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Abstract

Atherosclerosis is a progressive arterial disease characterized by chronic inflammation,
with interleukin-27 (IL-27) implicated as both a pro- and anti-inflammatory cytokine. This
prospective cohort study evaluated association of circulating IL-27 levels in peripheral
artery disease patients undergoing elective endovascular revascularization, with major
adverse cardiovascular events (MACE) and major adverse limb events (MALE) over a
median follow-up of 311 days. Elevated IL-27 levels were significantly associated with
increased risk of MACE and MALE in unadjusted analyses. After adjusting for established
cardiovascular and PAD risk factors, IL-27 remained an independent predictor of MACE
(HR 2.95; p = 0.039), but not MALE. These findings indicate that elevated IL-27 levels are
associated with unfavourable long-term prognosis.

Keywords: peripheral artery disease; interleukin-27; endovascular revascularization; major
adverse cardiovascular events; major adverse limb events

1. Introduction

Atherosclerosis is a progressive disease affecting large and medium-size arteries, which
is characterized by the buildup of lipid-rich, fibrocellular lesions; i.e., plaque. Atheroscle-
rotic vascular disease involves a complex process of lipoprotein accumulation, oxidation,
and cell proliferation, wherein inflammation plays a crucial role. Local inflammation, in-
cluding inflammatory cell (macrophage) migration and activation, plays a pivotal role in the
pathophysiology of plaque formation, whereas systemic cytokine-mediated inflammatory
pathways are involved in the initiation and progression of atherosclerosis, as well as plaque
destabilization and atherothrombotic risk [1]. There are several pro-inflammatory cytokines
with proven role in systemic atherosclerosis, including IL-27, IL-32, galectin-3 [2—4].

Interleukin-27 (IL-27) is an important cytokine with anti-inflammatory and pro-
inflammatory properties [2]. The role of IL-27 is not dominantly pro-inflammatory; its
role is rather context-dependent: it may initiate and promote inflammation but also plays a
critical role in resolution of inflammation. It induces production of pro-inflammatory IL-1 and
TNF-alpha, and inhibits the production of Th2 cytokines; its primary anti-inflammatory role is
manifested in induction of production of anti-inflammatory interleukin-10 [5-9]. Recent stud-
ies on cardiomyocytes and vascular endothelium have demonstrated mechanisms through
which IL-27 could potentially modulate atherosclerosis [10]. Upregulation of the IL-27 receptor
was observed in the atherosclerotic plaques, whereas observational cross-sectional studies
have shown that circulating IL-27 plasma levels are elevated in patients with atherosclerotic
vascular disease, including patients with acute and chronic coronary syndromes [11] and
patients with carotid atherosclerosis [12,13]. A recent prospective study in patients after
myocardial infarction and in patients undergoing coronary angiography has also shown a
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prognostic role of IL-27 in patients with coronary artery disease [14]. Conversely, in patients
with peripheral artery disease, the role of IL-27 has not been studied yet.

Thus, the aim of our study was to evaluate prognostic role of IL-27 in patients with
peripheral arterial disease undergoing elective endovascular revascularization. We hypoth-
esized that elevated circulating IL-27 levels would be associated with increased risk of
major adverse cardiovascular events (MACE) and major adverse limb events (MALE) in
patients with peripheral artery disease.

2. Materials and Methods

This prospective observational cohort study was conducted on consecutive patients
with peripheral arterial disease, admitted at Department of Vascular Diseases at Univer-
sal Medical Centre Ljubljana for peripheral endovascular revascularization. Inclusion
criteria were age > 18 years and a documented index revascularization (including first
endovascular procedure and also patients with subsequent endovascular procedure).

Clinical data on baseline characteristics were collected, including age, sex, limb in-
volved, clinical stage, and ankle-brachial index. Comorbidities were assessed as binary
or categorical variables: diabetes mellitus (DM), cerebrovascular disease (CVD), coronary
artery disease (CAD), chronic kidney disease (CKD), heart failure (HF).

