
 
 

 

 
Diagnostics 2021, 11, 935. https://doi.org/10.3390/diagnostics11060935 www.mdpi.com/journal/diagnostics 

Article 

Elevation of CD40/CD40L Inflammatory Pathway Molecules in 
Carotid Plaques from Moderate-and-Severe Obstructive Sleep 
Apnea Patients 
Ewa Migacz 1, Wioletta Olejarz 2,3, Alicja Głuszko 3,4, Katarzyna Bednarek-Rajewska 5, Robert Proczka 6,  
David F. Smith 7,8,9, Stacey L. Ishman 7,9 and Wojciech Kukwa 1,* 

1 Department of Otorhinolaryngology, Faculty of Dental Medicine, Medical University of Warsaw,  
02-097 Warsaw, Poland; ewa.migacz@gmail.com 

2 Department of Biochemistry and Pharmacogenomics, Faculty of Pharmacy, Medical University of Warsaw, 
02-097 Warsaw, Poland; wioletta.olejarz@wum.edu.pl 

3 Centre for Preclinical Research, Medical University of Warsaw, 02-097 Warsaw, Poland;  
alicja.gluszko@wum.edu.pl 

4 Department of Biochemistry, Faculty of Medicine, Medical University of Warsaw, 02-097 Warsaw, Poland 
5 Department of Clinical Pathology, Poznan University of Medical Sciences, 61-701 Poznan, Poland; 

szlapus@icloud.com 
6 Cardiology Center Jozefow, American Heart of Poland, 05-410 Warsaw, Poland; ramjup@poczta.onet.pl 
7 Divisions of Pediatric Otolaryngology, Pulmonary Medicine, and the Sleep Center, Cincinnati Children’s 

Hospital Medical Center, Cincinnati, OH 45229, USA; David.Smith3@cchmc.org (D.F.S.);  
stacey.ishman@cchmc.org (S.L.I.) 

8 The Center for Circadian Medicine, Cincinnati Children’s Hospital Medical Center,  
Cincinnati, OH 45229, USA 

9 Department of Otolaryngology-Head and Neck Surgery, University of Cincinnati School of Medicine,  
Cincinnati, OH 45229, USA 

* Correspondence: wojciech.kukwa@gmail.com 

Abstract: A chronic inflammatory process characteristic of obstructive sleep apnea promotes vas-
cular endothelial dysfunction and atherogenesis. This process can lead to destabilization and rup-
ture of cardiovascular plaques, which clinically manifests as an acute coronary syndrome or stroke. 
The aim of this study was to investigate the inflammatory pathway leading to plaque destabilization 
in non-to-mild and moderate-to-severe groups of OSA patients. This prospective study involved 
enrollment of patients scheduled for endarterectomy. A sleep study was performed prior to surgery. 
Immunohistochemistry was performed on atherosclerotic plaques from carotid arteries obtained 
during standard open endarterectomy to determine levels of CD40, CD40L receptors, MCP-1, and 
MMP-9. The 46 patients included 14 controls, 13 with mild, 11 with moderate, and 8 with severe 
OSA. Increased expression of CD40, CD40L receptors, MCP-1, and MMP-9 were found to be pro-
portionate with OSA severity. However, significant differences among groups were observed only 
for MCP-1 (p = 0.014). Increased expression of inflammatory markers (CD40, CD40L, MCP-1, MMP-
9) is associated with increasing OSA severity. This suggests the CD40-CD4-L inflammatory path-
way may contribute to plaque instability and rupture in OSA patients. 
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1. Introduction 
Obstructive sleep apnea [1] is one of the most common sleep disorders among adults. 

It is characterized by recurrent episodes of partial or complete upper airway collapse dur-
ing sleep [2]. OSA has frequently been associated with atherosclerosis [3]. Systemic in-
flammation, oxidative stress, vascular smooth muscle cell activation, increased adhesion 
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molecule expression, monocyte/lymphocyte activation, increased lipid loading in macro-
phages, lipid peroxidation, and endothelial dysfunction all lead to plaque formation [4]. 
Initially stable atherosclerotic plaques tend to transform to unstable plaques, but the 
mechanism of this transition is not fully understood [5]. An unstable plaque is vulnerable 
to rupture, which may cause acute cardiovascular episodes such as stroke or acute coro-
nary thrombosis. 

