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A b s t r a c t

Introduction: In data based on ex vivo studies and animal models, fractalkine is considered an important mediator 
in the development and destabilization of atherosclerotic plaques. We do not know how it is associated with human 
carotid plaques morphology. 
Material and methods: The study included 126 carotid plaques taken from 126 patients who underwent endar-
terectomy of internal carotid arteries. We assessed the following characteristics: inflammatory infiltration, connec-
tive tissue elements, foam cells, lipid core, plaque vascularisation, calcifications, intraplaque haemorrhage, thrombi 
built into the plaque structure, and mural thrombi. CX3CR1 expression in plaques as a response to fractalkine was 
assessed.
Results: Compared to those with a low fractalkine receptor expression, plaques with its high expression exhibited 
more intensive inflammatory infiltrations. They were more likely to contain inflammatory than fibrous components. 
They were characterized by a large foam cell component and were less calcified. Intraplaque haemorrhages, the large 
lipid core and mural as well as intraplaque thrombi were more frequent within them. 
Conclusions: High expression of the fractalkine receptor within human carotid plaques is associated with morpho-
logical parameters of plaque instability. Thus we conclude that fractalkine may be involved in vulnerability of human 
carotid plaque.
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Introduction

In data based on ex vivo studies and animal mod-
els, fractalkine (CX3CL1) is considered an important 
mediator in the development and destabilization of 
atherosclerotic plaques. These roles are attributable 
to its proinflammatory and prothrombotic features 
[13,23-26]. 

The biological activities of CX3CL1 are mediat-
ed by CX3C chemokine receptor 1 (CX3CR1) which is 
expressed on monocytes, natural killer cells, T cells, 
platelets, and vascular smooth muscle cells (VSMCs). 
The protein facilitates the migration, adhesion, 
and proliferation of these cell types via CX3CR1. All 
of these processes are involved in atherogenesis 
[2,4,6,11,13,15,23,25].
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To date, case studies of patients with carotid ath-
erosclerosis have confirmed an association between 
fractalkine expression and the development and 
severity of atherosclerotic changes in carotid arter-
ies. Yadaw et al. observed a  significant correlation 
between common carotid artery intima-media 
thickness and the CX3CL1 serum level [27]. Stolla  
et al. found that fractalkine is expressed in early and 
advanced carotid lesions, and they observed a rela-
tionship between elevated soluble CX3CL1 levels 
and a high degree of carotid stenosis [26]. However, 
we do not know how fractalkine is associated with 
human carotid plaques stability from a morphologi-
cal point of view. It is unclear whether it is involved 
in the vulnerability of human carotid plaques. By 
definition, vulnerable plaques are unstable lesions, 
prone to rupture, and susceptible to thrombosis 
[18,20,22].

As mentioned above, fractalkine interacts with 
a  single receptor (CX3CR1) [9,11], and their expres-
sions are positively correlated with each other [26]. 
Considering that fact, we used CX3CR1 expression 
in carotid plaques as a  marker of response to frac-
talkine. We aimed to answer the question whether it 
is associated with plaques morphological instability.

Material and methods

The study included 126 carotid plaques taken 
from 126 patients (38 females and 88 males, aged 
between 40 and 92 years) who underwent endarter-
ectomy of internal carotid arteries. Patients after the 
ischemic stroke or transient ischemic attack (TIA) 
or with no history of cerebrovascular events were 
analysed. They suffered from arterial hypertension, 
type 2 diabetes, dyslipidemia, lower limb obliterative 
atherosclerosis, and coronary arterial disease. Some 
patients had multiple conditions.

We excluded individuals after a possible or prob-
able hemodynamic or cardioembolic stroke (coex-
istence of hemodynamically significant heart fail-
ure, atrial fibrillation, sick-sinus syndrome). We also 
excluded patients with chronic diseases characterized 
by inflammation and immunological factors (system-
ic connective tissue diseases, viral hepatitis, cirrhosis, 
ulcerative colitis, Crohn’s disease, multiple sclerosis, 
Hashimoto’s thyroiditis, Graves’ disease, proliferative 
diseases of the hematopoietic system, other cancers). 
Another exclusion criterion was immunosuppressant 

drug use (steroids and cytostatics) within 5 years 
before study enrolment.

The research was approved by the local Bioeth-
ical Commission. The study subjects gave informed 
consent for their participation.

Microscopic carotid plaque evaluation

Intraoperatively harvested atherosclerotic plaques 
were fixed in 10% formalin solution before they were 
divided into five parts, including the area most affect-
ed by the disease. The material was then submerged 
in paraffin, sliced into 3-mm-thick fragments, and 
stained with haematoxylin and eosin (H&E). 