Data on current or past smoking status, the use of cardiovascular risk reduction medi-
cations (including statins, acetylsalicylic acid, angiotensin-converting enzyme inhibitors
(ACEi)/angiotensin II receptor blockers (ARB)) and antithrombotic therapy at discharge
were collected. Prior to endovascular procedure, peripheral blood samples were drawn
24 h from admission, fasting, at 7 a.m. Fasting blood samples were obtained from each
participant by venipuncture according to the standard procedure and collected in 4 mL
vacuum tube containing clot activator. Serum was prepared by centrifugation at 2000 g
for 20 min. Immediately after centrifugation, serum was aliquoted and stored at <—70 °C
until analysis. Serum concentration of IL-27 was measured with xMAP®© technology using
magnetic beads coupled with specific antibodies (all R&D Systems, Minneapolis, MN, USA)
on a MagPix instrument (Luminex Corporation, Austin, TX, USA). Serum concentrations
of creatinine levels, estimated glomerular filtration rate and IL-27 were assessed.

Exclusion criteria were chronic kidney disease stages IV and V (defined by estimated
glomerular filtration rate < 30 mL/h), aborted endovascular procedure (due to clinical
circumstances) and acute infection up to 6 weeks prior to admission.

After discharge, patients were followed up by clinical examination 3, 6, and 12 months
after the procedure and yearly thereafter. At regular check-up examinations, data on clinical
status, peripheral arterial disease symptoms, and ankle-brachial index were collected.

Time-to-event endpoints were derived for the following outcomes:

Major adverse cardiovascular events (MACE): (a) first occurrence of myocardial in-
farction (MI), (b) ischemic stroke/TIA (CVD), or (c) cardiovascular death.

Major adverse limb events (MALE): (a) first occurrence of major amputation due
to critical ischemia, (b) progression to or relapse of chronic limb threatening ischemia,
(c) ipsilateral endovascular re-interventions (urgent or elective). Endpoint adjudication
was performed by two cardiovascular specialists, with a third cardiovascular specialist
providing definite adjudication in case of discordant appraisal.

Statistical Analysis

Baseline characteristics were summarized using means or medians (with SD/IQR)
and proportions for continuous and categorical variables, respectively. Summary tables
were created, and subgroup comparisons were performed for MALE and MACE strata
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using chi-square or Fisher’s exact test for categorical variables, and t-tests or Wilcoxon
rank-sum tests for continuous variables, as appropriate.

To assess the prognostic relevance of IL-27, patients were stratified into quartiles
based on the empirical distribution of biomarkers (<125, 125-225, 226-305, >305 ng/mL).
Quartile groups were assigned using quantile-derived thresholds. Age was categorized into
clinically meaningful strata: <60, 61-70, 71-80, and >80 years. Smoking and diabetes were
further collapsed into binary variables (current smoking and any diabetes, respectively) for
multivariable modeling. Rutherford stage was collapsed to a three-level factor: 2 (moderate
claudication), 3 (severe claudication), and >4 (critical limb ischemia (CLI) were defined as
resting ischemic limb pain or the presence of ischemic ulcers.

For missing follow-up dates, we imputed the control date as 12 months after the index
procedure. Time-to-event calculations were performed in days.

Logistic regression models were constructed to evaluate the association between IL-27
quartiles and the risk of binary 1-year outcomes (i.e., amputation, limb revascularization,
MlI/unplanned coronary revascularization, cerebrovascular event, CV death, all-cause
death). Multivariable models included pre-specified confounders: age, sex, CLI, CAD, CVD,
diabetes, and smoking. Model fit and assumptions were verified using standard diagnostic
procedures, and odds ratios (ORs) with 95% confidence intervals (CIs) were reported.

