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Abstract
Background and purpose: Stroke and small vessel disease cause gait disturbances and 
falls. The naturally occurring loss-of-function mutation in the C-C chemokine receptor 5 
gene (CCR5-Δ32) has recently been reported as a protective factor in post-stroke motor 
and cognitive recovery. We sought to examine whether it also influences gait and balance 
measures up to 2 years after stroke.
Method: Participants were 575 survivors of first-ever, mild–moderate ischaemic stroke or 
transient ischaemic attack from the TABASCO prospective study, who underwent a 3 T 
magnetic resonance imaging at baseline and were examined by a multi-professional team 
6, 12 and 24 months after the event, using neurological, neuropsychological and mobil-
ity examinations. Gait rhythm and the timing of the gait cycle were measured by force-
sensitive insoles. CCR5-Δ32 status and gait measures were available for 335 patients.
Results: CCR5-Δ32 carriers (16.4%) had higher gait speed and decreased (better) stride 
and swing time variability 6 and 12 months after the index event compared to non-
carriers (p < 0.01 for all). The association remained significant after adjustment for age, 
gender, education, ethnicity and stroke severity.
Conclusions: Significant associations were found between gait measurements and 
CCR5-Δ32 loss-of-function mutation amongst stroke survivors. This is the first study 
showing that genetic predisposition may predict long-term gait function after ischaemic 
stroke.
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INTRODUC TION

Increased step-to-step variability in gait characteristics such as step 
length, stride time and swing time are associated with adverse out-
comes such as mobility limitations and falls amongst older adults, es-
pecially after cerebrovascular events [1–3]. Gait variability is altered 
by aging, disease and injury [4] as well as in individuals with stroke 
compared to healthy controls and relates to hemiparetic walking 
performance [5]. Specifically, impairments in swing time and pre-
swing variability, increased step length and stride time variability can 
be indicative of underlying sensorimotor impairments post-stroke 
[5]. Moreover, gait variability (stride-to-stride fluctuations of gait) is 
a more sensitive predictor of falls than gait speed [6].

Recently it was reported that the C-C chemokine receptor 5 
(CCR5), an established factor involved in immune processes and 
neuromodulation [6], is a promising molecular target for post-stroke 
recovery. CCR5 knockdown in rodents was shown to promote motor 
recovery after stroke and to increase axonal sprouting [7]. In hu-
mans, a naturally occurring mutation leading to a non-functional 
CCR5 protein (in homozygotes) or a partial loss-of-function of CCR5 
in heterozygotes (CCR5-Δ32, rs333) was found to improve stroke 
recovery on distinct measures of cognitive and motor functions [7]. 
However, the impact of CCR5-Δ32 on post-stroke motor recovery in 
human subjects and especially gait measures has not been assessed 
yet. Therefore, it was sought to examine whether stroke survivors 
who are carriers of the CCR5-Δ32 mutation have better gait perfor-
mance after a stroke compared with non-carriers.

METHODS

Study population

Participants were consecutive eligible patients from the 
TABASCO study [8]. Patients included were men and women over 
50 years old, admitted within 72 h after a first-ever acute ischae-
mic stroke or transient ischaemic attack (TIA), with a total score 
on the National Institutes of Health Stroke Scale (NIHSS) <17 [9]. 
Exclusion criteria were stroke that resulted from trauma or inva-
sive brain procedures, hemorrhagic stroke, cognitive impairment 
before the stroke (determined by the short-form of the Informant 
Questionnaire on Cognitive Decline in the Elderly score ≥3.3) 
[10], and severe aphasia or disability which made the possibility 
of follow-up unlikely. Information was collected at the time of re-
cruitment and throughout the study on demographic data, medi-
cal history, physical activity, work status, economic status, marital 
status, functional scores and use of medications, as previously 
reported [8].

The study individuals were divided into origin groups.

	(i)	 Ashkenazi origin: both parents or grandparents born in a north-
ern/eastern European country, including England, France, 
Germany, Poland, Russia, the Baltic states, other eastern 
European countries except Bulgaria.

