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ABSTRACT
The immune system is a major driver in pancreatic cancer development. Several prospective cohort studies have found associa-
tions for single immune system-derived proteins such as IL6 or CRP, but results are inconclusive, and Omics-based research is 
scarce. Hence, we aimed to investigate associations of a comprehensive protein panel with the risk of pancreatic cancer. Within 
the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, 92 immune proteins were measured in baseline 
blood samples of 406 incident pancreatic cancer cases and 406 sex- and age-matched controls, using the Olink Immuno-Oncology 
panel. Multivariable adjusted conditional logistic regression was used to estimate odds ratios (OR, 95% CI) for protein levels in 
association with pancreatic cancer risk. Eight biomarkers were associated with pancreatic cancer risk (MMP12, LAMP3, CD28, 
IL-6, IL-12, FASLG, PD-L2, and PDCD1) but only MMP12 was significantly associated after multivariable adjustments for con-
founders and the seven proteins, with OR = 1.56 (95% CI: 1.20–2.03) for a doubling in protein concentration. After correction for 
multiple testing, none of the proteins were associated with risk. Restricting analyses to cases diagnosed within the first 4 years 
and 4–8 years after recruitment resulted in OR of 1.89 (95% CI: 1.28–2.80) and 1.37 (95% CI: 1.01–1.86) for MMP12, respectively. 
Higher levels of MMP12 were associated with pancreatic cancer risk specifically in those diagnosed shortly after recruitment, 
while other immune-related factors were not associated with risk. Further cohort studies are needed to confirm our initial 
findings.

1   |   Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most 
aggressive and deadly malignancies with a 5-year survival after 
diagnosis that approaches 12% [1, 2]. Research over the past 

few decades has shown a strong role of inflammation in PDAC 
etiology [3, 4], with both genetic and environmental factors 
potentially contributing to the development of inflammation. 
Moreover, several predisposing conditions such as chronic pan-
creatitis, pre-existing type 2 diabetes, and intraductal papillary 
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mucinous neoplasm (IPMN) also have a strong inflammatory 
component [5–7]. While the etiology of PDAC has yet to be fully 
clarified, a limited number of putative risk factors have been 
identified, such as being male, cigarette smoking, obesity, hy-
perglycemia, diabetes, age, family history of pancreatic cancer, 
and around 30 germline common genetic variants [8–12].

At the molecular level, when the pancreas develops precan-
cerous lesions or progresses to an invasive tumor, cancer cells 
interact with various immune (e.g., T cells, neutrophils, macro-
phages) and stromal cells (cancer-associated fibroblasts [CAFs]) 
to form the tumor microenvironment (TME). CAFs secrete 
large amounts of proteins that form a dense extracellular matrix 
(ECM) around tumor cells. Immune cells, through complex reg-
ulatory mechanisms, can exert both immune and immunosup-
pressive effects, helping tumor cells escape immune surveillance 
and elimination. Although the exact mechanisms of immune 
response are not fully understood, proteins actively secreted by 
cells or passively leaked into the bloodstream are often associated 
with disease onset and progression of pancreatic cancer [13–16]. 
The analysis of immune proteins in blood may provide insights 
into understanding the etiology and status of PDAC.

Multi-marker proteomic panels have become of great interest 
given the simultaneous measurement of many peptide analytes in 
one run and the requirement of small volumes. In a series of clin-
ical studies, a Danish research group applied the Olink immune-
oncology target panel of 92 selected candidate proteins to identify 
new predictive, diagnostic or prognostic biomarkers or indices for 
PDAC, with inconsistent results [17–21]. For example, proteins re-
tained in indices varied in predictive versus prognostic models and 
those applicable for diagnostic use were not useful to assess resect-
ability. Population-based epidemiological investigations applying 
the same panel are limited to a prospective case-cohort study in 
China that reported associations of several immune-system re-
lated proteins with risk of PDAC [22] and a more recent investi-
gation in the UK Biobank; however, observing little evidence [23].

To further explore the potential role of immune-related proteins 
in the etiology of pancreatic cancer, we conducted a case–control 
study nested within the European Prospective Investigation into 
Cancer and Nutrition (EPIC) cohort on 406 case–control pairs 
and applied the Olink immune-oncology panel. The immuno-
oncology panel was chosen because of the known associations 

between inflammation and the development of pancreatic can-
cer, and because PDAC development is known to be related to an 
immunosuppressive microenvironment [24].

