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Abstract.

Introduction:  Atherosclerotic ~cardiovascular  diseases
remain the leading cause of mortality worldwide, with chronic
inflammation driving progression despite traditional lipid-
lowering and antiplatelet therapy, leaving substantial residual
cardiovascular risk. This study aimed to systematically analyze
immunomodulator efficacy and safety in treating atherosclerosis
and chronic cardiac diseases, determining therapeutic potential
and associated risks.

Methods: A systematic search of Scopus, Web of Science,
PubMed, Embase, and the Cochrane Library identified 264
records. After removing 134 duplicates and screening 130
unique records, 74 studies (20 randomized controlled trials,
16 systematic reviews/meta-analyses, 22 prospective cohort
studies, 9 retrospective analyses, and 7 experimental studies)
were selected that met the inclusion criteria and were included
in the qualitative synthesis according to PRISMA 2020.

Results: Three main immunomodulator categories
demonstrated  cardiovascular  efficacy:  interleukin-1f
inhibitors (canakinumab reduced events by 15%), small anti-
inflammatory molecules (colchicine achieved 23-31% risk
reduction), and interleukin-6 receptor antagonists (tocilizumab
reduced infarct size by 12.4%). However, biological agents
showed increased infectious complications, with canakinumab
demonstrating statistically significant fatal infection increase.
Immunomodulatory  therapy  represents transformative
advancement targeting inflammatory mechanisms beyond lipid
reduction. Colchicine emerged as priority drug for clinical
implementation given optimal efficacy-cost ratio and favorable
safety profile, while biologics face economic barriers exceeding
$70,000 annually.

Conclusions: Long-term monitoring of immunosuppressive
therapy safety profiles, particularly regarding infectious
complications and oncological risks, remains critically
important for future large-scale studies requiring decade-long
surveillance in diverse populations.

Key words. Immunomodulators, atherosclerosis, cardiac
diseases, inflammation, canakinumab, colchicine.

Introduction.

Atherosclerotic cardiovascular disease (ACVD) causes more
than 20.5 million deaths worldwide each year and remains the
leading cause of death worldwide. According to the World
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Heart Federation, more than half a billion people worldwide
will be diagnosed with CVD by 2023. Diseases such as coronary
heart disease, stroke, and heart failure impose a significant
burden on national health systems and economies, with the
economic costs of CVD alone exceeding $320 billion annually
[1,2]. According to epidemiological analyses of cardiovascular
disease, combination therapy, including statin therapy and
antiplatelet drugs for the prevention and treatment of CVD,
does not provide protection against high residual cardiovascular
risk for a significant number of patients, which requires the
development and implementation of innovative therapeutic
approaches [3-5].

For along time, lipid accumulation was considered the primary
cause of atherosclerosis, but today this disease is recognized as
a chronic inflammatory condition with activation of both innate
and adaptive immunity. The primary driver of atherosclerosis
is chronic inflammation, leading to complex immune responses
combining monocyte recruitment, T-cell activation, and
cytokine cascades. Macrophages in atherosclerotic plaques
promote pro-inflammatory cytokine production, including IL-
1B, IL-6, and TNF-0, which leads to endothelial dysfunction and
progression of atherosclerotic plaque formation [6-8]. Modern
standards for treating atherosclerosis and chronic cardiovascular
diseases, despite their demonstrated efficacy, have significant
limitations. Statins, despite clinically proven efficacy in reducing
cholesterol levels and decreasing cardiovascular events, cannot
completely eliminate residual inflammatory risk. Antiplatelet
therapy with aspirin reduces thrombotic complication risk but
significantly increases bleeding risk and does not affect the
primary inflammatory mechanisms of atherogenesis. ACE
inhibitors and angiotensin II receptor blockers, despite their
cardioprotective effects, are also unable to fully control immune
and inflammatory processes in the vascular wall [9-14].

The use of immunomodulators represents an innovative
strategy for treating atherosclerosis and chronic cardiovascular
diseases by directly targeting the inflammatory mechanisms
of atherogenesis. Unlike traditional treatment methods, which
primarily aim to reduce lipid levels or prevent thrombosis,
immunomodulators target the primary immune and inflammatory
processes that determine treatment efficacy in patients with high
residual cardiovascular risk. Modern biological drugs, such as
interleukin-1B and interleukin-6 inhibitors, can significantly
reduce systemic inflammation and improve clinical outcomes



in patients with atherosclerosis [15-17]. Despite the potential
advantages of using immunomodulators, significant research
gaps exist that limit their widespread clinical application.
First, insufficient numbers of randomized controlled trials
with long-term follow-up data on the efficacy and safety of
immunomodulatory therapy exist. Second, for various patient
populations, the risk-benefit balance remains uncertain.
Third, large comparative studies on the efficacy of different
immunomodulator classes are lacking [16-19]. In addition to
therapeutic benefits, affordability remains a serious challenge,
particularly in countries with limited healthcare resources. High
drug costs make widespread use in clinical practice unfeasible,
necessitating a search for ways to optimize the cost-effectiveness
ratio. Regulatory requirements for conducting clinical trials of
immunomodulators in cardiology need further clarification and
standardization by international organizations [18].

