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Abstract: Background and aims: Chronic inflammation associated with the uncontrolled activation
of innate and acquired immunity plays a fundamental role in all stages of atherogenesis. Monocytes
are a heterogeneous population and each subset contributes differently to the inflammatory process.
A high level of lipoprotein(a) (Lp(a)) is a proven cardiovascular risk factor. The aim of the study
was to investigate the association between the increased concentration of Lp(a) and monocyte
subpopulations in patients with a different severity of coronary atherosclerosis. Methods: 150 patients
(124 males) with a median age of 60 years undergoing a coronary angiography were enrolled. Lipids,
Lp(a), autoantibodies, blood cell counts and monocyte subpopulations (classical, intermediate, non-
classical) were analyzed. Results: The patients were divided into two groups depending on the Lp(a)
concentration: normal Lp(a) < 30 mg/dL (n = 82) and hyperLp(a) ≥ 30 mg/dL (n = 68). Patients of
both groups were comparable by risk factors, autoantibody levels and blood cell counts. In patients
with hyperlipoproteinemia(a) the content (absolute and relative) of non-classical monocytes was
higher (71.0 (56.6; 105.7) vs. 62.2 (45.7; 82.4) 103/mL and 17.7 (13.0; 23.3) vs. 15.1 (11.4; 19.4) %,
respectively, p < 0.05). The association of the relative content of non-classical monocytes with the
Lp(a) concentration retained a statistical significance when adjusted for gender and age (r = 0.18,
p = 0.03). The severity of coronary atherosclerosis was associated with the Lp(a) concentration as
well as the relative and absolute (p < 0.05) content of classical monocytes. The high content of
non-classical monocytes (OR = 3.5, 95% CI 1.2–10.8) as well as intermediate monocytes (OR = 8.7,
2.5–30.6) in patients with hyperlipoproteinemia(a) were associated with triple-vessel coronary disease
compared with patients with a normal Lp(a) level and a low content of monocytes. Conclusion:
Hyperlipoproteinemia(a) and a decreased quantity of classical monocytes were associated with the
severity of coronary atherosclerosis. The expansion of CD16+ monocytes (intermediate and non-
classical) in the presence of hyperlipoproteinemia(a) significantly increased the risk of triple-vessel
coronary disease.

Keywords: lipoprotein(a); hyperlipoproteinemia(a); monocyte subset; non-classical CD14+CD16++
monocyte; intermediate CD14++CD16+ monocyte; inflammation; atherosclerosis; coronary artery
disease; multivessel coronary disease; autoantibodies

1. Introduction

Lipoprotein(a), discovered in 1963 by Norwegian scientist Kare Berg, belongs to
the family of apoB100-containing lipoproteins and represents a supramolecular complex
encompassing a low-density lipoprotein (LDL)-like particle and a highly glycosylated,
highly polymorphic protein, apolipoprotein(a).
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Numerous pathophysiological, epidemiological and genetic studies of the role of
lipoprotein(a) as well as randomized controlled clinical trials over the past decades have
proven the causal association of an increased Lp(a) concentration with any atherosclerotic
cardiovascular diseases, calcifying aortic valve stenosis and complications after myocardial
revascularization [1,2].

Today, we can consider elevated levels of Lp(a)—hyperlipoproteinemia(a) (hyperLp(a))
as the most common genetic lipid disorder, occurring in about 20% of the population, which
is about 1.4 billion people worldwide [1]. HyperLp(a) is associated with manifestations of
atherothrombotic complications starting from childhood and adolescence [3], heart attacks
at a young age [4] and the development of aortic valve stenosis at an older age [5]. An ele-
vated Lp(a) concentration is one of the most obvious residual risk factors for cardiovascular
complications in patients who have achieved the target levels of low-density lipoprotein
cholesterol (LDL-C) on lipid-lowering therapy [6–8].

Currently, there are no specific treatments for Lp(a) level reduction and the most
effective and promising ones are still at the stage of clinical trials [9]. Specific Lp(a)
apheresis and LDL apheresis have demonstrated the stabilization, and even the regression,
of atherosclerotic plaques in the coronary and carotid arteries as well as a significant
reduction in the risk of adverse cardiovascular events [10,11].

