tween the individual markers and period to diagnosis of
ulcerative colitis (Supplementary Figure 2). Next, we com-
bined data on all 6 differentially regulated markers by
dividing the protein levels of each of the markers in quar-
tiles and calculating the quartile sum score for each indi-
vidual (ranging from 6 to 24) (Supplementary Figure 3).
There was no significant correlation between each in-
dividual’s quartile sum score and period to the diagnosis of
ulcerative colitis (Supplementary Figure 4). Finally, we
examined possible correlations between the individual
markers or combinations of these markers, based on quar-
tile sum scores, and clinical variables, that is, age, sex, and
disease extent at diagnosis. All prediagnostic markers,
except MMP10, and the quartile sum scores correlated with
age (Supplementary Figure 5), but not with sex or extent of
ulcerative colitis (Supplementary Figures 6and 7).

Inflammation Pathway Analyses

We used the Ingenuity Pathway Analysis to explore
common inflammatory pathways and potential upstream
regulators of the identified prediagnostic proteins. To in-
crease identification of dysregulated pathways in the pre-
clinical cohort, we included all proteins that were selected
from the multiprotein models and also added proteins that
were showing a trend toward dysregulation (P < .1) by
single-protein models, that is, STAM-binding protein, cas-
pase 8, and T-cell surface glycoprotein CD5. Identified
common upstream regulators of the protein signature are
displayed in Figure 2 and included IL-4, IL-18, TNF, IFN-
gamma, NFkB, oncostatin M (OSM), and IL-6 (z > +2.0; P
< 1.0 x 107).

Validation of the Biological Relevance of the
Preclinical Protein Markers

The biological relevance of the identified proteins was
validated by comparing treatment-naive patients included
at the diagnosis of ulcerative colitis and healthy controls
within the IBD Character inception cohort; baseline char-
acteristics are shown in Table 1. Serum protein levels were
analyzed using the same PEA platform. Consistent with the
findings in the preclinical cohort, all identified proteins,
except MCP-1, were found to be differentially regulated
when the patients with incident ulcerative colitis were
compared with the healthy controls (Supplementary
Table 3).
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Figure 2. Pathway analysis of prediagnostic protein regula-
tions. Proteins that were significantly dysregulated (P < .05)
in the preclinical cohort were imported into the Ingenuity
Pathway Analysis (IPA) software. The analysis was extended
by addition of proteins showing a trend toward dysregulation
(P < .1) from the univariate analyses or selected as predictive
from the multivariable analysis. Using upstream analyses, the
database identifies possible regulators of protein alterations
in the dataset. The results were filtered to show upstream
regulators with corrected P < .05 and absolute z score > +2.
All upstream regulators identified were predicted as up-
regulated. Arrows indicate interactions based on available
information in the IPA database, orange arrows represent a
predicted up-regulation. APP, amyloid beta precursor protein;
IFNG, interferon-gamma; RELA; RELA proto-oncogene;
STAT1; signal transducer and activator of transcription 1.
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Figure 3. Receiver operating curve (ROC) analysis discriminating treatment-naive patients with incident ulcerative colitis from
healthy controls in the inception cohort. The prediction model, built on the inception cohort of patients with ulcerative colitis
with protein selection derived from the dysregulated proteins (n = 5) in the preclinical cohort, was evaluated using LOO cross-
validation. The model easily separated patients from healthy controls (LOO AUC = 0.92).

We examined the predictive capacity of these markers
by building a multivariable prediction model based on the 5
inflammatory proteins that were replicated and validated its
predictive capacity in the inception cohort by performing
LOO cross-validation analyses (Figure 3). The model had a
high predictive capacity in terms of separating treatment
naive, newly diagnosed patients with ulcerative colitis from
healthy controls (LOO AUC = 0.92).

Impact of Shared Genetic and Environmental
Risk Factors on Preclinical Protein Markers

We examined the effect of shared genetic and environ-
mental risk factors on the preclinical protein markers by
comparing healthy twin siblings of patients with ulcerative
colitis and healthy blood donors (baseline characteristics
are presented in Table 1). Consistent with the findings in the
preclinical cohort, an up-regulation of MMP10, CXCL9,
CXCL11, and MCP-1 was seen among the healthy twin sib-
lings (Supplementary Table 4). In addition, CCL11 seemed
to be up-regulated (P = .08), but SLAMF1 could not be

replicated (P = .22). When stratifying for zygosity and dis-
ease status, levels of these protein markers did not signifi-
cantly differ between monozygotic and dizygotic healthy
twin siblings (Supplementary Figure 8). The healthy twin
siblings could, to some extent, also be separated from the
healthy blood donors in a LOO cross-validation prediction
model built from the 4 significantly replicated biomarker
proteins (LOO AUC = 0.62, Figure 4).