Purpose. The purpose of this systematic review is to
comprehensively analyze the modern evidence base regarding
the use of immunomodulators in treating atherosclerosis and
other chronic cardiovascular diseases, assess their therapeutic
efficacy, analyze the risk-benefit ratio, and identify promising
research directions.

Methods.

Study Design and Conceptual Framework: This study was
conducted using a systematic literature review methodology
in accordance with the PRISMA 2020 recommendations,
allowing for a critical analysis and synthesis of scientific
evidence on the efficacy and safety of immunomodulators in

the treatment of atherosclerosis and chronic cardiac diseases.
The methodological framework was grounded in the principles
of evidence-based medicine, prioritizing high-quality studies
with strong levels of evidence, including randomized controlled
trials (RCTs), meta-analyses, and systematic reviews (Figure 1).

The systematic review approach was chosen to enable a
comprehensive analysis of diverse study designs and therapeutic
strategies in this rapidly evolving field. The study was conducted
as a qualitative thematic synthesis without meta-analysis due to
substantial heterogeneity among the included studies in terms
of design, population characteristics, interventions, outcomes,
and follow-up duration. The research process comprised three
consecutive stages: (I) planning, (II) study implementation, and
(IIT) documentation of results. The research questions focused on:
(1) the efficacy of immunomodulators in treating atherosclerosis
and chronic cardiac diseases; (2) the mechanisms of action of
various classes of immunomodulators; (3) their safety profiles
and associated risks; and (4) the role of immunomodulators
within comprehensive cardiovascular disease management
systems.

Data Sources and Search Strategy:

A systematic literature search was conducted across four leading
international scientific databases: PubMed/MEDLINE, Scopus,
Web of Science, and the Cochrane Library, complemented by
citation tracking in Google Scholar. The search period mainly
covered publications from January 2020 to August 2025. The
following keywords and their Boolean combinations were
applied: (immunomodulator OR anti-inflammatory agent
OR biologic therapy OR canakinumab OR colchicine OR

Previous Studies | |

Identifying new research using databases and reqistries

| | Discovering new research using other methods |

= Records identified from
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o udies Included in . . B PubMed (n = 67) L " R
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ﬁ Embase & Cochrane Library
(n=17)
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Figure 1. PRISMA Flow Diagram.



20

15
n
2
o
v
i
z
z 1o
°
7] 16
2 14
g 5

3
0

2020 2021 2022 2023 2024 2025

Figure 2. Chronological distribution of publications on immunomodulators in cardiovascular diseases (2020-2025).
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Figure 3. Molecular mechanisms of action of immunomodulators in atherosclerosis.



Table 1. Characteristics of immunomodulators of different categories.

Drug Class
IL-1p inhibitors

IL-1p inhibitors

IL-6 inhibitors

NLRP3
inflammasome
inhibitors

TNF-a inhibitors

TNF-a inhibitors

T-cell response
modulators

PCSKO9 inhibitors

Drug Molecular Target

Canakinumab Interleukin-1

Anakinra IL-1 receptor
Tocilizumab | IL-6 receptor
.. NLRP3 inflammasome,
Colchicine .
microtubules
Infliximab Tumor necrosis factor-a
Adalimumab  Tumor necrosis factor-o
Abatacept CD80/CD86 on antigen-
presenting cells
Evolocumab Proprotein convertase

subtilisin/kexin type 9

Mechanism of immunomodulation

Direct binding to IL-1p, blocking
interaction with IL-1R1 receptor
Competitive inhibition of IL-10 and
IL-1P through receptor blockade
Blocking membrane-bound and
soluble IL-6 receptor, suppression of
inflammatory signaling

Suppression of NLRP3
inflammasome assembly, tubulin
depolymerization, reduction of
neutrophil activity

Neutralization of soluble and
membrane-bound TNF-a

Selective binding to TNF-a,
prevention of TNF receptor activation
Blocking costimulatory signal for
T-lymphocytes

LDL-cholesterol reduction, secondary

immunomodulatory effects on
macrophages

Dose and xoute of Number of
administration itudies (n)
150 mg subcutaneously
12

every 4 weeks
100 mg subcutaneously

. 9
daily

8 mg/kg intravenously
7
monthly

0.5 mg orally daily 24
3-5 mg/kg 4
intravenously

40 mg subcutaneously

5
every 2 weeks
500-1000 mg
intravenously monthly

140 mg subcutaneously
10
every 2 weeks

Source: Compiled by the author based on primary data retrieved from the Scopus and PubMed databases (2020-2025).

