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Abstract
Both the innate and adaptive arms of the immune system partake in various steps of atherogenesis. Recent 
studies have unraveled proatherogenic properties to clonal hematopoiesis of indeterminate potential (CHIP). 
Krüppel-like factors (KLFs) are transcription factors regulating pathways that confer atheroresistant and anti-
inflammatory effects. Pharmaceutical targeting of inflammatory cascades could be beneficial in battling ath-
eromatosis. Statins, aspirin, and other anti-platelet medication have off-target immune-modulatory effects. 
Canakinumab, a monoclonal antibody targeting IL-1β significantly reduces major adverse cardiovascular events. 
Nevertheless, according to the CANTOS study this does come with an increased risk of sepsis. As shown in 
the LoDoCo and COLCOT trials, low-dose colchicine also exerts substantial cardiovascular protection without 
predisposing to infections. Targeting other pathways has yet to provide an evidence of cardiovascular benefit.

Key words: Atheromatosis, coronary artery disease, inflammation, pharmaceutical interventions, canakinumab, 
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Introduction

Atherosclerotic plaquesusuallydevelop at sites of 
hemodynamic shear stress, such as curvatures, branches, 

and bifurcations of large arteries where disturbed blood 
flow prevails.1, 2 This is typically characterized by laminar 
flow separation, transient flow reversals, and shear forces 
that predispose to atherogenesis. On the other hand, 
pulsatile unidirectional laminar undisturbed flow usually 
prevails in atheroresistant regions.3

Of note, Rudolph Virchow (1821-1902) recognized 
inflammation in histological preparations of coronary 
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arteries and hypothesized that inflammation may play a 
causal role in the development of atherosclerosis. Despite 
this landmark observation, drug development programs 
have primarily focused on cholesterol metabolism alone, 
and inflammation has received less attention over time. 
That said, during the past several decades extensive 
observations provided additional evidence supporting 
the importance of inflammation in the development and 
destabilization of atherosclerosis.4

In the present work, we summarize the pathophysiol-
ogy of athero-inflammation and provide an up-to-date 
synopsis of various pharmaceutical interventions that may 
be useful in improving cardiovascular outcomes throughre-
ducing the immunologic component of atherogenesis.

Exploring the impact of inflammation 
on atheromatosis 

Macrophages and interleukins

Traditional cardiovascular risk factors such as dyslipi-
demia, smoking, and hypertension induce endothelial 
damage.5 As a response to local tissue injury, the en-
dothelium upregulates the transcriptional factor NF-kB 
and producesa variety of chemokines that favor leukocyte 
adhesion, such asendothelin, E-selectin, vascular and 
inter-cellular adhesion molecules including vascular 
cell adhesion molecule (VCAM-1)and intercellular Adhe-
sion Molecule 1 (ICAM-1) (Figure 1). Rolling leukocytes 
adhere to the endothelium and penetrate beneath the 
endothelial layer to reach the subintimal space. Modified 
lipoproteins are recognized byindigenous dendritic cells 
and macrophages.6 Bone marrow derived monocytes 
subsequently approach the intima via chemotaxis. As 
they enter the subendothelial space, they differentiate 

into macrophages and engulf modified low-density 
lipoproteins (LDL), where excess cholesterol is esterified 
for storage in lipid droplets, giving macrophages their 
textbookfoam-like appearance. 

Subsequently, the presence of cholesterol crystals 
leads to the upregulation of scavenger receptors (such 
as cluster differentiation 36 -CD36) which in turn induce 
downstream activation of the toll-like receptor pathway.7 

Thenucleotide-binding domain (NOD)-like receptor pro-
tein 3 (NLRP3) inflammasome is ultimately activated in 
the cytoplasm of the macrophages. Pro-interleukin- 1b 
(IL-1b) and IL-18 are cleaved by the inflammasomeand 
secreted as activated cytokines.8 Of note, IL-1bis thought 
to be a very potent determinant of athero-inflammation.9 
In the extracellular space, interleukins activate T-cells 
and induce the release of reactive oxygen species (ROS) 
andmetalloproteinases.10 Althoughcertain T-cells, such 
as T-helper-1 (Th1) cells, play a pro-atherogenic role, 
regulatory T-lymphocytes (TREGs) curtail atheromatosis 
via secreting TGF-beta and IL-10. T-helper 17 secrete IL-17 
which also helps stabilize atheromatic plaques.11

