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Abstract: Atherosclerosis is an inflammatory disease wherein neutrophils play a key role in plaque
evolution. We observed that neutrophil CD11b was associated with a higher necrotic core volume
in coronary plaques. Since platelets modulate neutrophil function, we explored the influence of
neutrophil-platelet conjugates on the cytokine-modulated neutrophil complex CD11b/CD18 and
CCRS receptor expression. In 55 patients [68.53 & 7.95 years old (mean =+ SD); 71% male], neutrophil
positivity for CD11b, CD18 and CCR5 was expressed as Relative Fluorescence Intensity (RFI) and
taken as a dependent variable. Cytokines and chemokines were assessed by ELISA. Following
log-10-based logarithmic transformation, they were used as independent variables in Model 1 of
multiple regression together with Body Mass Index and albumin. Model 1 was expanded with
the RFI of neutrophil CD41a+ (model 2). The RFI of neutrophil CD41a+ correlated positively and
significantly with CD11b, CD18, and CCR5. In Model 2, CCR5 correlated positively only with the
RFI of neutrophil CD41a+. Albumin maintained its positive effect on CD11b in both models. These
observations indicate the complexity of neutrophil phenotypic modulation in stable CAD. Despite
limitations, these findings suggest there is a role played by neutrophil-platelet interaction on the
neutrophil cytokine-modulated expression of adhesive and chemotactic receptors.

Keywords: coronary artery disease; neutrophil-platelet conjugates; neutrophil phenotype; integrin
molecules; chemokine receptors; cytokines; multiple regression statistics; flow cytometry

1. Introduction

Blood neutrophils play a key role in atherosclerotic plaque formation and evolu-
tion [1,2]. Recent observations indicate that neutrophils actively sense and adapt to subtle
and multiple environmental stimuli, both under healthy states and inflammatory con-
ditions, thus exhibiting a differently modulated context-dependent phenotype [3]. In
particular, the neutrophil interaction with circulating platelets represents an important
amplification mechanism for neutrophil function [4]. In a recent cross-sectional study
involving stable coronary artery disease (CAD) patients recruited as part of the European
Project SMARTool [5], we observed that the blood neutrophil expression of the integrin
activation molecule CD11b (a-chain of the Mac-1 complex) was positively associated with
a higher relative volume of the lipid-rich necrotic core. These data suggested a greater
coronary plaque vulnerability in CAD patients. Furthermore, we also observed that the
neutrophil-platelet interaction, assessed as the number of platelets bound per neutrophil
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and quantified by flow cytometry as the RFI of neutrophil CD41a+ cells, correlated posi-
tively with the expression of several surface receptors involved in cellular adhesion and
chemotactic response. This last observation confirms the usefulness of using therapeu-
tic inhibitors of the platelet CD41/CD61 receptor complex (gpllb/Illa) during coronary
atherosclerotic disease, either in acute or chronic clinical settings, as demonstrated in the
cited literature [6,7]. In the present study, we aimed to expand those previous findings in
the same patient group by exploring further associations of circulating neutrophil-platelet
interactions—quantified in terms of RFI of neutrophil positivity for CD4la—with neu-
trophil expression (RFI) of adhesion molecules CD11b and CD18 (associated with the
surface integrin complex Mac-1) and the RANTES (Regulated upon Activation Normal
T-cell Expressed and Secreted) chemokine receptor CCR5. In particular, we decided to
evaluate the neutrophil expression of the chemokine receptor CCR5 not only because it
represents the main receptor for chemokine CCL5 (RANTES) released by platelets following
activation, but also because it is an expression of the neutrophil activation state during
inflammation and is involved in tissue migration of these cell types [8,9]. These associations
were assessed following an extensive statistical backward multiple regression analysis
based on several immune-biochemical parameters as adjustment variables.