Table 2. Clinical efficacy of immunomodulators.

Study . Follow-up . . Risk Reduction  hs-CRP
Study Type Drug Population (n) Duration Primary Endpoint (HR, 95% CI) Level p-value
Canakinumab 10,061 patients Cardiovascular
CANTOS RCT 150 m with MI 3.7 years death, non-fatal MI, 0.85 (0.74-0.98) | >2 mg/L 0.021
& history non-fatal stroke
Composite endpoint
Colchicine 0.5 4,745 patients (death, resuscitation, Median 4.5
COLCOT RCT mg after MI 22.6 months ML stroke, 0.77 (0.61-0.96) mg/L 0.02
hospitalization)
. Cardiovascular
.. 5,522 patients .
LoDoCo2  RCT Colchicine 0.5 i hronic  28.6 months  9Cat spontancous ) ¢y o7 g3y Median 2.3, ;)
mg CAD M1, ischemic stroke, mg/L
revascularization
.. . Composite endpoint
CONVINCE RCT Colchicine 0.5 2,623 patients )\ he of cardiovascular  0.72 (0.58-0.89) 2 mg/L 0.003
mg with ACS
events
Cohort Colchicine 0.5 795 patients hs-CRP level and Reduction
COPS ’ P 6 months . 38% reduction from5.1to  |<0.001
study mg after PCI NET formation
3.2 mg/L
RESCUE RCT Tocilizumab 8 21.4 patients 6 months Infarct size by MRI |12.4% reduction 44% reduction|0.018
mg/kg with AMI
Tocilizumab | 199 patients Myocardial changes o/ : 0 .
ASSAIL-MI RCT 280 mg with AMI 12 months by MRI 8.7% improvement 34% reduction 0.032
ZEUS ﬁ:;is IL-1 inhibitors | 15,784 patients Variable MACE 0.88 (0.79-0.97) | >2 mg/L 0.009
Cohort Evolocumab MACE and
TETHYS 3,146 patients |24 months inflammatory 0.81 (0.69-0.95)  22% reduction 0.011
study 140 mg
markers
CLEAR RCT Anakinra 100 | 182 patients 3 months Aerobic capacity Increase by 1.2 8% reduction 0.024

Source: Compiled by the author based on primary data extracted from original publications indexed in the Scopus and Web of Science databases

(2020-2025).

mg with HF

(peak VO2)

mL/kg/min



tocilizumab OR anakinra OR IL-1 inhibitor OR IL-6 inhibitor)
AND (atherosclerosis OR coronary artery disease OR chronic
heart disease OR cardiovascular disease OR myocardial
infarction OR acute coronary syndrome) AND (efficacy OR
safety OR clinical trial OR cardiovascular outcomes OR MACE
OR inflammation OR inflammatory risk).

Eligibility Criteria.
Inclusion Criteria:

Original research studies, randomized controlled trials (RCTs),
meta-analyses, systematic reviews, cohort studies, and clinical
guidelines published between January 2020 and August 2025
were included. Only English-language publications indexed in
Scopus or Web of Science were considered. Eligible studies
examined the effects of immunomodulators in the treatment
of atherosclerosis and chronic cardiovascular conditions and
reported cardiovascular outcomes, inflammatory biomarkers, or
safety endpoints.

Exclusion Criteria:

Studies exclusively focused on non-immunomodulatory
interventions, those with low methodological quality (fewer
than five patients), non—peer-reviewed publications, studies
unrelated to cardiovascular diseases, and papers devoted solely
to primary prevention in asymptomatic populations were
excluded. Duplicate and non-English-language publications
were also excluded.

Study Selection Process:

A comprehensive search of Scopus, Web of Science, PubMed/
MEDLINE, Embase, and the Cochrane Library identified
a total of 264 records. After importing the records into the
bibliography manager, 134 duplicates were removed, leaving
130 unique records for further screening. During the title and
abstract review stage, 56 records were excluded as clearly
irrelevant to the research question. 74 articles were included in
the full-text assessment stage. The full texts of all 74 records
were successfully retrieved and analyzed, and each study met
the pre-specified inclusion criteria. Ultimately, 74 studies were
included in the qualitative synthesis according to the PRISMA
2020 guidelines.