Exploration of Protein Levels in Different Cohorts
Protein regulations were further compared between the
3 different cohorts (Figure 54). Plasma samples had been
collected in the preclinical cohort, and serum samples had
been obtained in the other 2 cohorts. When the relative
protein levels were normalized against the mean of the
healthy controls of each of the cohorts and compared by
visual inspection, a stepwise increase was seen across the
cohorts with respect to the relative abundance of each of the
6 prediagnostic markers, except for MCP-1. Lowest levels
were seen among healthy controls (adjusted to 1), healthy
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Figure 4. Receiver operating curve (ROC) analysis discriminating healthy twin siblings among pairs discordant for ulcerative
colitis from healthy blood donors. The prediction model, built on the twin cohort with protein selection derived from the
dysregulated proteins (n = 4) in the preclinical cohort, was evaluated using LOO cross-validation. The model separated healthy
twin siblings among pairs discordant for ulcerative colitis from healthy blood donors (AUC = 0.62).

twin siblings and preclinical patients showed intermediate
levels, and patients with incident ulcerative colitis demon-
strated the highest relative abundances (Figure 5B-G).

Discussion

The preclinical inflammatory response of ulcerative co-
litis preceding symptoms is yet to be defined, and our cur-
rent knowledge about how genetic and early environmental
risk factors initiate and propagate an immune response that
can lead to a subclinical inflammation is poor. Here, we
provide a comprehensive characterization of the preclinical
inflammatory profile by analyzing plasma samples from
individuals who developed ulcerative colitis later in life and
identify a prediagnostic protein signature consisting of
MMP10, CXCL9, CCL11, SLAMF1, CXCL11, and MCP-1. The
biological validity of the protein signature is demonstrated
by the capacity of these proteins to separate ulcerative co-
litis from healthy subjects in an independent inception
cohort (LOO AUC = 0.92). Based on analyses of twin pairs

discordant for ulcerative colitis and comparisons of the
healthy twin siblings with matched healthy blood donors,
we have shown that the up-regulation of 4 of 6 proteins
from the prediagnostic signature (MCP-1, CXCL9, CXCL11,
and MMP10) is triggered by exposure to genetic and early
environmental risk factors.

The concept of preclinical disease has been compre-
hensively explored in many other chronic immune-mediated
diseases, including type 1 diabetes, rheumatoid arthritis,
and systemic lupus erythematosus." However, our current
understanding of the initial triggers that ultimately lead to
irreversible inflammation with tissue destruction and overt
clinical IBD is still very preliminary, especially for ulcerative
colitis. Consistent with the identification of autoantibodies
among other chronic complex diseases,”® " previous work
on preclinical IBD has focused mostly on the identification
of serologic markers, including pANCA in ulcerative coli-
tis.”® These studies demonstrate that the adaptive immune
response can be activated many years before the diagnosis
of Crohn’s disease or ulcerative colitis. However, the
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Figure 5. (A) Venn diagram showing the overlap of the significant protein regulations from the 3 different cohorts for the 6
proteins derived from the preclinical cohort. (B-G) Relative levels of the dysregulated proteins in cases with preclinical ul-
cerative colitis, patients with incident ulcerative colitis and healthy twin siblings of patients with ulcerative colitis vs healthy
controls. The abundance of proteins among cases was normalized against the controls within each cohort. The level of each
protein among controls was set to 1, to allow indirect comparisons. Mean relative levels were compared using t test and level
of significance was annotated as *P < .05; **P < .01.
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absence of an autoantibody and the fact that these serologic
markers are only seen in approximately 19%-61% of cases
challenges our attempts to define this preclinical phase of
IBD, and this indicates the importance of a more detailed
characterization of the subclinical inflammatory profile.