Smooth muscle cells (SMCs)

Smooth muscle cells (SMCs) possess remarkable pheno-
typic plasticity that allows rapid adaptation to fluctuating 
environmental stimuli, including atherosclerosis drivers. In-
deed, during the development of an atherosclerotic plaque, 
certain SMCs can transition from a primarily contractile, 
nonproliferating phenotype to a proliferating, migratory 
and matrix-secreting state that populates the arterial intima. 
Furthermore, such SMCs engulf modified lipids and adopt 
a “macrophage-like” phenotype, expressing macrophage 
markers on their surface and develop phagocytic activity.12

Figure 1. Immuno-inflammatory mechanisms related to atherosclerosis.
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Clonal hematopoiesis of indeterminate potential 
(CHIP)

Clonal hematopoiesis of indeterminate potential (CHIP) 
is common among older individuals. CHIP is an expanded 
somatic blood-cell clone seen in people without other 
hematologic abnormalities. Preliminary data suggested 
an association between CHIP and atherosclerotic car-
diovascular disease.13 A subsequent Harvard-led study, 
confirmed this observation demonstrating a two-fold 
risk incrementin myocardial infarction (MI) and stroke 
in CHIP-carriers. Additionally, there was a close associa-
tion between premature atherosclerotic cardiovascular 
events and CHIP with a quadruple risk increase in patients 
younger than 50 years.14 Interestingly, certain groups have 
suggested that a low degree of chronic inflammation in 
patients with risk factors for atherosclerosis may promote 
somatic changes in hematopoietic cell lines and eventually 
CHIP.15, 16Among a large number of mutation-susceptible 
genes, Tet methylcytosine dioxygenase 2 (TET2) appears 
to be the most commonly affected one leading to CHIP. 
Indeed, TET2 mutations have been shown to promote 
clonal hematopoietic expansion and accelerate athero-
sclerosis in hyperlipidemic mice.17 In animal models, TET2 
deficient macrophages induced increased expression of 
the NLRP3 inflammasome and IL-1b which as previously 
described favor atherogenesis.18

Krüppel-like factors 

Endothelium in atherosusceptible regions is geneti-
cally different compared to that of atheroresistant sites. 
Krüppel-like factors(KLFs)are zinc-finger regulatory tran-
scription factors regulating genetic pathways that confer 
atheroresistant, anti-inflammatory, and anti-thrombotic 
features to vascular endothelial cells and monocytes/
macrophages.19-21 In vivo, dysregulation of the following 
KLF pathways has been shown to promote atherogen-
esis. Recent data have shown that KLFs (especially KFL2 
and KLF4) are crucial for shear stress- transcriptional 
activation of ITPR3. This novel mechanism contributes 

to the calcium-dependent eNOS (endothelial nitric oxide 
synthase) activation and endothelial homeostasis.22 KLF 
overexpression induces several other anti-inflammatory 
and antithrombotic factors such and thrombomodulin, 
while decreasing TNFα-induced VCAM-1, E-selection, and 
tissue factor expression19. KLFs bind to the promoter of 
the VE-cadherin gene in mature ECs and inducesvascular 
endothelial (VE) -cadherin transcription.23 KLFs also attach 
to three predicted KLF consensus binding sites in the Con-
nexin40 (Cx40) promoter. Importantly, both VE-cadherin 
and Cx40-mediated gap junctional communication are 
known to contribute to a healthy endothelium by propa-
gating anti-inflammatory signals between ECs.24

KLFs also protect against atheromatosis by regulat-
ing macrophage/monocyte polarization. Particularly, 
KLFs induce phenotypic shifts in monocytes from the 
pro-inflammatory M1 to the anti-inflammatory M2 type. 
Mechanistically, KLFs have been found to cooperate with 
STAT6 (signal transducer and activator of transcription 6) 
to promote quintessential M2 targets. On the other hand, 
inhibition of the M1 phenotype is achieved by inhibiting 
NF-kB transcriptional activity via sequestration of its criti-
cal coactivators such as p300 and P300/CBP-associated 
factor (PCAF).25

Pharmaceutical targeting of atheromatosis-
related inflammation

Table 1 summarizes all beneficial anti-inflammatory 
therapies, the studies in which these therapies have been 
investigated, and their clinical effectiveness. Table 2 lists 
agents which failed to show any clinical benefit.