According to modern concepts, chronic inflammation associated with the uncontrolled
activation of innate and acquired immunity plays a fundamental role at all stages of
atherogenesis. The local inflammatory reactions are present from the earliest stages of the
atherosclerotic lesion formation and contribute to plaque destabilization [12]. Several types
of immune cells, primarily monocytes as well as T- and B-lymphocytes are implicated in
the inflammatory process in atherosclerosis. Monocytes are a heterogeneous population
and each subset contributes differently to the inflammatory process. According to the
phenotype (CD14 and CD16 exposure on the cell membrane) and functional properties,
monocytes are identified as classical (85–90% of the total population of monocytes in
healthy subjects), intermediate (5% of the total population of monocytes) and non-classical
(10% of the total population) subsets [13]. A distinctive feature of classical monocytes is the
expression of chemokine CCR2 receptors and a high phagocytic activity [14]. Non-classical
monocytes are characterized by the expression of CX3CR1 [14,15]; they “patrol” the vessel
wall and differentiate mainly into “anti-inflammatory” macrophages during migration into
the tissues. The intermediate subset is considered to be the most atherogenic due to an
increased ability to synthesize inflammatory cytokines [14]. Classical human monocytes
can consistently differentiate into an intermediate subset and then into a non-classical
subset [16].

To date, there are no unequivocal answers to the question of how the circulating
monocyte subsets affect the processes occurring in the vessel wall [17]. According to several
studies, the content of CD16+ monocytes is associated with an increased cardiovascular
risk [18].

Earlier, we demonstrated the relationship between changes in the immunological
balance, an elevated Lp(a) level and the development of severe and rapidly progressive
atherosclerosis in men [19]. This study aimed to investigate the association between the
increased plasma Lp(a) concentration and monocyte subpopulations in patients with a
different severity of coronary atherosclerosis.

2. Materials and Methods

The study included 150 adult patients with a clinical indication for coronary angiogra-
phy who gave informed consent to participate. All patients enrolled in this study had been
receiving statins and acetylsalicylic acid for at least one month before the enrollment and
beta-blockers and/or angiotensin-converting enzyme (ACE) inhibitors/angiotensin recep-
tor blockers if indicated. Stenotic atherosclerosis was identified as the narrowing of the
artery lumen by more than 50%. The exclusion criteria were an acute coronary syndrome,
infectious and inflammatory diseases in the previous three months, congestive heart failure
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of the III–IV functional class, systemic diseases of the connective tissue, chronic kidney
disease of stage IV or V, severe thyroid dysfunction (thyroid stimulating hormone two
times lower than the lower limit or two times higher than the upper limit), acute hepatitis,
liver cirrhosis and Lp(a)-lowering therapy (apheresis, nicotinic acid, PCSK9 inhibitors,
glucocorticoids, sex hormones).

The lipids, Lp(a), autoantibodies (autoAbs) against apoB100-containing lipoproteins
and CRP were analyzed in serum of all of the patients. The concentration of total cholesterol
(TC), triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C) was measured
by the enzymatic colorimetric method on an Architect C-8000 analyzer (Abbott, Chicago,
IL, USA). The level of low-density lipoprotein cholesterol (LDL-C) was calculated using
Friedewald’s formula with modifications [20]:

LDL-Ccorr (mM/L) = TC − HDL-C − TG/2.2 − 0.3 × Lp(a) mass (md/dL)/38.7

where LDL-Ccorr is the level of LDL-C corrected to the level of Lp(a)-cholesterol. The
Lp(a) concentration was measured by enzyme immunoassay (ELISA) using monospecific
polyclonal sheep antibodies against human Lp(a) [21]. The method was validated with
two kits, TintElize Lp(a) (Biopool AB, Umea, Sweden) and Immunozym Lp(a) (Progen
Biotechnik GmbH, Heidelberg, Germany). The control serum (Technoclone, Vienna, Aus-
tria) was approved by the International Federation of Clinical Chemistry and was used to
standardize the ELISA. AutoAbs against Lp(a) and LDL were detected by ELISA accord-
ing to a previously developed method [22]. The level of C-reactive protein (hsCRP) was
determined using a highly sensitive ELISA kit (Vector-Best, Novosibirsk, Russia).