2   |   Materials and Methods

2.1   |   Study Population

The EPIC cohort was set up to investigate etiological associations 
of environmental and behavioral factors with chronic disease 
risks. Between 1992 and 2000 approximately 520,000 partici-
pants aged 35–70 years were recruited through 23 collaborating 
centers in 10 European countries (Denmark, France, Germany, 
Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the 
United Kingdom). Participants were asked to fill out question-
naires capturing sociodemographic information (e.g., level of 
education), lifestyle (e.g., smoking history), nutrition (e.g., al-
cohol consumption), and disease history (e.g., diabetes). Body 
weight, height, waist and hip circumference were measured 
in most centers by trained personnel and the body mass index 
was derived thereof (BMI, kg/m2). Seventy-four percent of the 
participants also provided blood samples, which were processed 
into serum, plasma, red blood cells, and buffy coat containing 
all nucleated cells, and then stored in liquid nitrogen at −190°C 
at the International Agency for Research on Cancer (IARC) and 
at the respective recruitment centers. Incident cancers are iden-
tified through a combination of methods including linkage to 
population cancer registries (Denmark, Italy, the Netherlands, 
Spain, Sweden, and the United Kingdom) and active follow-up 
methods by means of contacting participants or their next-of-kin 
(France, Germany, Greece). Mortality information was collected 
through population registries (all countries), combined with na-
tional health insurance data in France [25, 26].

2.2   |   Nested Case–Control Design

Incident invasive exocrine pancreatic cancer cases (ICD-10 code 
C25, 25.0–25.3, 25.7–25.9) diagnosed between 1995 and 2012 were 
sampled into a nested case–control study. Cases with prior diag-
nosis of other malignant tumors (except for non-melanoma skin 
cancer) or with unavailable blood samples were excluded. For 
each case, a control person was selected using an incidence den-
sity sampling protocol, using study recruitment center, sex, age 
(±6 months), date (±2 months) and time of blood collection (±2 h), 
sample specimen (serum or plasma) and fasting status (< 3, 3–6, 
≥ 6 h) as matching factors. After excluding internal quality control 
samples, those without a matched partner and those with com-
pletely missing biomarker measurements, a total of 406 matched 
case–control pairs remained for statistical analyses (Figure S1).

2.3   |   Laboratory Methods

In this study, 92 proteins from the Olink immuno-oncology 
panel were measured, using the Proximity Extension Assay 
(PEA) technology (details on the method in references [27, 28] 
and names of the proteins in Table S1). Briefly, real-time quanti-
tative PCR is used to measure relative changes in protein expres-
sion. Those are then translated into a relative quantification unit 

What's New?

The immune system has been implicated as a major driver 
in pancreatic cancer etiology. Previous cohort studies 
have found associations between pancreatic cancer and 
single immune system-derived markers, but omics-based 
evidence remains scarce. In this prospective case–con-
trol study, the authors investigated 92 proteins involved 
in immune reactions and inflammation using the Olink 
Immuno-Oncology panel. Higher levels of MMP12 were 
associated with pancreatic cancer risk specifically among 
patients diagnosed shortly after recruitment, while other 
immune-related factors were not associated with risk. 
MMP12 might be an early sign of immune disturbances 
up to 8 years preceding a pancreatic cancer diagnosis.
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(Normalized Protein eXpression, NPX) using a series of computa-
tions, including correction for inter-plate measurement shifts and 
muting of background noise. The panel assays were conducted at 
an Olink-certified laboratory at Helmholtz Zentrum München, 
Neuherberg, Germany. Serum and plasma samples were ana-
lyzed in batches, sorted by EPIC center, and paired case–control 
samples were placed in the same batch in random and blinded 
order. Laboratory personnel remained blinded to the case–con-
trol status of the samples. Plasma and serum samples were run 
separately after re-calibration of the method to account for dif-
ferences in biospecimen. Results were reported as NPX values, 
representing the relative protein expression levels on a log2 scale. 
High NPX value corresponds to a high protein concentration. 
Protein measurements below the limit of detection (LOD) were 
replaced with the corresponding LOD value. For each protein, 
distribution of missing and LOD values is depicted in Figure S2 
and histogram and density are depicted in Figure S3.

