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ABSTRACT

BACKGROUND Despite optimization with lifestyle modifications and medications, complications of coronary artery
disease (CAD) remain the leading cause of adult mortality worldwide.

OBJECTIVES This study aimed to identify proteins and pathways linked to recurrent CAD events to better understand
residual risk.

METHODS We used data from 1,009 participants in the UK Biobank with baseline Olink plasma proteomic measures
and CAD. Cox proportional hazards regression modeled the association between proteins measured and recurrent CAD
events in follow-up.

RESULTS Participants had a mean age of 62.51 years (SD 5.94) at enrollment; 183 (18.14%) were females and 656
(65.01%) had recurrent CAD events over 11.40 (IQR: 8.00-14.69) years of follow-up. Among 1,463 proteins tested, 102
proteins were independently associated with recurrent CAD events. Molecular functions were significantly enriched for
tumor necrosis factor receptor (TNFR) activity by 100-fold (P = 6.37 x 107'°). Of the 16 proteins related to TNF an-
notated by the Gene Ontology database, tumor necrosis factor-alpha had a risk estimate of 1.36 (95% Cl: 1.17-1.57;

P = 6.38 x 10~°), TNFR1 (TNFRSF1A) had a risk estimate of 1.73 (95% Cl: 1.43-2.09; P = 1.23 x 10~8), and TNFR2
(TNFRSF1B) had a risk estimate of 1.27 (95% Cl: 1.13-1.44; P = 9.15 x 10~°) for recurrent CAD events.

CONCLUSIONS Although TNFR1 and TNFR2 were initially thought to have opposing roles in cardiac remodeling
postmyocardial infarction, this study highlights the complex interaction between these pathways and the need to
identify specific inflammation-related targets to therapeutic strategies. (JACC Adv. 2026;5:102687) © 2026 The
Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

CAD = coronary artery disease

DAVID = Database for
Annotation, Visualization, and
Integrated Discovery

GO = Gene Ontology
HDL = high-density lipoprotein

KEGG = Kyoto Encyclopedia of
Genes and Genomes

MI = myocardial infarction

PPP = Pharma Proteomics
Project

TNF = tumor necrosis factor

TNFR = tumor necrosis factor
receptor

TNFRSF = tumor necrosis
factor receptor superfamily

UKB = UK Biobank

espite advances in prevention and

treatment options, cardiovascular

disease driven by coronary artery
disease (CAD) has emerged as the leading
cause of mortality and morbidity in the
world in the 21st century.' Clinical practice
guidelines continue to emphasize primary
and secondary prevention of CAD through
targeting modifiable risk factors, with an
emphasis on lipid modification, blood pres-
sure lowering, and glucose control.>*
Despite optimization of these factors with
lifestyle modifications and medications, the
residual risk of recurrent CAD remains
alarmingly high, with incidence dramatically
increasing over extended follow-up pe-
riods.”” Recurrent CAD risk prediction
models have demonstrated only a modest
added benefit from inclusion of conventional

biomarkers including N-terminal pro-brain natri-
uretic peptide,® C-reactive protein,’ and troponin
T,'° highlighting an area of unmet need.

The ongoing search for novel biomarkers that

enhance risk stratification and mechanistic clarity

has begun to increasingly leverage novel multi-
plexed scalable platforms. Proteomics platforms

enable broad-based scans to

identify disease-

relevant biomarkers. For example, utilization of

these

powerful

technological approaches has

improved predictive power for primary CAD,'"'” but
there have only been limited assessments among
those with CAD already manifested. A recent study
modeling recurrent CAD events found that compre-
hensive clinical, lifestyle, sociodemographic, and
genetic risk factors together accounted for < 20% of

the risk for CAD recurrence, suggesting the presence

of yet unknown risk factors.”®> The progression of
CAD to recurrence involves numerous changes,
including oxidative stress, endothelial cell dysfunc-

tion,

and both proinflammatory and

antiin-

flammatory mechanisms.'* Many of these cellular

changes

may manifest in circulating plasma

proteins.'

In this study, we investigated the plasma proteo-

mic profiles of 1,009 participants from the UK Bio-
bank (UKB) with CAD to identify associations with
recurrent CAD events. We characterized the proteo-
mic profiles in subgroups and enriched pathways
associated with recurrent CAD events to better un-
derstand drivers and mechanisms underlying recur-
rent CAD events.
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METHODS

STUDY POPULATION. The UKB is a prospective
cohort study with genetic and clinical data collected
on approximately 500,000 individuals between the
ages of 40 and 69 years at the time of recruitment.'®
The data were linked to the National Health Service
records from 2006 to 2022, permitting identification
of prevalent clinical conditions and incident events.
Analyses in the UKB were approved by the Northwest
Multicentre Research Ethics Committee (11/NW/
0382) and secondary use scope (application #7089)
by the Massachusetts General Hospital Institutional
Review Board in accordance with the Declaration of
Helsinki under IRB #2021P002228.

