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Population Identification of Validation of Performance of
based preclinical preclinical signatures
cohorts protein signatures in newly diagnosed IBD
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Preclinical CD:
AUC =0.87; 95% CI: 0.77 - 0.97

Newly diagnosed CD:
AUC =1.0;95% Cl: 1 - 1

Preclinical CD:
AUC = 0.85; 95% CI: 0.78 - 0.93

Preclinical UC:
AUC =0.67; 95% CI: 0.59 - 0.76

Preclinical UC:
AUC =0.77;95% CI: 0.71 - 0.83

Newly diagnosed UC:
AUC = 0.95; 95% CI: 0.92 - 0.99

Median time from
sampling to diagnosis:
CD: 8.7 years

UC: 7.2 years

Gastroenterology

BACKGROUND & AIMS: Biomarkers are needed to identify
individuals at elevated risk of inflammatory bowel disease. This
study aimed to identify protein signatures predictive of in-
flammatory bowel disease. METHODS: Using large population-
based cohorts (n >180,000), blood samples were obtained
from individuals who later in life were diagnosed with in-
flammatory bowel disease and compared with age and sex-

matched controls, free from inflammatory bowel disease dur-
ing follow-up. A total of 178 proteins were measured on Olink
platforms. We used machine-learning methods to identify
protein signatures of preclinical disease in the discovery cohort
(n = 312). Their performance was validated in an external
preclinical cohort (n = 222) and assessed in an inception
cohort (n = 144) and a preclinical twin cohort (n = 102).
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RESULTS: In the discovery cohort, a signature of 29 proteins
differentiated preclinical Crohn’s disease (CD) cases from con-
trols, with an area under the curve (AUC) of 0.85. Its perfor-
mance was confirmed in the preclinical validation (AUC = 0.87)
and the inception cohort (AUC = 1.0). In preclinical samples,
downregulated (but not upregulated) proteins related to gut
barrier integrity and macrophage functionality correlated with
time to diagnosis of CD. The preclinical ulcerative colitis
signature had a significant, albeit lower, predictive ability in the
discovery (AUC = 0.77), validation (AUC = 0.67), and inception
cohorts (AUC = 0.95). The preclinical signature for CD
demonstrated an AUC of 0.89 when comparing twins with
preclinical CD with matched external healthy twins, but its
predictive ability was lower (AUC = 0.58; P = .04) when
comparing them with their healthy twin siblings, that is, when
accounting for genetic and shared environmental factors.
CONCLUSION: We identified protein signatures for predicting a
future diagnosis of CD and ulcerative colitis, validated across
independent cohorts. In the context of CD, the signature offers
potential for early prediction.

Keywords: Preclinical Disease; Inflammatory Bowel Disease;
Crohn’s Disease; Ulcerative Colitis; Proteomics.

nflammatory bowel disease (IBD), including Crohn’s

disease (CD) and ulcerative colitis (UC), is caused by
complex interactions between a range of genetic and envi-
ronmental risk factors, resulting in a dysregulated immune
response. Recent studies have shown that a diagnosis of IBD
is preceded by a preclinical period, characterized by sys-
temic subclinical inflammation,? disrupted barrier func-
tion,> development of antibodies to microbial antigens, and
potentially autoantibodies.””

Overall, 30% to 40% of patients with CD have developed
disease complications (eg, intestinal fistulas and strictures)
already at diagnosis.” Moreover, some patients with UC
require colectomy during the index flare, demonstrating the
need for earlier diagnosis and intervention.” Many patients
with IBD have an incomplete response to medication, and
despite recent advances in the drug armamentarium, none
of the existing therapies can reverse the progressive nature
of IBD. Predictive biomarkers of future clinical onset of
active IBD could detect the disease during "a window of
opportunity” when the immune dysregulation is potentially
reversible.”” Although no interventional studies have tar-
geted the preclinical disease phase of IBD, such initiatives
have been conducted in other immune-mediated dis-
eases.'”'! Notably, a recent study of type 1 diabetes
demonstrated the clinical utility of robust preclinical bio-
markers in complex diseases, using autoantibodies for risk
stratification in a cohort of first-degree relatives. Treatment
of participants with >2 diabetes-related autoantibodies
with teplizumab postponed disease onset by 2 years
compared with placebo.'?

Recent studies analyzing preclinical disease samples
assembled from a US Army biorepository indicate that
screening for future disease onset may also be achievable
for IBD.*** A panel of autoantibodies and serum proteins
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

There is a need for validated biosignatures capable of
predicting a future diagnosis of inflammatory bowel
disease.

NEW FINDINGS

We identified a blood protein signature that predicted
Crohn’s disease as early as 16 years before its
diagnosis and validated its high predictive capacity
across multiple independent cohorts. The corresponding
signature for preclinical ulcerative colitis had a lower,
albeit significant, predictive ability.

LIMITATIONS

A limitation of this study is the case-control design, which
calls for careful attention to matching, protein
normalization, and statistical methods.

CLINICAL RESEARCH RELEVANCE

Our findings support the possibility of prognosticating
inflammatory bowel disease. The long preclinical period
in Crohn’s disease endorses the adoption of early
preventive strategies (eg, diet alterations and
medication) to potentially attenuate disease progression
and improve the natural history of Crohn’s disease.