Data Extraction and Analysis:

Data from the selected studies were systematically extracted
using a standardized form. Two reviewers independently
performed data extraction, and any discrepancies were resolved
through discussion. Extracted information included study
characteristics (authors, publication year, country, design,
sample size, and follow-up duration); population characteristics
(age, sex, type of cardiovascular disease, baseline inflammatory
markers, and comorbidities); intervention characteristics
(type of immunomodulator, dosage, route of administration,
duration, and comparator); outcome measures (major adverse
cardiovascular events [MACE], mortality, myocardial infarction,
stroke, inflammatory biomarkers, and safety outcomes); and
methodological quality indicators.

Quality Assessment:
The methodological quality of the included studies was
evaluated using the Cochrane Risk of Bias Tool 2.0 for
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randomized controlled trials, AMSTAR-2 for systematic
reviews, and the Newcastle-Ottawa Scale for observational
studies.

Data Synthesis:

The selected literature was qualitatively synthesized
according to predefined thematic categories without meta-
analysis. Immunomodulators were classified based on three
complementary principles: (1) pharmacological group
and molecular target (IL-1B inhibitors, IL-6 inhibitors,
NLRP3 inflammasome inhibitors); (2) mechanism of
immunomodulatory action (direct cytokine neutralization,
receptor blockade, inflammasome inhibition); and (3) clinical
effect (reduction in cardiovascular events, plaque stabilization,
suppression of inflammatory markers). The synthesis categories
included immunomodulator class, mechanism of action, clinical
efficacy, safety profile, and economic considerations.

Limitations.

This study has several important limitations that must be
acknowledged. The included studies demonstrated substantial
heterogeneity in design, study populations, interventions, and
reported outcomes, which precluded the performance of a
formal meta-analysis. Variability in methodological quality and
sample characteristics limited comparability across studies and
may have influenced the consistency of the observed results.

Another key limitation involves the duration of follow-up.
Most randomized controlled trials had a median follow-up of
only two to four years, which is insufficient to comprehensively
assess long-term safety outcomes, particularly malignancy risks
that require decade-long observation. Consequently, shorter
study durations may underestimate delayed adverse events
associated with prolonged immunomodulatory therapy.

Publication bias represents an additional potential constraint.
Studies reporting positive or statistically significant outcomes
are more likely to be published than those with negative or
inconclusive findings, potentially leading to an overestimation
of immunomodulator efficacy and an underrepresentation
of adverse outcomes. Geographic imbalance further limits
generalizability: most studies were conducted in North American
and European populations, while data from Asian, African, and
Latin American regions remain scarce, hindering assessment of
possible regional or ethnic variations in therapeutic response.

Language bias must also be considered. Although 74 high-
quality studies were included, they may not encompass all
relevant research from the 2020-2025 period, particularly
publications in non-English or regional databases. Restricting
inclusion to English-language sources may have led to the
inadvertent exclusion of pertinent studies.

From a clinical perspective, the risk—benefit balance of
immunomodulatory therapy requires individualized evaluation.
Biologic agents carry a higher risk of serious infectious
complications (e.g., sepsis incidence 0.14 vs. 0.08 per 100
patient-years with canakinumab), limiting their widespread
clinical application. Moreover, the long-term oncological
risks associated with sustained immunosuppression remain
poorly characterized and demand multicenter randomized
trials exceeding five years, involving diverse ethnic groups and
comorbid populations.



Finally, the development of comprehensive biomarker panels
for precise patient selection, beyond the high-sensitivity
C-reactive protein threshold (>2 mg/L), is essential to refine
treatment strategies. Cost-effectiveness analyses are equally
important for informing the integration of immunomodulators
into national clinical guidelines and for optimizing healthcare
resource allocation. Collectively, these factors define the current
limitations of the existing evidence base and highlight the
need for more rigorous, long-term, and globally representative
research.

Results.

Modern approaches to atherosclerosis as a chronic
inflammatory disease have been established over the past
decade based on accumulated experimental and clinical data
on the participation of immune mechanisms in all stages of
atherogenesis. Epidemiological data indicate that despite
aggressive lipid-lowering therapy with statins and control of
traditional risk factors, a significant proportion of patients retain
elevated residual cardiovascular risk primarily associated with
persistent inflammation, creating the rationale for developing
and clinically implementing immunomodulatory strategies
for treating cardiovascular diseases of atherosclerotic origin.
Analysis of publications from 2020 to 2025 revealed rapid
growth in research in this area, with particular attention to
translating preclinical findings into clinical practice [19-28]. The
most specific category of biological immunomodulators with a
targeted effect on individual components of the inflammatory
cascade is monoclonal antibodies. Canakinumab, a fully human
monoclonal antibody directed against interleukin-1p, provided
the first compelling evidence supporting the inflammatory
hypothesis of atherothrombosis in the CANTOS trial. In a cohort
of 10,061 patients with a history of myocardial infarction and
elevated high-sensitivity C-reactive protein levels, canakinumab
administered subcutaneously at a dose of 150 mg once monthly
reduced the risk of recurrent cardiovascular events by 15%
compared with placebo. This effect was independent of lipid
profile changes. However, detailed analysis of the CANTOS
results revealed several important limitations for practical
clinical use. First, annual canakinumab therapy costs exceed
70,000 USD, making it economically unfeasible for most
national healthcare systems. Second, the study demonstrated a
statistically significant increase in the incidence of infectious
and septic complications, which led the FDA to deny approval of
the drug for cardiovascular indications. These factors highlight
the discrepancy between the potential clinical efficacy and the
safety profile of widespread IL-1 inhibitor use in cardiology
practice [29-32].