2. Materials and Methods
2.1. Patients

A subgroup of patients (n = 55), already recruited as part of the European Project
SMARTool (Clinical-Trials.gov Identifier: NCT04448691) [5], was studied. The inclusion
and exclusion criteria are listed in Table S1 in Supplementary Materials; in brief, they
included patients with a history of suspected CAD and who are undergoing angiographical
coronary examination. All patients received an aspirin (ASA) dose of 100 mg once daily.
An additional inclusion criterion, besides those reported in [5], was the full matching of
cytometry data and clinical-demographic and immuno-biochemical parameters. Sample
collection was performed in accordance with Helsinki’s Declaration and informed consent
was obtained from each patient.

2.2. Biochemical Analyses

General biochemical parameters and enzyme-linked immunosorbent assay (ELISA)
tests were performed as already described [10,11]. In brief, serum lipid profiles and gen-
eral biochemical parameters were measured by routine clinical protocols, while plasma
adhesion molecules and serum cytokines were quantified by ELISA tests. The following
commercial ELISA kits were used: 950.035 (Diaclone SAS, Besancon Cedex, France) for a
high-sensitivity IL-6 assessment; E-EL-H0108, E-EL-H0109 and E-EL-H0103 (Elabscience
Bio-technology, Houston, TX, USA) for IFN-y, TNF-« and IL-10 evaluations, respectively;
BMS281, KHC0081, EHRNTS and EHCX3CL1 (Thermo Fisher Scientific, Waltham, MA,
USA) for MCP-1, IL-8, RANTES and Fractalkine evaluations, respectively. All the biomark-
ers were determined in duplicate.

2.3. Flow Cytometry Analysis

Flow cytometry data were collected in EDTA-anticoagulated blood samples, within
1 h after collection, as previously reported [12]. No fixation procedure was performed.
The CD41a antibody, recognizing the gpllb glycoprotein of the gpIlb/Illa surface platelet
complex (CD41/CD61), was used to quantify (as RFI) the neutrophil CD41a+ (correspond-
ing to the number of platelets bound per neutrophil). A combination of PC5-conjugated
anti-human CD14 (cat. A07765, Beckman Coulter, Fullerton, CA, USA), PE-conjugated
anti-human CD11b (cat. 555388, BD-Pharmingen, San Diego, CA, USA), PE-conjugated anti-
human CD18 (cat. FAB1730P, R&D Systems, Abingdon, UK), PE-conjugated anti-human
CCRS5 (cat. FAB1802P, R&D Systems, Abingdon, UK) and PE-conjugated anti-human
CD41a (cat. 555467, BD-Pharmingen, San Diego, CA, USA) was employed. A neutrophil
phenotypic quantification (as RFI) of markers CD11b, CD18 and CCR5 was carried out
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using an overlaid histogram subtraction procedure, as previously reported [12]. The neu-
trophil binding of a CD41a antibody, recognizing the gpllb glycoprotein belonging to the
gpllb/Illa surface platelet complex (CD41/CD61) and corresponding to the number of
platelets bound per neutrophil, was quantified (as RFI) using the same analysis algorithm
(Figure 1).
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Figure 1. Representative example of flow cytometry quantification of complexes neutrophil-CD41a+
(NPAs, neutrophil-platelet aggregates). (A) Neutrophil cluster identification (region R1) based on its
low CD14 expression (FL3) and side-scattering (SSC) morphological characteristics. (B) The R1-based
histogram’s subtraction analysis [positive events (continuous line) minus isotype control (dotted
line)] was used to quantify both the percentage of complexes CD41a+ (percentage of events in M1
marker) and their RFI (median of M1 gray histogram minus median of the isotype control).

2.4. Statistical Analysis

Continuous data are presented as the mean =+ standard deviation (SD). A log-10-based
logarithmic transformation of cytokine data was performed in order to reduce the possible
influence of outliers and to eliminate the influence of their non-normal distribution. To
be log-transformed, each cytokine with zero value was assigned to the minimum non-
zero cytokine-detected level. A preliminary univariate statistical selection, based on the
presence of a p-value < 0.15, has been used to identify parameters to be included in the
subsequent multiple regression analysis models. The RFI values of neutrophil positivity for
CD11b, CD18 and CCR5 were considered dependent variables. The effects of the selected
independent variables on cytokine-modulated neutrophil markers were then evaluated
by two models of multiple linear regression analysis (Model 1 and Model 2 adjustments),
which differ only in the inclusion of the RFI data of neutrophil CD41a+ within Model 2,
and a stepwise backward selection algorithm (p < 0.1 to remove a variable) was used to
determine the final statistical model. The analysis was performed using IBM SPSS Statistics,
Version 29.0.1.0 (IBM SPSS, Statistics for Windows, Version 29.0.1.0 Armonk, NY, USA, IBM
Corp.), and a p-value < 0.05 was considered statistically significant.