BASIC RESEARCH RELEVANCE

In preclinical samples, downregulated proteins (but not
upregulated) related to gut barrier integrity and
macrophage functionality correlated with time to
diagnosis of Crohn’s disease. These findings could
suggest that a decline in the expression of seemingly
protective proteins may serve as a characteristic feature
of the preclinical phase of Crohn’s disease. Mechanistic
studies are needed to decipher the precise role of these
proteins in preclinical disease.

was identified that accurately predicted a future diagnosis
of CD, whereas high expression of anti-av36 autoantibodies
was highly predictive of UC. However, the predictive ability
of these biomarkers, defined as the area under the receiver
operating characteristic curve (AUC), was not validated in
external cohorts. Experiences from other disease areas have
consistently shown that external validation is crucial for
accurately assessing predictive ability."*

Based on these considerations, we used a rigorous study
design to examine the potential of identifying highly general-
izable predictive biosignatures of a future diagnosis of CD and
UC through protein profiling. By analyzing preclinically

Abbreviations used in this paper: AUC, area under the receiver operating
characteristic curve; CD, Crohn’s disease; IBD, inflammatory bowel dis-
ease; IBD, International Classification of Diseases; IQR, interquartile
range; LR, likelihood ratio; MDC, Malmé diet and cancer; NSHDS, North-
ern Sweden Health and Disease Study register cohort; SIC IBD, Swedish
Inception Cohort in IBD; UC, ulcerative colitis.
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biobanked blood samples from large population-based
cohorts, we aimed first to identify predictive protein signa-
tures in a discovery cohort and then validate their perfor-
mance in an external independent cohort. In addition, we
sought to examine the relevance of these preclinical signatures
at diagnosis and assess the influence of genetic and shared
environmental risk factors on their expression.

Materials and Methods
Study Design

This is a case-control study, nested within large population-
based cohorts, in which we identified preclinical protein sig-
natures in blood from healthy individuals who later in life were
diagnosed with CD and UC (preclinical cases) and compared
them with individuals from the general population who
remained free from IBD at follow-up (controls), as outlined in
Figure 1. Next, we validated our findings by assessing the
predictive accuracy of these signatures to distinguish preclini-
cal cases from controls in an external population-based cohort.
We analyzed samples from a nationwide inception cohort to
examine the relevance of the preclinically dysregulated pro-
teins at diagnosis and assess the ability of these signatures to
differentiate incident patients with CD and UC from healthy
individuals. Finally, we controlled for the influence of genetic
and shared environmental risk factors on the predictive protein
signatures by examining their predictive ability in twins with
preclinical disease within a population-based twin cohort.

The study was approved by the Swedish Ethical Review
Authority (dnr 2020-07065). This study followed the TRIPOD
guideline for the development and validation of prediction
models.

Data Sources

The National Patient Register. Sweden’s National
Patient Register has held information about hospital admis-
sions since 1964 and has been covered nationally since 1987. It
also contains data on nonprimary outpatient care from 2001."°
The main and contributory diagnoses are coded according to
the International Classification of Diseases (ICD) codes
(Supplementary Tables 1-4).

Population-based cohorts. The "Malmé diet and can-
cer" (MDC, n = 28,000) cohort served as the discovery cohort
for preclinical IBD and findings were validated in the Northern
Sweden Health and Disease Study register cohort (NSHDS,
n = 143,000). In addition, we used the TwinGene study
(n = 12,591), which is nested within the Swedish Twin Reg-
istry, to assemble a twin cohort of preclinical IBD. The details of
these data sources are provided in the Supplementary Materials
and Supplementary Table 5.

Clinical cohorts. Discovery cohort of preclinical
IBD. Individuals in the discovery cohort (MDC) diagnosed with
IBD later in life were identified using the unique personal
identification number assigned to all Swedish residents and
linking the dataset with the Swedish National Patient Register.
The diagnosis of CD or UC was defined as having >2 IBD-
associated ICD codes, corresponding to a positive predictive
value of 93%, according to Jakobsson et al. (Supplementary
Figure 1 and Supplementary Tables 1-4)."%'” For 94 of 156
(60%) preclinical cases in the discovery cohort, an experienced
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gastroenterologist also scrutinized the medical records. Pa-
tients with IBD-unclassified were excluded to reduce the risk of
misclassification between CD and UC. For each preclinical case,
we identified 1 control (free from IBD during follow-up),
matched by birth year, sex, and calendar period at inclusion,
and the serum samples were retrieved from the MDC biobank.

Validation cohort of preclinical IBD. Individuals with
preclinical IBD in the validation cohort (NSHDS) were identified
by applying a similar approach, that is, linking the Vasterbotten
Intervention Project and the Mammography Screening Project
datasets with the ICD Code register of Region of Vasterbotten,
Sweden. Copies of the medical records for all individuals with
at least 1 inpatient or nonprimary outpatient care visit listing a
diagnosis of IBD were manually scrutinized by an experienced
gastroenterologist to confirm or reject a diagnosis of IBD."®
Each preclinical IBD case was matched to a healthy control,
using the same matching criteria as in the discovery cohort.
Finally, plasma samples from preclinical cases and controls
were retrieved from the NSHDS biobank.

Inception cohort for assessment of the relevance of
preclinically dysregulated proteins at diagnosis. To ascer-
tain the relevance of the identified proteins at the time of IBD
diagnosis, we conducted a proof-of-concept analysis using
serum samples from the Swedish Inception Cohort in IBD (SIC
IBD). The SIC IBD is a multicenter study comprising patients
aged >18 years who presented with gastrointestinal symptoms
and were referred to gastroenterology units for suspected IBD
at 7 Swedish hospitals between 2011 and 2021. In addition,
healthy individuals without any history of chronic gastroin-
testinal symptoms or disease were recruited, and samples were
collected and processed according to the same protocol. The
diagnosis of IBD was established based on internationally
accepted criteria, following clinical, microbiological, endo-
scopic, histologic, and radiologic evaluation.'” To maintain
consistency with the methodology used in the other cohorts, we
used a down-sampling technique, matched each case of CD and
UC to a healthy control by sex and age, and conducted a case-
control analysis. Similarly, we matched 100 patients with
newly diagnosed CD to 100 patients with newly diagnosed UC
to enable direct comparisons of these 2 subtypes of IBD.