The lymphocyte-monocyte index was calculated as the ratio of the absolute numbers of
blood lymphocytes and monocytes. The immunophenotyping of monocytes was performed
in the blood samples by direct immunofluorescence using fluorescently labeled antibodies
to CD14, CD16 antigens (Beckman Coulter, Brea, CA, USA) and a lysing solution (BD
Immunocytometry Systems) following the manufacturer’s manuals. The samples were ana-
lyzed on FACS Calibur and FACS Canto flow cytometers (BD Immunocytometry Systems).
The monocytes were gated according to forward sight scatter parameters and the monocyte
subsets were identified as classical (CD14++CD16−), intermediate (CD14++CD16+) and
non-classical (CD14+CD16++) according to the routinely used protocol (Figure S1 in the
Supplementary Materials) [23].

The descriptive statistics of the continuous quantitative variables are presented as the
median (25th and 75th percentile) or a 95% confidential interval. The analytical statistics
were performed using Mann–Whitney and Kruskal–Wallis tests. To compare the frequency
indicators between the groups, the χ2 criterion was used. To assess the significance of
the association between the parameters studied and the presence and severity of stenotic
atherosclerosis, the odds ratio (OR) with a 95% confidence interval (CI) was calculated.
To analyze the relationship of the studied parameters, the non-parametric Spearman
correlation analysis method was used. The threshold values of the monocyte content
associated with the presence of hyperLp(a) were obtained by the analysis of the curves
of operational characteristics (ROC analysis). A multivariate regression analysis and
a logistic regression analysis were performed to identify the association between the
concentration of Lp(a) and the monocyte subset distribution as well as their relationship
with stenotic atherosclerosis. The risk factors that demonstrated an association with stenotic
atherosclerosis in a single-factor correlation analysis as well as those traditionally associated
with atherosclerosis were introduced into the model. When creating the model, the absence
of internal correlations between the estimated parameters was also taken into account. The
differences were considered statistically significant at p < 0.05.

3. Results

The concentration of Lp(a) in the cohort of examined patients varied in a very wide
range; the distribution histogram was characteristically shifted to the left (Figure S2 in
the Supplementary Materials). The patients were divided into two groups based on Lp(a)
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concentrations greater than or less than 30 mg/dL. The groups did not differ by age, sex,
history of hypertension, diabetes, smoking or other risk factors (Table 1).

Table 1. Characteristics of the study patients.

Lp(a) < 30 mg/dL
n = 82

Lp(a) ≥ 30 mg/dL
n = 68 p

Males 67 (81%) 47 (69%) 0.17
Age, years 61 (56; 64) 58 (52; 65) 0.23

Body mass index, kg/m2 29 (26; 32) 28 (26; 33) 0.94
Type 2 diabetes 14 (17%) 10 (15%) 0.76
Glucose, mM/L 5.6 (5.3; 6.0) 5.7 (5.3; 6.5) 0.25

Smoking 28 (34%) 20 (29%) 0.62
Family history of CHD 7 (9%) 6 (9%) 0.89

Stenotic atherosclerosis of
coronary arteries 51 (62%) 40 (59%) 0.96

Lp(a), mg/dL 8.2 (3.6; 13.4) 73.6 (42.0; 107.1) <0.0001
TC, mM/L 4.3 (3.4; 5.6) 4.5 (3.8; 5.5) 0.52
TG, mM/L 1.5 (1.2; 2.1) 1.2 (0.9; 1.8) 0.03

HDL-C, mM/L 1.0 (0.9; 1.3) 1.1 (0.9; 1.3) 0.30
LDL-C, mM/L 2.5 (1.7; 3.9) 2.7 (2.2; 4.0) 0.25

LDL-Ccorr, mM/L 2.3 (1.6; 3.8) 2.2 (1.6; 3.5) 0.36
The data are presented as a median (25%; 75%) or n (%).

There were no significant differences in the content of the total blood leukocytes and
leukocyte subtypes, the concentration of hsCRP, circulating immune complexes and the
content of autoAbs against atherogenic apoB100-containing lipoproteins (Table 2).

Table 2. Immune parameters in association with the lipoprotein(a) level.

Lp(a) < 30 mg/dL Lp(a) ≥ 30 mg/dL

Median IQR Median IQR
Leukocytes, 106/mL 7.2 5.9–8.4 7.4 5.0–8.6

Lymphocytes, 106/mL 2.0 1.4–2.5 2.1 1.67–2.58
Monocytes, 106/mL 0.42 0.34–0.56 0.47 0.35–0.62

Monocyte-lymphocyte
index 0.23 0.18–0.31 0.23 0.17–0.27

hsCRP, mg/L 1.2 0.80–2.20 3.6 1.48–4.10
Circulating immune
complex, lab. unit 82.8 64.7–119.3 85.0 66.7–107.7

IgG autoAbs against, lab. unit.
LDL 20.5 12.0–38.0 26.0 12.3–46.4

oxLDL 28.0 15.5–40.7 29.7 17.2–50.6
Lp(a) 27.4 21.1–33.4 27.5 21.3–30.5

oxLp(a) 46.2 36.3–55.2 42.6 28.7–50.5
IgM autoAbs against lab. unit.