3. Results

The found percentages of neutrophil positivity (mean + SD) for CD11b, CD18, CCR5
and CD41a were 98.37 & 2.27, 64.84 4= 16.95, 8.29 4= 4.42 and 6.51 =+ 2.63, respectively. The
corresponding RFI values (a.u.) are listed in Table 1, together with the clinical, immuno-
biochemical, therapeutic and metabolic characteristics of the selected group of patients.
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Table 1. Clinical, immuno-biochemical, therapeutic and metabolic parameters of the selected group
of patients (n = 55). Data are presented as mean + SD (standard deviation) or as number (n) and
percentage (%), when appropriate. a.u. = arbitrary units.

Parameters Study Population (n = 55)
Age (years) 68.53 £7.95
Gender (M/F, n) 39/16
BMI (Body Mass Index) 27.26 + 3.63
Framingham Risk Score (a.u.) (FRS) 15.40 £ 3.38
Diabetes, n (%) 17 (30.91)
Oral antidiabetics, n (%) 15 (27.28)
Statin use, n (%) 41 (74.54)
Statin dosage, (mg/die) 13.27 + 11.02
Creatinine (mg/dL) 0.85 +0.21
Hs-CRP (mg/dL) 0.44 +0.72

ICAM-1 (ng/mL)

225.53 £+ 101.00

VCAM-1 (ng/mL)

635.15 £ 166.06

LDL cholesterol (mg/dL)

104.61 £ 34.05

HDL cholesterol (mg/dL) 54.29 + 12.44
HDL/LDL Ratio 0.569 + 0.216
Triglycerides (mg/dL) 133.47 £ 48.90
Albumin (gr/dL) 4.27 +0.51
IL-6 (pg/mL) 1.01 +0.93
IFN-y (pg/mL) 32.04 £1253
IL-10 (pg/mL) 27.26 + 13.04
TNF-a (pg/mL) 69.74 £ 23.04
MCP-1 (pg/mL) 173.14 £ 65.20
IL-8 (pg/mL) 197 £1.73
RANTES (pg/mL) 141.25 £+ 105.79
Fractalkine (pg/mL) 0.98 = 1.50

RFI of neutrophil CD41a+ (a.u.)

(number of platelets bound per neutrophil)

327.92 £ 57.26

RFI of neutrophil CD11b (a.u.)

618.11 £ 65.48

RFI of neutrophil CD18 (a.u.)

371.55 £ 47.77

RFI of neutrophil CCR5 (a.u.)

283.63 + 45.15

A list of continuous plasma cytokine data and immuno-biochemical parameters, able
to influence the systemic inflammatory response and the functional state of circulating
neutrophils and platelets, was then used for the univariate regression statistical analysis-
based identification of parameters significantly associated (p-value < 0.15) with neutrophil
marker expression, as reported in Table 2.

The presence of diabetic disease as well as the gender distinction were not significantly
associated with any of the neutrophil markers studied.
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Table 2. Univariate regression analyses between continuous cytokine data, immuno-biochemical
parameters and neutrophil marker expression (RFI). * Unstandardized. RFI = Relative Fluorescence
Intensity. a.u. = arbitrary units.