Current off-target anti-inflammatory therapies

Statins 

Statins afford cardiovascular protection by reducing 
LDL levels through the inhibition of HMG-CoA (3-hydroxy-
3-methylglutaryl-Coenzyme A) reductase. That said, there 
is ample data suggesting that statins also decrease car-
diovascular inflammation. First, statins inhibit prenylated 

Table 1. Anti-inflammatory agents that provide significant cardiovascular risk reduction

Target Agent Trial Number of participants

IL-1b Canakinumab CANTOS 10,061

NLRP3 inflammasome Colchicine LoDoCo 532

NLRP3 inflammasome Colchicine COLCOT 4,745

NLRP3 inflammasome MCC950 Encouraging results in preclinical models

Abbreviations: IL-1b: interleukin 1b, NLRP3: nucleotide-binding domain (NOD)-like receptor protein 3, CANTOS: Canakinumab Anti-Inflammatory 
Thrombosis Outcomes trial, LoDoCo: Low Dose Colchine trial, COLCOT: Colchicine Cardiovascular Outcomes trial
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protein production and the mevalonate pathway while-
inducingKLF 2 and NOS expression.26 Statins also reduce 
endothelial cell activation and inhibit the induction of 
major histocompatibility complex Class II expression by 
interferon (IFN)-g thereby decreasing T-cell activation.27

Aspirin and anti-platelet therapy

Aspirin and other antiplatelet medication inhibit P-
selectin which in turn reduces the release of inflammatory 
chemokines. Low-dose aspirin also triggers the synthesis 
of 15-epi-lipoxin A4, which mediates NOS synthesis and 
limits endothelial cell activation and leukocyte recruit-
ment.28 In human aortic endothelial cell lines, intracytosolic 
NLRP-1 expression also is attenuated by aspirin, without 
direct platelet-endothelial cell interaction.29A landmark 
study by Brigham and Women’s Hospital, showed a 55% 
reduction in the risk for myocardial infarction in healthy 
men with high CRP levels taking aspirin.30

Moreover, P2Y12 inhibitors reduce platelet release of 
pro-inflammatory α-granule contents and the formation of 
pro-inflammatory platelet-leukocyte aggregates. Clinical 
evidence shows that P2Y12 inhibition by clopidogrel is 
associated with a reduction in platelet-related mediators 
of inflammation, such as soluble P-selectin and CD40L. 
Compared to aspirin alone, the addition of clopidogrel, 
also significantly reduces markers of systemic inflam-
mation such as TNF and CRP following ACS. The more 
potent thienopyridine P2Y12 inhibitor, prasugrel, has 
been shown to decrease platelet P-selectin expression and 

platelet-leukocyte aggregate formation more extensively 
compared to clopidogrel.31 The PLATO study suggested 
that the novel P2Y12 inhibitor ticagrelor might improve 
clinical outcomes from pulmonary infections and sepsis 
compared to clopidogrel in patients with ACS.32 Ticagrelor 
is a more potent P2Y12 inhibitor than clopidogrel and 
also inhibits cellular adenosine uptake via equilibrative 
nucleoside transporter (ENT) 1, whereas clopidogrel does 
not. For all of the aforementioned reasons, aspirin and 
P2Y12 inhibitors seem to be extremely useful tools in 
reducing cardiovascular inflammation.

Canakinumab

The randomized, double-blind Canakinumab Anti-
Inflammatory Thrombosis Outcomes (CANTOS) trial, inves-
tigated canakinumab, a monoclonal antibody targeting 
interleukin-1β.33 The study involved 10,061 patients with 
prior myocardial infarction and a high-sensitivity C-reactive 
protein (hsCRP) level of 2 mg/lt or more. The patients were 
randomized to receive one of 3 canakinumab doses (50 
mg, 150 mg, and 300 mg) administered subcutaneously 
every 3 months or placebo. All patients received standard 
of care therapy and serum LDL levels at enrollment had 
to be within guidelines dictated limits. 