Based on physician diagnoses or procedural codes,
10,688 participants had CAD before UKB enrollment
(Supplemental Figure 1). We then excluded 322 par-
ticipants with unavailable genotype information and
2,067 individuals with incomplete covariates mea-
surements. An additional 7,270 individuals did not
have proteomic profiling at baseline and were
excluded. The final analytical cohort included 1,009
individuals.

OUTCOME MEASURE. Prevalent CAD was defined
with previously used diagnoses codes for a CAD
event identified in the hospital episode statistics
inpatient master table that entails information on
inpatient episodes of care, including diagnoses, ad-
missions and discharge, operations, and procedures
described in UKB (Supplemental Table 1). Specif-
ically, diagnostic and procedural codes for a CAD
event included myocardial infarction (MI), percuta-
neous coronary intervention, coronary artery bypass
graft, or the death register indicating MI and related
sequelae as either a primary or secondary cause of
death in the UKB. The primary outcome of a recur-
rent CAD event in the UKB was defined as previously
described,’® which briefly was the first CAD event
that occurred after UKB recruitment irrespective of
the number of CAD events before recruitment. The
recurrent CAD event had to occur at least 28 days
after the most recent CAD event before recruitment
as previously described to differentiate independent
incidences from combined attributions of diagnoses
episode

and procedures within a

or hospitalization.

single

VARIABLES. Other standard cardiovascular risk fac-
tors used in this analysis were selected based on
previously described cardiovascular risk prediction
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models,” including age at enrollment, age at first
CAD event, sex, cigarette smoking, diabetes diag-
nosis, body mass index, systolic blood pressure,
low-density lipoprotein cholesterol, high-density li-
poprotein (HDL) cholesterol, statin prescription, and
the first 10 components of genetic ancestry. Both the
age at UKB enrollment and the age at first CAD event
were used in the analysis. Sex was derived from
biological classification as male or female. Racial
background was derived from fixed self-reported
categories, including African, Bangladeshi, British,
Caribbean, Chinese, Indian, Irish, Pakistani, White
and Asian, White and Black African, White and Black
Caribbean, other Asian, other Black, other White,
other mixed, or other/unknown. Given small sample
sizes of some groups, categories were consolidated
into broader categories of African, Asian, European,
and other for analysis. Current cigarette smoking was
defined as lifetime smoking of at least 100 cigarettes
and currently without cessation. Body mass index
was measured using Tanita BC-418MA body compo-
sition analyzer. Blood pressure was measured by the
UKB staff at the time of enrollment. All laboratory
values for total and HDL cholesterol were derived
from a nonfasting sample collection assayed within
24 hours. Statin prescription was defined as a pre-
scription written at the time of enrollment. Diabetes
mellitus was defined as glycated Alc =6.5% or prior
physician diagnosis."”

PROTEOMICS DATA PROCESSING. Proteomics data
were collected from a random set of individuals
enrolled in the UKB Pharma Proteomics Project (UKB-
PPP) as previously described.'® Briefly, the UKB-PPP
includes 54,306 participants: 46,673 (85.9%) were
randomly selected from baseline, 6,385 (11.8%) were
preselected by consortium members based on char-
acteristics of interest such as disease status or ge-
netic ancestry, and 1,268 (2.3%) were selected for
participation in multiple visits of the COVID-19 case-
control imaging study. Nonfasting baseline plasma
samples were collected from these 52,749 UKB par-
ticipants using the Olink Explore 1,536 platform with
Olink Proximity Extension Assay technology. Exclu-
sion criteria for individuals were high rate of miss-
ingness (>10% missing protein measurements) and
those with excess relatedness (second-degree rela-
tives or closer). The remaining missing values were
imputed using the “miceforest” (Python package)
with 10-fold cross-validation to impute the residual
absent protein readings in the quality-controlled
Olink proteomics data set. Although performing
imputation, we evaluated factors that can potentially
affect protein measurements such as protein batch,
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the study center, and first 10 principal components of
genetic ancestry. Our evaluation indicated a negli-
gible impact on protein levels arising from these
factors, with the weakest Pearson correlation be-
tween protein levels and residuals being 0.93.