Twin cohort for assessment of the influence of genetic
and shared environmental risk factors of preclinically
dysregulated proteins. Twin pairs discordant for preclinical
CD or UC within the TwinGene study were identified using ICD
codes and using the same validated register-based definition of
IBD as in the preclinical discovery cohort. Each twin pair discor-
dant for preclinical IBD was also matched to an unrelated twin
(external twin) from the general population by sex and zygosity.
To specifically examine the influence of genetic predisposition on
each protein marker associated with preclinical IBD, we assessed
the intraclass correlation coefficients and calculated the herita-
bility using twin pairs without IBD in the TwinGene study.

Protein Measurements

Some 178 proteins were analyzed across 2 protein panels
(inflammation and oncology II) using proximity extension assay
technology (Olink Proteomics, Uppsala, Sweden), as outlined in
the Supplementary Materials and Supplementary Figures 2 and 3.
Supplementary Table 6 presents the overlap of proteins from the
inflammatory panel in the current study and our previous
publication.?’
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A. Preclinical discovery cohort (MDC)
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B. Preclinical validation cohort (NSHDS)
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D. The preclinical IBD twin cohort
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Controlling for genetic and shared environmental
factors in the preclinical signatures

Figure 1. Two population-based cohorts with biorepositories were used to identify and validate preclinical protein signatures
for the prediction of a future diagnosis of CD and UC. (A) We assembled a discovery cohort of preclinical IBD by identifying
individuals who had provided a blood sample in the MDC study and later in life were diagnosed with CD or UC. Each of these
individuals was matched to a healthy control. Proteomic profiling and various machine-learning algorithms were used to
identify protein signatures of preclinical CD and UC. (B) An external cohort of preclinical CD and UC was assembled from the
NSHDS register cohort and used to validate the performance of the identified preclinical biosignatures. (C) Next, the SIC IBD
was examined to verify the relevance of the preclinical signatures at diagnosis of IBD. (D) Finally, we assessed the protein
signatures in twin pairs discordant for preclinical IBD to control for the influence of genetic and shared environmental factors
on the preclinical signatures.

Statistical Analysis case-control datasets, we applied pairwise mean normalization
Data pre-processing. Details on how protein values as described by Stanfill et al,*" as detailed in the Supplementary

below the lower limit of detection and missing values were Materials.

managed are provided in the Supplementary Materials. To Single protein analyses. We used logistic regression to

enable the use of common machine-learning methods on the assess associations of single proteins with a future diagnosis of
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CD and UC and visualized the results using volcano plots. To
account for multiple testing, P values underwent adjustment
using the Benjamini-Hochberg procedure. Proteins demon-
strating a false discovery rate (Pppg) <.10 in the preclinical
discovery cohort (MDC) were validated in the preclinical vali-
dation cohort (NSHDS). We used a stringent Prpg of <.05 in the
validation cohort to minimize the probability of false positive
findings. Proteins remaining statistically significant in the
validation cohort were tested within an inception cohort (SIC
IBD) of patients with newly diagnosed IBD and their matched
healthy controls, adhering to the same Pppg threshold of <.05.

For proteins implicated in preclinical IBD cohorts, Pearson’s
correlation coefficients were calculated to investigate the
temporal correlation between protein levels and the time to
diagnosis.

Next, we aimed to assess the influence of genetic predis-
position at a healthy stage on each protein marker associated
with preclinical IBD by assessing their intraclass correlations
and computing their heritability, as described in the
Supplementary Materials. Heritability, which ranges from 0 to
1, represents the proportion of phenotypic variation (eg, pro-
tein levels) that can be explained by variation in genetic factors.
This analysis helps determine the extent to which genetic in-
fluences contribute to variation in protein levels related to
preclinical IBD.

Preclinical biosignatures. We used a regularized lo-
gistic regression model and several additional machine-
learning methods (ie, L1-penalized regression, elastic net
regression, support vector machines, and random forests) to
identify protein signatures capable of predicting the future
onset of IBD. L2- and smoothly clipped absolute deviation were
used to penalize the logistic regression model, chosen for their
ability to mitigate overfitting and handle multicollinearity while
generating sparse and interpretable models.

The preclinical CD and UC models were first trained on data
from the preclinical discovery cohort (MDC). The models were
then validated on unseen data from the preclinical validation
cohort (NSHDS). A detailed description of the training and
evaluation of the models is provided in the Supplementary
Materials.

Next, we investigated whether the performance of the lo-
gistic regression models for preclinical CD and UC was influ-
enced by the timing of sampling relative to diagnosis. We
divided the time interval between sampling and diagnosis into
quartiles and computed AUC estimates for each quartile.

We continued with a proof-of-concept analysis, comparing
patients with newly diagnosed IBD with healthy controls within
the inception cohort. By applying the models, we evaluated their
diagnostic capacity at the date of IBD diagnosis. In addition, we
examined the ability of the preclinical protein signatures to
differentiate between CD and UC in newly diagnosed patients.

The AUC was used to evaluate model performance, and the
Youden index was applied to define the optimal cutoff value.
This value was used to determine sensitivity, specificity, the F1
score, and the positive and negative likelihood ratio (LR). The
cutoff was then applied to the preclinical validation and
inception cohorts. The Brier score was used to assess model
performance. In addition, stratified analyses for sex and age
were performed.