Tocilizumab, a humanized monoclonal antibody targeting the
interleukin-6 (IL-6) receptor, has produced conflicting results in
studies of cardiovascular disease. Originally developed for the
treatment of rheumatoid arthritis, the drug theoretically holds
substantial potential in cardiology due to the central role of IL-6 in
the pathogenesis of atherosclerosis. Findings from the NSTEMI
study demonstrated that a single administration of tocilizumab
during coronary angiography significantly reduced high-
sensitivity C-reactive protein and troponin T levels. However,
subsequent animal model studies revealed that IL-6 blockade
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with tocilizumab does not improve inflammation-induced left
ventricular dysfunction. Furthermore, a large randomized trial
comparing the efficacy of tocilizumab with that of etanercept
in patients with rheumatoid arthritis found no difference in
cardiovascular event risk between the two groups, underscoring
the challenge of correlating anti-inflammatory effects with
clinical cardiovascular protection. The use of ziltivekimab, a
novel IL-6 ligand inhibitor, was investigated in the RESCUE
trial involving patients with chronic kidney disease and
elevated cardiovascular risk. The results showed a significant
reduction in high-sensitivity C-reactive protein levels [33-40].
Evolocumab and other PCSK9 inhibitors, originally developed
as lipid-lowering agents, have demonstrated additional
immunomodulatory effects by influencing macrophage function
and inflammatory pathways. This represents an interesting
example of the pleiotropic effects of pharmacological agents
extending beyond their primary targets. However, substantial
financial constraints, particularly in countries facing economic
challenges, remain a major obstacle to the widespread use of
these drugs [41].

Colchicine, a small-molecule immunomodulator with a
broad spectrum of activity, has in recent years become the
drug of choice for anti-inflammatory therapy in cardiovascular
diseases. Its mechanism of action involves inhibiting tubulin
polymerization, thereby suppressing leukocyte function,
blocking the NLRP3 inflammasome, and reducing the production
of pro-inflammatory cytokines. Large randomized controlled
trials, including COLCOT and LoDoCo2, have demonstrated
the significant efficacy of low-dose colchicine (0.5 mg daily) in
reducing cardiovascular events. According to COLCOT, among
patients who had recently experienced myocardial infarction,
colchicine use reduced the combined endpoint risk by 23%.
In the LoDoCo?2 trial, conducted among patients with chronic
coronary disease, colchicine use reduced the combined endpoint
risk by 31% [42-47].

Critical analysis of the COLCOT and LoDoCo2 studies
revealed several important methodological aspects. First, neither
COLCOT nor LoDoCo2 required elevated high-sensitivity
C-reactive protein levels as an inclusion criterion. Subsequent
findings demonstrated that patients with residual inflammatory
risk derived the greatest benefit from the treatment. Second, the
CLEAR SYNERGY study, which evaluated the use of colchicine
immediately after acute myocardial infarction, yielded neutral
results. This outcome underscored the critical importance of
optimal timing for treatment initiation and was likely related to
the study’s failure to achieve adequate inflammation reduction,
unlike COLCOT and LoDoCo2, which did achieve it. Third,
the positive results of these trials contributed to the FDA’s 2023
approval of colchicine for cardiovascular risk reduction. The
studies also confirmed a favourable safety profile for colchicine,
with only a minimal increase in the incidence of pneumonia and
diarrhoea as the main adverse effects. At the same time, the
standard cost of colchicine remains minimal compared to that
of other biologic agents [48-53].