2.4   |   Statistical Analysis

For 110 individuals with up to five missing NPX values, multiple 
imputation was used to fill in the missing data; no individual ex-
ceeded five missings (N = 94 individuals have one missing value and 
16 have up to five missing values; no differences by sample type and 
case–control status). Generalized McNemar's tests were used to as-
sess differences of categorical baseline characteristics in matched 
case–control pairs, while Wilcoxon signed-rank tests were used to 
compare continuous variables between the paired groups, as these 
variables were not normally distributed. Associations of proteins 
with selected baseline characteristics (as potential confounders) in 
controls were investigated applying Spearman correlation for con-
tinuous and Chi2 tests for categorical variables, adjusted for batch, 
country, age at recruitment and sex. Conditional logistic regression 
was used to derive odds ratios (OR) and 95% confidence intervals 
(CI) for associations of continuous (log2-scale) protein levels with 
pancreatic cancer risk. Minimally adjusted (for matching factors) 
and multivariable adjusted analyses were performed, selecting as 
adjustment factors variables that are known to be associated with 
PDAC risk and/or variables that showed an association with pan-
creatic risk in this dataset. Specifically, BMI (continuous), smok-
ing (never, former, current, missing), diabetes (yes, no, unknown, 
missing) and alcohol consumption (categories, including missing) 
were included in the final model. Level of education (a proxy for 
socio-economic status), body height, and physical activity were 
univariably not associated with pancreatic cancer risk in our set-
ting and, therefore, were excluded from the analyses. Stratification 
by biospecimen did not alter risks and results were, therefore, 
shown for plasma and serum combined but models were indirectly 
adjusted for by using batch.

First conditional logistic regressions including one biomarker at 
a time were carried out to identify immune proteins significantly 
associated with PDAC risk. Next, these biomarkers were included 
in a multivariable model and finally, a multinomial regression 
model was used to conduct subgroup analyses based on lag-time 
to pancreatic cancer diagnosis (0–4, 4–8, 8–12, > 12 years). A 
secondary screening of the 92 biomarkers was performed using 
the Least Absolute Shrinkage and Selection Operator (LASSO) 
regression to limit overfitting through variable shrinkage and se-
lection. To this effect, the 92 proteins and selected confounders 

(batch, age at recruitment, sex, country, BMI, smoking status, 
diabetes, alcohol consumption) were included in the LASSO 
regression. LASSO applies an L1 penalty to the regression co-
efficients; the penalty parameter λ was determined via 10-fold 
cross-validation. At the optimal λ, the model retained non-zero 
protein biomarkers, and their log-odds coefficients were exponen-
tiated to obtain odds ratios. To enhance the robustness of variable 
selection, stability selection based on repeated subsampling was 
further applied, retaining variables with selection probabilities 
> 0.75 while controlling the per-family error rate (PFER) at 1.

We corrected for multiple testing applying the Benjamini–
Hochberg False Discovery Rate (BH-FDR) method. Statistical 
analyses were performed in SAS 9.4 (Statistical Analysis System, 
RRID:SCR_008567) and R version 4.4.0 (R Project for Statistical 
Computing, RRID:SCR_001905). Packages in R include Mice, 
Stats, Survival and Glmnet. All statistical tests are two-sided 
with significance level α = 0.05.

3   |   Results

3.1   |   Basic Characteristics

The median age at pancreatic cancer diagnosis was 65 years after 
a median follow-up time of 8.6 years. The majority were reported 
to be situated in the head of the pancreas (N = 167, 41%), 10% 
in the pancreas' body and 8% in the tail, while no tumor sub-
localization was specified for 166 cases (40%). Seventy percent 
of pancreatic cancer cases (N = 284) were microscopically con-
firmed (histological and/or microscopical examination or au-
topsy). Stage and grade information was largely missing (62% and 
79%, respectively). The proportion of current smokers was higher 
in cases (33%) compared to controls (23%, p = 0.005). About 90% 
of participants reported being alcohol consumers at time of re-
cruitment into the EPIC study, and almost 50% of participants 
reported to be physically active, with no apparent differences for 
either characteristic by case control status. Baseline BMI was 
marginally higher in cases (median 25.9 kg/m2) compared to con-
trols (25.5 kg/m2, p = 0.04); and cases reported more often having 
diabetes than controls (5.2 vs. 3.5%, p = 0.23, Table 1).