OSA is considered as a persistent, low-intensity, inflammatory state [6]. One of the 
important inflammatory pathways is driven by a cluster of differentiation 40-cluster of 
differentiation 40-ligand (CD40-CD40L) dyads. It enhances leukocyte recruitment to the 
sites of vascular inflammation. In advanced lesions, it stimulates macrophages to increase 
production of matrix metalloproteinases (MMP) [7], particularly MMP-9, which is respon-
sible for plaque destabilization and rupture [8]. Monocyte chemoattractant protein -1 
(MCP-1) is another protein that promotes plaque vulnerability. It is expressed in macro-
phage-rich areas bordering the necrotic lipid core. This monocyte chemoattractant protein 
is also present in the early stages of atherosclerotic lesion formation [9]. It is produced by 
endothelial cells, smooth muscle cells, and/or monocytes in response to CD40L [10]. More-
over, activation of the MCP-1/CCR2 pathway induces expression of MMPs, and thus en-
hances plaque destabilization.  

CD40-CD40L pathways are involved in atherosclerotic plaque generation and desta-
bilization by inducing the expression of cytokines, chemokines, growth factors, matrix 
metalloproteinases, and pro-coagulant factors [11,12]. The increased prevalence of vascu-
lar diseases in OSA is caused by hypercoagulable state. Treatment with CPAP decreased 
plasma fibrinogen levels, platelet activity, and activity of clotting factor VII [13]. Persistent 
activation platelets in OSA patients, especially in obese subjects, results in enhanced spon-
taneous aggregability and changes in cytokine production [14]. Repeated temporary 
dearth of NO in the tissues causes long-term complications such as hypertension, myo-
cardial infarction, and stroke [15]. 

These pathways and activators are well-known contributors to plaque destabilization 
and rupture [16]. The aim of this study was to investigate these markers in carotid plaques 
from patients with non-to-mild and moderate-to-severe OSA. 

2. Materials and Methods 
2.1. Patients and Tissue Samples 

This was a prospective study enrolling consecutive patients scheduled for open 
endarterectomy from March 2014 to July 2017. Patients with nonocclusive high-grade ath-
erosclerotic stenosis measuring > 70% luminal narrowing and a history of ipsilateral stroke 
or transient ischemic attacks (TIA) were scheduled for the procedure, according to the 
North American Symptomatic Carotid Endarterectomy Trial (NASCET) and the Euro-
pean Carotid Surgery Trial (ECST) guidelines [17]. Exclusion criteria included: BMI > 35 
kg/m2, smoking > 20 years, diabetes mellitus treatment > 5 years, and previous treatment 
for OSA. Inclusion criteria included: completion of endarterectomy, plaque sampling, and 
a preoperative sleep study. Atherosclerotic plaques were fixed in 4% neutral buffered for-
maldehyde solution. 

2.2. Sleep Study 
A diagnosis for OSA was established prior to surgery and was based on a Home 

Sleep Apnea Test (HSAT) using the WatchPAT™ (Itamar Medical, Caesarea, Israel) port-
able sleep apnea diagnostic system [18]. The WatchPAT system measures peripheral arte-
rial tonometry, oximetry, heart rate, actigraphy, body position, and snoring. OSA severity 
was classified by the apnea hypopnea index (AHI) as: mild, AHI ≥ 5; moderate, AHI ≥ 15; 
severe, AHI ≥ 30. The group with an AHI < 5 events/hour was considered the control.  
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2.3. Immunohistochemistry 
Immunohistochemical staining was performed to qualitatively identify antigens in 

sections of formalin-fixed, paraffin-embedded tissue. Tissue section formalin-fixed and 
paraffin-embedded were stained with the use of immunohistochemical method. Sections 
were deparaffinized and hydrated, following by epitope retrieval induced by heating, 
with the use of Tris/EDTA-based buffer pH 9 (Novocastra REF119-CE, Leica Biosystems, 
Nulssloch, Germany) and citrate buffer pH 6 (Novocastra REF113-CE, Leica Biosystems, 
Nussloch, Germany) for MMP9, MCP-1, and CD40, CD40L antibodies’ detection, respec-
tively. 