Neutrophil CD11b Expression (RFI)

Parameter Regression Coefficient * p-Value
Age (years) —0.752 0.507
BMI (Body Mass Index) 4.886 0.046
Framingham Risk Score (a.u.) (FRS) —-1.713 0.521
Creatinine (mg/dL) 27.619 0.522
Albumin (gr/dL) 31.570 0.073
Hs-CRP (mg/dL) 16.622 0.179
ICAM-1 (ng/mL) 0.081 0.363
VCAM-1 (ng/mL) 0.018 0.742
Log IL-6 (pg/mL) 81.296 <0.001
Log IFN-y (pg/mL) —15.062 0.813
Log IL-10 (pg/mL) 26.514 0.456
Log TNF-« (pg/mL) —56.962 0.453
Log MCP-1 (pg/mL) 4.509 0.925
Log IL-8 (pg/mL) 20.409 0.033
Log RANTES (pg/mL) —50.605 0.069
Log Fractalkine (pg/mL) 11.681 0.285

RFI of neutrophil CD41a+ (a.u.)
(number of platelets bound per neutrophil)

Neutrophil CD18 Expression (RFI)

0.673 <0.001

Parameter Regression Coefficient * p-Value
Age (years) —0.567 0.493
BMI (Body Mass Index) 2.508 0.164
Framingham Risk Score (a.u.) (FRS) —1.107 0.570
Creatinine (mg/dL) 30.021 0.340
Albumin (gr/dL) 16.107 0.213
Hs-CRP (mg/dL) 8.614 0.342
ICAM-1 (ng/mL) —0.013 0.843
VCAM-1 (ng/mL) 0.034 0.394
Log IL-6 (pg/mL) 54.377 0.001
Log IFN-y (pg/mL) —17.364 0.709
Log IL-10 (pg/mL) 23.696 0.361
Log TNF-« (pg/mL) —41.546 0.453
Log MCP-1 (pg/mL) 11.139 0.748
Log IL-8 (pg/mL) 14.131 0.043
Log RANTES (pg/mL) —34.774 0.087
Log Fractalkine (pg/mL) 8.708 0.274

RFI of neutrophil CD41a+ (a.u.)

(number of platelets bound per neutrophil) 0458 <0.001
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Table 2. Cont.

Neutrophil CCR5 Expression (RFI)

Parameter Regression Coefficient * p-Value
Age (years) 0.128 0.871
BMI (Body Mass Index) 1.337 0.435
Framingham Risk Score (a.u.) (FRS) 1.051 0.568
Creatinine (mg/dL) 5.502 0.854
Albumin (gr/dL) 6.327 0.607
Hs-CRP (mg/dL) 11.628 0.173
ICAM-1 (ng/mL) —0.035 0.570
VCAM-1 (ng/mL) 0.052 0.165
Log IL-6 (pg/mL) 63.018 <0.001
Log IFN-y (pg/mL) 3.598 0.935
Log IL-10 (pg/mL) 20.200 0.410
Log TNF-« (pg/mL) —36.236 0.488
Log MCP-1 (pg/mL) 15.458 0.637
Log IL-8 (pg/mL) 10.792 0.104
Log RANTES (pg/mL) —56.939 0.002
Log Fractalkine (pg/mL) 4.231 0.576

RFI of neutrophil CD41a+ (a.u.)

(number of platelets bound per neutrophil) 0-558 <0.001

Based on the univariate analysis results, the immuno-biochemical parameters posi-
tively, or negatively, associated with the expression level (RFI) of neutrophil markers, were
assessed for their final statistically independent correlation with CD11b, CD18 and CCR5
expression (RFI) in Model 1 and Model 2 of the multiple regression analysis adjustment, as
reported in Tables 3-5, respectively.

Table 3. Final statistical effects of blood immuno-biochemical adjustment parameters on CD11b
neutrophil expression (RFI), in the two models of multiple regression analysis. * Unstandardized.
RFI = Relative Fluorescence Intensity. a.u. = arbitrary units.

Neutrophil CD11b Expression (RFI)

Model 1 Adjustment (starting from 5 independent variables)

Regression Coefficient * p-Value

Albumin 38.325 0.011

Log IL-6 74.693 <0.001

Log IL-8 13.547 0.088

Log RANTES —64.395 0.006

Model 2 Adjustment (starting from 6 independent variables)

Regression Coefficient * p-Value

Albumin 35.248 0.013

RFI of neutrophil CD41a+ (a.u.) 0.688 <0.001

(number of platelets bound per neutrophil)
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Table 4. Final statistical effects of blood immuno-biochemical adjustment parameters on CD18
neutrophil expression (RFI) in the two models of multiple regression analysis. * Unstandardized.
RFI = Relative Fluorescence Intensity. a.u. = arbitrary units.