STATISTICAL TESTING. Cox proportional hazards
regression models were run to assess the association
between proteins measured and recurrent CAD
events in a population of patients with CAD. Multi-
variable models were constructed, testing the asso-
ciation of each protein individually with recurrent
CAD events. Consistent with prior studies, covariates
included standard cardiovascular risk factors, and all
P values reported were two-sided. P values were
corrected using the corresponding Bonferroni P value
for multiple testing of proteins. Significant proteins
were annotated with Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and
UniProt associated terms and enrichment analysis
was performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) tool
in the background of Olink proteins.'® Briefly, users
upload a prioritized protein list of interest and
background list of all proteins assayed by the plat-
form to identify enrichment. The tool then retrieves
annotation lists from biological databases such as
GO, KEGG, and UniProt to provide annotations for
each protein representing molecular functions,
cellular components, and biological processes. The
tool also performs protein-term enrichment analysis
to identify which annotations within these databases
are significantly over-represented in the input pro-
tein list compared to the background. GO terms
represent the most widely accepted functional
annotation scheme in biological research and form
the foundation of the DAVID annotation tool.”® This
information can then be extracted from the tool and
used to standardize representations of protein-
pathway relationships.

Kaplan-Meier survival plots were constructed to
evaluate time to recurrent CAD event in those with
significant enriched proteins in the 4th quartile vs
lower concentrations and compared using the log-
rank test. Cox proportional hazards regression
models were run to assess the association between
proteins measured and recurrent CAD events in a
population of patients with CAD. A total of 1,463
separate multivariable models were constructed,
with each model testing the association of a single
protein with recurrent CAD events. All models were
adjusted for covariates that included standard car-
diovascular risk factors consistent with prior studies,
and all P values reported were two-sided. Models
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TABLE 1 Demographics of the UK Biobank Cohort by Recurrent CAD Status
Without With Risk
Total Recurrent CAD Recurrent CAD
(N =1,009) (n =353) (n = 656) P Value
Age at enrollment in years mean (SD) 62.51 (5.94) 62.41 (5.80) 62.56 (6.01) 0.688
Age at primary event in years mean (SD) 57.69 (6.53) 57.90 (6.53) 57.58 (6.54) 0.460
Female sex 183 (18.14) 75 (21.25) 108 (16.46) 0.073
Race 0.684
African (%) 5(0.50) 3(0.85) 2 (0.30)
Asian (%) 22 (2.18) 6 (1.70) 16 (2.44)
European (%) 969 (96.04) 342 (96.88) 627 (95.58)
Other (%) 13 (1.29) 2(0.57) 1 (1.68)
Current smoker (%) 129 (12.78) 35(9.92) 94 (14.33) 0.158
Body mass index, mean (SD) 29.38 (4.60) 29.09 (4.61) 29.53 (4.59) 0.150
Systolic blood pressure in mm Hg mean (SD) 138.95 (20.58) 140.60 (20.39) 138.06 (20.64) 0.061
Statin prescribed (%) 935 (92.67) 316 (89.52) 619 (94.36) 0.007
Diabetes (%) 193 (19.13) 55 (15.58) 138 (21.04) 0.044
Total cholesterol in mg/dL mean (SD) 167.72 (38.12) 169.66 (40.13) 166.67 (36.98) 0.246
High-density lipoprotein cholesterol in mg/dL, mean (SD) 44.65 (10.84) 45.84 (11.69) 44.01 (10.31) 0.014
Low-density lipoprotein cholesterol in mg/dL, mean (SD) 101.08 (27.78) 102.10 (29.10) 100.53 (27.06) 0.402
CAD = coronary artery disease.

were additionally adjusted for established
CAD-related biomarkers to assess whether the iden-
tified proteins provided additional contributions
beyond these known markers in their association
with recurrent CAD. All statistical analyses were
performed using R (version 4.2.2, R Foundation for

Statistical Computing).

RESULTS

BASELINE CHARACTERISTICS. We included 1,009
participants from the UKB who had CAD at enroll-
ment (Supplemental Figure 1). Participants had a
mean age of 62.51 years (SD 5.94) at enrollment; 183
(18.14%) were females, and 656 (65.01%) had recur-
rent CAD events over 11.40 (IQR: 8.00-14.69) years
follow-up (Table 1). Those with vs without recurrent
CAD events in follow-up had a higher rate of statin
prescriptions (94.36% vs 89.52%, P = 0.007), a
greater prevalence of diabetes (94.36% vs 89.52%,
P = 0.007), and lower HDL cholesterol levels
(44.01 mg/dL vs 45.84 mg/dL, P = 0.014). The
remaining features stratified by recurrent CAD status
were comparable within each cohort. Of the 52,705
UKB participants with 1,463 protein measurements,
42 proteins were imputed due to missing values.