The primary efficacy endpoint of major adverse cardi-
ovascular events (MACEs): nonfatal myocardial infarction, 
nonfatal stroke, or cardiovascular death was achievedin 
the 150mg study arm (hazard ratio [HR]0.85; 95% CI, 
0.74 to 0.98; p<0.05) dose. The secondary endpoint in-

Table 2. Anti-inflammatory agents that failed to provide significant cardiovascular risk reduction

Target Agent Trial Number of participants

Oxidized LDL Succinobulol ARISE 6144

sPLA2 Verespladib VISTA-16 5000

LpPLA2 Darapladib STABILITY 15,000

LpPLA2 Darapladib SOLID-TIMI 52 13,000

P-selectin Inclacumab SELECT-ACS 544

P-selectin Inclacumab SELECT-CABG 380

IL-1RI Anakinra IL-HEART 182

5-LO Atreleuton NCT00358826 191

p38 MAPK Losmapimod LATITUDE-TIMI 3,503

Dihydrofolatereductaseinhibitor Methotrexate CIRT 4,786

Abbreviations: sPLA2: secretory phospholipase A2, LpPLA2: lipoprotein-associated phospholipase A2, interleukin 1RI: IL-1RI, interleukin 1A: IL-1A, 5-LO: 
5-lipoxygenase, MAPK: mitogen-activated protein kinase, ARISE: Aggressive Reduction of Inflammation Stops Events trial, VISTA-16: Vascular Inflam-
mation Suppression to Treat Acute Coronary Syndrome, STABILITY: STabilization of Atherosclerotic plaque By Initiation of darapLadIbTherapY trial, 
SOLID-TIMI 52: Stabilization Of pLaquesusIngDarapladib-Thrombolysis In Myocardial Infarction 52 trial, SELECT-ACS: P-Selectin Antagonist Inclacumab 
on Myocardial Damage After Percutaneous Coronary Intervention for Non-ST-Segment Elevation Myocardial Infarction trial, SELECT-CABG: Effects 
of P-Selectin Antagonist Inclacumab in Patients Undergoing Coronary Artery Bypass Graft Surgery trial, LATITUDE-TIMI: Losmapimod to Inhibit p38 
MAP Kinase as a Therapeutic Target and Modify Outcomes After an Acute Coronary Syndrome trial, CIRT: Cardiovascular Inflammation Reduction Trial
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cluded a combination ofcardiovascular death, non-fatal 
myocardial infarction and stroke plus hospitalization for 
unstable angina leading to urgent revascularization and 
was again significantly lower with the 150 mg regimen 
(HR 0.83; 95% CI, 0.73 to 0.95; p = 0.005). It should be 
emphasized that canakinumab was associated with a 
higher incidence of fatal infections than placebo (0.31 
events x 100 person years for all combined doses vs. 0.18 
events x100 person years for placebo; p = 0.02). That 
said, canakinumab dosing did not influence all-cause 
or cardiovascular mortality.

The CANTOS trial group also performed prespecified 
subanalyses to identify which patient groups benefit the 
most from cananinumab and whether reductions in hsCRP 
levels correlate with clinical benefits.34 Compared to pla-
cebo, MACEswere significantly reduced in patients with 
an hsCRP level <2 mg/L after 3 months of treatment (HR: 
0.75 (95%CI 0.66-0.85; p<0.0001) but not in those with an 
hsCRP>2 mg/L. Among patients withhsCRP<2 mg/L there 
was also a 31% reduction in cardiovascular and all-cause 
mortality (p <0.0004 and p<0.0001, respectively). 

A subsequent analysis of CANTOS data, compared 
nearly 2000 patients with chronic kidney disease (CKD: 
estimated glomerular filtration rate <60 ml/min/1.73m2) 
with the remaining approximately 8000 patients enrolled 
in CANTOS.35 Canakinumab reduced MACEs in CKD patients 
and was particularly effective in those who achieved a level 
of hsCRP<2 mg/L after the first drug dose. In patients with 
hsCRP<2 mg/L, cardiovascular and all-cause mortality were 
also significantly reduced(with no adverse laboratory or 
clinical renal events).

