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Background Inflammation and immune dysregulation are hypothesized contributors to endometrial carcinogenesis; 2024;108: 105341

however, the precise underlying mechanisms remain unclear. Published Online 14
September 2024
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Methods We measured pre-diagnostically 152 plasma protein biomarkers in 624 endometrial cancer case-control 101p6/jAebiomAgzoz 4

pairs nested within the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort. Odds ratios 15347
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(ORs) were estimated using conditional logistic regression, accounting for confounding and multiple comparisons.
Proteins considered as associated with endometrial cancer risk were further tested in a two-sample Mendelian
randomization (MR) analysis using summary data from the UK Biobank (n = 52,363) and the Endometrial Cancer
Association Consortium (12,270 cases and 46,126 controls).

Findings In the EPIC nested case-control study, IL-6 [OR per NPX (doubling of concentration) = 1.28 (95% confidence
interval (CI) 1.03-1.57)], HGF [1.48 (1.06-2.07)], PIK3AP1 [1.22 (1.00-1.50)] and CLEC4G [1.52 (1.00-2.32)] were
positively associated; HSD11B1 [0.67 (0.49-0.91)], SCF [0.68 (0.49-0.94)], and CCL25 [0.80 (0.65-0.99)] were
inversely associated with endometrial cancer risk; all estimates had multiple comparisons adjusted P-value > 0.05.
In complementary MR analysis, IL-6 [OR per inverse-rank normalized NPX = 1.19 (95% CI 1.04-1.36)] and
HSD11B1 [0.91 (0.84-0.99)] were associated with endometrial cancer risk.

Interpretation Altered IL-6 signalling and reduced glucocorticoid activity via HSD11B1 might play important roles in
endometrial carcinogenesis.

Funding Funding for IIG_FULL_2021_008 was obtained from Wereld Kanker Onderzoek Fonds (WKOF), as part of
the World Cancer Research Fund International grant programme; Funding for INCA_15849 was obtained from
Institut National du Cancer (INCa).

Copyright © 2024 World Health Organization; licensee Elsevier B.V. This is an open access article under the CC BY-

NC-ND IGO license (http://creativecommons.org/licenses/by-nc-nd/3.0/igo/).
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Research in context

Evidence before this study

Previous studies have associated several circulating
inflammatory biomarkers with endometrial cancer risk. These
studies have smaller sample sizes and have focused on smaller
sets of inflammatory markers. The precise underlying
mechanisms linking inflammation, immune response, and
endometrial cancer remain unclear.

Added value of this study

In a large (n = 624 cases) nested case-control study, we
investigated the association between 152 circulating
inflammatory and immune response protein biomarkers and
the risk of endometrial cancer. We complemented our study

Introduction

The incidence of endometrial cancer has been rising
over the past few decades, prompting a comprehensive
exploration of its underlying drivers." While gene mu-
tations are essential for carcinogenesis, histological
studies have revealed cancer-driver mutations are pre-
sent in abundance even in normal endometrial tis-
sues.”’ This observation suggests additional factors are
critical in promoting the proliferation of dormant
mutated cells and initiating endometrial carcinogen-
esis. One such potential contributor to cancer devel-
opment is inflammation and immune dysregulation.
While emerging immunotherapies highlight the po-
tential of modulating immune responses against cancer
cells, immune dysregulation and inflammation could
predispose to cancer development in normal tissues.*’

with Mendelian randomization analyses in non-overlapping
study samples. We found that IL-6 was positively associated;
and HSD11B1 was inversely associated with endometrial
cancer risk in both nested case-control and Mendelian
randomization analyses.

Implications of all the available evidence

Altered IL-6 signalling and reduced glucocorticoid activity via
HSD11B1 may be involved in endometrial cancer
development. These findings provide insight into the
potential underlying biological mechanisms linking
inflammation and altered immune response and endometrial
cancer.

At least one-third of global endometrial cancer cases
can be attributed to obesity, a condition characterized by
chronic low-grade inflammation.® Inflammation also
contributes to endometrial hyperplasia induced by
excess oestrogens, a major cause of type I endometrioid
cancer.’

Proteins are the major effectors of biological pro-
cesses, making them desirable biomarkers to study can-
cer aetiology and targets for therapeutic interventions.®
Previous studies, including analyses from the European
Prospective Investigation into Cancer and Nutrition
(EPIC) cohort, have associated several Ccirculating
inflammation and immune response biomarkers
measured pre-diagnostically with endometrial cancer
risk, such as interleukin (IL)-6, tumour necrosis factor
(TNF)-a, C-reactive protein (CRP), C-C motif chemokines
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3 (CCL3), and C-X-C motif chemokines 3 (CXCL3).>"
However, findings were largely not reproduced among
the studies.”’” The challenge in unravelling specific
inflammation and immune response pathways involved
in endometrial carcinogenesis persists, with the large
number of cytokines to examine and the relatively small
sample sizes (<305 cases) available to date. Using
multiplex protein panels, we aimed to extend the inves-
tigation for plasma inflammation and immune response
biomarkers and their association with endometrial cancer
risk in a large case-control study nested within the EPIC
cohort. We complemented our investigations with pro-
teogenomic Mendelian randomization (MR) analyses,
leveraging the UK Biobank Pharma Proteomics Project
(UKB-PPP) that has mapped protein quantitative trait loci
(pPQTL) to identify the associations between genetic
variants and plasma protein levels.”