	(ii)	 Sephardi origin: both parents or grandparents born in 
Mediterranean or Middle Eastern countries, including Spain, 
Italy, Greece, Bulgaria, Turkey, Morocco, Algeria, Tunis, Libya, 
Egypt, Syria, Iraq, Iran, Yemen.

	(iii)	Mixed origin: one parent from a northern European country and 
the other from a middle Eastern country.

Study population

A total of 575 consecutive eligible cognitively intact patients at base-
line who were admitted to the Department of Emergency Medicine 
at the Tel-Aviv Sourasky Medical Center between 1 April 2008 and 
1 December 2014 within 72 h from the onset of symptoms of TIA or 
mild–moderate ischaemic stroke were initially evaluated. Of them, 
CCR5 genotype was determined in 564 participants; 335 had both 
CCR5 genotype and gait and balance data, of whom 238 patients 
were also evaluated using gait sensors. Gait sensor measurements 
were performed at 6, 12 and 24 months post index events (see flow-
chart in Figure S1).

Protocol approvals, registrations and patient consent

This study was registered as Clini​calTr​ials.gov Identifier 
NCT01926691 and conducted for 8 years (including follow-up). All 
participants signed informed consent forms, approved by the local 
ethics committee (REC Ref: 058-00-TLV). The research was con-
ducted in accordance with the Helsinki Declaration.

Determination of CCR5 genotype

Genomic DNA was extracted from white blood cells taken 
from 12 ml of citrated blood and amplified by polymer-
ase chain reaction (PCR), as previously described [11], using 
5′-CCTGGCTGTCGTCCATGCTG-3′ and 5′-CTGATCTAGAGCC
ATGTGCACAACTCT-3′ as forward and reverse primers. These 
primers amplify a 735-bp fragment. Following PCR amplification 
of genomic DNA, the amplified products were digested using 
EcoRI (New England Biolabs), and the digested products were 
detected following electrophoresis on a 4% MetaPhor agarose 
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gel. After restriction, the 735-bp PCR product was cleaved into 
a common band of 332 bp for both alleles, and a 403-bp product 
for the wild-type and a 371-bp product for the mutant Δ32 allele. 
Heterozygous individuals had wild-type and mutant alleles and 
demonstrated three bands (403, 371, 332 bp) (Figure S2).

Gait characteristics

Subjects walked whilst wearing force-sensitive insoles that measure the 
foot fall at each gait cycle [12]. Measures included average gait speed, 
average stride time and average swing time (percent of stride time). Gait 
stability was quantified by measuring the stride-to-stride variations of 
the stride time and the swing time, using the coefficient of variation 
(CV). Higher values of the CV (increased variability) indicate greater in-
stability and have been associated with an increased risk of falls [13].

Gait was tested under two conditions.

	(i)	 Usual walking: participants were instructed to walk along a 20-m 
path at their comfortable speed for 1 min and were allowed to 
use assistive devices (canes) as necessary. Two trials were per-
formed and the mean speed was used for analysis.

	(ii)	 Attention-demanding dual task: subjects were asked to perform 
serial subtractions of 3 from 100 for 1 min whilst walking. Gait 
speed was determined from the time the subject walked along 
the 20-m corridor. Two trials were performed and the speed of 
the second trial was used for analysis [14].

The Timed Up and Go test is a standardized timed performance-
based test of gait stability and risk of falls [15]. Subjects were in-
structed to stand up, walk at a comfortable pace for a distance of 
3 m, turn 180°, walk back to the chair and sit down [14]. The second 
trial was used in the present analyses.

The Berg Balance Scale is a physical performance measure that 
includes 14 items designed to assess both static and dynamic bal-
ance [16]. Gait and balance evaluations were measured at 6, 12 and 
24 months after the event by trained assessors.