We assessed the following characteristics: inflam-
matory infiltration, connective tissue elements, foam 
cells, lipid core, plaque vascularisation, calcifica- 
tions, intraplaque haemorrhage, thrombi built into 
the plaque structure, and mural thrombi. We differ-
entiated plaque shoulders, fibrous cap, and central 
part including the lipid core (Figs. 1A and B, magni-
fication 100×). 

Several features considered important for plaque 
stability were taken into consideration. Parameters 
of instability were: massive inflammatory infiltra-
tions, dominance of inflammation in relation to the 
plaque connective tissue component, large foam 
cells component, large lipid core, increased vascu-
larity, intraplaque haemorrhages, intraplaque throm-
bus, mural thrombus and plaque rupture. Enlarged 
plaque calcification, chondro-osseus metaplasia as 
a  dominant calcification type were considered as 
markers of plaque stability [1,16,21]. 
1. Inflammatory infiltration: 

a) the intensity of inflammation in the plaque 
shoulder and fibrous cap: inflammatory cells were 
counted in four visual fields at magnification 400x; 
infiltration was considered massive if we counted 
more than 100 cells,

b) the relationship of inflammatory cells with con-
nective tissue elements: the visual fields infiltrated 
by inflammatory cells to the fields with connective 
tissue dominance (without or with single inflamma-
tory cells) at magnification 200x; A – inflammation 
dominance, B – connective tissue dominance.
2.  Foam cells component, separately in plaque shoul-

ders and plaque fibrous cap: the component was 
considered significant if foam cells occupied more 
than one-third of the shoulder/fibrous cap thickness.
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3.  Lipid core (amorphous material containing choles-
terol crystals): large if occupied more than half of 
the plaque thickness.

4.  Plaque vascularity: vessel sections counted in four 
visual fields at magnification 400×: 0, none; I, 1 to 
9 sections; II, > 9.

5. Plaque calcification: 
a) enlargement of plaque calcification: consid-

ered large if calcifications occupied more than half 
of the plaque surface at magnification 400×,

b) calcifications in shoulders, fibrous cap, and 
core: considered large if they occupied more than 
half of shoulder/fibrous cap/core thickness at mag-
nification 200×,

c) dominant calcification type: A – small single or 
dispersed calcifications, B – nodules, C – chondro- 
osseus metaplasia (separately in the fibrous cap, 
shoulder, and core).
6.  Intraplaque haemorrhage (separately in the fibrous 

cap, shoulder, and core): area of erythrocytes within 
the plaque causing disorganization of plaque archi-
tecture or evident organized haemorrhage with 
accumulation of hemosiderin-laden macrophages 
or iron deposition within plaque connective tissue.

7.  Intraplaque thrombus: organized collection of 
fibrin and red blood cells within the plaque.

8.  Mural thrombus: organized collection of fibrin and 
red blood cells in the vessel lumen.

9.  Plaque rupture: clear communication between the lip-
id core and vessel lumen that was not due to surgery.

CX3CR1 expression in human carotid 
plaques

Among 5 fragments of each carotid plaque, one 
fragment – the most affected by the disease was 
taken for analysis of CX3CR1 expression. There 
were 126 specimens examined altogether. We ana-
lysed 3-μm-thick fragments from plaque hot spots 
labelled with human anti-CX3CR1 antibodies (Novus 
Biologicals, 1 : 200). The plaques were divided into 
two groups based on the CX3CR1 expression level. 
Group I included 54 lesions with single or dispersed 
CX3CR1-positive cells (plaques with a  low CX3CR1 
expression and less fractalkine influence), while 
group II consisted of 72 plaques with clusters of 
CX3CR1-positive cells (lesions with a  high CX3CR1 
expression and stronger fractalkine influence)  
(Fig. 2A and B, magnification 400×). The two groups 
were compared with reference to the microscopic 
features mentioned above. 

Evaluations of plaque morphology and fractal-
kine receptor expression were performed at base-
line and 3 months later. Both evaluations were 
performed by one researcher. The second analy-
sis was blinded to the first one. Both were per-
formed without knowledge about clinical data. An 
intraobserver agreement for plaques morphology 
parameters ranged between 85 and 98 percent. It 
was 96.825 percent for assessment of the CX3CR1 
expression. 

Fig. 1. A) Carotid plaque with visible: A – fibrous cap, B – central part of the lesion; B) carotid plaque – visible 
shoulder of the lesion. 

A B
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Statistical analysis

Since distributions of most variables were signifi-
cantly different from normal (Shapiro-Wilk test), the 
results were presented as a number (percentage) for 
qualitative variables. Data were compared between 
groups using the χ2 test for categorical variables. 
The statistical significance threshold was set at  
p < 0.05. Calculations were performed with the use 
of STATISTICA 10 software. 