3.2   |   Association of Proteins With Each Other 
and With Potential Confounding Factors

Among controls PDGF.subunit.B, KIR3DL1, and MIC.A.B 
were negatively correlated with almost all other proteins of the 
immune-oncology panel, whereas more than 40 biomarkers, in-
cluding PD.L1, TNFRSF9, and CD5, showed moderate to high 
positive correlations with at least half of the other biomarkers 
(Figure S4). Hierarchical clustering did not reveal any prominent 
cluster but PDGF.subunit.B appeared to be the protein most con-
sistently and strongly correlated with almost all other proteins. 
Twenty biomarkers were weakly positively correlated with age 
at recruitment, while MUC.16 showed a weak negative correla-
tion of r = −0.14 (Figure  S5). Eight biomarkers showed a weak 
positive correlation with BMI (r = 0.10–0.23), while six biomark-
ers showed a weak negative correlation (r = −0.16 to r = −0.11) 
(Figure  S6). Twenty-three out of the 92 biomarkers were sig-
nificantly associated with sex and among these, the blood levels 
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of 19 biomarkers were higher in women than men (Figure S7). 
Twenty-five biomarkers were significantly associated with smok-
ing status and of these, eight biomarkers showed a progressive 
increase in levels from never to former and to current smokers, 
while IL12 levels were lower in current smokers compared to 
former or never smokers (Figure S8). Ten biomarkers were sig-
nificantly associated with alcohol consumption; however, none 
of them exhibited a consistent trend with higher alcohol intake 
(Figure  S9). Four biomarkers (ADGRG1, ANGPT2, CXCL1, 

CCL19) were significantly associated with diabetes, with higher 
levels observed in diabetic participants (Figure S10).

3.3   |   Individual Biomarkers and Risk 
of Pancreatic Cancer

In minimally, by matching factors only, adjusted conditional 
logistic regression models, higher levels of MMP12 (OR = 1.39 

TABLE 1    |    Baseline characteristics of pancreatic cancer cases and matched controls in the EPIC cohort.

Variables (median (IQR) or n (%)) Cases (n = 406) Controls (n = 406) p*

Age at recruitment, years 57 (52.2–60.9) 57 (52.2–61.0) Matched

Age at diagnosis, years 65 (60.2–69.7) —

Time from recruitment to PC diagnosis, years 8.6 (5.9–10.4) —

Sex Matched

Male 194 (48%) 194 (48%)

Female 212 (52%) 212 (52%)

Smoking status 0.005

Never smoker 148 (36%) 178 (44%)

Former smoker 124 (31%) 134 (33%)

Current smoker 134 (33%) 94 (23%)

Alcohol intake at recruitment, g/day 0.99

0 40 (10%) 42 (10%)

> 0–6 (men)/> 0–3 (women) 118 (29%) 120 (30%)

> 6–12 (men)/> 3–12 (women) 88 (22%) 85 (21%)

> 12–24 63 (15%) 66 (16%)

> 24 97 (24%) 93 (23%)

Physical activity index 0.95

Inactive 66 (16%) 63 (16%)

Moderately inactive 99 (24%) 107 (26%)

Moderately active 164 (40%) 160 (39%)

Active 28 (7%) 28 (7%)

Missing 49 (12%) 48 (12%)

Educational level 0.34

Nearly Illiterate/unknown 24 (6%) 27 (7%)

Primary school 152 (37%) 127 (31%)

Technical/professional school 103 (25%) 124 (31%)

Secondary school 52 (13%) 50 (12%)

Higher education (university degree or above) 75 (19%) 78 (19%)

BMI, kg/m2 25.9 (24–29) 25.5 (23–28) 0.04

Diabetes, self-reported 0.23

Yes 21 (5.2%) 14 (3.5%)

No 337 (83%) 348 (86%)

Unknown 48 (12%) 44 (11%)
Note: Controls were matched to cases by age at recruitment; sex; country; laboratory batch. Bold values indicated statistical significance (P < 0.05).
*Generalized McNemar's tests for categorical variables, Wilcoxon signed-rank tests for continuous variables.
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[95% CI: 1.13–1.70]) and LAMP3 (OR = 1.28 [1.04–1.57]) were 
associated with increased pancreatic cancer risk. In contrast, 
higher levels of IL12 (OR = 0.79 [0.65–0.95]), CD28 (OR = 0.77 
[0.60–0.99]), PD-L2 (OR = 0.67 [0.50–0.90]), FASLG (OR = 0.67 
[0.51–0.88]), and of PDCD1 (OR = 0.80 [0.64–1.00]) were 

associated with lower pancreatic cancer risk (Figure  1). After 
additional adjustments for smoking status, alcohol consump-
tion, self-reported diabetes and BMI, only MMP12 (OR = 1.29 
[1.04–1.60]) remained associated with increased pancreatic 
cancer risk, whereas significant inverse associations remained 