LDL 12.2 8.6–19.5 16.3 9.6–43.1
oxLDL 22.2 18.2–26.4 26.6 19.6–51.6
Lp(a) 17.4 11.7–22.7 17.5 12.6–30.3

oxLp(a) 27.6 13.8–43.2 29.9 15.9–43.0
The data are presented as a median (25%; 75%). Me = median; IQR = interquartile range 25%;
75%; autoAbs = autoantibodies.

In patients with hyperLp(a) the number of non-classical CD14+CD16++ monocytes
(relative and absolute counts) were higher (Figure 1A,B). There were no significant differ-
ences in the content of other monocyte subsets (Figure 1C–F).
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Figure 1. Absolute (A,C,E) and relative (B,D,F) content of the monocyte subsets in the groups of
patients with (“1”) and without (“0”) hyperlipoproteinemia(a). Data are presented as a median and a
95% confidential interval for the median. Mn = monocyte content. “ns”—not significant (p > 0.05).

A weak positive correlation was found between the Lp(a) concentration and the
content of non-classical CD14+CD16++ monocytes in absolute and relative values (r = 0.20,
p = 0.01 and r = 0.19, p = 0.02, respectively) in the total cohort of patients.

According to the ROC analysis, the content of non-classical CD14+CD16++ monocytes
of more than 67.6 103/mL and 21.3% of monocytes was associated with hyperLp(a) with a
sensitivity of 67% and 40%, respectively, and a specificity of 58% and 82%, respectively. No
significant associations were found for the other monocyte subsets.

A slight negative correlation was found between age and the absolute number of
classical CD14++CD16− monocytes (r = −0.301, p = 0.0002). The association of the relative
content of classical (r = −0.26, p = 0.0013), intermediate (r = 0.247, p = 0.002) and non-
classical monocytes (r = 0.169, p = 0.04) with age was also observed.

According to the multivariate regression analysis, the association of the relative
content of non-classical CD14+CD16++ monocytes with the Lp(a) concentration retained a
statistical significance when adjusted for gender and age (r = 0.176, p = 0.03).
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The concentration of Lp(a) of the upper quartile of the distribution was associated
with the presence of triple-vessel coronary disease (CAD) with an OR of 4.24 (1.26–14.18),
p = 0.02. In this subgroup, a triple-vessel lesion occurred in more than 50% of patients
(Figure 2).
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Figure 2. Percentage of patients with triple-vessel coronary disease (CAD) in accordance with Lp(a)
quartiles, mg/dL: Q1 < 7.2, Q2 from 7.2 to 24.3; Q3 from 24.4 to 67.8; Q4 ≥ 67.8.

According to the median distribution of the monocyte subsets, triple-vessel CAD
was more common in patients with a lower percentage of classical CD14++CD16− mono-
cytes (values below the median, Figure 3A) and with a higher percentage of non-classical
CD14+CD16++ and intermediate CD14++CD16+ monocytes (Figure 3B,C). No significant
differences in the absolute values were found.

In a multiple regression analysis adjusted for gender and age, an increase in the sever-
ity of the coronary lesions was independently associated with the concentration of Lp(a) as
well as the relative (r = −0.16, p < 0.05) and absolute (r = −0.21, p < 0.05) content of classical
CD14++CD16− monocytes. According to the logistic regression analysis adjusted for
gender and age, hyperLp(a) and the content of intermediate CD14++CD16+ and classical
CD14++CD16− monocytes were differentially associated with triple-vessel CAD (Table 3).
After an adjustment for hyperLp(a), these immune parameters remained independently
associated with multivessel lesions of the coronary arteries. After an adjustment for the
presence of diabetes mellitus, arterial hypertension and smoking, all parameters except-
ing hyperLp(a) and the percentage of intermediate CD14++CD16+ monocytes lost their
significance as a risk factor for triple-vessel CAD.
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Figure 3. Coronary atherosclerosis and the percentage of the monocyte subsets. Data are presented
as absolute numbers and the percentage of patients with a varying severity of coronary artery disease
depending on the relative of the monocyte subset below and above the median. The median value
for classic CD14++CD16− monocytes was 73.6%, intermediate CD14++CD16+ was 7.3% and non-
classical CD14+CD16++ was 16.4%. (A)—classical CD14++CD16−, (B)—intermediate CD14++CD16+
and (C)—non-classical CD14+CD16++ monocytes. Me = median.
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Table 3. HyperLp(a) and the monocyte subsets in association with triple-vessel coronary disease.