Recently, Lochhead et al’ reported elevated levels of
high-sensitive C-reactive protein and IL-6 in prediagnostic
serum samples from individuals who were diagnosed with
ulcerative colitis later in life. In our cohort, plasma IL-6
levels were below LOD for almost all cases, which might
be caused by a less sensitive IL-6 assay. However, the re-
sults of our Ingenuity Pathway Analysis support the report
by Lochhead et al because the analysis identified IL-6 among
potential key inflammatory regulators. In the present study,
we went beyond the previous report on IL-6 and C-reactive
protein and performed comprehensive analyses of 92 key
inflammatory proteins.

Our findings indicate that the up-regulation of MMP10
represents an early event in the pathogenesis of ulcerative
colitis. Increased levels of serum MMP10 have recently been
reported in prevalent ulcerative colitis.>’ Matrix metal-
loproteinases (MMPs) are peptidases that are categorized
based on their specificity for extracellular matrix compo-
nents, and MMP10 is classified as a stromelysin.** Up-
regulated levels of stromelysin have been detected in
inflamed segments of the colon from patients with ulcera-
tive colitis.>*>* On the contrary, increased levels of inflam-
matory cytokines and dysplastic lesions have been observed
in the MMP10 knockout mouse model when exposed to
dextran sulfate sodium (DSS).*” This disease-counteracting
effect of MMP10 could seem surprising, as MMPs are
traditionally implicated in an increase tissue breakdown
and inflammation. Instead, the MMP107~ mouse model
might suggest that MMP10 promotes wound healing in the
colon and resolution of disease. The observed preclinical up-
regulation of MMP10 in plasma might indicate that endog-
enous pathways for wound healing are up-regulated several
years before clinically overt ulcerative colitis to counteract
disease progression and maintain mucosal homeostasis.

Eotaxin (CCL11) is a potent chemoattractant of mono-
cytes, Th2 T cells, and polymorphonuclear leukocytes, pre-
dominantly eosinophils.’® Several studies have shown
elevated levels of eotaxin in both serum and tissue speci-
mens from patients with established ulcerative colitis, 313742
and treatment with anti-eotaxin antibodies has been shown
to ameliorate disease in the DSS mouse model.*” Our find-
ings suggest that eosinophilic-driven inflammation repre-
sents an early element in the pathogenesis of ulcerative
colitis and support the recent report on eosinophilic infil-
tration in prediagnostic colonic biopsies from individuals
participating in the colorectal cancer screening program of
the Basque Country (Spain) who were diagnosed with ul-
cerative colitis later in life.*

Up-regulation of CXCL9 and CXCL11 has been observed
previously in inflamed colonic tissue specimens and blood
from patients with ulcerative colitis, and CXCL11 gene var-
iants have also been associated with the disease.*”** Both
chemokines are regulated by IFN-gamma and attract
CXCR3-positive CD4™ T cells and natural killer cells to the
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inflammatory site.*> DSS-induced inflammation has also
been shown to be abolished in the IFN-gamma knockout
mice model.***”

Our pathway analyses identified 12 upstream regulators,
including IL-18, TNF, IFN-gamma, IL-6, OSM, NF«B, and IL-4,
as possible activators of the dysregulated inflammatory
protein profile that we observed among patients with pre-
clinical ulcerative colitis. These potential upstream regula-
tors are all known activators of major inflammatory
pathways and have previously been implicated in the
immunopathogenesis of IBD,” even though they have never
been associated with the preclinical phase of ulcerative co-
litis. [IFN-gamma and IL-18 represent key cytokines of a Th1
immune response and have historically been associated
with Crohn’s disease, but recent studies have shown that the
Th1/Th2 paradigm is an oversimplistic model of IBD.*®
Similar to IL-6, I[FN-gamma, IL-4, and TNF were all part of
our protein panel, but their levels were below LOD for most
individuals in our study. This might indicate that the acti-
vation of the dysregulated proteins takes place in the gut
mucosa and that the plasma levels of these upstream reg-
ulators are less relevant.” OSM has recently been shown to
be up-regulated in inflamed intestinal mucosa from patients
with IBD. Mucosal expression of OSM and its abundance in
serum have been shown to predict response to anti-TNF
treatment.”>*” The transcription factor NFxB is a well-
recognized central regulator of inflammation and reported
to be dysregulated in IBD.”" The up-regulation of NF«B is
also in accordance with our previous twin study in which
we observed an increased activation of NFkB in mucosal
biopsies from healthy twin siblings of patients with IBD.
Jointly, these results indicate that NF«B activation repre-
sents an early step in the pathogenesis of ulcerative colitis.