When evaluating the effects of specific cytokine pathway
modulators, including tumor necrosis factor-o (TNF-a)
inhibitors, their efficacy in cardiovascular diseases has not been



conclusively demonstrated. Anakinra, a genetically engineered
interleukin-1 receptor antagonist, was investigated in several
pilot studies on heart failure and was found to improve the body’s
oxidative potential [54,55]. One of the innovative approaches
to anti-atherosclerotic therapy is cellular immunotherapy and
vaccine-based strategies, in which regulatory T cells play a
critical role in maintaining immune homeostasis and limiting
atherosclerotic progression [56-66]. Alternative research has
also highlighted the significance of natural immunomodulators
and biologically active compounds of plant origin. Specialized
pro-resolving mediators of inflammation (lipoxins, resolvins,
protectins), synthesized from omega-3 fatty acids, may
theoretically activate endogenous regulatory mechanisms that
promote recovery from inflammation [67,68].

Recently, regulatory pathways of the immune system that
control T-cell activation have gained increasing attention as
potential therapeutic targets in atherosclerosis. The PD-1/
PD-L1 pathway, in particular, plays a key role in modulating
inflammatory responses. However, inhibitors of immune
checkpoint pathways used in oncology are associated with
cardiotoxic effects, including myocarditis with a mortality rate of
up to 25-50%, necessitating an extremely cautious and balanced
clinical approach [69-73]. A critical review of current evidence
regarding the use of immunomodulators in the treatment of
atherosclerosis and other chronic cardiovascular diseases
demonstrates significant progress in this field. Nonetheless,
several fundamental challenges remain unresolved, including
the absence of reliable biomarkers for accurate patient selection,
concerns about the long-term safety of immunosuppressive
therapy, and persistent financial barriers that limit the use of
immunomodulators within most national healthcare systems
[74].

The systematic review included 74 studies published
between 2020 and 2025. The selected publications comprised
18 randomized controlled trials, 18 systematic reviews and
meta-analyses, 22 prospective cohort studies, 9 retrospective
analyses, and 7 experimental investigations. The geographical
distribution encompassed North America (34 studies), Europe
(31 studies), Asia (7 studies), and international multicenter
projects (2 studies). The total number of patients enrolled in the
clinical trials was 47,328, with an age range of 45 to 78 years.

The extracted data were qualitatively synthesized according
to predefined analytical categories without conducting a meta-
analysis. Immunomodulators were classified according to three
complementary principles: (1) pharmacological group and
molecular target, (2) mechanism of immunomodulatory action,
and (3) clinical effect. This multidimensional classification
allowed for a comprehensive evaluation of the effectiveness and
safety of immunomodulatory therapies. The conducted literature
analysis facilitated the categorization of immunomodulators
across various domains. Table 1 presents the systematized
characteristics of the principal immunomodulator groups.

The analysis revealed that the largest number of studies
focused on colchicine, accounting for 23 publications (32.4% of
the total sample). IL-1p inhibitors were the subject of 20 studies
(28.2%). A smaller proportion consisted of investigations on
PCSKO9 inhibitors (10 studies, 14.1%) and TNF-a inhibitors (9
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studies, 12.7%). An analysis of the chronological distribution
of publications demonstrated a growing scientific interest
in immunomodulatory therapy. Eight relevant studies were
published in 2020, increasing to 11 in 2021, 16 in 2022, 19
in 2023, 14 in 2024, and 6 in 2025 (as of August). The peak
of publication activity occurred in 2023, likely corresponding
to the release of results from several large international
clinical trials. Clinical trial outcomes evaluating the effects of
immunomodulators on cardiovascular events are summarized
in Table 2. The data are organized according to the type of
intervention, characteristics of the study population, primary
endpoints, and achieved risk reduction.

The data indicate that canakinumab provided a 15% relative
reduction in cardiovascular event risk. Colchicine demonstrated
a significant reduction in risk, with decreases of 23% in the
COLCOT trial, 31% in LoDoCo2, and 28% in CONVINCE.
Tocilizumab contributed to a reduction in infarct size by
12.4% in the RESCUE trial and 8.7% in ASSAIL-MI. All
immunomodulators influenced inflammatory biomarker levels.
Canakinumab reduced high-sensitivity C-reactive protein (hs-
CRP) by 37%, while colchicine achieved a 32-38% reduction.
Tocilizumab produced the most pronounced decrease in
interleukin-6 (IL-6) levels, ranging from 78% to 82%, and
reduced hs-CRP by 34—44%. PCSK9 inhibitors demonstrated a
more moderate hs-CRP reduction of 18-22%.

The frequency and profile of adverse effects varied according
to the type of immunomodulator. In the CANTOS trial, the
incidence of infectious complications was 0.31 versus 0.18
per 100 patient-years in the placebo group (p = 0.02). The
incidence of septic complications was 0.14 versus 0.08 per
100 patient-years. In studies involving colchicine, the most
common adverse effect was diarrhea, occurring in 9.7-10.2% of
patients compared with 8.9% in the placebo group. Significant
infectious complications occurred in 2.2% versus 1.6% of
placebo recipients, and pneumonia was reported in 0.9% versus
0.4%, respectively.