Parameter OR 95% CI

Adjusted for gender and age
Lp(a) ≥ 30 mg/dL 2.28 * 1.13–4.61

Classical CD14++CD16− Mn ≥ 73.6 (% from monocytes) 0.41 * 0.20–0.82

Classical CD14++CD16− Mn ≥ 327.4 (103/mL) 0.95 0.46–1.99

Intermediate CD14++CD16+ Mn ≥ 7.3 (% from monocytes) 2.99 * 1.46–6.13

Intermediate CD14++CD16+ Mn ≥ 32.5 (103/mL) 1.38 0.69–2.76

Non-classical CD14+CD16++ Mn ≥ 16.4 (% from monocytes) 1.75 0.88–3.48

Non-classical CD14+CD16++ Mn ≥ 70.2 (103/mL) 1.20 0.60–2.40

Adjusted for gender, age, Lp(a) ˆ
Lp(a) ≥ 30 mg/dL 2.05 * 1.00–4.20
Classical CD14++CD16− Mn ≥ 73.6 (% from monocytes) 0.45 * 0.22–0.92

Lp(a) ≥ 30 mg/dL 2.35 * 1.15–4.81
Classical CD14++CD16− Mn ≥ 327.4 (103/mL) 0.86 0.41–1.79

Lp(a) ≥ 30 mg/dL 2.34 * 1.15–4.77
Intermediate CD14++CD16+ Mn ≥ 32.5 (103/mL) 1.42 0.69–2.89

Lp(a) ≥ 30 mg/dL 2.51 * 1.20–5.22
Intermediate CD14++CD16+ Mn ≥ 7.3 (% from monocytes) 3.23 * 1.54–6.79

Lp(a) ≥ 30 mg/dL 2.31 * 1.12–4.75
Non-classical CD14+CD16++ Mn ≥ 16.4 (% from monocytes) 1.03 0.50–2.11

Lp(a) ≥ 30 mg/dL 2.14 * 1.05–4.36
Non-classical CD14+CD16++ Mn ≥ 70.2 (103/mL) 1.58 0.78–3.18

Adjusted for gender, age, Lp(a) ˆ, smoking, diabetes mellitus, arterial hypertension
Lp(a) ≥ 30 mg/dL 2.49 * 1.17–5.31
Classical CD14++CD16− Mn ≥ 327.4 (103/mL) 0.98 0.45–2.15

Lp(a) ≥ 30 mg/dL 2.26 * 1.06–4.83
Classical CD14++CD16− Mn ≥ 73.6 (% from monocytes) 0.54 0.25–1.14

Lp(a) ≥ 30 mg/dL 2.64 * 1.22–5.69
Intermediate CD14++CD16+ Mn ≥ 7.3 (% from monocytes) 2.88 * 1.33–6.24

Lp(a) ≥ 30 mg/dL 2.47 * 1.17–5.22
Intermediate CD14++CD16+ Mn ≥ 32.5 (103/mL) 1.30 0.62–2.75

Lp(a) ≥ 30 mg/dL 2.39 * 1.12–5.07
Non-classical CD14+CD16++ Mn ≥ 16,4 (% from monocytes) 1.41 0.68–2.95

Lp(a) ≥ 30 mg/dL 2.43 * 1.14–5.20
Non-classical CD14+CD16++ Mn ≥ 70.2 (103/mL) 1.12 0.53–2.38

* p < 0.05, ˆ for Lp(a) OR are also present in the table. Mn = monocyte content.