A major advantage of this study, compared with most
previous studies of preclinical disease,””” is the use of
prediagnostic samples from a population-based cohort,
which increases the generalizability of the findings. The
results are strengthened by our validation of the identified
markers in an independent inception cohort and because we
examined the influence of genetic and environmental risk
factors on the dysregulated protein markers in the twin
cohort. The study design, in which controls to cases with
preclinical ulcerative colitis were matched by sex, age, and
time of sampling, reduces the influence of bias due to po-
tential differences in demographics. The inclusion criteria
were similar to those used in the European Prospective
Investigation Into Cancer and Nutrition study and Nurses’
Health Study cohorts,”’ resulting in a study population with
relatively high ages at diagnosis, which can potentially limit
the possibility to generalize the findings to all patients with
ulcerative colitis. Old-onset IBD has been associated with a
longer doctor and patient delay, that is, presence of symp-
toms long before diagnosis compared with younger peers.>*
To minimize the risk that individuals with symptoms
indicative of ulcerative colitis were included erroneously,
we applied a 1-year washout period and excluded all in-
dividuals who had been in contact with health care because
of gastrointestinal symptoms within 1 year before a pre-
diagnostic plasma sample was obtained. Given the

:
2

:E
"2




2
=

-
.
:
£
5

1536 Bergemalm et al

indisputable involvement of the rectum, we believe that the
risk of including individuals with already established but
not yet recognized disease is less in a preclinical cohort of
ulcerative colitis than Crohn’s disease. The use of voluntary
population-based cohorts and screening programs such as
the Mammography Screening Project cohort might have
introduced selection bias, due to the inclusion of individuals
who are more activated toward seeking health care. How-
ever, the risk of differential bias was minimized, considering
the close matching and the fact that this applies equally to
individuals with preclinical ulcerative colitis and controls.
The lack of multiple prediagnostic samples represents a
major limitation and might have hampered our possibilities
to identify significant correlations between individual
markers or combination of markers and the period to
diagnosis of ulcerative colitis. When investigating the rela-
tionship between protein markers and specific phenotypes
of ulcerative colitis or clinical variables, we only observed a
correlation with age. This finding is supported by previously
reported correlations between age and 4 (CCL11, CXCL11,
CXCL9, and MMP10) of the 6 markers.”* The lack of signif-
icant correlations with other phenotypes of ulcerative coli-
tis, including disease extent, should be interpreted with
caution because the number of individuals within each
category was low. The study is also limited by the lack of
data on anti-neutrophil cytoplasmic antibodies (pANCA), the
most specific marker of ulcerative colitis. Van Schaik et al®
reported an increased presence of pANCA several years
before the diagnosis of ulcerative colitis, but the predictive
capacity of these antibodies was questioned in the recent
PREDICTS study.'®

In contrast to our findings, Torres et al"~ were not able
to identify a prediagnostic protein signature of ulcerative
colitis in the PREDICTS study. This discrepancy might reflect
differences in study populations and technologies. Serum
samples from young, predominantly male, active-duty mili-
tary personnel were examined in the PREDICTS study, and
we analyzed plasma samples from a population-based
screening cohort in which the mean age was 50 years and
more than half of the participants were women. As opposed
to the aptamer-based assay (SomaScan) that was used in the
PREDICT study, we assessed proteins by using the PEA
methodology. The fact that different protein-profiling plat-
forms were used, hampers the possibility of comparing re-
sults across the 2 preclinical cohorts. Pietzner et al™*
recently reported a median correlations coefficient of 0.38
(range, -0.61 to 0.96) when examining 871 protein targets
measured using the 2 different platforms. Several factors,
including the fraction of measurement values below the
detection limit of each assay, presence of transmembrane
domains, glycosylation, protein length, and mass, might have
contributed to the poor level of agreement. To our knowl-
edge, there are no data in the public domain that provide
information on the accuracy of the PEA- vs the aptamer-
based assay, with respect to the 6 dysregulated protein
markers that we identified. Among the dysregulated pro-
teins, information on SOMAmers in the PREDICTS study was
only available for MCP-1 (P13500). The observed AUC of
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MCP-1 (0.61) in our preclinical cohort seemed similar to the
AUC (0.67-0.68) in the PREDICTS study. The fact that we
were only able to analyze samples obtained before the
diagnosis of ulcerative colitis in the preclinical cohort limits
our study. In addition, we did not analyze follow-up samples
after the diagnosis of ulcerative colitis in the inception
cohort. Future studies should aim at longitudinal assess-
ments of biological material that have been collected during
all various phases of ulcerative colitis, that is, during the
preclinical stage, at diagnosis, and also after the diagnosis.
Another limitation of our study is the lack of data on po-
tential concomitant immune-mediated diseases and family
history of IBD. Also, we measured systemic levels of in-
flammatory proteins in a disease that primarily involves the
colonic mucosa. Our findings might therefore reflect the “tip
of the iceberg,” as most pathogenic mechanisms are prob-
ably restricted to the colonic mucosa. To change the natural
history of ulcerative colitis, an intervention should ideally be
initiated already during the preclinical stage and target the
primary processes that lead to a clinical stage of the dis-
ease.”” The need to start treatment at an earlier stage un-
derscores the importance of identifying predictive
signatures of ulcerative colitis. However, 4 of the 6 pre-
diagnostic protein markers were also up-regulated in the
twin cohort, that is, when comparing the healthy twin sib-
lings with healthy blood donors. This observation and the
modest capacity of our signature in predicting preclinical
ulcerative colitis (AUC = 0.71) indicate that additional
markers and risk factors need to be integrated before a
predictive signature can be developed for future prospective
prevention trials.