FIGURE 1    |    Forest plot of biomarkers association with pancreatic cancer risk, crude. Adjusted for matching factors (age at recruitment, sex, cen-
ter, laboratory batch). Both crude p values (P) and false discovery rate–adjusted p values (P_FDR) are reported.
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for IL12 (OR = 0.81 [0.66–0.99]), CD28 (OR = 0.74 [0.57–0.97]), 
PD-L2 (OR = 0.66 [0.49–0.89]), and IL6 (OR = 0.86 [0.75–100]) 
(Figure  2). Further analysis showed positive pairwise cor-
relations among all of these eight biomarkers, with Spearman 

correlation coefficients from r = 0.11 to r = 0.66 (Figure  S11). 
After correction for multiple testing, none of the proteins were 
significantly associated with pancreatic cancer risk in the multi-
variable adjusted model.

FIGURE 2    |    Forest plot of biomarkers associations with pancreatic cancer risk, adjusted. Adjusted for matching factors and smoking status, BMI, 
diabetes and alcohol at recruitment. Both crude p values (P) and false discovery rate–adjusted p values (P_FDR) are reported.
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Multivariable logistic regression models that included all 8 
biomarkers (MMP12, LAMP3, IL12, CD28, PD-L2, FASLG, 
PCDC1, and IL6), additionally adjusting for smoking status, al-
cohol consumption, self-reported diabetes, and BMI, showed a 
significant (p < 0.05) association of PDAC risk only for MMP12 
(OR = 1.56 [1.20–2.03]) and IL6 (OR = 0.84 [0.71–0.99]) (Table 2). 
By contrast, a LASSO regression approach for all 92 proteins 
showed significant associations for MMP12, CD28, FASLG, PD-
L2, and IL12, all of which were also selected in the initial single-
marker model analyses.

3.4   |   Subgroup Analysis by Lag-Time of Pancreatic 
Cancer Diagnosis

Analyses stratified by 4-year lag-time intervals between blood 
donation and PDAC diagnosis showed ORs with gradually 
smaller effects sizes for MMP12 and LAMP3 as lag-times became 
longer, and ORs < 1 within the last interval of > 12–16 years. The 
inverse associations for IL6 and CD28 gradually became stron-
ger with longer lag-times (i.e., drop even further). The effect 
estimates for CD28 and PDCD1 remain largely unchanged in 
this analysis. However, only for MMP12 was the OR statistically 
significant (p < 0.05), for the > 0–4 (OR = 1.89 [1.28–2.80]) and 
> 4–8-year (OR = 1.37 [1.01–1.86]) lag-time intervals (Figure 3).

4   |   Discussion

This study investigated the association between 92 proteins in-
volved in immune reactions and inflammation and pancreatic 
cancer risk within the EPIC cohort. In single-marker analyses, 
eight biomarkers showed significant or borderline significant 
associations with pancreatic cancer risk: MMP12 and LAMP3 
were associated with higher risks, whereas CD28, IL6, IL12, 
PD-L2, FASLG, and PDCD1 were associated with lower risks. 
When these eight biomarkers were mutually adjusted in one re-
gression model, a significant association remained for MMP12 
and IL-6. Subgroup analysis based on lag-time until pancreatic 

cancer diagnosis showed a higher risk of pancreatic cancer for 
high MMP12 levels, but only considering a lag-time of less than 
8 years between blood collection (time of marker analysis) and 
diagnosis.