Next, we tested whether the model from the discovery cohort
(MDC) could differentiate twin individuals who later in life were

Preclinical Protein Signatures in IBD 745

diagnosed with IBD from external twin controls from the general
population, matched for age, sex, and zygosity. Thereafter, these
models were applied to the same preclinical twins, but this time
compared with their healthy twin siblings, as outlined in the
Supplementary Materials. DeLong’s test was used to compute
P values for the comparison of AUC estimates.*”

Software. Statistical analyses, including data pre-processing,
were conducted in R versions 4.03 and 4.05 (R Foundation for
Statistical Computing).”*

Results
Study Population

Demographics of individuals with preclinical and newly
diagnosed IBD, along with their respective sex- and age-
matched controls, are shown in Table 1 and Supplementary
Tables 7 to 10. In the preclinical cohorts, the median time
from sampling to a diagnosis of IBD was 8.7 (interquartile
range [IQR]: 14.1-3.2) years for CD and 7.2 (IQR: 14.2-3.4)
years for UC.

Proteins Associated With a Future Diagnosis of
IBD

Crohn’s disease. Through logistic regression and
applying a Pppg criterion of <.10, we identified 34 proteins
associated with preclinical CD in the discovery cohort
(MDC) during the single protein analyses (Figure 2). Sub-
sequent analyses of the validation cohort (NSHDS) corrob-
orated the associations for 9 of these proteins (Prpr <.05).
Six of these protein markers were upregulated (CXCL9, IL6,
MMP-10, CCL20, MDK, and CXCL17) and 3 were down-
regulated (DNER, GPNMB, and CX3CL1) in preclinical CD. All
downstream univariate analyses used the 9 proteins vali-
dated in the NSHDS cohort.

Next, we conducted a proof-of-concept analysis to
examine the relevance of these proteins at the time of
diagnosis by comparing newly diagnosed CD with healthy
controls in the SIC IBD. Consistent with the results in the
preclinical cohorts, all protein markers, except MDK,
CXCL17, and GPNMB, were significantly differentially regu-
lated between the 2 groups in the inception cohort (Pprpg
<.05).

Last, we assessed correlations between protein levels
and time to diagnosis by applying linear correlation analysis
for cases with preclinical CD from the MDC and NSHDS
cohorts. We observed significant negative correlations
(P <.05) for the 3 proteins (DNER, GPNMB, and CX3CL1)
downregulated in preclinical disease (Supplementary
Figure 4). In contrast, no significant temporal correlations
were observed for any of the 6 proteins upregulated in
preclinical disease.

Ulcerative colitis. In the corresponding analysis of
preclinical UC, we identified 45 proteins as differentially
regulated in the preclinical discovery cohort MDC
(Figure 2). The associations were confirmed for 12 upre-
gulated proteins (STAMBP, SIRT2, SCAMP3, ADAM 8, GZMB,
ABL1, CCL11, CD5, TNFRSF6B, MMP-10, CDKN1A, and
CXCL9), but none of the downregulated proteins could be
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Table 1.Demographics of Individuals in the Study Cohorts

Median (IQR) age Median (IQR) age Female
Individuals, n at sampling, y at diagnosis, y sex, n (%)
Discovery cohort (MDC)
Preclinical CD cases 54 53.8 (43.8-63.9) 67.7 (54.1-81.4) 35 (65)
Preclinical UC cases 102 55.5 (44.2-66.8) 69.1 (57.5-80.7) 52 (51)
Healthy controls 156 54.8 (43.1-66.5) - 87 (56)
Validation cohort (NSHDS)
Preclinical CD cases 31 50.3 (30.6-70) 53.6 (38.7-68.5) 16 (52)
Preclinical UC cases 80 50.1 (30.4-69.8) 54.8 (38.5-71.2) 42 (52)
Healthy controls 111 50.1 (30.5-69.8) = 58 (52)
Inception cohort (SIC IBD)
Newly diagnosed CD 48 25.5 (19.0-32.0) 25.5 (19.0-32.0) 28 (58)
Newly diagnosed UC 48 25.5 (19.2-31.8) 25.5 (19.2-31.8) 28 (58)
Healthy controls 48 25.5 (19.0-32.0) - 28 (58)
Preclinical IBD twin cohort
Preclinical CD twins 10 61.2 (52.8-69.6) 65.9 (56.1-75.7) 8 (80)
Preclinical UC twins 24 66.9 (59.1-74.7) 71.2 (61.7-80.8) 15 (62)
Healthy twin siblings 34 65.1 (55.4-74.9) - 17 (50)
Healthy external twins 34 65.3 (54.7-75.8) - 17 (50)
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confirmed when comparing preclinical UC cases with
matched controls in the validation cohort (NSHDS). These
12 protein markers were also significantly upregulated in
patients with newly diagnosed UC from the inception cohort
(SIC IBD); however, within preclinical cases, only MMP-10
demonstrated a correlation with time to diagnosis of UC
(Supplementary Figure 5).

Sensitivity analysis. Sensitivity analysis was per-
formed by omitting measurements within a 2-year period
before diagnosis, excluding 11 individuals with preclinical
CD and 25 individuals with preclinical UC. The validated
proteins of preclinical IBD only showed minor differences in
fold changes and Pppr values when the analyses were
restricted to samples obtained more than 2 years before the
diagnosis of CD or UC (Supplementary Tables 11 and 12).