ENRICHMENT ANALYSIS HIGHLIGHTS THE ROLE OF
TNF-RELATED PATHWAYS IN RECURRENT CAD. Among
the 1,463 proteins tested, 482 proteins at nominal
significance (P < 0.05) and 102 proteins at experiment
wide significance (Bonferroni P < 3.42 x 107°) were

associated with recurrent CAD events after adjusting
for standard cardiovascular risk factors (Figure 1A,
Supplemental Table 2). Of the 102 Bonferroni-
corrected proteins associated with recurrent CAD
(28.43%)

proteins

were classified as

by Olink annotations
(Supplemental Figure 2). Enrichment analysis of
significant proteins using GO terms revealed that
molecular functions were significantly enriched for

events, 29 car-

diometabolic

tumor necrosis factor (TNF) receptor (TNFR) activity
by 100-fold (P = 6.37 x 107'°) and death receptor
activity by 100-fold (P = 9.30 x 10~ '%) (Figure 1B,
Supplemental Figure 3). Annotation with GO terms
for biological processes showed significant enrich-
ment for the TNF-mediated signaling pathway
(P =2.04 x 1077) (Supplemental Figure 4). GO terms
for cellular compartments showed significant pro-
teins were enriched in the endolysosome lumen
(P = 2. 36x10™ %) (Supplemental Figure 5).

To further investigate the role of TNF and related
proteins annotated by signaling pathways, proteins
were classified based on their primary involvement
with TNFR1, TNFR2, both, or neither of these path-
ways and plotted alongside pathway annotations
using the DAVID annotation tool (Figure 2,
Supplemental Figure 5). GO term biological process
identified 13 significantly enriched proteins in the
apoptotic pathway, 16 significantly enriched proteins
in the TNF-mediated signaling pathway, and 8
significantly enriched proteins in the canonical NF-
kB pathway associated with an increased risk of
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FIGURE 1 Risk of Recurrent Coronary Artery Disease Linked to UKB Proteins by Gene Ontology
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(A) Volcano plot of HRs and corresponding 95% Cls are based on Cox proportional hazards regression models with covariates of age at UKB
enrollment, age at first CAD event, sex, smoking status, diabetes diagnosis, body mass index, systolic blood pressure, LDL cholesterol, HDL
cholesterol, statin prescription, and the first 10 principal components of genetic ancestry. All P values were Bonferroni corrected for 1,463
measured proteins. DAVID annotation was utilized to provide Gene Ontology enrichment analysis of significant proteins by the top (B)
molecular function. TNFRSF = tumor necrosis factor receptor superfamily.

recurrent CAD events (Figures 2A to 2C). There was a
similar finding when using KEGG pathway annota-
tions, where TNF-alpha and TNF-related proteins
were further implicated in cytokine-cytokine recep-
tor interactions that occur in both apoptosis and ca-
nonical NF-kB signaling (Figure 2B). Within these
clusters, TNF-alpha exhibited a risk estimate of 1.36
(95% CI: 1.17-1.57; P = 6.38 x 10°) for recurrent CAD
events. TNFR1 (tumor necrosis factor receptor su-
perfamily [TNFRSF]1A) had an HR of 1.73 (95% CI:
1.43-2.09; P = 1.23 x 10~ %) for developing recurrent
CAD.

Enriched proteins related to TNFR1, including re-
ceptor expressed in lymphoid tissues (HR: 1.99;
95% CI: 1.61-2.45; P = 8.71 x 10~ "), TNFRSF21 (HR:
1.64; 95% CI: 1.30-1.44; P = 2.43 x 107°), and