Colchicine

Colchicine is a cheap, per os medication, with potent 
anti-inflammatory properties that was initially extracted 
from the plant Colchicum autumnale (“meadow saffron”). 
Colchicine exerts substantial anti-inflammatory effects 
through the inhibition of tubulin polymerization and 
microtubule generation and affects cellular adhesion 
molecules such as selectins, inflammatory chemokines (i.e. 
leukocyte function-associated antigen-1), and the inflam-
masome.36, 37 This medication has been traditionally used 
to treat acute gout attacks, familial Mediterranean feveras 
well as acute pericarditis. In the randomized-controlled 
LoDoCo (low dose colchicine) trial, 0.5mg/day colchicine 
was tested in over 500 patients with stable coronary artery 
disease (CAD).38 The primary outcome of acute coronary 
syndrome, out-of-hospital cardiac arrest, or non-cardio-
embolic ischemic stroke occurred in 5.3% of patients on 
colchicine versus16% of patients on the placebo arm (HR: 
0.33; 95% CI, 0.18 to 0.59; p < 0.001). Therefore, the LoDoCo 

trial provided evidence suggesting that colchicine may be 
beneficialinpreventing recurrent cardiovascular events in 
patients with stable angina. 

In light of these encouraging preliminary results, the 
Colchicine Cardiovascular Outcomes Trial (COLCOT) was 
designed to examine the effects of low dose colchicine on 
cardiovascular events in over 4500 patients with an acute 
coronary syndrome.39 In the COLCOT trial, patients were 
randomized within 30 days of an acute coronary syndrome 
and after planned percutaneous revascularization to the 
standard of care and colchicine 0.5 mg/day or placebo.
The primary efficacy end point was a composite of death 
from cardiovascular causes, resuscitated cardiac arrest, 
myocardial infarction, stroke, or urgent hospitalization for 
angina leading to coronary revascularization.Patients were 
followed for a median of 22.6 months. The primary end 
point occurred in 5.5% of the patients in the colchicine 
group versus 7.1% of those in the placebo arm (HR: 0.77; 
95% CI: 0.61 to 0.96; p = 0.02). The HR were 0.84 (95% CI, 
0.46 to 1.52) for death from cardiovascular causes, 0.83 
(95% CI, 0.25 to 2.73) for resuscitated cardiac arrest, 0.91 
(95% CI, 0.68 to 1.21) for myocardial infarction, 0.26 (95% 
CI, 0.10 to 0.70) for stroke, and 0.50 (95% CI, 0.31 to 0.81) 
for urgent hospitalization for angina leading to coronary 
revascularization. Considering that a) postinfarction peri-
carditis typically occurs within the first few days post-MI 
and that b) the mean time from the index myocardial 
infarction to randomization was 13.5 days, it is unlikely 
that the therapeutic effect of colchicine on pericarditis 
influenced COLCOT outcomes.

It should also be emphasized that the benefits of 
colchicine with regard to cardiovascular end points in 
COLCOT were at least as large as those of canakinumab 
in CANTOS.33 In contrast to canakinumab, however, col-
chicine did not increase the incidence of septic shock in 
the COLCOT trial.

NLRP3 inhibitors

MCC950 and other small-molecule inhibitors of NLRP3, 
have been developed to treat a variety of inflammasome-
driven diseases includingCAD. MCC950 was recently shown 
to reverse the accelerated atherosclerosis phenotype in 
mice with myeloid TET2 deficiency17 and may be particu-
larly beneficial inCHIP-associated atherosclerotic disease. A 
trial to assess MCC950 and more selective small-molecule 
compounds in patients with ischemic heart disease is 
currently under way. NLRP3 inhibition will also lead to a 
reduction of active IL-18 in additioncurtailing IL-1b produc-
tion, which is expected to provide extra protection against 
atherosclerotic disease.40 The most important side-effect 
of NLRP3 inhibitors is the increased risk of infections.
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Immunomodulators with little to no benefit  
in atheromatosis

Cardiovascular risk is increased in patients with auto-
immune and rheumatologic disorders. Methotrexate, in 
addition to curtailing the secretion of pro-inflammatory cy-
tokines, also influences cholesterol transport.41 Particularly, 
in-vitro studies have found that methotrexate inhibits the 
degradation of the reverse cholesterol transport proteins 
27-hydroxylase and ATP-binding cassette transporter A1 
(ABCA1) via activation of the A2A adenosine receptor.
(41) Immunomodulators also exert their anti-atherogenic 
effects via reducing the expression of vascular adhesion 
molecules such as VCAM-1 and ICAM-1, which enhances 
overall endothelial function.42