Neutrophil CD18 Expression (RFI)

Model 1 Adjustment (starting from 3 independent variables)

Regression Coefficient * p-Value
Log IL-6 49.181 0.002
Log IL-8 11.075 0.079
Log RANTES —34.909 0.053
Model 2 Adjustment (starting from 4 independent variables)
Regression Coefficient * p-Value
RFI of neutrophil CD41a+ (a.u.) 0.458 <0.001

(number of platelets bound per neutrophil)

Table 5. Final statistical effects of blood immuno-biochemical adjustment parameters on CCR5
neutrophil expression (RFI), in the two models of multiple regression analysis. * Unstandardized.
RFI = Relative Fluorescence Intensity. a.u. = arbitrary units.

Neutrophil CCR5 Expression (RFI)

Model 1 Adjustment (starting from 3 independent variables)

Regression Coefficient * p-Value
Log IL-6 62.040 <0.001
Log RANTES —55.317 <0.001
Model 2 Adjustment (starting from 4 independent variables)
Regression Coefficient * p-Value
RFI of neutrophil CD41a+ (a.u.) 0.558 <0.001

(number of platelets bound per neutrophil)

The results reported in Table 3 suggest a strong effect of IL-6 and RANTES in induc-
ing the opposite phenotypic modulation of neutrophil CD11b expression. The strength
and orientation of this modulatory capacity are indicated by the numerical value and
sign, respectively, of the regression coefficients reported in multiple regression Model 1
adjustments. These opposite effects of IL-6 and RANTES seem to be completely absorbed,
together with the marginally significant up-regulation induced by IL-8, into the strongly
positive modulating action of the RFI of neutrophil CD41a+ parameters (Model 2 adjust-
ment). Interestingly, the positive modulating effect of plasma albumin on neutrophil CD11b
expression appears to be only marginally down-regulated by the presence of neutrophil-
platelet aggregates in the Model 2 adjustment.

Considerations similar to what is referred to in Table 3 can also be applied to Table 4.
On the other hand, the neutrophil expression of CD18 appears to be independent of the
activating/pro-inflammatory stimulus represented by plasma albumin. The statistical
results of Table 5 seem to confirm the ability of the RFI of neutrophil CD41a+ parameters
(Model 2 adjustment) to replace the strongly opposite modulatory actions of IL-6 and
RANTES on neutrophil phenotypes.

4. Discussion

In a recent paper [5], we observed that the neutrophil-platelet interaction in a group
of stable CAD patients, and, in particular, the number of platelets bound per neutrophil
correlated positively with the expression of several neutrophil surface receptors. These
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receptors are involved in cellular adhesion and chemotactic response and are well known
for playing a crucial role in atherosclerotic plaque formation.