TNFRSF11A (HR: 1.48; 95% CI: 1.26-1.75;
P =2.66 x 107°) were also strongly associated with
recurrent CAD events. TNFR2 (TNFRSF1B) had an HR
of 1.27 (95% CI: 1.13-1.44; P = 9.15 x 10~°) for devel-
oping recurrent CAD. Enriched proteins related to
TNFR2, including TNFRSF14 (HR: 1.55; 95% CI: 1.26-
1.90; P = 3.19 x 10°) and TNFRSF9 (HR: 1.27; 95% CI:
1.20-1.60; P = 7.12 x 10~°) had a modest association
with recurrent CAD events. Enriched proteins
involved in both TNFR1 and TNFR2 pathways,
including lymphotoxin beta receptor (LTBR) (HR:
1.58; 95% CI: 1.29-1.94; P = 1.03 x 10 °) and TNFRSF19
(HR:1.58; 95% CI: 1.33-1.89; P = 2.74 x 10~ 7) were also
associated with recurrent CAD events. A similar
strength of association for all TNFR-related proteins
was observed when the median follow-up time of
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FIGURE 2 Proteins Significantly Associated With Recurrent Coronary Artery Disease Events Annotated Using DAVID
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Annotations were performed by (A, B, C) biological processes in the Gene Ontology database and (D) KEGG functional pathways. HRs and
corresponding 95% Cls are based on Cox proportional hazards regression models with covariates of age at UKB enrollment, age at first CAD
event, sex, smoking status, diabetes diagnosis, body mass index, systolic blood pressure, LDL cholesterol, HDL cholesterol, statin pre-
scription, and the first 10 principal components of genetic ancestry. Proteins were colored by involvement in TNFR1 as red, TNFR2 as blue,
both pathways as purple, and neither of these 2 pathways in green. LTBR = lymphotoxin beta receptor; RELT = receptor expressed in
lymphoid tissues; TNF = tumor necrosis factor; TNFR = tumor necrosis factor receptor; other abbreviations as in Figure 1.

11.40 years was limited to 3, 5, and 10 years
(Supplemental Figure 6). A comprehensive list of an-
notated proteins with enriched UP-related terms is
provided in Supplemental Figure 7 for sequencing
features and Supplemental Figure 8 for biological
processes.

TNFR1 AND TNFR2 PATHWAYS REMAIN ASSOCIATED
WITH RECURRENT CAD ACROSS SUBGROUPS. In
exploratory analyses, we created survival plots for
TNF-alpha and enriched TNF-related proteins,

specifically those involved in TNFR1, TNFR2, or both
pathways, that had the strongest association with
recurrent CAD events. Participants with elevated
TNFR-related proteins had lower recurrence-free
survival, with log-rank P values demonstrating
significantly different survival curves between in-
dividuals in the top 25% of protein level compared to
those in the bottom 75% of protein level (log-rank
P < 0.05) (Figure 3).

We performed regression modeling of these sig-
nificant TNF-related proteins in relation to recurrent
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FIGURE 3 Kaplan-Meier Curves by TNF-Related Protein Quartiles for Coronary Artery Disease Recurrence
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TNF-related proteins. Participants with protein concentrations in the highest quartile (Q4; red) were compared to those with lower concentrations (Q1-Q3; blue)

using the log-rank test. CAD = coronary artery disease; other abbreviations as in Figures 1 and 2.

CAD stratified by clinical subgroups to assess con-
sistency of the observed associations across varying
patient characteristics (Figure 4, Supplemental
Table 3). Formal interaction testing between age
dichotomized at age 65 years, and TNF pathway
proteins revealed significant age-dependent differ-
ences in risk associations for specific pathway mem-
bers. When stratifying by age using a dichotomous
threshold, TNF-alpha demonstrated significantly
stronger associations with recurrent CAD events in
younger patients (HR: 1.74) compared to older pa-
tients (HR: 1.25; P interaction = 0.027). Similarly,
TNFR2 showed differential effects across age strata,
with a HR of 1.64 in younger patients vs 1.19 in older
patients (P interaction = 0.030). In contrast, TNFR1
exhibited similar associations across both age groups
(HR: 1.66 in younger vs 1.80 in older patients;
P interaction = 0.660), suggesting its prognostic may
be consistent across ages. To further characterize the
effect of TNF-related proteins on recurrent CAD risk

over the whole life course, time-varying models
demonstrated a modestly higher risk conferred by
elevated TNF-related proteins at younger ages
compared to older ages but significant effects
remained across ages assessed similar to other well-
established biomarkers (Supplemental Figure 9).
There was also a higher risk of recurrent CAD events
in males compared to females for TNF-alpha (1.78 vs
1.17, P interaction = 0.010) and TNFR2 (1.71 vs 1.07,
P interaction = 0.002), but not TNFR1 (1.79 vs 1.83,
P interaction = 0.590). Otherwise, the risk of recur-
rent CAD related to other TNF-related proteins
remained similarly elevated among subgroups strat-
ified by age, sex, race, and the presence of diabetes as
shown in the Central Illustration.