Results

CX3CR1 expression and inflammatory 
infiltrations in carotid plaques

Compared to those with a  low CX3CR1 expres-
sion, plaques with its high expression exhibited more 
intensive inflammatory infiltrations that were pre-
dominantly localized in the plaque shoulders (Table I, 
Fig. 3, magnification 200×). Notably, high CX3CR1- 
expressing plaques were more likely to contain in-
flammatory than fibrous components (Table I).

CX3CR1 expression and foam cell 
components in carotid plaques

We found a significant positive association bet-
ween a  carotid plaque CX3CR1 expression and 
en largement of foam cells component (Table I, Fig. 4, 
magnification 200×).

CX3CR1 expression and carotid plaque 
calcifications 

The plaques with a high CX3CR1 expression were 
less calcified than plaques with a  low expression 
of the receptor. This was especially clear within the 
shoulders (Table II, Fig. 5, magnification 200×).

CX3CR1 expression and carotid plaque 
vascularisation

We did not find a significant difference in plaque 
vascularisation between the two groups. High CX3CR1 
expression significantly correlated with intraplaque 
haemorrhages in the plaque fibrous cap, while the 

Fig. 2. A) Carotid plaque – high CX3CR1 expression. B) Carotid plaque – low CX3CR1 expression.

Table I. CX3CR1 expression and cellular component of carotid plaques 

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression, 
n = 72

p

Massive inflammatory infiltration in the fibrous cap 93.5% (46*) 86.4% (66*) 0.8617

Massive inflammatory infiltration in the shoulder 25% (48*) 47.06% (68*) 0.0591

The dominance of inflammation in the fibrous cap 
in the shoulder 

14.89% (47*) 39.71% (68*) 0.0122

33.33% (45*) 49.27% (69*) 0.0421

Significant foam cells component in the fibrous cap  
in the shoulder 

8.16% (49*) 22.06% (68*) 0.0129

24.49% (49*) 47.06% (68*) 0.0373

*Number of cases with available assessment of particular morphological features

A B
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trend was toward significance in the shoulder (Table III, 
Fig. 6 magnification 200×).

CX3CR1 expression and lipid 
component in carotid plaques

The large lipid core was more frequent within the 
plaques with a high CX3CR1 expression than those 
with a low receptor expression. However, the differ-
ence was not quite significant (Table IV). 

Fig. 3. Visible inflammatory infiltration in the ca-
rotid plaque.

Fig. 4. Visible foam cells component in the carot-
id plaque. A – foam cell.

Table II. CX3CR1 expression and carotid plaque calcifications 

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression,
n = 72

p

Large calcifications in the plaque 33.33% (54*) 19.11% (68*) 0.0621

Large calcification in the shoulder 55.55% (54*) 34.72% (72*) 0.0167

Large calcification in the fibrous cap 50% (54*) 38.89% (72*) 0.2133

Dominant calcifications type in the fibrous cap 

A 62.96% (54*) 81.94% (72*)
0.0460B 5.56% (54*) 1.39% (72*)

C 31.48% (54*) 16.67% (72*)

Dominant calcifications type in the plaque shoulder

A 46.3% (54*) 54.17% (72*)
0.4778B 7.4% (54*) 5.55% (72*)

C 46.3% (54*) 40.28% (72*)

Dominant calcifications type in the central part of the plaque 

A 42% (50*) 60.56% (71*)
0.0587B 8% (50*) 8.45% (71*)

C 50% (50*) 30.99% (71*)

*Number of cases with available assessment of particular morphological features  
A – Small single or dispersed calcifications, B – nodules, C – chondro-osseus metaplasia

Fig. 5. Visible dispersed calcifications.
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Table III. CX3CR1 expression and carotid plaque vascularisation

Low CX3CR1 expression, 
n = 54

High CX3CR1 expression, 
n = 72

p

Vascularity of the fibrous cap
0
I
II

47.92% (48*)
35.42% (48*)
16.66 (48*)

56.92% (65*)
24.62% (65*)
18.46% (65*)

0.5530

Vascularity of the plaque shoulder 
0
I
II

23.4% (47*)
23.4% (47*)
53.2% (47*)

15.15% (66*)
22.73% (66*)
62.12% (66*)

0.3363

Vascularity of the plaque central part 
0
I
II

23.91% (46*)
17.39% (46*) 
58.7% (46*)

27.9% (61*)
21.3% (61*)
50.8% (61*)

0.6729

Intraplaque haemorrhage in the fibrous cap 16.33% (49*) 32.35% (68*) 0.0459

Intraplaque haemorrhage in the plaque 
shoulder 

46.94% (49*) 63.23% (68*) 0.0813

Intraplaque haemorrhage in central part of 
plaque 

50% (48*) 31,14% (61*) 0.1661

*Number of cases with available assessment of particular morphological features 
0 – no vessel sections counted in four visual fields at magnification 400×; I, 1 to 9 vessel sections; II, > 9 vessel sections counted in four visual fields at magnifi-
cation 400× 