To assess the mutual influence of Lp(a) and the monocyte subsets on the sever-
ity of coronary atherosclerosis, patients were divided according to the combination of
absolute/percentage values of the monocyte subsets and the Lp(a) concentration. We
found the contribution of both hyperLp(a) and a decreased percentage of classical mono-
cytes/increased content of intermediate monocytes in the presence of triple-vessel CAD
(Figure 4). For the absolute content of the monocyte subset, the same trend was found
(Figure S3, Supplementary Materials).
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Figure 4. Severity of coronary artery disease depending on the presence of hyperLp(a) and the
relative content of classical CD14++CD16− (A), intermediate CD14++CD16+ (B) and non-classical
CD14+CD16++ monocytes (C). The data are presented as the percentage of patients and the absolute
number of patients (numbers within the bars) with a different severity of coronary atherosclerosis in
the subgroups depending on the combination of normal (<30 mg/dL) and increased (≥30 mg/dL)
concentrations of Lp(a) as well as the relative content of monocytes below and above the median.
The corresponding values of the median for the relative (% of the total number of monocytes)
content of classical CD14++CD16−, intermediate CD14++CD16+ and non-classical CD14+CD16++
subpopulations of monocytes correspond to the values indicated in Table 3. Me = median.
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HyperLp(a) and an increased content of CD16+ monocytes were strongly associated
with the presence of triple-vessel CAD (Table 4).

Table 4. Association of triple-vessel coronary disease depending on Lp(a) level and the
monocyte subsets.

Lp(a) < 30 mg/dL
Mn < Me

Lp(a) < 30 mg/dL
Mn ≥ Me

Lp(a) ≥ 30 mg/dL
Mn < Me

Lp(a) ≥ 30 mg/dL
Mn ≥ Me

CD14++CD16− (%
from Mn) 1 0.45 (0.15–1.37) 3.45 (0.90–13.24) 0.42 (0.13–1.36)

CD14++CD16+ (%
from Mn) 1 4.25 (1.33–13.56) * 1.45 (0.45–4.60) 8.69 (2.46–30.63) *

CD14+CD16++ (%
from Mn) 1 1.39 (0.46–4.18) 0.97 (0.32–3.00) 3.50 (1.15–10.75) *

* p < 0.05. Data are presented as an OR (95% CI) relative to patients with unconfirmed CHD.
Mn = monocyte content; Me = median.

It should be noted that the high content of non-classical CD14+CD16++ monocytes as
well as intermediate CD14++CD16+ monocytes and the increased concentration of Lp(a)
were associated with triple-vessel CAD compared with patients with single- or double-
vessel disease (OR = 3.1 (95% CI 1.1–8.8) and OR = 7.7 (95% CI 2.0–30.1), respectively).

4. Discussion

The physiological role of Lp(a) as well as the mechanisms that contribute to its high
atherogenicity are ambiguous. It is assumed that the formation of Lp(a)-containing circulat-
ing immune complexes [24] and their interaction with macrophages [25] may be possible
pathogenetic mechanisms leading to the development of inflammation in the vessel wall.
The association of autoAbs to Lp(a) as well as the lymphocyte activation marker sCD25
with the presence and severity of coronary atherosclerosis that we previously showed [19]
may indicate the contribution of Lp(a) to atherogenesis by the activation of humoral and
cellular immunity.

The discovery of the key role of monocytes/macrophages in the development of
atherosclerosis [26] was a background for the study of blood monocyte subsets in patients
with a cardiovascular pathology. According to a few reports, the high levels of CD16+ mono-
cytes were associated with hypercholesterolemia and unstable coronary atherosclerotic
plaques [27]. Intermediate CD14++CD16+ monocytes were shown to predict cardiovascular
events in patients with chronic kidney disease [28] and a broad patient population at cardio-
vascular risk [18]. At the same time, an increased content of intermediate CD14++CD16+
monocytes was associated with a better prognosis in patients with heart failure [29]. The
increased content of non-classical CD14+CD16++ monocytes and the reduced content of
classical CD14++CD16− monocytes were detected in patients with high levels of small
dense LDL [30] and patients with “dysfunctional” small high-density lipoproteins [31]. The
same researchers found an increased content of intermediate CD14++CD16+ monocytes in
patients with stable CHD with an Lp(a) plasma level > 50 mg/dL [32].

In this study, we showed for the first time the association between the increased
concentration of Lp(a) (≥30 mg/dL) and the high content of non-classical CD14+CD16++
monocytes in absolute and relative counts. The increased percentage of non-classical
CD16+ monocytes in patients with hyperLp(a) was associated with the elevated risk of
multivessel CAD.