When comparing the prognostic value of
TNF-related proteins to that of established cardio-
vascular risk factors, we found that the HRs associ-
ated with TNF-related proteins were of comparable
or greater magnitude, even after adjusting for all
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FIGURE 4 TNF-Related Proteins Linked to Recurrent Coronary Artery Disease Events Across Defined Clinical Subgroups
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HRs and corresponding 95% Cls are based on Cox proportional hazards regression models with covariates of age at UKB enrollment, age at first CAD event, sex,
smoking status, diabetes diagnosis, body mass index, systolic blood pressure, LDL cholesterol, HDL cholesterol, statin prescription, and the first 10 principal
components of genetic ancestry. Subgroup analyses were performed by splitting cohorts based on presence or absence of clinical grouping. An interaction P value was
calculated to identify significant interactions between clinical subgroups and proteins influencing recurrent CAD risk. Abbreviations as in Figure 3.

traditional risk factors (Supplemental Table 4).
Among the conventional risk factors evaluated, statin
use demonstrated the highest HR at 1.48 (95% CI:
1.05-2.09; P = 0.026). Notably, TNFR1 exhibited an
even greater HR of 1.73 (95% CI: 1.43-2.09;
P < 0.0001) following multivariable adjustment. To
evaluate the independence of our findings from
established CAD-related biomarkers,
adjusted models for both standard cardiovascular
risk factors and well-established cardiac and inflam-
including N-terminal pro-brain
natriuretic peptide, interleukin-6, cystatin C, C-
reactive protein, B-type natriuretic peptide, and
troponin (Supplemental Figure 9). The HRs for the

we further

matory markers,

identified proteins remained robust after these ad-
justments, demonstrating their independent poten-
tial value.

DISCUSSION

In this study of 1,009 UKB participants with baseline
CAD, we identified 102 proteins significantly associ-
ated with recurrent CAD events after adjustment for
common cardiovascular risk factors. The identified
proteins were significantly enriched for TNFR activ-
ity, cytokine-cytokine receptor interaction, and ca-
nonical NF-«B activation pathways. We demonstrate
that the enriched TNFR proteins are positively asso-
ciated with recurrent CAD events and span across
both TNFR1 and TNFR2 pathways. These positive

associations remained consistent across clinical
subgroups of race and diabetes but suggest a poten-
tial effect modification related to age and sex for
specific TNFR proteins.

Recurrent CAD event rates vary widely in the
literature, depending on the duration of follow-up.
At 3 years, Spironolactone trial reported event rates
of 7.9% in the treatment group and 8.3% in the
comparison group.”' By 5 years, the Cholesterol and
Recurrent Events (CARE) trial demonstrated
increasing recurrent event rates of 10.2% in the pra-
vastatin group and 13.2% in the placebo group.® A
2017 study using the UKB identified 6,440 individuals
with baseline CAD and of those, 3,733 experienced a
recurrent event during the follow-up period at
approximately 58%.” Similarly, our analysis identi-
fied 656 participants (65.01%) with recurrent CAD
events over a median follow-up of 11.40 years (IQR:
8.00-14.69), which may reflect partial preselection of
UKB-PPP participants based on specific characteris-
tics of interest. Restricting follow-up to 7, 5, or
3 years did not significantly alter the HRs associated
with TNFR-related proteins.

Although the TNFR1 pathway has been associated
with detrimental cardiac remodeling post-MI and the
TNFR2 pathway with promoting cardiac recovery,**
this study revealed that elevated TNFR1 and TNFR2
correlate with an increased risk of recurrent CAD
events, consistent with the growing body of evidence
that both proteins confer increased cardiovascular
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» 1,256 participants with CAD at baseline
» 817 participants (65.05%) with recurrent CAD events

TNFR1 &
TNFR2

Hazard Association

TNFR2

Hazard Association

Ratio  P-Value Ratio  P-Value Ratio P-Value
Overall Association 135 6.4x1073 173 12x10°8 127 9.2x107°
Male 178 11x10°® 179 1.6x1078 171 1.6x107
Female 117 2.7x107" 1.83 29x1072 1.07 6.0x107"
<65 174 4.0x107 1.80 5.8x107° 164 26x10™
265 1.25 3.9x1072 1.66 1.8x107% 119 31x1072
European 135 11x10™ 174 2.0x1078 1.27 11x10™4
Non-European 1.01 1.0x100 333 6.4x1072 1.85 4.2x1077
Diabetes 125 17x1077 179 49x1073 1.68 1.5x1072
No Diabetes 135 2.6x107* 171 1.7x107°® 123 24x1073

Elevated TNFR1, TNFR2, and proteins associated with both pathways correlated with an

increased risk of recurrent CAD events. Further research is needed to test whether perturbing each
pathway will ameliorate residual CAD risk.