Methods

Methods for nested case-control study

Ethics

The study was approved by the ethics committee of the
International Agency for Research on Cancer and all
other centres (IEC 22-01). All participants provided
written informed consent to participate.

Study population

The EPIC cohort comprises 519,978 participants
(366,521 women) recruited from multiple centres across
ten European countries.” Information on lifestyle, diet,
medical and reproductive history, anthropometric mea-
surements, and a blood sample were collected at
recruitment, between 1992 and 2000.

Eligible participants for this study included women
who provided a blood sample and had no cancer diag-
nosis (except non-melanoma skin cancer) at recruit-
ment. Women who had hysterectomy or reported use of
oral contraceptives or hormonal replacement therapy at
blood collection were excluded. Women from Denmark,
Sweden, Norway, and Greece were not included in the
current analysis due to lack of available data.

Incident endometrial cancer cases were ascertained
through record linkage with cancer registries or active
follow-up. Women diagnosed with first primary epithe-
lial invasive endometrial cancer were selected as cases.
This included International Classification of Diseases
for Oncology, 3rd Edition (ICD-O-3), codes 8380, 8560,
8570, 8140, 8210, 8480, 8481, 8070, 8310, 8323, 8441,
8460, 8000, 8010, 8020, 8260, 8950, 8980. End of follow-
up was defined as the latest date of ascertainment for
both cancer incidence and vital status, ranging from
June 2008 to December 2012. The median follow-up
time of eligible participants was 14.9 years (5th-95th
percentiles: 5.1-18.6 years). For each endometrial can-
cer case, one control was randomly selected using inci-
dence density sampling. Controls were matched on
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factors at blood collection, including centre, age (+6
months), menopausal status (premenopausal, peri-
menopausal, or postmenopausal), fasting status (<3 h,
3-6 h, or >6 h), and time of the day (+1 h). A total of 624
cases and 624 controls were included in the analysis. Of
these, 176 cases and 172 controls were included in
previous EPIC studies.”'°

Laboratory measurements

We used the Olink Target 96 Inflammation and Target
96 Immune Response panels (Olink Bioscience AB,
Uppsala, Sweden). Each panel included 92 proteins,
totalling 184 proteins, with 4 proteins (IL-5, IL-6, IL-10,
and CCL-11) assayed in both panels (Supplementary
Table S1). Briefly, the assay uses pairs of antibodies
labelled with DNA oligonucleotides to bind to their
respective proteins in plasma samples. The binding
brings antibodies into proximity, leading to hybridiza-
tion of their oligonucleotides. The resulting double-
stranded DNA is then amplified and quantified using
quantitative real-time polymerase chain reaction
(qPCR). An intensity normalization method was used to
correct for plate variations. Each plate contained a ran-
domized set of case-control pairs and plate-specific
median values were centralized to the overall median
value across all plates. Assay results were reported in
Normalised Protein eXpression (NPX), a relative mea-
sure where one NPX unit represents a doubling of
protein concentration. For each protein assay, mea-
surements below its limit of detection (LOD) were
flagged by the laboratory, and proteins with >75%
measurements below LOD were excluded from the
analysis. Measurements below LOD may still be bio-
logically plausible but might not be linearly related to
the reported NPX unit.

As part of sensitivity analyses, we further measured
serum C-peptide, oestradiol, and oestrone. Serum C-
peptide was measured in two phases: samples for 190
case-control pairs were previously measured in 2007
using an immunoradiometric assay by Immunotech
(Marseille, France) and samples for 434 case-control
pairs were measured in 2019 using an ELISA assay by
Mercodia (Uppsala, Sweden). Oestrone and oestradiol
were measured in 2024 using a platform consisting of
an ultra-high-performance liquid chromatograph (Agi-
lent 1290, Agilent, Santa Clara, CA) and a QTRAP 5500
mass spectrometer (SCIEX, Framingham, MA).

Statistical analyses

Baseline characteristics of cases and controls were
described using mean and standard deviation (SD) or
frequencies. The association between protein bio-
markers and endometrial cancer risk was estimated
using conditional logistic regression and reported as
odds ratios (ORs) and corresponding 95% confidence
intervals (CIs) per NPX (i.e., per doubling of protein
concentration). To test for linearity, we modelled the
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association between plasma proteins and endometrial
cancer risk using restricted cubic splines with five knots
and Harrell’s recommended percentiles for knot loca-
tions.”” A Wald test P-value < 0.05 for the restricted
cubic spline terms were considered departure from
linearity. Proteins with 50-75% samples below LOD
were analysed as categorical variables (top 50% above
LOD vs below LOD). We used the false discovery rate
(FDR) method to account for multiple comparisons,
which was estimated using a step-up procedure ac-
counting for correlation between protein biomarkers
tested.”* We reported the adjusted P-value (Q-value)
along with the raw P-value.

Potential confounders were identified a priori from a
causal diagram (Supplementary Figure S1) and included
in the regression model as covariates. A fully adjusted
model was used as the primary analysis, which included
body mass index (BMI: <25 kg/m? 25-<30 kg/m?’,
>30 kg/m?), physical activity (Cambridge index: inac-
tive, moderately inactive, moderately active, active),
smoking status at baseline (never, former, current), age
at menarche (years), parous (yes, no), ever use of oral
contraceptives (yes, no), and ever use of hormone
replacement therapy (yes, no) as covariates. In addition,
we reported estimates from 1) a univariable model
conditional on matching variables only; 2) a minimally
adjusted model without BMI, given the very strong as-
sociation between BMI and endometrial cancer risk; 3) a
fully adjusted model that further adjusted for C-peptide,
given elevated insulin could either precede or mediate
the effect of inflammation or immune response pro-
teins.'”” Participants with missing data for covariates
were assigned with the median or mode value. Missing
values for each variable were less than 5% of the sample.