Subsequently, after neutralizing endogenous peroxidase activity and protein bind-
ing, sections were incubated overnight at 4 °C with diluted antibodies as follows: anti-
CD40 1:250 (ab224639), anti-CD40L 1:400 (ab 52750), anti-MMP9 1:100 (ab58803), and anti-
MCP1 1:100 (ab9858), all from Abcam, Cambridge, USA. Following, the tissue sections 
were incubated with secondary antibody (Post Primary Block) and subsequently with No-
volink Polymer, each for 30 min. The following sections were incubated with secondary 
antibody and polymer. To detect antibodies, samples were incubated with substrate/chro-
mogen, 3,3′-diaminobenzidine (DAB), and counterstained with hematoxylin. The proce-
dure of staining was performed with the use of a Polymer Detection System kit (Novocas-
tra REF140, Leica Biosystems, Nussloch, Germany) containing Peroxidase Block, Protein 
Block, Post Primary Block, Novolink Polymer, Hematoxylin, DAB Chromogen, Novolink 
DAB Substrate Buffer [19,20]. Results were interpreted using a light microscope (Axio Ob-
server Z1, Zeiss, Jena, Germany, https://www.zeiss.com/microscopy/int/products.html/) 
equipped with Axiovision 4.8 software (Zeiss Microimaging GmbH, Jena, Germany, 
https://carl-zeiss-vision-axiovision-viewer.software.informer.com/4.8/), and illumination 
system LUMEN200 (Prior Scientific, Ltd, Jena, Germany, www.prior.com). 

2.4. Evaluation of Immunohistochemistry 
Results were expressed as a percentage of positive cells in the field of view (FOV), 

evaluating five randomly chosen high power fields (HPF ×200 magnification). The num-
ber of positive cells was evaluated according to the following 4-tiered classification: 0, 
negative reaction (less than 10% of stained cells); 1, low expression (11% to 50% of cells 
stained positive); 2, intermediate expression (51% to 75% of cells stained positive); 3, high 
expression (over 75% of cells stained positive). Experimental groups were masked to the 
pathologist to eliminate bias.  

2.5. Statistical Analysis  
The results are expressed as the mean ± standard deviation [13]. A Student’s-t test 

was used to evaluate the differences between the groups, which were considered statisti-
cally significant at p < 0.05. Statistical analyses were performed with SPSS 23.0 software 
(USA, Available online: https://www.ibm.com/analytics/spss-statistics-software). 

3. Results 
3.1. Study Participants 

Sixty-eight patients met the inclusion criteria and were enrolled in the study. Forty-
six subjects completed the protocol. Mean age was 73.2 ± 8.7 years. The control group (n = 
14) included patients with an AHI < 5 events/hour. There were 13 patients (28%) with 
mild, 11 (24%) with moderate, and 8 (18%) with severe OSA (Table 1, Table S1). Patients 
were divided into two groups: non-to-mild and moderate-to-severe OSA. 
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Table 1. Patient demographic data and home sleep apnea test (HSAT) results in 4 groups of pa-
tients divided according to pAHI. 

 Control and Mild Moderate and Severe 
Cases, n 27 19 

Age, years 72.6 ± 7.65 73.9 ± 9.8 
Female/Male, n 16/11 6/13 

BMI, kg/m2 26.4 ± 2.75 30 ± 3.6 * 
Neck circumference, cm 38 ± 3.9 40.8 ± 2.4 * 
Waist circumference, cm 97.7 ± 8.9 105.6 ± 10.1 * 

pAHI, events/h 6.3 ± 1.75 32.6 ± 8.2 ** 
ODI 2.4 ± 1.15 23.3 ± 6.9 ** 

ESS score 5.45 ± 4.8 8.3 ± 5.5 * 
* p < 0.05, ** p < 0.0001 (Student’s t -test); BMI: body mass index; pAHI: peripheral arterial tone 
apnea/hypopnea index; ODI: oxygen desaturation index; ESS: Epworth sleepiness scale. 