Associations between TNFR1, TNFR2, and TNF-a. protein levels and risk of recurrent coronary artery disease (CAD) events in the UK Biobank. Prospective
observational analysis of 1,009 participants with established CAD at baseline, of whom 656 (65.0%) experienced recurrent CAD events. HRs and
association P values for TNFR1, TNFR2, and TNF-a. are shown overall and stratified by sex, age group, ancestry, and diabetes status. CAD = coronary

artery disease; TNFR = tumor necrosis factor receptor.

risk in humans.”®> TNFR1 and TNFR2 can both be
activated by TNF-alpha, released in large amounts
from ischemia and hypoxia-activated
diomyocytes following acute MI.”* TNFR1 activation
is known to promote apoptosis of certain cell types
through the assembly of large signaling complexes,
such as canonical activation, which collectively
contribute to adverse cardiac remodeling.?>*° In
contrast, the role of TNFR2 remains less clearly
defined, as studies have demonstrated car-
dioprotective effects in both animal models***” and
human tissue, where TNFR2 activation promoted cell
cycle entry associated with cardiac repair pro-
cesses.?®29 TNFR2 is hypothesized to enhance car-
diac remodeling by activating cell survival pathways
primarily through noncanonical NF-kB pathways,
which mostly results in cell survival and prolifera-
tion.?°3' However, other studies have identified

car-

adverse effects of TNFR2 on creating an inflamma-
tory reaction and adverse ventricular remodeling in
patients that experienced MI.”*** Recent research
has also uncovered overlap between TNFR1 and
TNFR2 signaling on cardiovascular risk, as both
pathways share downstream signal proteins such
LTBR and TNFRS19, which were also associated with
recurrent CAD events in our study. These proteins
activate the noncanonical NF-kB pathway that was
enriched in this study,?® but the resulting effects
depend on which of the 500 genes it transcriptionally
regulates.>* Correspondingly, vascular smooth mus-
cles cells can be signaled to survive, proliferate, and
migrate to the areas of endothelial cell death causing
increased intimal thickening and progression of
atherosclerosis.?>3° Our study indicated that both
TNFR1 and TNFR2 signaling are associated with
increased risk of recurrent CAD events, underscoring
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the complex interaction between these 2 signaling
pathways and the need to identify specific
inflammation-related targets within these pathways
to improve therapeutic strategies.

Cellular assays have demonstrated that TNFR2
signaling is dependent on the structure of TNFR2 it-
self. Vascular endothelial cells exhibit activation of
NF-kB reporter genes when TNFR1 or TNF receptor
associated factor 2 binding sites of TNFR2 are
expressed, but not when the constitutively active
form of a TNFR2 domain Etk-SK is expressed alone.>’
Although certain forms of TNFR2, including those
with TRAF binding sites, can activate the NF-kB re-
porter gene, this study did not show an association
between TNF receptor associated factor 2 and recur-
rent CAD events. This suggests that another subtype
of TNFR2 may be responsible for triggering NF-kB
activation. These findings emphasize the critical
importance of elucidating TNFR2 structures and
other associated structural proteins identified in this
study to better understand its dual function in
apoptotic mechanisms.

Emerging evidence highlights the clinical rele-
vance of soluble TNF-related proteins in CAD, linking
them to inflammation, cardiovascular events, and
disease progression.*® In a study of humans with
stable coronary heart disease, increased concentra-
tions of both soluble TNFR1 and TNFR2 were associ-
ated with increased risks of cardiovascular events
and mortality.>® Although a cohort study adjusting
for estimated glomerular filtration rate attenuated
the association between TNFR1 and 2 with cardio-
vascular mortality,*° revascularization of cardiac le-
sions have also been shown to reduce serum
concentrations of both TNF-alpha and serum levels
of TNFR1, suggesting a functional relationship be-
tween soluble TNF-related proteins and inflamma-
tory signaling.*’ This functional relationship is
further supported by studies of inflammatory dis-
eases at both the cellular*® and patient levels.** Our
study identified associations not only with TNFR1
and TNFR2 but also with additional TNFR-related
proteins, including TNFSF14. Soluble TNFSF14, that
enters serum after proteolytic processing at the
membrane, has previously been associated with
repeat cardiovascular events in patients with stable
CAD.** Our study expands on this work by identi-
fying an additional association between LTBR, a
ligand of TNFSF14,** and recurrent CAD events,
highlighting the potential functional role of this
pathway in CAD progression. In addition, we
demonstrate that the HRs associated with the 16
TNF-related proteins were comparable to, or excee-
ded, those of traditional cardiovascular risk factors.
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These findings suggest that TNF-related proteins
provide independent prognostic information beyond
that captured by traditional risk factors.