Off-line analysis of gait

As previously described [17–19], for each leg the time series of the 
force profile was analyzed by an algorithm that automatically de-
tects heel-strike and the toe-off in each gait cycle. After preproc-
essing, the following temporal gait parameters were determined: 
stride time is the time between two consecutive heel-strikes of 
the same leg; for each walking condition, the mean stride time was 
calculated for the left and right leg; swing time is the time lapse 
between toe-off and a consecutive heel-strike of the same leg; for 
each walking condition, the mean swing time was calculated for the 
left and right leg. CV was computed for swing and stride time for 
everyone, according to the formula

Gait asymmetry was assessed by comparing the swing times per-
formed by one leg with respect to those performed by the other 
using the formula

gait asymmetry = 100 × ln(SSWT∕LSWT)

where SSWT and LSWT stand for the mean value of swing time 
for the leg with the short and long mean swing time, respectively [20].

Baseline and follow-up cognitive assessments

Patients completed a baseline neuropsychological assessment in-
cluding the Montreal Cognitive Assessment [21] and the NeuroTrax 
computerized cognitive testing (NeuroTrax Corp.) [22]. These com-
prehensive neuropsychological evaluations were repeated 6, 12 
and 24 months after the stroke: the average of the six index scores 
(memory, executive functions, visuo-spatial perception, verbal func-
tion, attention and motor skills) was computed as the global cogni-
tive score, as previously described [22].

Magnetic resonance imaging (MRI) protocol

Magnetic resonance images were acquired within 7 days of stroke 
onset on a 3  T GE scanner (GE-Signa EXCITE) using an 8-channel 
head coil and according to a previously described protocol [8, 23]. 
All axial slices were prescribed on the same orientation, covering the 
whole brain, aligned along the fourth ventricle–orbitofrontal orien-
tation. MRI analyses were previously described [23, 24].

Statistical analyses

Continuous variables were analyzed for normality and displayed 
as mean (±SD) or as a median value with an interquartile range. 
Comparisons or distributions between categories were assessed 
using Student's t test and the Mann–Whitney U test (for NIHSS and 
the modified Rankin score), as appropriate. Categorical data were an-
alyzed using the Fisher exact test. Missing data were filled in with a 
multiple imputation method under the “missing at random” assump-
tion. Associations between numeric variables were determined using 
the Pearson's correlation analysis (coefficient estimate r). In order 
to examine differences in gait trajectories across time the repeated 
measures approach based on the general linear model was used for 
comparison of the gait measures of the three observation points 
between carriers and non-carriers. Statistical differences between 
longitudinal gait measure curves of the different genotypes were 
analyzed by a two-way ANOVA, using the Bonferroni correction.

A multiple linear regression model was used to evaluate the 
relations of the CCR5-Δ32 alleles and gait measures at 6, 12 and 
24 months post-stroke, adjusted for age, gender, education, ethnic-
ity and stroke severity (admission NIHSS). A p value < 0.05 was con-
sidered statistically significant for all analyses. SPSS/WIN (version 
27.0, SPSS) software was used for all statistical analyses.CV = (standard deviation∕mean) × 100
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RESULTS

Participants included in the study were slightly younger than those 
who were not included in the study (66.9 ± 9.7 vs. 68.5 ± 10.3, 
p = 0.056) and had a lower prevalence of diabetes mellitus (25.1% 
vs. 37.4%, p = 0.002) compared to participants not included in the 
study. A summary of gait characteristics of the participants (335) 
who had both the CCR5 genotype and gait measures data is pre-
sented in Table 1.

Participants had a mean age of 66.9 (±9.7) years; 63% were male; 
280 participants (83.6%) were homozygotes for the CCR5 wild-type 
allele (non-carriers), whilst 52 participants (15.5%) were hetero-
zygotes for the CCR5-Δ32 variant allele and three patients (0.9%) 
were homozygotes for the variant allele. Allele frequencies were in 
Hardy–Weinberg equilibrium. As only a small number (N = 3) of par-
ticipants were CCR5-Δ32 homozygotes, all CCR5-Δ32 variant allele 
carriers were pooled together in a CCR5-Δ32 carrier group (N = 55) 
and compared to non-carrier homozygotes (N = 280).

Stroke etiologies (based on TOAST criteria) were as follows: 131 
lacunar strokes (58%), 32 cardioembolic strokes (14.2%), 24 large-
artery atherosclerotic strokes (10.6%) and 39 strokes of other or un-
determined etiology (17.3%); 109 patients (32.5%) were diagnosed 
as suffering from TIA.