In conclusion, we identified an up-regulation of 6 plasma
proteins indicating activation of both pro-inflammatory and
tissue-repairing pathways several years before clinically
overt ulcerative colitis. Our findings provide novel data on
the early sequence of inflammatory events that eventually
cause ulcerative colitis because activation of several of the
proteins was triggered by exposure to genetic and envi-
ronmental risk factors. Further knowledge about early dis-
ease mechanisms might disclose novel therapeutic targets
and open avenues for disease prediction and interventions
to delay or even stop progression to clinically manifest
disease.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j-gastro.2021.07.026.
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Patients and Cohorts

Cohort of preclinical ulcerative colitis. In the
Vasterbotten Intervention Program cohort, all residents of
Vasterbotten County have been invited to participate at the
ages of 30, 40, 50, and 60 years since 1985. The participa-
tion rate is approximately 75%, and 66,000 individuals
were included by 2011, when cases were identified. At
enrollment, the participants completed a self-administered
questionnaire to collect demographic, medical, and lifestyle
information, as well as a separate food frequency ques-
tionnaire. During a medical examination, blood samples,
including heparinized plasma samples, were collected and
processed by centrifugation and separation and frozen in
aliquots at -80°C within 1 hour of collection.

To ensure that no individual had manifest ulcerative
colitis at inclusion in the Northern Sweden Health and
Disease Study register, when a plasma sample was obtained,
we strictly applied a 1-year washout period and excluded all
individuals who had been in contact with health care
because of gastrointestinal symptoms within 1 year before a
prediagnostic plasma sample was obtained. For each indi-
vidual with preclinical ulcerative colitis, 2 control subjects,
matched by age, sex, area of residence, and date of inclusion
(plasma sampling), were randomly assigned from the
Northern Sweden Health and Disease Study register. To
ensure an equal follow-up period, the date for collection of
plasma samples was not allowed to differ more than 8
weeks between cases with preclinical ulcerative colitis and
controls.

Inception cohort of treatment-naive ulcerative
colitis. Besides patients with IBD, healthy individuals with
no history of chronic gastrointestinal disease were also
included as part of the cohort. In the current study, we only
included patients who were treatment-naive at the diag-
nosis of ulcerative colitis. Blood samples were collected
before initiation of therapy. The serum was separated after
centrifugation at room temperature within 2 hours at
2000 x g for 10 minutes. All serum samples were stored as
aliquots and frozen within 2 hours at —80°C until being
shipped.