Time-to-event analyses were performed using Cox proportional-hazards models. Sepa-
rate models were fitted for MACE and MALE using quartiles of IL-27 as primary predictors.
Proportional-hazards assumptions were assessed using Schoenfeld residuals. Hazard ratios
(HRs) with 95% Cls were reported. Kaplan-Meier curves stratified by biomarker quartiles
were generated, and differences between curves were evaluated using log-rank tests with
p-values annotated on plots.

All analyses were performed in R version 4.3.1. A two-tailed p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Enrollment and Follow-Up

A total of 489 patients, hospitalized during a period spanning from 1 January 2020 to
30 March 2022, were included in our study. A total of 15 patients (3.1%) were excluded from
the analysis (1 because of chronic kidney disease stage V, 6 due to an aborted endovascular
procedure); 8 patients (1.6%) were lost to follow up (alive according to vital status query,
but we were unable to verify MACE or MALE components).

3.2. Baseline Patient Characteristics

Baseline patient characteristics are represented in Table 1. Mean age of all patients was
73 years, and 166 patients were female (Table 1).

Table 1. Baseline patient characteristics.

Characteristic N =474
Age (years) 1 73 (65, 81)
Age group
<60 53 (11%)
61-70 152 (32%)
71-80 150 (32%)
>80 119 (25%)
Sex (female) 166 (35%)
Rutherford stage > 4 222 (47%)
Primary segment involvement

Iliac 90 (19%)

Femoropopliteal 135 (28%)
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Table 1. Cont.

Characteristic N =474
Distal 79 (17%)
Complex (femoropopliteal and distal) 170 (36%)
Diabetes mellitus 224 (47%)
Cerebrovascular disease 112 (24%)
CVI/Transient ischaemic attack 77 (17%)
Revascularization of carotid arteries 16 (3%)
>50% stenosis of carotid arteries 19 (4%)
Coronary artery disease 153 (32%)
Chronic kidney disease 140 (30%)
Acetylsalicylic acid 388 (82%)
Additional antithrombotic drug
Clopidogrel 331 (71%)
Ticagrelor 3 (0.6%)
Prasugrel 1(0.2%)
Statin therapy
Less potent statins 125 (28%)
Atorvastatin /Rosuvastatin 233 (50%)
Ezetimib /PCSK9 inhibitors 4 (1%)
Combination of antilipemic therapy 35 (7%)
ACEi/ARB 328 (69%)
Amputation 30 (6%)
Unplanned next revascularisation 14 (3%)
Coronary event 14 (3%)
Cerebrovascular event 14 (3%)
Cardiovascular death 33 (7%)
Death from any cause 70 (15%)
Major cardiovascular event 48 (10%)
Major limb event 114 (24%)

1 Median (IQR); n (%). ACEi—Angiotensin-Converting Enzyme inhibitors, ARB—Angiotensin II Receptor
Blockers, PCSK9—Proprotein convertase subtilisin/kexin type 9.

3.3. Primary Outcome

During a median of 311 days (time to first event or censoring), 114 (24%) patients
went on to experience MALE, and 48 (10%) experienced MACE. Subgroup comparisons for
MALE and MACE are represented in Tables 2 and 3, respectively.

Table 2. Comparison of MALE/No event.

Characteristic No MALE, N=3491 MALE, N=1401 p-Value 2
Age (years) 73 (65, 80) 72 (65, 81) 0.7
Age group 0.5
<60 43 (12%) 10 (8.8%)
61-70 113 (31%) 39 (34%)
71-80 118 (33%) 32 (28%)
>80 86 (24%) 33 (29%)
Sex (female) 128 (36%) 38 (33%) 0.7
Rutherford stage > 4 152 (42%) 70 (61%) <0.001
Pr%mary segment 0.072
involvement
Tliac 76 (21%) 14 (12%)
Femoropoliteal 104 (29%) 31 (27%)
Distal 61 (17%) 18 (16%)
Complex (femoropopliteal o o
and distal) 119 (33%) 51 (45%)
Diabetes mellitus 162 (45%) 62 (54%) 0.080
Chronic kidney disease 94 (26%) 46 (40%) 0.004
Cerebrovascular disease 85 (24%) 27 (24%) >0.9