No differences in CCR5-Δ32 distribution were observed across 
stroke subtypes or between stroke and TIA patients. CCR5-Δ32 car-
riers were more educated but did not differ in cardiovascular risk fac-
tors or in the frequency of the apolipoprotein E4 allele compared to 
non-carriers and had lower C-reactive protein at admission (Table 1). 
Of the 335 participants, 210 (62.7%) were of Ashkenazi origin, 110 
(32.8%) of Sephardi origin and 15 (4.5%) were of mixed origin. 92.7% 
of the CCR5-Δ32 carriers were Ashkenazi in their origin, compared 
to 56.8% of the non-carriers (the CCR5-Δ32 mutation was previously 
described as more prevalent amongst Ashkenazi Jews [25]). In fact, 
52 (24.8%) of the Ashkenazi group were CCR5-Δ32 carriers com-
pared to two (1.8%) of Sephardi origin and two (13.3%) of the mixed 
origin group. The homozygous CCR5 Δ32/Δ32 genotype was prev-
alent only amongst the Ashkenazi group: 3 (1.4%). CCR5-Δ32 carri-
ers had slightly better Berg Balance Scale scores 6 months after the 
index event, but the difference was not clinically significant (Table 1).

CCR5-Δ32 status, neurological findings at 
admission and MRI results

CCR5-Δ32 carriers had better neurological scores (lower NIHSS) at 
admission compared with non-carriers (2 [0–3] vs. 2 [0–4], p = 0.011). 
Both patient groups had relatively low NIHSS scores as only mild to 
moderate stroke survivors were included in the study, but amongst 
patients with relatively worse neurological deficit (NIHSS ≥5) there 
were only a few CCR5-Δ32 carriers (4.3% carriers vs. 95.7% non-
carriers, p = 0.024). No relation was observed between CCR5-Δ32 
status and lesion side, infarct volume, stroke etiology, markers of 
small vessel disease or any other MRI finding (Table 1).

CCR5-Δ32 and gait characteristics

Of the included participants, 238 completed gait tests using gait sen-
sors after 6 months, 188 after 12 months and 149 after 24 months. 
There was no significant difference in gait characteristics between 
different ethnic groups.

CCR5-Δ32 carriers presented lower (better) stride time variabil-
ity at 6 and 12 months after the index event compared with non-
carriers (p < 0.001 for both times), lower swing time variability 6 and 
12 months after the index event (p  < 0.001 for both times), lower 
(better) swing percentage 6 and 12 months after the index event 
(p < 0.001 for both times) and higher speed 6 months after the index 
event (p = 0.011) (Figure 1). All results remained significant after ad-
justment for age, gender, education, ethnicity and stroke severity (ad-
mission NIHSS) (Table 2). Sub-analysis without the three CCR5-Δ32 
homozygous subjects resulted in similar outcomes. No significant dif-
ferences were observed in the frequency of falls after the index event 
(Table 1). However, this cohort included only mild to moderate stroke 
or TIA patients, and CCR5-Δ32 carriers did not differ significantly in 
the prevalence of motor weakness at hospital admission (Table 1).

On average, both carriers and non-carriers presented decreased 
speed and increased stride time variability over time, whilst the non-
carrier group presented lower speed and higher stride variability 
than carriers at all time points and post hoc tests revealed that their 
scores differed significantly (p = 0.021 and p = 0.003, respectively, 
for the linear difference between curves, Figure 1a,c).

No significant differences were observed between the high 
NIHSS score group (above median) and the low NIHSS score group 
(below median) in gait characteristics (stride time variability, swing 
time variability, swing asymmetry) at all time points.

As our cohort included both stroke and TIA patients, a sub-
analysis was performed for patients with evidence of acute diffusion-
weighted imaging lesion in neuroimaging (evidence of acute stroke), 
and the results were similar in stride time variability, swing time vari-
ability swing percent and swing asymmetry.