Protein Signatures Predictive of a Future
Diagnosis of IBD

Crohn’s disease. Within the preclinical discovery
cohort, we used regularized logistic regression to identify a
biosignature of 29 proteins, which demonstrated a high
ability to differentiate individuals who later in life were
diagnosed with CD from healthy controls (AUC = 0.85; 95%
CI, 0.78-0.93), assessed via leave-one-out cross-validation
(Figure 3 and Supplementary Figure 6). The predictive ca-
pacity remained high (AUC = 0.87; 95% CI, 0.77-0.97)
when the model was applied to the preclinical validation
cohort, with a sensitivity of 77% and a specificity of 87% at
the optimal cutoff, corresponding to an LR(+) of 6.0 and
LR(—) of 0.26 (Table 2 and Supplementary Table 13). The
other machine-learning models consistently differentiated
individuals with preclinical CD from healthy controls in the
validation cohort. The AUC estimates of the alternative

algorithms were comparable or slightly lower than the lo-
gistic regression model (Supplementary Table 14), with the
elastic net model showing a numerically higher sensitivity at
its optimal cutoff (Supplementary Table 15).

In the preclinical cohorts, the performance of the logistic
regression model increased toward diagnosis. However, a
high predictive capacity was also observed when restricting
the analysis of the MDC cohort to samples taken more than
16 years before the diagnosis (AUC = 0.82, Supplementary
Figures 7 and 8). The model for preclinical CD seemed to
perform better for male (AUC = 0.99; 95% CI, 0.98-1.00)
compared with female participants (AUC = 0.76; 95% CI,
0.57-0.94), whereas no significant differences were
observed when stratifying the analyses for age at inclusion
(Supplementary Tables 16 and 17).

Next, we evaluated model performance in the inception
cohort of patients with newly diagnosed CD (SIC IBD),
resulting in a high discriminatory capacity (AUC = 1.00).
Following the application of the Youden index-derived
cutoffs, the sensitivity, specificity, and likelihood ratios
across all models and cohorts are presented, with their
corresponding 95% Cls in Table 2 and Supplementary
Table 15. However, the model demonstrated a poor ability
to differentiate between CD and UC in newly diagnosed
patients (AUC = 0.56; 95% CI, 0.48-0.64).

Ulcerative colitis. For UC, the predictive capacity of the
logistic regression signature was numerically higher within
the preclinical discovery cohort (AUC = 0.77; 95% CI, 0.71-
0.83, Figure 3 and Supplementary Figure 9) compared with
when applied to the preclinical validation cohort (AUC =
0.67; 95% CI, 0.59-0.76), corresponding to a modest sensi-
tivity and specificity at 61% for both estimates, with an
LR(+) and LR(—) at 1.58 and 0.63, respectively (Table 2). The
AUC estimates of the various machine-learning algorithms
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" Discovery cohort (MDC)
Preclinical Crohn's disease (n = 54)

" validation cohort (NSHDS)
Preclinical Crohn's disease (n = 31)
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Inception cohort (SIC IBD)
Newly diagnosed Crohn's disease (n = 48)
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Figure 2. Volcano plots of (A) Serum protein markers in individuals who later in life were diagnosed with CD (cases with
preclinical CD) compared with individuals who remained free from IBD during follow-up (healthy controls) in the discovery
cohort (MDC). Thirty-four protein markers were differentially regulated (Pepr < .10). (B) Subsequent analyses of plasma
samples from cases with preclinical CD and healthy controls in the validation cohort (NSHDS) corroborated the associations
for 9 of these proteins (Pepr < .05). (C) The 9 validated protein markers were compared between patients with newly diag-
nosed CD and healthy controls in the inception cohort (SIC IBD), and all protein markers were differentially regulated, except
MDK, CXCL17, and GPNMB (Pepr < .05). (D) The corresponding analyses of preclinical UC in the discovery cohort identified
45 proteins as differentially regulated (Prpr < .10). (E) Twelve of these protein markers were significantly associated (Prpr <
.05) with preclinical UC in the validation cohort. (F) All 12 proteins were also upregulated in patients with newly diagnosed UC

from the inception cohort (Prpr < .05).

used were similar or marginally higher than the logistic
regression model (Supplementary Tables 14 and 18). The
performance of the logistic regression model did not increase
toward the date of diagnosis of UC (Supplementary
Figures 10 and 11). The stratified analyses indicated that
the preclinical UC signature performed better for older
(AUC = 0.79; 95% CI, 0.69-0.90) than younger participants
(AUC = 0.55; 95% CI, 0.42-0.68) in the preclinical validation
cohort (Supplementary Tables 16 and 17).

Similar to CD, the logistic regression model demon-
strated a high discriminatory capacity for newly diagnosed
UC cases in the inception cohort (AUC = 0.95; 95% CI, 0.92-
0.99) (Figure 3). However, its capacity to differentiate be-
tween CD and UC in newly diagnosed patients was lower
(AUC = 0.67; 95% CI, 0.59-0.74). The overlap of proteins
included in the preclinical signatures of CD and UC is shown
in Supplementary Figure 12.

Sensitivity analysis. We conducted a sensitivity anal-
ysis by evaluating the predictive performance of the logistic
regression model when excluding samples obtained within
2 years before diagnosis. For both CD and UC, only minor
alterations in AUC estimates were observed (Supplementary
Figure 13).