The failure of anti-TNF therapy in heart failure
trials underscores the complexity of translating TNF
biology into clinical cardiovascular therapeutics.
Several critical evidence gaps must be addressed
before future trials of TNF-modifying therapies can
be considered for cardiovascular risk reduction. First,
cardiovascular safety data from existing randomized
control trials of anti-TNF therapy for rheumatologic
conditions could be systematically analyzed to pri-
oritize patient populations and disease contexts
where TNF modification may be beneficial vs harm-
ful.*>*° Second, biomarker-guided approaches are
needed to identify patients most likely to benefit
from TNF pathway modulation based on their spe-
cific inflammatory profile. Finally, the optimal
timing, duration, and degree of TNF pathway inhi-
bition required for cardiovascular benefit without
compromising other important functions remains
undefined.*> These evidence gaps represent impor-
tant priorities for future translational research
advancing TNF-modifying therapies for cardiovas-
cular risk reduction.

Further work is needed to identify which patient
demographics are most likely to benefit from thera-
pies targeting parts of the TNFR pathway. For
example, sex-specific differences in TNF-alpha
biology are well-established in the literature and
may have important implications for cardiovascular
risk stratification. Prior studies have demonstrated
that males with atherosclerotic disease maintain
higher circulating TNF-alpha
compared to females, a disparity that persists even

concentrations

after accounting for sex hormone levels.*® In vitro
studies have also shown that human neutrophils
from males release more TNF-alpha than females on
similar lipopolysaccharide stimulation.*” The mo-
lecular basis for this sex dimorphism has been pre-
viously attributed to differential regulation of
adenylyl cyclase signaling pathways between males
and females.*® Our study similarly demonstrates that
the association of TNF and recurrent CAD events is
modified by sex, with males being at greater risk for
recurrent CAD. These sex-specific effects suggest that
males with established CAD may represent a partic-
ularly responsive population for TNF-targeted ther-
apeutic interventions and highlight the potential
value of sex-stratified assessments in future clinical
trials. In addition, we found TNF and TNFR2 had
significant interaction terms in age groups, where
elevated levels in younger individuals confer a higher
risk for recurrent CAD events. This age-related
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susceptibility is supported by previous findings, such
as the Northern Manhattan Stroke Study, which
found that associations between TNF-related pro-
teins and carotid stenosis were more prominent in
relatively younger individuals.*® Similarly, mouse
studies have shown that administering TNF-alpha
treatment in young animals induces endothelial
dysfunction, oxidative stress, and increased
apoptosis in carotid and coronary arteries.”® A similar
phenomenon is well-documented for genetic risk, in
which polygenic risk scores have significantly greater
predictive power in younger adults while traditional
risk factors have more dominant effects in older in-
dividuals.”! Circulating biomarkers may have greater
effects on cardiovascular risk earlier in the lifespan,
when other risk factors, such as smoking, become
more pronounced.

A comprehensive proteomic
recurrent CAD events prioritized 102 proteins, with

assessment of

a notable enrichment of TNF-related proteins,
associated with recurrent CAD events. Elevated
TNFR1, TNFR2, and proteins associated with both
pathways correlated with an increased risk of
recurrent CAD events. Although TNFR1 and TNFR2
were initially thought to have opposing roles in
cardiac remodeling post-MI, this study provides
evidence of the complex interaction between these
signaling pathways and highlights the need to
identify specific inflammation-related targets to
improve therapeutic strategies.

STUDY LIMITATIONS. Our study should be inter-
preted in the context of several limitations. First,
majority of study participants were of European
descent, a known limitation of the UKB that com-
promises the generalizability of this study to diverse
ancestries. We performed several subgroup analyses
to assess for effect modification without significant
differences in risk estimates. Second, plasma pro-
teins of low abundance as well as cellular processes
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not reflected in plasma proteomics are not suitably
assessed through the present technology. Third, this
study did not account for medications that influence
TNFR levels, as the UKB may not have comprehen-
sively recorded all such medications. Fourth, we
used the Olink technology from a single cohort.
Nevertheless, our observations aligned with several
experimental models assessing the role of TNFR-
related proteins on atherosclerosis. Further investi-
gation from randomized control trials of anti-TNF
therapy, such as for rheumatologic conditions,>*>*
should additionally consider the cardiovascular side
effects before TNF-modifying therapy can be
considered for cardiovascular risk.*®
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