Table IV. CX3CR1 expression and other features considered important for plaque stability

Low CX3CR1 expression, n = 54 High CX3CR1 expression, n = 72 p

Large lipid core 54.9% (51*) 56.34% (71*) 0.0656

Plaque rupture 26.53% (49*) 11.76% (68*) 0.0412

Mural thrombi 44.23% (52*) 63.23% (68*) 0.0381 

Intraplaque thrombi 4.08% (49*) 15.49% (71*) 0.1611

*Number of cases with available assessment of particular morphological features

Fig. 6. Visible intraplaque haemorrhage in the carot-
id plaque. A – hemosiderin-laden macrophage.

tory components compared to fibrous components. 
Our results are in agreement with limited data from 
experimental studies of carotid arteries and fractal-
kine. Cheng et al. assessed apolipoprotein E knockout 
mice and found that fractalkine stimulated mono-

Relationships between CX3CR1 
expression and plaque rupture and 
mural and intraplaque thrombi

The percentage of ruptured plaques was signifi-
cantly lower in group I  lesions compared to group II. 
However, mural thrombi were significantly more 
frequent in group I  plaques (Table IV). Intraplaque 
thrombi were also more frequent in group I, but this 
difference was not significant (Table IV).

Discussion

Our findings demonstrate that fractalkine 
may influence human carotid plaque morphology.  
The plaques with a greater CX3CR1 expression (sup-
posed stronger influence of fractalkine) possessed 
a  significantly larger component of inflammato-
ry cells infiltration than lesions with a  low CX3CR1 
expression. We also observed that plaques in the high 
CX3CR1 expression group exhibited larger inflamma-
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cyte/macrophage accumulation and reduced carotid 
plaque collagen content [5]. Our results also suggest 
that fractalkine promotes inflammation in plaques. 
The imbalance between inflammatory and repara-
tive mechanisms within atherosclerotic plaques is 
considered to promote plaque destabilization and is 
a feature of vulnerable plaques [14].

We observed that plaques with a  high CX3CR1 
expression had significantly more foam cells and 
were more likely to have a  large lipid-necrotic core 
compared to plaques with a low CX3CR1 expression. 
Based on this, we hypothesize that fractalkine pro-
motes foam cells accumulation and lipid-necrotic 
core formation similarly to what has been reported 
in animal models [5]. A  close connection between 
high CX3CR1 levels and large lipid core, as well as 
active inflammation and destruction of plaque 
fibrous elements, are considered major criteria for 
plaque vulnerability, emphasizing the role of fractal-
kine in carotid lesion destabilization [1,18].

Calcifications should be also taken into consid-
eration during carotid plaque morphological anal-
ysis. Generally, non-calcified/low calcified plaques 
are treated as high risk lesions because they are 
associated more with cerebrovascular events than 
calcified lesions [18-20,22]. We also observed (data 
not shown) that less calcified plaques were signifi-
cantly more frequent symptomatic than lesions with 
enlarged calcification. 

The results mentioned above have shown that 
plaques with a  high expression of CX3CR1 (under 
stronger influence of fractalkine) were significantly 
less calcified than plaques of the other group. They 
were more likely to contain small single or dispersed 
deposits. Conversely, we observed evidence of chon-
dro-osseus metaplasia in group II plaques. These seem 
to be a further confirmation for association of fractal-
kine with human carotid plaques vulnerability [7,10].

High CX3CR1 expression was significantly associ-
ated with the presence of intraplaque haemorrhag-
es, another feature of plaque instability. Based on 
the literature, fractalkine is involved in the neovas-
cularisation of atherosclerotic plaques, and these 
immature vessels may be a  source of intraplaque 
haemorrhage [8,12]. 

We observed a  significant association between 
a high CX3CR1 expression and mural thrombi; however, 
these characteristics were not related to plaque rupture 
frequency (group I) [3]. Our data suggest that fractal-
kine may promote mural thrombus formation without 

plaque rupture. Experimental data suggest that fractal-
kine activates platelets to stimulate their adhesion and 
aggregation [24]. The interaction between fractalkine 
receptors (CX3CR1) on platelets with membranous frac-
talkine on endothelial cells is responsible for platelet 
adhesion to the endothelium [17,24]. 

We assessed the fractalkine influence parameter 
within the plaques and we observed that it is associ-
ated with plaques instability. To answer whether frac-
talkine could be used as a marker of unstable carotid 
plaques, additional analysis of plaque morphology 
with a fractalkine blood level should be performed. 

Conclusions

High expression of the fractalkine receptor with-
in human carotid plaques is associated with mor-
phological parameters of plaque instability. Thus we 
conclude that fractalkine may be involved in vulner-
ability of the human carotid plaque. 
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