Complementary and sensitivity analyses
We further performed the following sensitivity analyses:
1) analysis excluding cases diagnosed within two years
of blood collection, to examine potential bias due to
reverse causation; 2) analysis restricted to endometrioid
(type I) cancer cases (morphology codes 8140/3, 8210/3,
8380/3, 8480/3, 8481/3, 8560/3, 8570/3); 3) analysis
restricted to post-menopausal women at recruitment; 4)
analysis further adjusting for oestradiol and oestrone
level in post-menopausal women at recruitment, given
oestrogen’s direct link with endometrial cancer risk in
the absence of progesterone'; and 5) analysis replacing
BMI with waist circumference, which might adjust for
some aspect of central adiposity not captured by BMI.
All sensitivity analyses used the same fully adjusted
model as the primary analysis. In addition, we examined
potential effect modification by BMI (>25 kg/m?
vs <25 kg/m?), using likelihood ratio test to compare
regression models with and without an interaction term
between each plasma protein and BMI.

The main analysis was complemented with regres-
sion using clusters of correlated proteins, constructed

using hierarchical clustering.® A cluster was repre-
sented by the first principal component derived from the
proteins composing the cluster, and the squared Pear-
son correlation between each protein and the principal
component was calculated. The dendrogram tree was
cut at height 0.8, which gave an average Pearson cor-
relation of +0.82. We estimated the association between
each protein cluster and endometrial cancer risk using
the same primary regression model in the main anal-
ysis. We then performed L1-norm penalized (LASSO)
logistic regression with 5-fold cross validation to select
clusters associated with risk of endometrial cancer,
while mutually adjusting for all other clusters. Matching
and confounding variables were pre-specified (i.e.,
unpenalized) as covariates included in the model. The
LASSO regression was applied on 1000 bootstrap sam-
ples, with each obtained by randomly sampling 624
matched case-control pairs with replacement from the
original sample.”” The proportion of bootstrap iterations
for which the LASSO produces a non-null coefficient
was used as a measure of our level of confidence for a
protein cluster’s association with endometrial cancer
risk.

Analyses for nested case-control study was per-
formed using Stata Statistical Software (Release 17), R
version 4.1.2, and the following R packages: ClustOfVar
(version 1.1) and dendextend (version 1.17.1).

Methods for Mendelian randomization analyses
For proteins that were associated with endometrial
cancer risk in the nested case-control study and had
available genome-wide association study (GWAS) data,
we performed a two-sample MR analysis. Genetic vari-
ants associated with proteins were identified from the
UKB-PPP GWAS summary data (n = 52,363 individuals,
95% European ancestries).”” We selected variants within
the gene region encoding each protein (cis variants). To
increase statistical power, linkage disequilibrium
clumping was performed with r* < 0.01 and P <5 x 107
to select instrumental variables.”” For proteins with no
cis variants that reached the P < 5 x 107® threshold, we
selected trans variants by clumping with a r* < 0.001
threshold. Instrumental variables for each protein were
then extracted from the Endometrial Cancer Association
Consortium (ECAC) GWAS summary data excluding
UK Biobank participants (12,270 cases and 46,126 con-
trols of European ancestry).”’ We used either inverse
variance weighted (IVW) models for proteins instru-
mented with >2 variants or the Wald ratio for proteins
instrumented with one variant to estimate the associa-
tion between protein biomarkers and endometrial can-
cer risk.

A further two-sample cis-MR analysis was performed
for IL-6 receptor (IL-6R), as extensive literature has
demonstrated it is a suitable functional proxy for IL-6
signalling.” IL-6R was not included in the proteomic
panels used in the nested case-control study. We
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conducted a separate analysis for the missense IL6R
variant Asp358Ala (rs2228145), which is known to in-
crease conversion of the membrane-bound IL-6R to its
soluble form through proteolytic cleavage, thereby
decreasing classical signalling and potentially increasing
trans-signalling of IL-6.*

As per previous IL-6R MR analyses,”” we addition-
ally performed 1) MR using IL6R variants weighted by
their effect on CRP to proxy the downstream effect of
IL-6 signalling and 2) MR using CRP variants to
examine whether CRP might causally affect endometrial
cancer risk. CRP-weighted IL6R and CRP variants were
obtained from a meta-analysis of GWAS for CRP,
including Cohorts for Heart and Aging Research in
Genomic Epidemiology (CHARGE) Consortium and
UK Biobank (n = 575,531 of European ancestries).”
Coefficients for CRP-weighted ILG6R variants were ob-
tained from the IL6R gene region in the CRP GWAS
summary data, which corresponds to IL-6R’s effect on
CRP.

The unit for estimates obtained from the MR ana-
lyses are not comparable with those used in our nested
case-control study, as GWAS summary data were re-
ported in different units. Estimates obtained using the
UKB-PPP GWAS data for plasma proteins correspond
to ORs for endometrial cancer risk per inverse-rank
normalized NPX increase in plasma protein. Estimates
obtained using the CHARGE + UK Biobank meta-
analysed GWAS data for CRP were inverted to repre-
sent ORs for endometrial cancer by decreased natural
log-transformed CRP (i.e., an increase in plasma IL-6R).
Given the differences in units, we interpreted only the
direction and not the magnitude of ORs presented from
MR analyses.