Heritability of Proteins Associated With
Preclinical CD and UC

A cohort of 111 healthy twin pairs (monozygotic pairs,
n = 35; dizygotic pairs, n = 76) from the TwinGene study
was used to calculate intraclass correlation coefficients and
heritability estimates for each of the protein markers asso-
ciated with preclinical CD or UC (Supplementary Table 19).
IL6, GZMB, ADAM 8, and CCL11 showed high estimates of
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Figure 3. Receiver operating curves and AUC estimates of regularized logistic regression models showing the predictive
performance of protein signatures in preclinical and newly diagnosed CD and UC. (A) The logistic regression model achieved
an AUC of 0.85 in differentiating individuals with a future diagnosis of CD from healthy controls in the discovery cohort (MDC).
(B) The performance of the protein signature was confirmed (AUC = 0.87) by independent validation in an external cohort of
preclinical IBD (NSHDS). (C) The model was applied to patients with newly diagnosed CD in the inception cohort (SIC IBD),
showing excellent performance. (D-F) The corresponding protein signature for UC resulted in lower discriminatory capabilities
in both preclinical and newly diagnosed UC compared with the corresponding estimates of CD.

Table 2.Performance Metrices for the Logistic Regression Model When Youden’s Index Was Employed to Select the Optimal
Cutoff Point in the Discovery Cohort, Which Was Then Applied to the Validation and Inception Cohorts

Sensitivity Specificity Median Brier
(95% CI) (95% CI) LR(+) LR(-) F1 Score score (IQR)
CD
Discovery cohort (MDC) 0.74 (0.60-0.85) 0.85(0.73-0.93) 5.0 (2.59-9.66)  0.30 (0.19-0.48) 0.78 0.14 (0.08-0.23)
Validation cohort (NSHDS) ~ 0.77 (0.59-0.90)  0.87 (0.70-0.96) 6.0 (2.36-15.3)  0.26 (0.13-0.50) 0.81 0.15 (0.09-0.21)
Inception cohort (SIC IBD)  0.92 (0.80-0.98)  1.00 (0.93-1.00)  45.0 (6.44-313)"  0.08 (0.03-0.21) 0.96 0.11 (0.05-0.17)
uc
Discovery cohort (MDC) 0.72 (0.62-0.80) 0.72 (0.62-0.81) 2.58 (1.84-3.62)  0.39 (0.28-0.55) 0.72 0.18 (0.03-0.34)
Validation cohort (NSHDS) ~ 0.61 (0.50-0.72)  0.61 (0.50-0.72)  1.58 (1.14-2.19)  0.63 (0.46-0.88) 0.61 0.2 (0.05-0.36)

Inception cohort (SIC IBD)  0.83 (0.70-0.93)  0.83 (0.70-0.93)  5.00 (2.62-9.53)  0.20 (0.10-0.38) 0.83 0.15 (0.04-0.25)

Cl, confidence interval; IQR, interquartile range; LR(+), positive likelihood ratio; LR(—), negative likelihood ratio.
#To avoid an infinite estimate, a constant of 1 was added to the false positive group before computing the positive likelihood
ratio.
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Table 3.Predictive Performance of the Logistic Regression Models From the Discovery Cohort When Applied to the Preclinical

IBD Twin Cohort

Number AUC, external twin AUC, co-twin AUC
of pairs analysis (95% CI) analysis (95% ClI) difference P value
CD
Preclinical cases 10 0.89 (0.73-1.0) 0.58 (0.32-0.84) 0.31 0.04
uc
Preclinical cases 24 0.74 (0.59-0.88) 0.58 (0.42-0.75) 0.16 0.17

NOTE. The AUC estimates refer to the capacity of the models to differentiate between twins with preclinical CD and UC from

the controls.

heritability (>0.60), indicating a large degree of influence
from genetic factors on regulating these protein markers.

Impact of Genetic and Shared Environmental
Factors on Predictive Biosignatures

Next, we tested whether the logistic regression from the
discovery cohort (MDC) could differentiate twin individuals
who later in life were diagnosed with IBD from matched
healthy, unrelated twin controls. Thereafter, these models
were applied to the same preclinical twins, but this time
compared with their healthy twin siblings.

Crohn’s disease. In the comparative analysis of twins
with preclinical CD vs external twin controls, the logistic
regression model yielded an AUC of 0.89 (Table 3). The
predictive ability diminished to an AUC of 0.58 when ac-
counting for genetic and shared environmental factors,
namely when twins with preclinical CD were matched with
their healthy twin siblings (P = .04). Given the limited
sample size of just 10 twins with preclinical CD, it is
important to exercise caution when interpreting these
findings; however, they do indicate that genetic and shared
environmental factors may have a predominant influence on
the predictive logistic regression protein signature

Ulcerative colitis. In the analysis of preclinical UC, we
observed only a minor difference in predictive performance
when contrasting preclinical UC against unrelated twin
controls (AUC = 0.74) and against their healthy twin sib-
lings (AUC = 0.58) (Table 3). This finding indicates a limited
impact of genetic and shared environmental factors on the
logistic regression protein signature of UC.

Discussion

Previous studies have reported preclinical signatures of
IBD using omics data from single cohorts.”'*?%**"2° Here,
we advance the field by developing a protein model of
preclinical CD capable of predicting a future diagnosis of CD,
also when applied to an independent preclinical validation
cohort (AUC = 0.87). The generalizability of our protein
signature of preclinical CD across multiple large population-
based cohorts underscores the novelty and significance of
our findings. In comparison, the corresponding signature for
UC had a lower predictive performance in the preclinical
validation cohort (AUC = 0.67). However, when applied to

the inception cohort, both signatures had an excellent ca-
pacity to differentiate patients with new-onset CD and UC
from matched healthy controls (AUC = 1.00 and 0.95,
respectively). This proof-of-concept analysis demonstrates
the relevance of these proteins at diagnosis. Results from
the twin cohort indicate that exposures to genetic and
shared environmental risk factors may contribute to the
predictive signature of future CD, whereas this did not seem
to be the case for UC. Moreover, for temporal correlations,
discrepancies were identified between the 2 subtypes of
IBD. In preclinical samples, downregulated (but not upre-
gulated) proteins related to gut barrier integrity and
macrophage functionality correlated with time to diagnosis
of CD. Contrarily, all proteins associated with preclinical UC
were upregulated, and only one protein marker correlated
with the time to diagnosis.