Coronary artery disease 122 (34%) 31 (27%) 0.2
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Table 2. Cont.
Characteristic No MALE, N=3491 MALE, N=140" p-Value 2
Acetylsalicilic acid 295 (82%) 93 (82%) >0.9
P2Y12/rivaroxaban 251 (70%) 84 (74%) 04
Statin therapy 305 (85%) 92 (81%) 0.3
ACEi/ARB 260 (72%) 68 (60%) 0.011

I Median (IQR); n (%), 2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. ACEi—

Angiotensin-Converting Enzyme inhibitors, ARB—Angiotensin II Receptor Blockers.

Table 3. Comparison of MACE/No event.

Characteristic No MACE, N = 4261 MACE, N =481 p-Value 2
Age (years) 72 (65, 79) 81 (73, 86) <0.001
Age group <0.001

<60 50 (12%) 3(6.3%)
61-70 145 (34%) 7 (15%)
71-80 137 (32%) 13 (27%)
>80 94 (22%) 25 (52%)
Sex (female) 147 (35%) 19 (40%) 0.5
Rutherford stage > 4 185 (43%) 37 (77%) <0.001
Primary segment 06
involvement '
Iliac 84 (20%) 6 (13%)
Femoropoliteal 121 (28%) 14 (29%)
Distal 69 (16%) 10 (21%)
Complex (femoropopliteal o o
and distal) 152 (36%) 18 (38%)

Diabetes mellitus 198 (46%) 26 (54%) 0.3
Chronic kidney disease 110 (26%) 30 (63%) <0.001
Cerebrovascular disease 99 (23%) 13 (27%) 0.6
Coronary artery disease 130 (31%) 23 (48%) 0.015

Acetylsalicilic acid 354 (83%) 34 (71%) 0.037
P2Y12/rivaroxaban 306 (72%) 29 (60%) 0.10

Statin therapy 367 (86%) 30 (63%) <0.001

ACEi/ARB 301 (71%) 27 (56%) 0.040

1 Median (IQR); n (%), 2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test. ACEi—

Angiotensin-Converting Enzyme inhibitors, ARB—Angiotensin II Receptor Blockers.

3.4. Survival Analysis

In unadjusted models, patients in the highest IL-27 quartile (Q4) had a significantly
increased risk of both MACE (HR 7.63, 95% CI 2.93-19.82, p < 0.001) and MALE (HR
1.31, 95% CI 0.79-2.16, p = 0.004). After adjusting for known cardiovascular and PAD risk
factors, the association between IL-27 Q4 and MACE remained statistically significant (HR
2.95,95% CI11.06-8.22, p = 0.039); however, the association between IL-27 and MALE was
attenuated and no longer statistically significant (HR 0.97, 95% CI 0.56-1.70, p = 0.926). The
results are represented in Tables 4 and 5, respectively.

Table 4. Unadjusted Cox proportional-hazards model for IL-27.

MACE MALE
Predictors Estimates CI p Estimates CI P
qlL 27 [Q2] 2.03 0.66-6.21 0.214 1.02 0.60-1.72 0.948
qlL 27 [Q3] 1.88 0.62-5.75 0.268 1.03 0.62-1.72 0.902
qlL 27 [Q4] 7.63 2.93-19.82 <0.001 131 0.79-2.16 0.004
Observations 474 474
RZ
Nagelkerke 0.088 0.003

CI—confidence interval, MACE—major adverse cardiovascular events, MALE—major adverse limb events.
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Table 5. Cox proportional-hazards model for IL-27, adjusted for known cardiovascular and PAD
risk factors.