Colocalization and sensitivity analyses

For proteins instrumented using cis variants, we per-
formed colocalization to assess the validity of the
assumption that the two traits (plasma protein level and
endometrial cancer risk) were affected by the same
causal variant.”” We first extracted a +500 kb window
around the sentinel cis variant identified by UKB-PPP
GWAS." The same region was then extracted from the
ECAC GWAS data.”" The linkage disequilibrium matrix
was generated using the 1000 genomes reference panel
(phase 3). Colocalization was performed using the sin-
gle causal variant approach, with priors set at
pl=1x10"% p2=1x107% and p12 = 5 x 107°.*

For proteins instrumented using trans variants, we
performed sensitivity analysis using weighted-median,
weighted-mode, MR-Egger, and MR-CAUSE. The MR-
CAUSE method accounts for not only uncorrelated but
also correlated horizontal pleiotropic effects that might
be more prevalent for inflammatory biomarkers.’' It
compares a ‘sharing model’ that allows for horizontal
pleiotropic effects but not causal effects and a ‘causal
model’. A negative expected log pointwise posterior
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density (ELPD) score and a one-sided P-value < 0.05 are
supportive of a causal effect. The nuisance parameters
were calculated using a random subset of 1,000,000
variants. We further performed 1) the Steiger test to
examine causal direction between trans variants instru-
mented protein levels and endometrial cancer risk**; and
2) the leave-one-out analysis to examine whether
observed associations were driven by specific variants.

MR analyses and colocalization were performed us-
ing R version 4.1.2 and the following R packages:
ieugwasr (version 0.1.5), MendelianRandomization
(version 0.9.0), TwoSampleMR (version 0.5.8), coloc
(version 5.2.0), and cause (version 1.2.0).

Role of funders

The funders of the study played no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results
Nested case-control study
The distribution of demographic, reproductive, lifestyle,
and clinical covariates among cases and matched con-
trols are presented in Table 1. Cases and controls were
on average 54 years old at blood collection. For cases,
average age at diagnosis was 62.9 years. Of the 624
cases, 558 (89%) were type I endometrioid cancers and
66 (11%) were type II non-endometrioid cancers. Of the
184 protein assays, 29 had >75% samples below LOD
and were excluded from the analysis. A total of 155
protein assays were included in the analysis, including
three proteins (IL-6, IL-10, and CCL-11) assayed in both
Target 96 Inflammation and Target 96 Immune
Response panels (i.e., 152 unique proteins). There was
high correlation (r >0.89) for the measurements of
proteins assayed in both panels. Pearson correlation of
proteins, both between and within the two assay panels,
is presented as heat maps in Supplementary Fig. S2a—c.
Of the 155 protein biomarkers included in the
analysis, 1) 30 from the univariable model; 2) 34 from
the minimally adjusted model; 3) eight from the fully
adjusted model including BMI; and 4) seven from the
fully adjusted model including BMI and C-peptide were
associated with endometrial cancer risk with a raw P-
value < 0.05. After accounting for multiple comparisons,
1) 10 from the univariable model; and 2) eight from the
minimally adjusted model were associated with endo-
metrial cancer risk with a Q-value < 0.05. No protein was
associated with endometrial cancer risk with a Q-value <
0.05 in the fully adjusted models. We thus considered
MR analysis for proteins that were either 1) associated
with endometrial cancer risk with a Q-value <0.05 in the
univariable or minimally adjusted models or 2) associ-
ated with cancer risk with raw P-value < 0.05 in the fully
adjusted models in the nested case-control study
(Fig. 1). Results from the primary analysis and all
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N Cases (N = 624) Controls (N = 624)
Age at blood collection (years)* 1248 54.5 (8.0) 54.4 (8.0)
Age at diagnosis (years) 624 62.9 (8.3) -
Time between blood collection and diagnosis (years) 624 8.5 (4.6) -
Fasting status” 1239
0-3h 254 (41.0%) 251 (40.5%)
>3-6 h 6 (15.5%) 99 (16.0%)
>6 h 269 (43.5%) 270 (43.5%)
Age at menarche (years) 1248 12.7 (1.5) 13.1 (1.6)
Parous 1248 522 (83.7) 547 (87.7)
Age at first full-term pregnancy (years)” 1057 25 1 (4.0) 25.3 (4.2)
Number of full-term pregnancies” 1021 3 (1.0) 2.4 (1.2)
Ever use of oral contraceptives 1248 243 (38 9%) 285 (45.7%)
Menopausal status at blood collection” 1248
Premenopausal 196 (31.4%) 196 (31.4%)
Postmenopausal 337 (54.0%) 337 (54.0%)
Perimenopausal 1 (14.6%) 91 (14.6%)
Age at menopause (years)” 624 51 0 (4.1) 49.6 (4.2)
Ever use of hormone replacement therapyd 669 4 (16.2%) 45 (13.4%)
Smoking status 1245
Never 417 (67.0%) 383 (61.5%)
Former 123 (19.8%) 128 (20.5%)
Current 82 (13.2%) 112 (18.0%)
Cambridge physical activity index 1237
Inactive 195 (31.6%) 178 (28.7%)
Moderately inactive 214 (34.7%) 239 (38.5%)
Moderately active 113 (1843%) 118 (19.0%)
Active 5 (15.4%) 85 (13.7%)
Alcohol at recruitment (g/day) 1248
Non-drinker 155 (24.8%) 160 (25.6%)
>0-3 207 (33.2%) 187 (30.0%)
>3-12 149 (23.9%) 150 (24.0%)
>12 113 (18.1%) 127 (20.4%)
Educational level 1211
Primary/no schooling 295 (49.1%) 321 (52.6%)
Technical/professional/secondary 3 (35.4%) 194 (31.8%)
Longer education 3 (15.5%) 95 (15.6%)
Height (cm) 1248 160 1(6.7) 160.0 (6.8)
Weight (kg) 1248 723 (13.8) 66.6 (10.8)
Body Mass Index (kg/m?) 1248 283 (5.5) 26.0 (4.3)
Body mass index (WHO categories) 1248
Underweight (<18.5 kg/m?) 1(0.2%) 7 (1.1%)
Normal weight (18.5-24.9 kg/m?) 196 (31.4%) 283 (45.4%)
Overweight (25-29.9 kg/m?) 225 (36.1%) 236 (37.8%)
Obese (>30 kg/m?) 202 (32.4%) 98 (15.7%)
Waist circumference (cm) 1248 86.5 (12.5) 82.1 (10.9)
Waist circumference (WHO categories) 1248
<80 cm 216 (34.6%) 311 (49.8%)
>80 cm-88 cm 162 (26.0%) 160 (25.6%)
>88 cm 246 (39.4%) 153 (24.5%)
Hip circumference (cm) 1248 106.4 (11.0) 101.9 (8.8)
Waist/Hip Ratio 1248 8 (0.1) 0.8 (0.1)
Serum C-peptide (ng/ml) 1231 2 (1.5) 19 (1.3)
Prevalent diabetes 1111 5 (4.5%) 21 (3.8%)
Matching factor. ®Among parous women. “Perimenopausal defined as 9 or less periods during the year before recruitment. “Among postmenopausal women.
Table 1: Baseline characteristics of endometrial cancer cases and matched controls, means (standard deviations) or number (percentages).
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Fig. 1: The association between plasma protein levels and endometrial cancer risk in nested case-control study, estimated from (a) univariable
regression, plotted against Q-values; (b) minimally adjusted model*, plotted against Q-values; (c) fully adjusted model?, plotted against P-values;
(d) fully adjusted model® plus C-peptide, plotted against P-values. *Minimally adjusted model included physical activity, smoking status, age at
menarche, parity, ever use of oral contraceptives, and ever use of hormone replacement therapy as covariates; matching factors (i.e., study
centre, age, menopausal status, fasting status, and time of blood collection) were accounted using conditional logistic regression. Fully
adjusted model included all variables from minimally adjusted model plus BMI.