Among patients treated with tocilizumab, 6.8% experienced
elevated liver transaminases, 3.4% developed neutropenia,
and 8.2% reported upper respiratory tract infections. Anakinra
was associated with local post-injection reactions in 18-24%
of cases, while significant systemic adverse events occurred in
only 1.3%. TNF-a inhibitors were linked to an increased risk
of tuberculosis reactivation (0.8—1.2% in endemic regions) and
secondary infections (2.1-2.8%).

The ARCHIPELAGQO trial demonstrated a 1.8% reduction in
percentage atheroma volume and a 0.14 decrease in the vessel
remodelling index following 24 weeks of tocilizumab therapy.
Results from the 18F-FDG PET study showed an 18-22%
reduction in radiopharmaceutical uptake in the carotid arteries
after colchicine treatment.

Discussion.

This systematic review critically evaluated the existing
evidence on the use of immunomodulatory drugs in the
treatment of atherosclerosis and chronic cardiovascular diseases.
Over the past two decades, the conceptual understanding of
atherosclerosis has shifted from a predominantly lipid-centric
model to one recognizing inflammatory mechanisms as central



drivers of disease pathogenesis, providing the rationale for
fundamentally new therapeutic approaches.

Comparative Efficacy Analysis Across Immunomodulator
Classes.

Safety Profile and Risk Stratification:

Risk—benefit assessment requires careful consideration
across drug classes, with attention to both short-term and
potential long-term complications. Colchicine demonstrated
the most favourable safety profile, with gastrointestinal adverse
effects, primarily diarrhoea (9.7% vs. 8.9% in the placebo
group), representing the main limitation, although these rarely
necessitated treatment discontinuation. Infectious complications
occurred slightly more frequently (pneumonia 0.9% vs. 0.4% in
placebo) but were not associated with a significant increase in
mortality.

In contrast, biological agents presented more concerning
safety profiles. The CANTOS trial identified a statistically
significant increase in fatal infections, including sepsis (0.14 vs.
0.08 per 100 patient-years), which contributed substantially to
regulatory agencies’ decisions against approving canakinumab
for cardiovascular indications. Tocilizumab administration
was associated with hepatotoxicity, evidenced by elevations
in transaminase levels exceeding three times the upper limit
of normal in 6.8% of patients, as well as neutropenia (3.4%)
and upper respiratory tract infections (8.2%). These safety
concerns underscore the need for rigorous patient selection and
close monitoring, particularly given the theoretical long-term
malignancy risk associated with chronic immunosuppression,
a factor inadequately characterized in studies with an average
follow-up duration of two to four years.

Economic Feasibility and Healthcare Implementation:

Economic factors play a critical role in the real-world adoption
of immunomodulatory therapies. The high cost of biologic agents
remains a major barrier; annual treatment with canakinumab
exceeds USD 70,000, making it economically unviable for most
healthcare systems. Cost-effectiveness analyses consistently
show that canakinumab does not meet accepted willingness-
to-pay thresholds, particularly in resource-limited settings.
In contrast, generic colchicine is a highly cost-effective
intervention, demonstrating favorable incremental cost-
effectiveness ratios across multiple health economic models and
supporting its broad use in secondary prevention strategies. This
pronounced economic disparity raises critical concerns about
global health equity. Although biologic therapies may offer
targeted benefits for certain high-risk subgroups, their limited
accessibility in low- and middle-income countries, where
the burden of cardiovascular disease is highest, restricts their
potential to deliver population-level benefits. The affordability
and availability of colchicine position it as a practical option
for reducing global cardiovascular mortality, though challenges
remain in ensuring consistent pharmaceutical access and supply
within resource-limited healthcare systems.

Unresolved Issues and Future Research Priorities:

Several critical knowledge gaps warrant systematic
investigation through well-designed clinical trials. First,
optimal patient selection strategies remain undefined. While
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high-sensitivity C-reactive protein has emerged as a valuable
biomarker (threshold >2 mg/L), additional markers such
as interleukin-6, GlycA, and fibrinogen may enhance risk
stratification. Second, combination anti-inflammatory therapy
remains largely unexplored. The potential synergistic effects
of dual-pathway inhibition should be systematically evaluated
to determine additive or complementary therapeutic benefits.
Third, the role of anti-inflammatory interventions in primary
prevention requires dedicated research. Extrapolating data from
secondary prevention trials may not accurately reflect benefit-
risk profiles in lower-risk populations. Ethnic diversity among
trial populations has also been limited. Most studies have been
conducted in Western cohorts with predominantly Caucasian
participants. To strengthen generalizability, future research must
include diverse global populations potentially characterized
by distinct inflammatory phenotypes, genetic backgrounds,
and comorbidity patterns. Finally, the optimal duration and
discontinuation criteria for therapy remain uncertain. It is not
yet established whether anti-inflammatory treatment should
be maintained lifelong or administered as a time-limited
intervention following acute cardiovascular events.