3.2. Immunohistochemistry 
Immunohistochemistry demonstrated increased expression of CD40, CD40L, MMP-

9, and MCP-1 in atherosclerotic plaques in the moderate/severe OSA group (Table 2, Table 
S2, Figure 1). Significant differences were observed for MCP-1 (p = 0.014) in patients with 
moderate-to-severe OSA, compared to the non-mild OSA group. Figure 2 shows that the 
expression of all markers increased with the severity of OSA. Most of the evaluated cells 
showed strong nuclear staining. In some cases, there was both strong nuclear and diffuse 
cytoplasmic staining (ranging from mild to strong diffuse cytoplasmic staining). The 
strongest immunohistochemical reaction was observed in stromal inflammatory cells: 
lymphocytes and macrophages, and in modified smooth muscle cells dispersed within the 
atherosclerotic plaque (especially within the shoulder, fibrous cap, and the core).  

Table 2. Level of atherosclerosis markers in two groups of obstructive sleep apnea patients: control/mild and moderate/se-
vere. 

 
Control and Mild OSA (n = 27) Moderate and Severe OSA (n = 19)   95% CI  

M SD M SD t p LL UL d Cohen 
CD40 0.46 0.66 0.89 0.76 −1.97 0.056 −0.87 0.01 0.61 

CD40L 0.42 1.02 0.78 1.06 −1.12 0.270 −1.01 0.29 0.35 
MMP-9 2.25 1.03 2.44 0.98 −0.62 0.541 −0.83 0.44 0.19 
MCP-1 0.21 0.41 0.83 0.92 −2.68 0.014 −1.11 −0.14 0.92 

OSA—obstructive sleep apnea; M—mean; SD—standard deviation; t—Student’s t-test; p—significance value; CI—confi-
dence interval; LL—lower limit; UL—upper limit. 
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Figure 1. Immunohistochemical analysis of CD40, CD40L, MCP-1, and MMP-9 in carotid athero-
sclerotic plaque in patients undergoing carotid endarterectomy. Immunohistochemistry staining 
was performed with rabbit or mouse antibodies and with Isotype control IgG. Original magnifica-
tion ×200. Scale bar = 200 µm. 
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Figure 2. Levels of atherosclerosis markers in two groups of obstructive sleep apnea patients: control + mild and moderate 
+ severe. Axis y shows the 4-tiered classification: 0, negative reaction (less than 10% of stained cells); 1, low expression 
(11% to 50% of cells stained positive); 2, intermediate expression (51% to 75% of cells stained positive); 3, high expression 
(over 75% of cells stained positive). 