sensitivity analyses are available in Supplementary
Tables S2 and S3.

In the primary analysis using a fully adjusted model,
IL-6 [odds ratios (OR) per NPX (doubling of concentra-
tion) = 1.28 (95% confidence intervals (CI) 1.03-1.57)],
HGF [1.48 (1.06-2.07)], PIK3AP1 [1.22 (1.00-1.50)] and
CLEC4G [1.52 (1.00-2.32)] were positively associated
with endometrial cancer risk, and HSD11B1 [0.67
(0.49-0.91)], SCF [0.68 (0.49-0.94)], and CCL25 [0.80
(0.65-0.99)] were inversely associated with risk, all es-
timates had Q-value > 0.05. We reported here estimates
for IL-6 measured in the Inflammation panel, as it has
less measurements below the LOD than the one in the
Immune Response panel (8% vs. 12%). There was no
evidence for departure from linearity for all plasma
proteins analysed as continuous variables. There were
13 proteins with 50-75% samples below LOD and were
analysed as categorical variables (Supplementary
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Table S3). One protein, FGF5, was inversely associated
with endometrial cancer risk [top 50th percentile above
LOD vs below LOD, OR = 0.69 (95% CI 0.49-0.98)].
Estimates from the sensitivity analysis excluding
cases diagnosed within two years from baseline were
comparable with those from primary analysis and did
not suggest reverse causation. When the analysis was
restricted to type I endometrioid cancers and their
matched controls (n = 558 case-control pairs), the as-
sociation with endometrial cancer was slightly stronger
for HGF [OR = 1.57 (95% CI 1.08-2.28)] and PIK3AP1
[1.33 (1.07-1.65)] and slightly weaker for HSD11B1
[0.71 (0.52-0.98)]. When the analysis was restricted to
post-menopausal women (n = 337 case-control pairs),
estimates were stronger for HSD11B1 [0.47 (0.30-0.74)]
and SCF [0.49 (0.31-0.78)] and estimates were attenu-
ated for HGF [1.29 (0.84-1.97)], IL-6 [1.15 (0.90-1.48)),
and PIK3AP1 [0.94 (0.71-1.25)]. In postmenopausal
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women, further adjusting for oestradiol level at blood
collection did not change the results, whereas further
adjusting for oestrone level led to further attenuation in
the estimates for HGF [1.23 (0.79-1.91)], IL-6 [1.10
(0.85-1.41)], and PIK3AP1 [0.90 (0.67-1.21)]. In the
analysis that replaced BMI with waist circumference,
results were similar to the primary analysis with slightly
stronger associations. There was strong correlation be-
tween BMI and waist circumference (r = 0.87).