Cohort of twin pairs discordant for ulcerative
colitis. To explore the impact of genetic and shared envi-
ronmental risk factors on the proteins associated with
preclinical ulcerative colitis, we compared the abundance of
these proteins among healthy twin siblings of patients with
ulcerative colitis and healthy external controls. All twins
with a minimum of 1 inpatient visit listing a diagnosis of
IBD, according to the International Classification of Diseases
codes, were identified by linking the Swedish Twin Registry
with the Swedish National Patient Registry. Identified twins
and their twin siblings were asked to respond to a ques-
tionnaire regarding general gastrointestinal symptoms,
including a possible diagnosis of IBD. All medical notes were
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reviewed for verification of diagnosis of IBD and for deter-
mination of disease subtype, according to the Montreal
Classification.'®'” Twin pairs with a confirmed diagnosis of
IBD were invited to take part, provide biological samples,
and undergo an endoscopy. Blood samples were collected
and the serum was separated after centrifugation at 2400 x
g for 6 minutes at room temperature. All serum samples
were stored as aliquots and frozen at —80°C. In the current
study, we only included mono- and dizygotic twin pairs of
the same sex and discordant for ulcerative colitis.

Protein Analysis

A PEA was performed in which pairs of different anti-
bodies toward the same antigen are used. When both anti-
bodies bind to the same antigen in close proximity, attached
oligonucleotides hybridize. The oligonucleotide templates
are extended and amplified using polymerase chain reaction
(96.96, Dynamic Array IFC, Fluidigm Biomark) on a Biomark
HD Instrument. The analyses were performed at the Clinical
Biomarkers Facility, Science for Life Laboratory, Uppsala,
Sweden. Data were preprocessed with the Olink Wizard for
GenEx (Multid Analyses, Sweden) to generate normalized
log2 values corresponding to relative protein quantities.
These relative concentrations are presented as normalized
protein expressions (NPX) on log2 scale. Because samples
were randomly distributed over several chip runs, NPX
values for each test were normalized against intra- and
interplate controls. Proteins were excluded if signals were
below the LOD in >80% of the samples in both cases and
controls. In the remaining proteins, values below LOD were
substituted with a fixed value set to LOD/+/2.

Data Analysis

Comparison of protein levels across cohorts. To
compare relative protein levels between different cohorts,
we adjusted the relative levels of the significant protein
markers against the mean for each individual protein in the
matched healthy controls within each cohort. The differ-
ences in means were then converted from the log2 scale
(2-N"%) to levels of relative concentrations, that is, to fold-
changes of relative concentrations and compared by t tests.

Pathway analyses. We used the Ingenuity Pathway
Analysis software to identify canonical pathways and up-
stream regulators of dysregulated preclinical protein
markers (21/04/2021). The P value (calculated by right-
sided Fisher exact test) of the model indicates whether
there is a significant overlap between the dataset of dysre-
gulated proteins and proteins or genes that are known to be
regulated by 1 or more specific upstream regulators. The z
score is calculated to indicate the activation state, where an
absolute z score of >2.0 is considered relevant. A positive z
score predicts activation of the regulator.
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Supplementary Figure 1. Principal component analysis of
the preclinical cohort. Little separation could be seen be-
tween samples obtained from individuals with preclinical ul-
cerative colitis (red triangles) and healthy controls (blue
circles) on visual assessment.
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Supplementary Figure 2. Correlation with time to diagnosis. The 6 prediagnostic protein markers were plotted against time to
diagnosis. There were no significant correlations using Pearson correlation test.
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Supplementary Figure 3. Distribution of quartile sum for the 6 prediagnostic protein markers among the 72 preclinical cases.
Individual protein levels of the 6 significant prediagnostic protein markers were divided in quartiles and substituted with scores
1-4. Quartile sum was calculated for each individual of the cohort where the lowest possible protein levels for all markers result
in a score of 6 and the highest in 24. The histogram shows distribution of quartile sums for the preclinical cases.
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Supplementary Figure 4. Quartile sum, correlation with time to diagnosis. The quartile sum of the 6 prediagnostic protein
markers was plotted against time to diagnosis for all preclinical ulcerative colitis cases. There was no significant correlation for
quartile sums, similar to findings from individual markers.
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Supplementary Figure 5. Correlation with age and quartile sum. Quartile sums of the 6 prediagnostic markers were plotted
against age for all individuals in the preclinical cohort. There was a strong correlation with age as expected for some of these
markers. Individually, all markers except MMP10 were significantly increasing with age in both patients and controls (not
shown).