4. Discussion 
Cardiovascular diseases are clearly connected OSA. Intermittent hypoxia with reox-

ygenation, bursts of sympathetic activity, and exaggerated negative intrathoracic pressure 
are all pathophysiological sequelae of apneic events that, in turn, lead to cardiovascular 
consequences [21]. As many of these consequences seem to be due to progression of ath-
erosclerosis, it is crucial to determine basic mechanisms of the OSA–atherosclerosis inter-
play. The present study demonstrated that moderate–severe OSA patients had increased 
levels of all measured markers of atherotic plaque vulnerability; however, statistically sig-
nificant differences were only observed for MCP-1. CD40, CD40L, MMP-9, and MCP-1 
were previously connected to plaque destabilization and rupture, along with many others 
[10]. Our study showed significant differences for MCP-1 (p = 0.014) and near-significant 
difference for CD40 (p = 0.056). Additionally, plasma levels of MCP-1 were previously 
shown to be elevated in OSA patients [22,23]. Chuang et al. demonstrated that gene ex-
pression of MCP-1 in peripheral blood monocytes was increased in patients with severe 
OSA [24]. Additionally, two studies analyzed the effect of OSA treatment on MCP-1 lev-
els. A study by Perrini et al. documented that CPAP treatment reduced serum concentra-
tion of MCP-1, while the levels remained unaltered in the non-OSA and subtherapeutic 
groups (p < 0.05) [25]. The effect of adenotonsillectomy (T & A) was examined in OSA-
positive obese children by Kheirandish-Gozal et al. [26]. They showed that effective OSA 
treatment resulted in significant reductions in MCP-1 serum levels (p < 0.003). The authors 
suggested that OSA treatment reduced the overall inflammatory state and resulting car-
diovascular risk in those patients. This study also demonstrated levels of MMP-9 before 
and after the treatment, showing significant improvement (p < 0.0001). Vuralkan et al. 
showed a significant decrease in MMP-9 levels in adult patients after uvulopalatal flap 
(UPF) surgery (p < 0.05), but with no correlation to postoperative ODI values [27]. Multiple 
studies showed an increased level of MMP-9 in OSA patients [28–31]. Additionally, Wang 
et al. found that the MMP-9 level was positively correlated with OSA severity and con-
sistent with the degree of hypoxia [32]. On the contrary, at least three studies showed no 
significant differences in MMP-9 values in OSA versus non-OSA subjects. One was per-
formed in the paediatric population [33] and two others in adults [34,35]. The roles of 
MMPs in the inflammatory process associated with OSA were reviewed recently by two 
papers [36,37]. They have been associated with both oxidative stress and cardiovascular 
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diseases by contributing to ischemia/reperfusion injury [37]. Wang et al. showed that 
MMP-9 is a risk factor for cardiovascular diseases in OSA patients by its involvement in 
the hypoxia-MMP-9-β2AR signalling axis [32]. Additionally, Hopps et al. confirmed 
higher plasma levels of MMP-9 and significant impairment of oxidative status in OSA 
patients [38]. Chuang et al. showed significantly higher mRNA expression of MMP-9 in 
monocytes in patients with severe OSA, which correlated to plasma MMP-9 levels [30]. 
MMP-9 has been associated with the progression of atherosclerosis and plaque rupture, 
and the development of vascular events in carotid atherosclerotic disease [39]. MMPs 
were expressed mainly at the shoulder region of the fibrous cap, which may promote 
weakening of the plaque following destabilization. In several studies, MMP levels were 
higher in acute coronary syndrome patients than in controls or patients with more ad-
vanced chronic heart failure [10]. 

Our study showed a slightly higher level of MMP-9 in moderate–severe OSA pa-
tients, but the results were not statistically significant. This may suggest that, in OSA pa-
tients, the plaque itself may not be the primary source of an increased level of plasma/se-
rum MMP-9 levels, if these levels are truly increased in OSA patients. Our study showed 
that both CD40 and CD40L were increased in moderate/severe OSA patients, with near-
statistical significance for CD40 (p = 0.056). As this is the first study that measures the 
levels of these markers in atherosclerotic plaques of OSA and non-OSA patients, there are 
no other data to compare in tissue samples. 

Our study has limitations that should be discussed. First, the sample size was small, 
which could limit our statistical analyses. Second, we collected only plaque samples re-
moved during open endarterectomy; therefore, the structure of the arterial wall could not 
be analyzed. Future studies should analyze plaque with a whole cross-section of the vessel 
wall. This will allow for a determination of the expression of the unstable plaque markers 
in the layers of the vessels. Finally, we did not obtain data regarding BMI in eight patients, 
which limited our ability to study the correlation of the inflammatory parameter expres-
sion and BMI. 

5. Conclusions 
The severity of OSA is associated with increased levels of all measured markers of 

atherosclerotic plaque vulnerability (CD40, CD40L, MCP-1, MMP-9), with significant dif-
ferences for MCP-1 (p = 0.014) and near-significant difference for CD40 (p = 0.056). These 
data suggest that the CD40-CD4-L inflammatory pathway may contribute to plaque in-
stability and rupture in OSA patients. Ours is consistent with previous studies which 
show that OSA carries an independent risk of acute coronary syndrome and stroke. 

Supplementary Materials: The following are available online at www.mdpi.com/2075-
4418/11/6/935/s1, Table S1: Patient demographic data and home sleep apnea test (HSAT) results in 
4 groups of patients divided according to pAHI, Table S2: Level of atherosclerosis markers in two 
groups of obstructive sleep apnea patients: control/mild and moderate/severe. 
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