Results for analysis that explored potential effect
modification by BMI are presented in Supplementary
Table S4. Tests for interaction suggested possible ef-
fect modification by BMI (P interaction <0.05) for four
proteins, for which the inverse association with endo-
metrial cancer might be restricted to women with BMI
>25 kg/m?% HSD11B1 [OR = 0.46 (95% CI 0.32-0.67)]
and CCL25 [0.60 (0.46-0.79)] were inversely associated
with risk with Q-value < 0.05; and IL-10 [0.78
(0.61-0.99)] and CCL28 [0.55 (0.34-0.87)] with P-value <
0.05. In women with BMI <25 kg/m?, there was limited
evidence that HSD11B1 [1.01 (0.61-1.67)], CCL25 [1.15
(0.84-1.58)], IL-10 [1.21 (0.90-1.63)], and CCL28 [1.11
(0.64-1.91)] were associated with cancer risk.

We derived 44 clusters, including 31 clusters of
correlated proteins with size ranging from 2 to 30 pro-
teins, and 13 individual proteins (Fig. 2a). When
examined individually, Cluster 3 [OR = 1.13 (95% CI
1.00-1.27)], Cluster 17 [0.89 (0.80-0.99)], and Cluster 27
[0.86 (0.76-0.97] were associated with endometrial can-
cer risk at P-value < 0.05. When examined using boot-
strap LASSO regression, Cluster 3, Cluster 17, and
Cluster 27 were associated with endometrial cancer risk
in 91.1%, 90.4%, and 89.3% of the 1000 bootstrap iter-
ations respectively (Fig. 2b).

Mendelian randomization analysis

Of the 11 proteins considered as associated with endo-
metrial cancer risk in the observational analysis in EPIC
(Fig. 1), two (SCF and HNMT) were not measured in the
UKB-PPP GWAS; two (IL-6 and HSD11B1) did not have
cis variants reaching the P < 5 x 107® threshold and were
analysed using trans variants. Genetically instrumented
IL-6 [OR = 1.19 (CI 1.04-1.36) by increase in inverse-
rank normalized plasma protein NPX] was positively
associated with endometrial cancer risk and HSD11B1
[0.91 (0.84-0.99)] was inversely associated with risk
(Fig. 3, Supplementary Table S6). Genetically instru-
mented HGF, DNER, CCL25, MASP1, CLECA4G,
LILRB4, and PIK3AP1 were not associated with endo-
metrial cancer risk with most estimates close to the null
value.

There was a suggestive positive association for IL-6R
with endometrial cancer risk in both analysis using
selected cis variants [OR = 1.02 (95% CI 0.99-1.06) per
increase in inverse-rank normalized plasma protein
NPX] and using the missense variant rs2228145 [1.03
(1.00-1.06)]. When IL-6R variants were weighted by

their effect on CRP, the point estimates suggested a
positive association with endometrial cancer risk, but
estimates were imprecise [cis variants: OR = 1.30 (95%
CI 0.91-1.85); missense variant 1s2228145: 1.38
(0.99-1.92) by decrease in natural log-transformed
CRP]. An instrument using cis CRP variants was not
associated with endometrial cancer risk [OR = 1.07 (95%
CI 0.89-1.29) by decrease in natural log-transformed
CRP).

For all proteins instrumented using cis variants,
there was no evidence for colocalization [i.e., the prob-
ability that the association with both plasma protein and
endometrial cancer risk was at a shared causal variant
(h4) <0.8 (Supplementary Table S7)].

For proteins instrumented using trans variants (IL6
and HSD11B1), direction of estimates from sensitivity
analyses (weighted-median, weighted-mode, MR-Egger,
and MR-CAUSE) were consistent with primary analysis
(IVW method; Supplementary Table S8). In MR-CAUSE
analysis, the ELPD score was negative but there was
limited evidence to support the causal model over the
sharing model for both IL-6 (P-value = 0.20) and
HSD11B1 (P-value = 0.34). The leave-one-out analysis
suggests that observed association for IL-6 and HSD11B1
were not driven by specific variants (Supplementary
Figure S3). Scatter plots of results comparing MR-Egger
with other methods did not suggest directional pleio-
tropic effects (Supplementary Figure S4). Results from
Steiger test suggest genetically instrumented protein
levels affecting endometrial cancer risk was the more
likely causal direction (Supplementary Table S9).

Discussion

We explored the associations between 152 inflammation
and immune response biomarkers and risk of endo-
metrial cancer in 624 case-control pairs nested within
the EPIC cohort. This study included the largest num-
ber of pre-diagnostic plasma protein biomarkers and
double the number of endometrial cancer cases
compared with previous studies.”'” Results from pri-
mary analysis suggested plasma IL-6, PIK3AP1 and
CLEC4G might be positively associated with endome-
trial cancer risk, and HSD11B1, SCF, and CCL25 might
be inversely associated with risk. In complementary MR
analyses, IL-6 was positively associated with endometrial
cancer risk, and HSD11B1 was inversely associated with
risk, consistent with findings from the nested case-
control analysis. Results from MR analysis for IL-6R
suggest a positive association with endometrial cancer
risk.