Utilizing comparable Olink platforms, two studies in prospective 
cohorts investigated the associations of proteins with risk of inci-
dent pancreatic cancer. Using the same Olink immune-oncology 
panel, a study nested within the China Kadoorie Biobank (CKB, 
610 prospectively diagnosed pancreatic cancer cases plus a random 
sub-cohort of 623 study participants) showed increased risk associ-
ations of pancreatic cancer with MMP12 (1.74 [1.32–2.29]), in line 
with our observations. However, the associations in the CKB study 
were generally limited to risk of PDAC diagnosed within the first 
year of follow-up, potentially reflecting reverse causation and not 
aetiological associations as in our study. Contrasting observations, 
however, were IL6 (1.85 [1.33–2.04]), PDCD1 (1.21 [1.04–1.41]), 
and PD-L2 (1.43 [1.04–1.97]) being associated with higher pancre-
atic cancer risk in the CKB study, whereas we found a potential 
inverse association. Furthermore, the CKB study showed associ-
ations of several other proteins (e.g., ANGPT2, IL18, CD4, HGF) 
with PDAC risk that were not confirmed by our analyses. Potential 
explanations for the inconsistent results could be represented by 
differences in blood processing protocols, differences related to 
geographical region and ethnicity, slightly different median ages 
at cancer diagnosis (60 vs. 65 in our study), or diverging lag-times 
(< 1 year in CKB vs. up to 12 years in EPIC).

A recent investigation in the UK Biobank (UKB) project utiliz-
ing 44,645 participants and 4921 incident cancer cases (includ-
ing 106 pancreatic cancer cases) measured 1463 proteins using 
the Olink platform. Papier et al. [23] did not observe any signif-
icant associations with pancreatic cancer risk but MMP12 was 
associated with an increased risk of cancers of the colon, lung, 
and NHL (pancreas HR = 1.18 (0.95–1.45)). Discrepancy in re-
sults might be due to the extensive corrections for multiple test-
ing applied in the UKB given the almost 1500 proteins, limited 
number of pancreatic cancer cases (106 vs. 406 in our study), 
and slightly older age at diagnosis (70 vs. 65 years in our study). 
Partly deviating results of both cohorts from ours call for further 
prospective studies to validate either finding.

Besides the CKB and UKB studies, a limited number of case–
control and clinical studies have applied the Olink immune-
oncology target panel to describe expression levels in PDAC 
patients (stage I to IV), patients with chronic pancreatitis, and 
healthy individuals to identify potentially predictive, diagnos-
tic and/or prognostic biomarkers for pancreatic cancer [17–21]. 
For example, MMP12 levels were higher and PD-L2 lower in 701 
predominantly late-staged pancreatic cancer patients compared 
to 180 controls in a Danish case–control study [17], in line with 
risk directions in our study. Further, two small clinical studies 
reported higher MMP12 serum levels in PDAC patients (N = 25 
and 51) compared to healthy controls (N = 25 and 44) [29, 30]. 
The latter study by Kahlert et al. [30] also reported perfect dis-
criminatory capability of MMP12 for PDAC patients versus 
healthy control donors, with AUC = 1% and 100% sensitivity and 
specificity after correction for multiple testing. And in a clin-
ical study on 363 patients with advanced PDAC both MMP12 
and IL6 presented with higher levels in patients with shorter 
(< 90 days) compared to longer survival (> 2 years) [21].

TABLE 2    |    Associations of selected biomarkers with risk of 
pancreatic cancer, multivariable and mutually adjusted.

Variable OR 95% CI p

MMP12a (enzyme) 1.56 1.20–2.03 0.001

LAMP3 (membrane protein) 1.22 0.93–1.61 0.15

IL6 (interleukin) 0.84 0.71–0.99 0.05

PDCD1 (membrane protein) 1.02 0.71–1.44 0.93

IL12a (interleukin) 0.81 0.64–1.04 0.09

CD28a (receptor protein) 0.82 0.58–1.16 0.25

PD-L2a (membrane protein) 0.71 0.50–1.01 0.05

FASLGa (transmembrane 
protein)

0.78 0.56–1.09 0.15

Note: OR for a doubling in concentration. Controls matched to cases by age at 
recruitment, sex, center, laboratory batch. Multivariable adjusted by smoking 
status, alcohol consumption, self-reported diabetes, BMI and mutually for the 
eight biomarkers. Bold values indicated statistical significance (P < 0.05).
aValidated through LASSO.
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Evidently, MMP12 levels are elevated in pancreatic cancer pa-
tients, most likely as an immune response to the tumor. It ap-
pears, however, that higher MMP12 is potentially associated 

with higher pancreatic cancer risk in prospective studies, and 
that the associations are stronger when the measurements 
were made closer to PDAC diagnosis, and risk inverts with 

FIGURE 3    |    Associations of biomarkers with pancreatic cancer risk by lag time, multivariable adjusted. Adjusted for matching factors (age at re-
cruitment, sex, country, laboratory batch) and smoking status, BMI, diabetes and alcohol at recruitment.
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longer lead-times. Potentially, individuals with higher life-
long levels (in an attempt to reduce inflammatory response) 
may be less likely to develop the disease whereas high acute-
levels more recent to disease diagnosis could be indicative of 
an immune response to a subclinical disease. Thus, our re-
sults suggest that MMP12 could be involved in PDAC etiol-
ogy, and could be potentially useful as an early biomarker in 
pre-disease progression monitoring. In that sense, measuring 
MMP12 levels over the course of PDAC development would be 
extremely valuable.