MACE MALE
Predictors Estimates CI p Estimates CI p
qlL 27 [Q2] 1.52 049-474 0472 1.01 0.59-1.73  0.966
qlL 27 [Q3] 1.01 032323 0981 0.92 0.54-159 0769
qlL 27 [Q4] 2.95 1.06-822  0.039 0.97 0.56-1.70  0.926
Age 1.06 1.02-1.10  0.004 1.00 0.98-1.02  0.830
Sex 0.93 048-181  0.835 0.80 051-124 0319
CLI 2.97 132-6.67  0.008 2.05 129-326  0.002
Segment 1.10 040298  0.857 141 074270 0.295
(Femoropopliteal)
Segment 0.57 0.18-1.81 0342 0.98 045-2.13 0963
(Distal)
Segment
(Complex 0.45 0.15-1.35  0.154 1.38 071270 0345
femoropopliteal
and distal)
CAD 1.60 0.89-2.89  0.119 0.75 049-1.15  0.187
CVD 122 0.63-2.36  0.545 112 072-1.74 0616
Diabetes 1.27 0.68-239 0457 112 0.75-1.67  0.579
Smoking 0.87 0.60-1.24 0438 0.95 0.74-121  0.663
Observations 474 474
R? Nagelkerke 0.161 0.047

CAD—coronary artery disease, CVD—cardiovascular disease, CI—confidence interval, CLI—critical limb is-
chemia, MACE—major adverse cardiovascular events, MALE—major adverse limb events.

Kaplan-Meier curves for MACE and MALE are represented in Figures 1 and 2, respectively.
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Figure 1. Kaplan-Meier curve for IL-27 and risk of MACE.
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Figure 2. Kaplan—-Meier curve for IL-27 and risk of MALE.

4. Discussion

Circulating plasma levels of IL-27 represent a prognostic predictor in patients with
peripheral artery disease. In our patient cohort, elevated IL-27 levels were associated
with major long-term clinical outcomes, including myocardial infarction, stroke, major
amputation, and coronary and peripheral revascularization. Overall, IL-27 levels were
significant predictors of both MACE and MALE. However, after adjusting for traditional
risk factors and co-morbidities—including age, sex, chronic limb-threatening ischemia,
coronary artery disease, cerebrovascular disease (CVD), diabetes, and smoking—IL-27
levels independently predicted only MACE. Our study is the first to provide evidence
on the prognostic role of IL-27 in peripheral artery disease. In this respect, our results
align with evidence from observational studies in patients with coronary artery disease,
which have shown that IL-27 are elevated in patients with atherosclerotic vascular disease
and represent an independent predictor of future cardiovascular events in patients with
coronary atherosclerosis [10,14-16].