The complementary nested case-control and MR
analyses in large non-overlapping study samples
improved causal inference and triangulation of evidence
for protein biomarkers and their association with
endometrial cancer risk. Both observational and MR
analyses were performed in study populations of
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Fig. 2: (a) Composition of the 44 protein clusters, including 31 clusters of correlated proteins and 13 individual proteins. The heat map
represents the Pearson correlation between each cluster centre (i.e., the 1st principal component) and their respective proteins; (b) Odds ratio
(OR) and 95% confidence interval (Cl) for the association between each cluster and endometrial cancer risk, estimated from the primary analysis
model including body mass index, physical activity, smoking status, age at menarche, parity, ever use of oral contraceptives, and ever use of
hormone replacement therapy as covariates. Clusters are ranked by the proportion out of 1000 bootstrap samples that were selected by LASSO

regression.

predominantly European ancestries, the applicability of
our findings in other ethnicities thus requires further
investigation. The prospective data from the nested case-
control study allowed us to establish temporality be-
tween biomarker measurements and endometrial can-
cer incidences, minimizing the risk of reverse causation
in observed associations. We considered potential con-
founding by reproductive and lifestyle factors, adiposity,
serum C-peptide, oestradiol (post-menopausal), and
oestrone (postmenopausal) levels. However, residual
confounding cannot be ruled out. The MR analysis le-
verages on the random allocation of genetic variants to
reduce risk of reverse causation and confounding by
factors that may not be accounted for in the traditional
observational study.’* There are several limitations to the
MR analyses. Sex-specific GWAS for protein biomarkers
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were not available, although emerging evidence sug-
gests the genetic regulation of plasma proteome is
largely similar between sexes.** IL-6 and HSD11B1 were
associated with endometrial cancer risk using trans
variants as instruments, as both proteins had no cis
variants associated with at P < 5 x 1075, We thus per-
formed additional analyses to examine the robustness of
these findings. The Steiger test results suggest the
observed associations were unlikely due to reverse
causation. Results from MR-Egger regression did not
indicate directional pleiotropy. However, there was
limited evidence for causal effects in the MR-CAUSE
analysis. Both MR-Egger and MR-CAUSE may be
under-powered to detect horizontal pleiotropy in our
study. We therefore cannot rule out that the associations
observed for IL-6 and HSD11B1 were driven by other
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Plasma Protein OR (95% CI)'

IL6? 1.19 (1.04-1.36)
DNER 1.02 (0.93-1.12)
CCL25 1.02 (0.97-1.07)
MASP1 0.98 (0.84-1.14)
LILRB4 0.97 (0.86-1.10)
CLEC4G 0.96 (0.80-1.14)
PIK3AP1 0.93 (0.81-1.05)
HSD11B1? 0.91 (0.84-0.99)
HGF 0.89 (0.65-1.21)
IL-6R 1.02 (0.99-1.06)

IL-6R (rs2228145) 1.03 (1.00-1.06)

CRP-weighted IL-6R® 1.30 (0.91-1.85)

CRP-weighted IL-6R (rs2228145)°  1.38 (0.99-1.92)

i—

1
OR (95% CI)

Fig. 3: The association between genetically instrumented plasma protein levels and endometrial cancer risk in Mendelian randomization an-
alyses. "The OR (95% Cl) estimated from MR analyses are not comparable with those estimated from the nested case-control study, as the units
used for the GWAS are different. The UKB-PPP GWAS for plasma proteins were measured in inverse-rank normalized NPX. The CHARGE + UK
Biobank GWAS for CRP was measured in natural log-transformed CRP. 2No cis variant for IL-6 and HSD11B1 reached the P < 5 x 108 threshold.
These estimates were obtained using trans variants selected using linkage disequilibrium clumping at r < 0.001. 3CRP-weighted IL6R results were
obtained using GWAS data for CRP (CHARGE + UKB). The estimates have been inverted to correspond to endometrial cancer risk for decrease in

CRP, a proxy measure for increase in plasma IL-6R.

traits associated with the trans variants used to instru-
ment these proteins. We complemented the MR anal-
ysis for IL-6 with IL-6R, which was not assayed in our
case-control study but has been extensively studied in
the MR literature. Previous MR studies have demon-
strated that downregulation of IL-6 classical signalling
modelled by IL-6R variants were associated with lower
coronary heart disease’””* and reduced progression to
critically-ill*** leading to subsequent clinical trials with
IL-6 receptor antagonists. However, we were not able to
corroborate MR findings with colocalization.

The exploratory nature of our nested case-control
study limited our certainty in drawing causal conclu-
sions from observed associations, with no estimates
surviving adjustment for multiple comparisons in our
primary analysis; however, we were able to draw some
parallels with previous nested case-control studies. In
the Prostate, Lung, Colorectal and Ovarian (PLCO)
cohort, VEGFA and SERPINElwere positively associ-
ated, and CCL3, IL-13, IL-21, IL-1B, and IL-23 were
inversely associated with endometrial cancer risk;
while positive associations for IL-6, TNFa, and CRP
attenuated after adjusting for BMIL."" VEGFA produc-
tion is stimulated by IL-6, which could promote