Proteomic profiling has emerged as a potential tool for
delineating varied stages of IBD, including predicting future
IBD.**32%27 In the PREDICTS (Proteomic Evaluation and
Discovery in an IBD Cohort of Tri-service Subjects) study,
Torres et al'® used an aptamer-based assay (SomaScan) to
examine serum samples from young, predominantly male,
active-duty military staff. Through a cross-validation
method, the investigators identified a signature predictive
of a CD diagnosis within 5 years, with an AUC of 0.76,
whereas their attempts to decipher a predictive signature
for future UC failed. In contrast, Lochead et al. examined the
Nurses’ Health Study and reported increased preclinical
levels of high-sensitive C-reactive protein and interleukin 6
in both CD and UC.”® In addition, 25 proteins were recently
associated with preclinical CD in the GEM (Genetics Envi-
ronment Microbial Project) cohort, and we have previously
reported on 6 inflammatory proteins related to a future
diagnosis of UC, also using samples from the NSHDS.**’
However, interpreting these studies is challenged by the
lack of external cohorts for independent validation and a
relatively short period between blood collection and diag-
nosis of IBD. The present study addressed these limitations
and showed aberrations in the serum proteome many years
before the clinical manifestations of CD. Intriguingly, our
protein model demonstrated a high predictive ability more
than 16 years before the diagnosis in the discovery cohort
(AUC = 0.82), even though its performance increased to-
ward diagnosis, with an AUC of 0.93 within a 6-year period
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pre-diagnosis. Furthermore, we applied a stringent study
design and confirmed their ability to predict a future IBD
diagnosis in an external validation cohort. A recent Danish
registry study supports a long preclinical period before the
diagnosis of CD.! Vestergaard et al’ observed aberrations of
standard biochemical and hematological tests up to 8 years
before diagnosis, even though these deviations were rela-
tively subtle.

Differences in patient populations and proteomic plat-
forms may explain the discrepancy between previous
studies. Most patients in our cohorts were aged >40 years
at the diagnosis of IBD, and evenly distributed with respect
to sex, whereas most individuals in the PREDICTS study
were male patients diagnosed during their second or third
decade of life."”®> Compared with our cohorts, participants in
the GEM study were also younger, as only first-degree rel-
atives aged 6 to 35 years were included.®> Moreover, we
applied the antibody-based proximity extension assay
technique, whereas the aptamer-based SomaScan platform
was used in the PREDICTS study. Pietzner et al°’ noted the
high variability between the 2 platforms (median correla-
tion coefficient 0.38), which may account for the disparities
in results.

In addition to the existing literature on preclinical pro-
teomic profiles, Livanos et al* recently reported that an
increased expression of the av$6 autoantibody in the PRE-
DICTS cohort predicts a future diagnosis of UC with an AUC
of 0.79 up to a decade before diagnosis. The authors also
confirmed an increased expression of the anti-integrin
autoantibody in the GEM cohort, but without reporting its
precise predictive performance in the validation cohort.
Hence, there is a need for additional validation in external
cohorts, and future research should examine the potential of
combining proteomic profiling and anti-av@6 autoanti-
bodies to enhance the predictive accuracy of UC.

To investigate how genetic and shared environmental
factors influenced the performance of our protein signa-
tures, we continued by analyzing a twin cohort with pre-
clinical IBD cases. The preclinical protein signature for CD
seemed to have a higher predictive ability when preclinical
twin cases (n = 10) were matched to unrelated controls
compared with their twin siblings (who remained free from
IBD during follow-up). Conversely, no meaningful differ-
ences were observed in the analysis of UC based on 24 cases
with preclinical disease. These observations suggest that the
influence of genetic and shared environmental factors on
the predictive protein signatures was more pronounced in
preclinical CD compared with preclinical UC. Although we
believe this study design is a promising model for investi-
gating the causes of protein dysregulation in preclinical IBD,
interpreting the results from the analysis of twins with
preclinical disease was hampered by limited statistical po-
wer. It is important to consider that twins are more tightly
matched for environmental exposures than first-degree
relatives in general, including siblings. Hence, our findings
do not necessarily negate the utility of the preclinical pro-
tein signatures in other first-degree relative settings, such as
assessing ordinary siblings to patients with IBD.