MMP are associated with tumorigenesis and are key modulators 
of the TME [31]. MMP12, the protein that showed the most con-
sistent association in our study, is synthesized and released by 
tumor-stroma-associated cells such as macrophages (MCs) and 
can effectively degrade protein components of the ECM. It is 
also involved in angiogenesis and the regulation of various cyto-
kines (such as TNF-α and IL-1), growth factors, and cell surface 
ligands and receptors [32, 33]. The loss of ECM homeostasis and 
integrity is considered one of the hallmarks of cancer, evidently 
also for pancreatic cancer [33].

In addition to MMP12, a limited number of further proteins 
from the Olink immune-oncology panel were found to be asso-
ciated with the risk of pancreatic cancer in our study. However, 
their potential biological roles in tumorigenesis only partly ex-
plain our observations.

The expression of CD28 and PD-L2—proteins that showed a 
potential inverse association with PDAC risk, has been closely 
related to T cell-driven immune responses, thereby exerting 
either tumor suppressive (CD28) or tumor promoting (PD-L2) 
[34–38] effects. The anti-pancreatic tumor effect of CD28 has 
been widely studied in biological experiments and has become 
a popular topic in research on chimeric antigen receptor T cell 
(CAR-T) therapy for pancreatic cancer [39]. The immunosup-
pressive roles of PDCD1 and its ligand PD-L2 have been vali-
dated in numerous biological experiments [40] and have led 
to the development of related immunotherapies. Contrary to 
mechanistic studies and clinical evidence, PD-L2 was inversely 
associated with pancreatic cancer risk in our study, albeit not 
statistically significant in all our models.

IL6 and IL12 are two interleukins that showed an inverse asso-
ciation with PDAC risk. IL12 is primarily responsible for induc-
ing and enhancing immune responses, promoting cancer cell 
apoptosis, and inhibiting angiogenesis [41, 42]. IL6 stimulates 
tumor cell proliferation, survival, and angiogenesis by promot-
ing the secretion of growth, survival, and pro-angiogenic fac-
tors. It can also act on a wide range of immune cells, reducing 
immune responses while upregulating the activity of regulatory 
T cells, for example [43]. Okada and colleagues [44] found that 
IL6 expression increased significantly as pancreatic cancer pro-
gressed to late stages. Within the EPIC cohort, using another 
assay, we previously found a non-significant increased risk for 
PDAC risk with increasing IL6 levels [45], contradictory to our 
present findings, whereas no association between plasma IL6 
and risk of pancreatic cancer was found in a prospective study 
of five US cohorts [46]. However, obtained results are limited to 
few studies, laboratory methods deviate greatly, and compari-
sons of results should be treated with caution.

Our nested investigation within the prospective EPIC cohort 
has some potential limitations. For example, pancreatic can-
cer staging and grading at time of diagnosis is largely un-
known in EPIC, and therefore it was not possible to carry out 
subgroup analyses considering this. Further, results derived 
from proteins with a large proportion of measurements below 
the detection limit are less reliable and should be interpreted 
with caution, such as CD28 with 35% below LOD. Validation 
to counteract data overfitting was not possible in our study 
and needs to be addressed in future investigations. With a 
sample size of 406 case-sets and 92 potential biomarkers, as-
sociations with pancreatic cancer may have been overlooked 
whereas the associations observed might present chance find-
ings. However, results for MMP12 are robust across lag-time 
analyses and after adjustments for confounders and other pro-
teins of the investigated immune panel.

In conclusion, our prospective study identified particularly MMP12 
as being associated with pancreatic cancer risk. This association is 
more pronounced in short-to-median lag-times (up to 8 years) be-
tween measurement and cancer diagnosis, suggesting potential for 
MMP12 as a biomarker for early inflammatory perturbances re-
lated to pancreatic cancer development. Our results are not fully in 
agreement with two previous investigations and, therefore, further 
cohort studies are needed to confirm our findings.
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