angiogenesis in solid tumors.** In a study nested in the
Women’s Health Initiative Observational Cohort
(WHI-OS), CRP, but not IL-6 and TNFa, was associated
with endometrial cancer risk.”? CRP is a prominent
downstream biomarker of IL-6 signalling, although our
ciss-MR results for CRP suggest it was not causally
related to endometrial cancer risk. In previous EPIC
analyses, TNFo, STNFR1, and sSTNFR2 were associated
with endometrial cancer risk, whereas the associations
for CRP, IL-6, and IL-1Ra were attenuated after
adjusting for BMIL.>"° TNFa has been shown to increase
IL-6 and MCP1 (CCL2) levels in ovarian and breast
cancer cells, contributing to inflammation and cancer
cell proliferation.**** In contrast, we observed a protein
cluster (Cluster 17) including TWEAK (TNF-related
weak inducer of apoptosis) that might be inversely
associated with endometrial cancer risk, suggesting
inhibited TNF-related apoptosis might contribute to
the early-stage of cancer development. Differences in
follow-up time (i.e., degree of bias due to reverse
causation), study population (e.g., proportion of pre-/
post-menopausal women), and sample sizes might also
contribute to discrepancies in results observed across
studies.
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We observed a suggestive positive association be-
tween genetically instrumented IL-6R and risk of
endometrial cancer. The missense IL6R variant
Asp358Ala (rs2228145) is associated with increased
conversion of membrane IL-6R to soluble IL-6R, and
thereby downregulates IL-6 classical signalling and
potentially upregulates trans-signalling.® Classical IL-6R
signalling is important for immune response, and its
blockade has been associated with opportunistic in-
fections.”*” The downregulation of classical IL-6 sig-
nalling might thus compromise immunosurveillance
against cancer growth. Similarly, studies on CLEC4G
have documented immune dysregulation through the
suppression of hepatic T cell immunity.***° This sup-
pression has been associated with decreased activity
against the Hepatitis-B virus and immune evasion in
colon cancer and melanoma cells, highlighting the link
between compromised immunity and cancer
development.”** In addition, a recent publication
described the role of hepatocytes in inhibiting T cell
surveillance in extrahepatic tumours through STAT3
signalling, which could be activated by IL-6 or other
cytokines.” These findings collectively underscore the
complexity of signalling pathways involved in inflam-
mation and immune response in cancer development.

IL-6 trans-signalling has a wide range of activities,
including pro-inflammation.” It is more difficult to
determine whether there is an upregulation of IL-6
trans-signalling, as the IL-6 and soluble IL-6R complex
could be neutralized by circulating gp130 protein before
reaching target cells.”” Previous studies have reported
that trans-signalling of IL-6 on endothelial and smooth
cells led to secretion of MCP1 (also called CCL2).*”** In
our nested case-control study, we observed a positive
association between endometrial cancer risk and a pro-
tein cluster (Cluster 3) of IL6 and MCP3 (also called
CCL7), which shares the closest structural homology
and functions as MCP1 of the C-C motif chemokines.*
MCP1 was also associated with endometrial cancer risk
in similar magnitude as MCP3 but with wider confi-
dence interval, suggesting a possible upregulation of IL-
6 trans-signalling. In endometrial cancer, IL-6 can also
promote tumour growth in a paracrine manner, by
increasing aromatase expression and oestrogen pro-
duction in the surrounding stromal cells.*

Plasma HSD11B1, an enzyme that converts cortisol
and corticosterone into their active forms in tissues, was
inversely associated with endometrial cancer risk in
both observational and MR analyses. Notably, the in-
verse association between HSD11B1 and endometrial
cancer risk was only observed in women with BMI
>25 kg/m?® in the nested case-control study. While
increased HSD11B1 activity in adipose tissue and liver
can contribute to insulin resistance development, a
previous study in individuals with obesity has observed
that the activity of HSD11B1 was inhibited.” Moreover,
a restoration in HSD11B1 activity was observed in
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individuals who underwent significant weight loss.*
These studies suggest that reduced HSD11B1 activity
in obesity might be a compensatory mechanism to in-
sulin resistance,** and might partly explain the
elevated cortisol secretion, but normal or low plasma
concentration observed in obesity.”” It is thus possible
that the association we observed for HSD11B1 captured
some of the effect of insulin resistance on endometrial
cancer risk. However, further adjustment for C-peptide
did not change the estimates for HSD11B1, suggesting
there may be other pathways linking reduced HSD11B1
activity and endometrial cancer risk. Glucocorticoids
have been shown to counter the mitogenic effect of
excess oestrogen in endometrial tissue.”** Reduced
local activation of cortisol and corticosterone might
therefore lead to less inhibitory mechanism against
oestrogen-induced endometrial cell proliferation,
increasing the risk of carcinogenesis. As data on oes-
tradiol was not available in our study, the link between
HSD11B1, glucocorticoids, and sex hormones requires
further investigation.

Other potential associations with endometrial cancer
risk observed in our nested case-control study include
an inverse association for CCL25, also observed only in
women with BMI >25 kg/m?”. A study on chemokine
expressions in adipose tissue macrophage populations
in mice with obesity observed that CCL25 is predomi-
nately expressed in a population of anti-inflammatory
adipose tissue macrophage (DN-ATM) that is likely
important for tissue repair.”® We also observed a positive
association for PIK3AP1, which was stronger when the
analysis was restricted to type I endometrioid cancers.
This is consistent with the carcinogenic pathway of
PTEN mutation and subsequent increased PIK3AP1
activation commonly observed in early phase of type 1
endometroid cancers.’’ SCF was inversely associated
with endometrial cancer risk, individually and in protein
Cluster 17, and has been shown to downregulate IL-6
and MCP1 (CCL2) production.”” HGF, which was posi-
tively associated with endometrial cancer risk, can be
upregulated by IL-6, and is also expressed in endome-
trial stromal cells and has been demonstrated to induce
endometrial cancer cell growth.”” These biomarkers may
represent pathways in endometrial carcinogenesis and
merit a more in-depth examination.

In conclusion, using a complementary approach of
nested case-control and MR analyses, we identified circu-
lating biomarkers that may represent potential inflamma-
tion and immune response pathways associated with
endometrial cancer risk. In particular, altered IL-6 signal-
ling and reduced glucocorticoid activity via the HSD11B1
enzyme might contribute to endometrial carcinogenesis.
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