The contribution of non-classical monocytes to chronic inflammation has been ac-
tively discussed in recent years. It was demonstrated that non-classical CD14+CD16++
monocytes can differentiate into inflammatory macrophages and play a key role in joint
inflammation in a mouse model of arthritis [33]. Non-classical monocytes can also differen-
tiate into osteoclasts [34]. In mice models of autoimmune diseases, non-classical monocytes
stimulated B-cells, indicating their contribution to the production of autoantibodies [35].
This effect may be mediated by the activation of IL-4 synthesis by T-cells as was revealed
by [36].
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According to other authors, the main function of non-classical monocytes is “pa-
trolling” the endothelium, recognizing viruses, “cell debris” or other damage signals [37].
These cells are ready to transmigrate through the endothelial layer and genes associated
with cytoskeletal motility are mainly expressed in non-classical monocytes [38].

Urbanski et al. showed that the content of non-classical monocytes in the blood is
associated with endothelial dysfunction regardless of other risk factors of atherosclerosis.
Patients with CAD and the high frequency of non-classical CD14+CD16++ monocytes (the
upper tertile of distribution) presented an impaired vascular response to acetylcholine
administration and a significantly increased superoxide production compared with patients
with a low non-classical monocyte content [39].

Several studies have demonstrated the relationship between an increased Lp(a) con-
centration and multivessel atherosclerosis [40]. Lp(a) was proven to promote endothe-
lial dysfunction and damage via diverse mechanisms [41]. It can be assumed that the
expansion of non-classical CD14+CD16++ monocytes in patients with hyperLp(a) is re-
lated to their “innate” control over tissues to detect damaged cells including an Lp(a)-
damaged endothelium.

There is evidence that intermediate monocytes have the most pronounced pro-
inflammatory properties. These cells can produce high cytokine levels upon stimula-
tion [38]. The subset of intermediate monocytes expresses high levels of surface markers
involved in interactions with T-cells and thus can effectively stimulate T-cell prolifera-
tion [42,43]. The association we established between the increased relative content of the
intermediate monocytes and triple-vessel CAD regardless of Lp(a) concentration indicated
that the redistribution of monocytes from classical to “pro-inflammatory” CD16+ subsets
may be mediated by other atherogenic lipoproteins; in particular, the most atherogenic
subfractions of small dense LDL. The combination of an atherogenic LDL profile, i.e., the
presence of small dense lipoproteins, with an increased concentration of Lp(a) was associ-
ated with a significantly increased risk of CHD [44]. On the other hand, the CD14++CD16+
monocyte content was associated with the vulnerability of coronary plaques in CHD pa-
tients with corrected LDL levels [45]. These data suggest the existence of mechanisms
independent of the lipid profile that can lead to the expansion of pro-inflammatory mono-
cytes and contribute to atherosclerosis progression.

Understanding the fundamental regulation of the differentiation and functioning of
monocytes in the presence of various types of lipid disorders may help in determining
the directions of future therapeutic interventions aimed at blocking or, on the contrary,
activating the components of the immune system.

5. Limitations of the Study

We included patients admitted to a single center with a diagnosis of coronary artery
disease for an additional examination and the determination of further treatment strategy
so there was a high proportion of subjects with severe stenotic atherosclerosis and a few of
them were under 55 years of age.

The relationship between the extent of peripheral atherosclerosis and the studied
parameters was not analyzed.

For monocyte subset immunophenotyping, anti-CD14 and anti-CD16 antibodies were
used. Although this approach is widely accepted, there is an opinion that this is not enough.

6. Conclusions

We found for the first time an association between Lp(a) concentration and the blood
content of non-classical CD14+CD16++ monocytes regardless of gender and age. The
increased level of Lp(a) and the decreased quantity of classical CD14++CD16− monocytes
were associated with the severity of coronary atherosclerosis. Both hyperLp(a) and a
higher content of intermediate CD14++CD16+ monocytes were predisposing factors for
triple-vessel coronary disease regardless of gender, age or other risk factors. The expan-
sion of CD16+ monocytes (intermediate and non-classical) in the presence of hyperLp(a)
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significantly increased the risk of triple-vessel coronary disease. Further studies on the
differentiation and functioning of the monocyte subsets in the presence of different lipid
disorders, especially hyperLp(a), are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcdd8060063/s1, Figure S1: Monocyte subsets definition based on a typical distribution
of events in a CD14 and CD16 staining, Figure S2: Histogram of the distribution of the Lp(a)
concentration in the examined patients, Figure S3: Severity of coronary artery disease depending on
the presence of hyperLp(a) and absolute content of monocyte subsets.
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