To test methotrexate in CAD, the phase 3 Cardiovas-
cular Inflammation ReductionTrial (CIRT), recruited 4,786 
patients with previous MI or multivessel CAD who addi-
tionally had either type 2 diabetes or metabolic syndrome 
and randomized them to either low-dose methotrexate 
or placebo.43 The trial was stopped after two years due 
to a lack of difference between groups in the primary 
composite endpoint of MI, stroke, cardiovascular death, 
or unstable angina. A reason for the negative result is 
perhaps the inability of lowdose methotrexate to reduce 
inflammation (no effect on hsCRP, IL-1b, or IL-6) in patients 
with CAD, particularly when median hsCRP levels at 
baseline (1.6 mg/l) are substantially lower in comparison 
with patients who present with flares of rheumatoid or 
psoriatic arthritis.

Multiple additional pathways have been proposed 
as potential targets for the prevention and treatment 
of cardiovascular diseases. No benefit has been proven 
from targeting oxidized LDL (succinobulol)44, secretory 
phospholipase A2 (Verespladib)45, lipoprotein-associated 
phospholipase A2 (Darapladib)46, P-selectin (Inclacumab)47, 
IL-1RI (Anakinra)48, IL-1A (Xilonix)49, or 5-lipoxygenase 
(Atreleuton)50, p38 mitogen-activated protein kinase 
(Losmapimod).51

Conclusions

Atheromatosis is primarily an inflammatory process. 
Interestingly, many of the seminal medications used in 
cardiovascular patients have off-target anti-inflammatory 
properties. Several immunomodulators are also being 
investigated as adjuncts to standard of care treatment 
for atheromatosis. Importantly, the CANTOS trial found 
that canakinumab, an IL-1b monoclonal antibody, sig-
nificantly reduces major cardiovascular events while 
increasing the risk of sepsis. The LoDoCo and the sub-
sequent COLCOT trial, showed that low-dose colchicine 
also has affords significant cardiovascular protection 
without predisposing to infections. To date, no benefit 
has been shown from targeting other aspects of the 
inflammatory cascade.
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Τόσο η ενεργητική όσο και η παθητική ανοσία συμμετέχουν σε διάφορα στάδια της αθηρογένεσης. Πρόσφατες 
μελέτες έχουν αποκαλύψει πως η κλωνική αιματοποίηση αδιευκρίνιστης δυναμικής (CHIP) διαθέτει αθηρο-
γόνες ιδιότητες. Οι Krüppel-likefactors είναι μεταγραφικοί παράγοντες που ρυθμίζουν μονοπάτια τα οποία 
προσφέρουν προστασία απέναντι στην αθηρωμάτωση και την σχετιζόμενη με αυτή φλεγμονή. 
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Η φαρμακευτική στόχευση των φλεγμονωδών καταρρακτών μπορεί να είναι ιδιαιτέρως χρήσιμο εργαλείο 
στην αντιμετώπιση της αθηρωμάτωσης. Οι στατίνες, η ασπιρίνη και τα υπόλοιπα αντι-αιμοπεταλειακά φάρ-
μακα εμφανίζουν ανοσοτροποποιητικές ιδιότητες. Το Canakinumab είναι ένα μονοκλωνικό αντίσωμα που 
αναγνωρίζει την ιντερλευκίνη 1β και μειώνει σημαντικά τα μείζονα καρδιαγγειακά συμβάντα. Εντούτοις, 
όπως ανέδειξε η μελέτη CANTOS, σχετίζεται με αυξημένο κίνδυνο σήψης. Σύμφωνα με τις μελέτες LoDoCo 
και COLCOT, η κολχικίνη σε χαμηλή δόση επίσης επιφέρει αξιοσημείωτη καρδιαγγειακή προστασία χωρίς να 
οδηγεί σε αυξημένο κίνδυνο λοιμώξεων. Η φαρμακευτική αναστολή άλλων μονοπατιών δεν έχει συσχετιστεί 
με καρδιαγγειακό όφελος μέχρι σήμερα.
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