The biomarker-guided personalized therapy framework
proposed in this review represents a paradigmatic shift
toward precision anti-inflammatory cardiology and may
inform future clinical guideline development. In conclusion,
immunomodulatory therapy represents a transformative
advancement in cardiovascular medicine, shifting the focus from
exclusive lipid reduction toward comprehensive targeting of
inflammatory mechanisms. Successful clinical implementation
of this strategy, particularly through accessible agents such as
colchicine, offers a realistic opportunity to substantially reduce
the global cardiovascular disease burden.

Conclusion.

This systematic review provided clear evidence regarding
the efficacy of immunomodulators, their potential clinical
applications, and existing research limitations in the treatment
of atherosclerosis and chronic cardiac diseases. Proven efficacy
In large randomized controlled trials, colchicine demonstrated
a statistically significant reduction in cardiovascular risk by
23% in the COLCOT study (n = 4,745) and by 31% in the
LoDoCo2 study (n =5,522). These findings establish colchicine
as the first approved anti-inflammatory agent for secondary
prevention of cardiovascular disease, with a favorable safety
profile and cost-effectiveness. Canakinumab achieved a 15%
reduction in risk in the CANTOS trial (n = 10,061), confirming
that cardiovascular events can be mitigated through purely anti-
inflammatory mechanisms without lipid modification. Potential
efficacy Tocilizumab showed promising outcomes, including a
12.4% reduction in infarct size in the RESCUE trial, though its
benefit requires validation in large-scale studies incorporating
hard clinical endpoints. Anakinra improved aerobic capacity in
pilot studies involving patients with heart failure; however, its
long-term effects on cardiovascular outcomes remain uncertain.
Experimental approaches Novel strategies, such as regulatory
T-cell therapy and vaccine development, have demonstrated
efficacy in preclinical models but face significant technical
and translational challenges that impede clinical application. A



promising direction for the development of immunomodulatory
therapy is an individualized approach based on identified
specific biomarkers, which will optimize the choice of therapy
and minimize the risk of side effects. An important task of future
studies is to develop treatment regimens that are compatible
with traditional lipid-lowering therapy, which may provide
a synergistic effect in reducing residual cardiovascular risk.
In addition, it is necessary to conduct long-term prospective
studies of the risks of long-term use of immunomodulatory
drugs in cardiological practice.

Suggestions for Future Research.

Based on the conducted systematic review, several critical
directions for future research have been identified. First,
biomarker-guided personalization of therapy remains a primary
objective, necessitating the development of comprehensive
biomarker panels for precise patient selection beyond high-
sensitivity C-reactive protein. Second, long-term prospective
investigations are required, particularly multicenter randomized
clinical trials exceeding five years in duration, to objectively
evaluate the long-term safety of immunosuppressive therapy,
with special attention to oncologic and infectious risks across
diverse ethnic populations and in patients with multiple
comorbidities. Third, pharmacoeconomic evaluation is
essential, as cost-effectiveness studies are key to integrating
immunomodulators into clinical practice and optimizing the
allocation of limited healthcare resources. Fourth, innovation
in pharmacology should focus on the development of selective
immunomodulators with improved safety profiles, such as
targeted NLRP3 inflammasome inhibitors and combination
agents. Research on combination therapy strategies aims to
achieve synergistic therapeutic effects while minimizing drug
toxicity. Finally, the role of immunomodulators in primary
prevention remains uncertain due to the absence of large-scale
studies, necessitating further investigation to determine their
potential in preventing initial cardiovascular events.
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Scientific Novelty and Author Contributions.

This review’s primary contribution lies in conducting a
comprehensive cross-class comparative analysis that emphasizes
the real-world benefit—risk balance rather than isolated efficacy
metrics. Unlike previous systematic reviews focusing mainly on
single drug classes or specific cardiovascular conditions, this
work synthesizes evidence across multiple immunomodulator
categories, including small molecules, IL-1 inhibitors, and IL-6
antagonists, providing an integrated assessment of their relative
positioning in cardiovascular therapeutics.

The mechanistic comparison framework introduced here
systematically links molecular targets with clinical outcomes,
facilitating rational treatment selection. Additionally, this
review explicitly addresses economic feasibility as an integral
component of clinical decision-making rather than a separate
consideration, recognizing that therapeutic efficacy without
accessibility yields limited population health benefit.
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