In the present study, performed in the same patient group, we used a backward
multiple regression analysis algorithm in order to improve our statistical approach and
define more accurately the influence of the number of platelets bound per neutrophil on
the cytokine-modulated neutrophil expression of integrin and chemokine receptors. In
particular, we focused our interest on neutrophil integrin molecules CD11b and CD18
(associated with the pro-adhesive heterodimeric complex Mac-1) and the chemokine re-
ceptor CCR5 (cellular receptor for RANTES). All these molecules exert a key role in the
functional response of circulating neutrophils to activating stimuli, leading to their adhe-
sion to activated endothelium and migration into inflamed tissues [13]. Platelet-leukocyte
interactions and platelet-released chemokines, RANTES in particular, play a crucial role in
this process [14-16]. The preliminary observations of our study, in particular those resulting
from the final comparison between multiple regression Models 1 and 2 reported in Table 5,
seem to indicate that the number of platelets bound per neutrophil (RFI of neutrophil
CD41a+) is able to completely encompass the functional combination of positive and neg-
ative independent associations of IL-6 and RANTES with CCR5 neutrophil expressions,
respectively. The IL-6, in particular, shows a strong up-regulatory effect on all neutrophil
activation markers evaluated in our study (Model 1 adjustment). This may be due to the
dual cellular signaling mechanism of IL-6: the classic one, in which the cytokine first binds
the specific membrane receptor (mIL-6R), which in turn, recruits two molecules of mgp130
that start the signaling, and the alternative one (trans-signaling), which the IL-6 binds first
to its soluble receptor (sIL-6R) and then to the membrane mgp130 [17]. The statistically
significant effect of up-regulation of the neutrophilic phenotype by platelets bound per
neutrophil is also evident in the expression of CD11b (Table 3) and CD18 (Table 4), in-
cluding also the marginally significant phenotypic up-regulatory action exerted by IL-8.
The evidence of IL-6 and RANTES opposite associations with neutrophil CCR5 expres-
sions reported in Table 5 (Model 1 adjustment) suggests that the independent positive
relationship observed between the RFI of neutrophil CD41a+ cells and CCR5 expression
(Model 2 adjustment) might be the result of a cellular heterotypic membrane interaction.
This physical crosstalk, in fact, might lead to either a more sustained cellular activation de-
pending on a higher concentration of activating stimuli (including cytokines/chemokines)
within the peri-neutrophilic microenvironment—and related to canonical outside-in and
inside-out signaling mechanisms [4]—or to the inhibition of CCR5 receptor-mediated lipid
raft internalization upon binding with the specific chemokine (RANTES) released by locally
activated bound platelets [18]. Both these effects might depend on the formation of a “cloud
model” of oligomerized /retained platelet-mediated ligand-receptor interactions on the
outer membrane of blood neutrophils [19], as schematically depicted in Figure 2.

On this basis, the presence of CD11b and CD18 integrin molecules within the aforemen-
tioned CCR5-modulated lipid rafts could also partly explain their up-regulation following
the formation of neutrophil-platelet heterotypic conjugates [20]. Further pathophysio-
logical studies, mainly focused on the mechanisms of neutrophil intracellular signaling,
associations between integrin/chemokine receptors and membrane lipid rafts, as well
as on integrin/chemokine receptor internalization following neutrophil binding with
platelets, could help clarify this hypothesis. Finally, an interesting finding of our study
is the persistence in Model 2 adjustment, which remained almost statistically unchanged
when compared to Model 1, of the positive association of circulating albumin levels with
neutrophil CD11b expression. In this case, albumin appears to have a pro-inflammatory
effect [21]. This could indicate a unique dependence of the phenotypic modulation of
this integrin molecule on the state of neutrophil activation deriving from the interaction,
probably TLR-4-mediated [21], with circulating oxidized albumin [22]. Several limitations
of this study must be acknowledged: First, the small number of patients studied and the
lack of metabolic parameters not included in our statistical multiple regression analysis
models. Second, the flow cytometry assessment of other neutrophil activation markers
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(CD66b, CD62L and CD16) and chemokine receptors (CXCR1, CXCR2 and CXCR4), as well
as other counter—receptor pairs involved in neutrophil-platelet heterotypic aggregation
[platelet P-selectin (CD62P), platelet GPIbo (CD42b) and neutrophil P-selectin glycoprotein
ligand-1 (PSGL-1, CD162)], is also missing. Therefore, further studies on larger patient
populations are necessary to confirm these preliminary observations and define their role
in the chronic coronary syndrome of stable CAD patients.
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Figure 2. Schematic representation of the main soluble effector molecules involved in the platelet-
mediated modulation model of circulating neutrophil phenotypes proposed in our study.

5. Conclusions

In conclusion, our study highlights the relevance of assessing neutrophil-platelet
interactions for a better understanding of the environment-induced modulation of phe-
notypes and functions of these circulating phagocytes. Moreover, the broad, largely un-
known complexity of neutrophil activation in pro-inflammatory conditions, such as chronic
atherosclerosis, also emerges.
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