Gastroenterology Vol. 168, Iss. 4

In line with the previous analyses of the GEM and NSHDS
cohorts, we observed a preclinical dysregulation of CXCL9,
MMP-10, IL6, and CCL-11 in the univariate anallyses.3'20
Beyond the reiteration of these previously reported pro-
tein findings, our study also elucidated several novel asso-
ciations. In preclinical CD, we observed a downregulation of
DNER, GPNMB, and CX3CL1, whereas CCL-20, MDK, and
CXCL17, all chemokines, were upregulated. Intriguingly, the
3 downregulated proteins also exhibited temporal correla-
tions, with diminishing concentrations toward diagnosis.
DNER is intricately linked to the Notch-1 signaling pathway
and has been proposed to hold considerable relevance in
maintaining gastrointestinal mucosal barrier integrity.*’
Bourgonje et al®’ recently also reported an inverse rela-
tionship between DNER levels and clinical disease activity in
patients with CD. Of note, mechanistic studies showed that
both GPNMB and CX3CL1 are important for the functionality
of macrophages to intestinal inflammation.’”** GPNMB is
highly expressed in macrophages and seems to suppress the
production of pro-inflammatory cytokines.*” In mice,
GPNMB is also involved in the response to intestinal dam-
age.** The soluble form of CX3CL1 acts as a chemo-
attractant, whereas the membrane-bound form is expressed
by endothelial cells and induces adhesion of circulating
monocytes by binding to the C-X3-C motif chemokine re-
ceptor 1 (CX3CR1).*> Using mouse models, Medina-
Contreras et al*® found that deficiency of either CX3CL1 or
CX3CR1 results in a decreased frequency of macrophages in
the intestinal mucosa, increased translocation of commensal
gut bacteria, and increased severity of dextran sulfate so-
dium (DSS)-induced colitis.

In UC, our analyses revealed the upregulation of 9 pro-
teins hitherto not associated with its preclinical phase. Of
these, increased mucosal expression of GZMB and
TNFRSF6B has been reported in studies of patients with
prevalent UC, providing additional support to their roles in
the underlying pathogenesis of UC. GZMB, situated in the
granule of cytotoxic T-lymphocytes, functions as a potent
inducer of apoptosis.’®® The observed upregulation of
TNFRSF6B could be ascribed to feedback mechanisms
designed to mitigate an increasing inflammatory cascade in
preclinical UC. TNFRSF6B acts by sequestering and
neutralizing pro-inflammatory cytokines within the tumor
necrosis superfamily. Moreover, the observed upregulation
of SIRT2 and CD5 may suggest other feedback loops, as mice
deficient in SIRT2 or CD5 demonstrate exacerbated coli-
tis.>>*° However, mechanistic studies are needed to deci-
pher the precise mechanisms underlying the observed
upregulation of these proteins and of the remaining novel
associations (ie, ABL-1, ADAM-8, and SCAMP-3) in preclin-
ical UC.

Unlike the temporal correlations observed between
preclinical levels of downregulated proteins and time to
diagnosis of CD, none of the upregulated proteins showed a
temporal correlation with the period to diagnosis of CD or
UC, except for MMP-10 in UC. These findings could suggest
that a decline in the expression of seemingly protective
proteins may serve as a characteristic feature of the
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preclinical phase of CD. In accordance with the findings
from recent comprehensive analyses of protein quantitative
trait locus variants,*’** our analysis of healthy twin pairs
showed a significant influence of genetic predisposition on
protein levels for several of the preclinical markers. It is
worth noting that none of the downregulated proteins
demonstrated high heritability; however, our broad Cls
challenged the interpretation of these estimates.

This study has several strengths. First, we confirmed the
predictive performance of the preclinical protein signatures
by external validation in an independent cohort. Second, our
analysis encompassed demographically heterogeneous co-
horts, setting it apart from previous studies that primarily
focused on samples composed of individuals with a partic-
ular profession (eg, army personnel and nurses)'**® or
first-degree relatives of patients with CD.* Third, the diag-
nosis of IBD in the preclinical validation cohort was
confirmed by reviewing medical records.

A limitation of this study and previous studies on pre-
clinical IBD is the reliance on a case-control design, which
necessitates considerations in the context of alternative
study designs. Notably, our study’s pairwise mean normal-
ization procedure is tailored for matched data, which re-
stricts its applicability in non-matched settings. Although
inflammation is a hallmark of both UC and CD, differences in
immune pathway involvement and cellular responses be-
tween the 2 subtypes of IBD may result in varying expres-
sion levels of specific markers. Hence, the preselection of
proteins could potentially result in a more robust signature
for CD, as the chosen protein markers may have been more
closely aligned with its pathophysiological processes.
Nevertheless, when applied to the inception cohort, the
preclinical protein signatures for CD and UC showed limited
ability to differentiate the 2 subtypes of IBD.

Another limitation is the relatively high median age at
diagnosis in our preclinical cohorts. Thus, the findings
should be interpreted cautiously when considering their
applicability to younger populations. This is especially
relevant for the preclinical UC signature, where the perfor-
mance seemed to be inferior for younger individuals in the
validation cohort.

Plasma was used in the preclinical validation cohort, in
contrast to serum in all other cohorts. This and differences
in sample size across the biorepositories may account for
the non-replication of some dysregulated proteins in the
preclinical discovery cohort. In addition, the absence of
longitudinally collected samples impeded our investigation
into the potential of individual protein trajectories to
augment the predictive ability of preclinical biosignatures.
Last, we did not perform matching on the date of sample
collection between cases and controls in the inception
cohort, and the controls had to be free from chronic
gastrointestinal symptoms and were not recruited from a
population-based sample. Therefore, they likely represent a
healthier population than the background population.

In summary, we identified a protein signature capable of
predicting CD many years before diagnosis and demon-
strated its generalizability in an independent cohort using
unrelated individuals from the general population as
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controls. However, the results from our twin cohort suggest
that genetic and shared environmental factors partly influ-
ence the dysregulation of the proteins within the signature.
The corresponding signature for preclinical UC had a lower,
albeit significant, predictive ability. In preclinical samples,
downregulated (but not upregulated) proteins related to gut
barrier integrity and macrophage functionality correlated
with time to diagnosis of CD. Collectively, these findings
support the possibility of prognosticating IBD. The long
preclinical period in CD endorses the adoption of early
preventive strategies (eg, dietary modifications and medi-
cation) to potentially attenuate disease progression and
improve the natural history of CD.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/j.
gastro.2024.11.006.
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