25

P= 0473
20

Quartile sum

Male Female

Gender

Supplementary Figure 6. Quartile sum by sex. There was no significant difference in quartile sum of the 6 prediagnostic
protein markers and sex.
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Supplementary Figure 7. Quartile sum and disease extent at diagnosis. When analyzed individually, none of the 6 pre-
diagnostic markers were differently regulated dependent on disease extent (not shown). The quartile sums of the 6 protein
markers were homogenously distributed in patients with different disease extent at diagnosis (P = .954; E3; E1/2).
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Supplementary Figure 8. Box plots of levels of the prediagnostic markers in monozygotic vs dizygotic healthy twin siblings of
patients with ulcerative colitis. There were no significant differences in any of the protein markers (Mann-Whitney U test).
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Supplementary Table 2.Correlations (Spearman p) Between Significant Protein Markers

Spearman CXCL9 CXCL11 CCL11 MMP10 MCP-1 SLAMF1
CXCL9 — 7397 .2877 2497 .245°7 257
CXCL11 .739° — .326° .200° .283° .293°
CCL11 .287° .3267 — 127 .3967 2707
MMP10 2497 .2007 127 — 132 110
MCP-1 2457 .2837 .3967 132 — .2387
SLAMF1 2577 .293% 2707 110 .238 —

@Correlation is significant at the .01 level.

Supplementary Table 3.Comparison of the Relative Abundance of Prediagnostic Proteins Among Treatment-Naive Patients

With Incident Ulcerative Colitis and Healthy Controls in the IBD Character Cohort

Protein Symbol Uniprot ID P value
Stromelysin-2 MMP10 P09238 2.5 x 107
C-X-C motif chemokine 9 CXCL9 Q07325 43 x 107
Eotaxin CCL11 P51671 .0028
Signaling lymphocytic activation molecule SLAMF1 Q13291 .011
C-X-C motif chemokine 11 CXCL11 014625 7.6 x 107
Monocyte chemotactic protein 1 MCP-1 P13500 .787

NOTE. The relative abundance of the 6 prediagnostic proteins was measured in serum samples from treatment-naive patients
with incident ulcerative colitis and healthy controls. Comparisons were performed by logistic regression, adjusting for age, sex,

and smoking status.
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Supplementary Table 4.Comparison of the Relative Abundance of Prediagnostic Proteins Among Healthy Twin Siblings of
Patients With Ulcerative Colitis and Blood Donors

Protein Symbol Uniprot ID P value
Stromelysin-2 MMP10 P09238 .045
C-X-C motif chemokine 9 CXCL9 Q07325 .013
Eotaxin CCL11 P51671 .078
Signaling lymphocytic activation molecule SLAMF1 Q13291 222
C-X-C motif chemokine 11 CXCL11 014625 .007
Monocyte chemotactic protein 1 MCP-1 P13500 .022

NOTE. The relative abundance of the 6 prediagnostic proteins was measured in serum samples from healthy twin siblings
among pairs discordant for ulcerative colitis and matched healthy blood donors. Comparisons were performed by logistic
regression, adjusting for age, sex, and smoking status. As data on smoking were missing for the healthy blood donors,
smoking habits were randomly assigned to these controls, according to frequencies in the healthy twin siblings.



	Systemic Inflammation in Preclinical Ulcerative Colitis
	Methods
	Study Design
	Register Sources
	The National Patient Registry
	The Northern Sweden Health and Disease Study register
	The Swedish Twin Registry

	Patients and Cohorts
	Cohort of preclinical ulcerative colitis
	Inception cohort of treatment-naïve ulcerative colitis
	Cohort of twin pairs discordant for ulcerative colitis

	Protein Analysis
	Data Analysis
	Preclinical cohort
	Pathway analyses
	Inception cohort and twin cohort

	Ethics Statement

	Results
	Cohort With Preclinical Ulcerative Colitis
	Differentially Regulated Proteins in Individuals Who Develop Ulcerative Colitis Later in Life
	Inflammation Pathway Analyses
	Validation of the Biological Relevance of the Preclinical Protein Markers
	Impact of Shared Genetic and Environmental Risk Factors on Preclinical Protein Markers
	Exploration of Protein Levels in Different Cohorts

	Discussion
	Supplementary Material
	References
	Acknowledgments
	CRediT Authorship Contributions
	flink1
	Patients and Cohorts
	Cohort of preclinical ulcerative colitis
	Inception cohort of treatment-naïve ulcerative colitis
	Cohort of twin pairs discordant for ulcerative colitis

	Protein Analysis
	Data Analysis
	Comparison of protein levels across cohorts
	Pathway analyses