The mechanistic role of IL-27 in atherosclerotic vascular disease remains elusive. IL-27
has been identified as both a pro-inflammatory and anti-inflammatory cytokine, with vary-
ing findings across different inflammatory conditions [1,2,17,18]. In atherosclerosis, IL-27
has been primarily identified as a pro-atherosclerotic cytokine, by promoting adhesion
molecule upregulation in endothelial and CD4* T cells [19,20]. Conversely, animal models
have shown increased atherogenic potential in IL-27 receptor knocked-out mice and an an-
tiatherogenic potential in recombinant IL-27 treated mice, suggesting an anti-atherosclerotic
role of IL-27 [20-23]. Thus, studies with cell cultures and animal models paint a complex
picture of the role of IL-27 in atherosclerosis, which remains to be elucidated. Conversely,
elevated circulatory levels of IL-27 seem to represent an unfavorable finding in patients
with atherosclerosis. Elevated IL-27 levels could plausibly be a marker of increased overall
atherosclerotic disease burden, including in the context of PAD. IL-27 plays a role in chronic
inflammation, which is central to atherosclerotic plaque development in multiple vascu-
lar territories, including peripheral arteries, coronary arteries, etc. Several case-control
studies—but not all—have shown that circulating IL-27 levels are increased in patients
with atherosclerotic vascular disease when compared to healthy controls, whereas data
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on the association between IL-27 levels and disease extent/severity are less straight for-
ward [11,14-16]. Elevated circulating levels of IL-27 have also emerged as an unfavorable
prognostic marker in critically ill patients, including patients with pancreatitis and pneu-
monia [24-26]. IL-27 gene polymorphisms have been linked to increased cardiometabolic
risk, and preclinical and premature atherosclerosis. More importantly, in patients with
cardiovascular disease, two studies have shown an association between IL-27 levels and
unfavorable outcomes. One study in 524 patients with acute coronary syndrome has shown
that patients with IL-27 levels in the highest tertile have a 2.7-fold higher risk of recurrent
myocardial infarction or cardiovascular death when compared to patients with IL-27 in
the lowest tertile [14]. A second study in 402 patients referred for coronary angiogra-
phy (52% of whom had evidence of coronary artery disease) has shown that circulating
IL-27 levels > 25 ng/mL have a 1.8-fold higher risk of future cardiovascular events [27].
Our study in patients with peripheral artery disease align with these two studies focusing
on coronary atherosclerosis: in our analysis, circulating IL-27 levels in the highest tertile
independently predicted a 3.6-fold increase in the risk of major cardiovascular events.
Conversely, major limb events, while associated with increased IL-27 levels, could not be
predicted by IL-27 after multivariate adjustment. Major cardiovascular events are driven
primarily by systemic atherosclerotic burden and plaque instability, both of which are
strongly linked to chronic vascular inflammation. Major limb events are complications
of peripheral artery disease, which can be caused not only by chronic vascular inflam-
mation but also by several other factors, such as severity of arterial stenosis/occlusion
or microvascular disease. In our cohort, there was a higher proportion of MALE among
patients with complex lesions (femoropopliteal and distal). This reflects more advanced
atherosclerotic disease with multi-segment arterial involvement. Complex lesions are more
challenging for revascularization and more prone to reduced long-term patency, which
leads to restenosis and the need for repeat revascularization. In addition, such patients
have often other comorbidities, such as diabetes mellitus and chronic kidney disease, which
can further compromise tissue perfusion and lead to amputation.

Limitations

Our study has some limitations. Firstly, we included patients with peripheral artery
disease undergoing invasive diagnostic and/or revascularization procedures (Fontaine
stages IIB-1V), representing a high-risk subset of patients with peripheral artery disease.
Secondly, ours was a single-centre study; although providing data from a major national
referral centre for patients with advanced peripheral arterial disease, limitations inherent
to single-centre observation need to be accounted for. Thirdly, our observational study
provides evidence of association, but not necessarily causation, between IL-27 and clinically
relevant outcomes in patients with peripheral artery disease. Fourthly, there was no
available data on levels of CRP. Though we did exclude patients with known acute infection
up to 6 weeks prior to admission, undiagnosed inflammatory disease could potentially
interfere with IL-27 levels.

5. Conclusions

Ours is the first study to address the long-term prognostic impact of circulating IL-27
levels in patients with peripheral artery disease. Our results have shown that elevated
IL-27 levels are associated with unfavourable long-term prognosis—i.e., a higher risk of
major adverse limb and cardiovascular events. Our findings suggest that IL-27 could
have clinical value in identifying patients with peripheral artery disease with adverse
prognosis, who may benefit from more intensive follow-up and more aggressive risk
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management/secondary prevention strategies, including high-intensity regimens of statins
and ACE inhibitors.
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Abbreviations

The following abbreviations are used in this manuscript:

CAD Coronary artery disease

CVD Cardiovascular disease

IL Interleukin

MACE Major adverse cardiovascular events
MALE Major adverse limb events

MI Myocardial infarction

PAD Peripheral artery disease

PTA Percutaneus transluminal angioplasty
TIA Transient ischaemic attack
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