CCR5-Δ32 and gait characteristics during dual task

CCR5-Δ32 carriers presented lower (better) stride time variability 
during the dual task 6 and 12 months after the index event, com-
pared with non-carriers (0.031, 0.003, respectively), lower swing 
time variability during the dual task 12 months after the index 
event (p = 0.005) and lower swing asymmetry during the dual task 
12 months after the index event (p = 0.001). All results remain sig-
nificant after adjustment for age, gender, education, ethnicity and 
stroke severity (admission NIHSS) (Table 2).

The correlation between stride time variability during the 
dual task and cognitive performance revealed a significant nega-
tive association for carriers and non-carriers. However, CCR5-Δ32 
non-carriers presented weaker correlation and a less sharp slope 
(Figure 2) than carriers, namely lower cognitive scores, starting al-
ready at low stride time variability.
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TA B L E  1  Baseline and follow-up characteristics of post-stroke survivors (n = 335).

CCR5-Δ32 non-carriers CCR5-Δ32 carriers

p valuen = 280
n = 55 (52 heterozygote, 3 
homozygote)

Age, years (SD) 66.4 (9.6) 69.1 (9.9) 0.06

Male gender, n (%) 182 (65) 29 (52.7) 0.094

Education, years (SD) 13.2 (3.8) 14.5 (4.2) 0.026

Body mass index, kg/m2 (SD) 27.2 (4.4) 27.5 (3.8) 0.693

Ethnicity, Ashkenazi, n (%) 159 (56.8) 51 (92.7) <0.001

Current smokers, n (%) 57 (20.4) 8 (14.5) 0.451

Diabetes mellitus, n (%) 69 (24.6) 15 (27.3) 0.734

Dyslipidemia, n (%) 148 (52.9) 30 (54.5) 0.883

Hypertension, n (%) 164 (58.6) 33 (60.6) 0.882

Ischaemic heart disease, n (%) 47 (16.8) 13 (23.6) 0.249

Physical activity, min/week 102.4 (169.8) 76.9 (122.6) 0.290

APOE ε4 allele, n (%) 52 (18.6) 7 (12.7) 0.434

Admission NIHSS, median (IQR) 2 (0–4) 1 (0–3) 0.011

Motor weakness at admission, n (%) 122 (43.6) 20 (36.4) 0.185

NIHSS 6 months post-stroke, median (IQR) 0 (0–1) 0 (0–0.5) 0.048

Admission modified Rankin score, median (IQR) 1 (0–3) 1 (0–2) 0.607

Modified Rankin score, 6 months post-stroke, median (IQR) 0 (0–1) 0 (0–1) 0.079

TIA (%) 89 (31.8) 20 (36.4) 0.210

CRP at hospital admission, mg/l, median (IQR) (SD) 3.5 (1.2–9.0) 2.7 (0.6–7.3) 0.042

Admission Berg Balance Scale 51.9 (10) 53.9 (2.9) 0.056

Admission Timed Up and Go test time, s 9.9 (3.2) 9.6 (2.5) 0.635

Events of falls within 6 months after the index event (%) 49 (17.5) 8 (14.5) 0.680

Events of falls within 6–12 months after the index event (%) 54 (19.3) 8 (14.5) 0.323

Performance-based measures of mobility at 6 months post-stroke (n = 335)

6 months Berg Balance Scale 51.6 (8) 53.9 (3.7) <0.001

6 months Timed Up and Go test time, s 10.7 (4.1) 10.3 (3.6) 0.601

6 months preferred gait speed (m/s) 1.3 (0.4) 1.5 (0.2) 0.011

Usual walking measures of gait at 6 months post-stroke (n = 238)

Strong leg swing time CV (%) 6.8 (5.9) 3.9 (2.3) <0.001

Weaker leg swing time CV (%) 4.7 (3.5) 3.5 (1.4) 0.006

Weaker leg swing percent CV (%) 4.3 (3.7) 2.7 (1.3) <0.001

Strong leg stride time CV (%) 4.3 (5.2) 2.6 (2) 0.001

Weaker leg stride time CV (%) 2.8 (1.5) 2.1 (0.6) 0.001

Strong leg stride time during dual task, CV (%) 3.9 (2.3) 3.7 (3.4) 0.604

Weaker leg stride time during dual task, CV (%) 3.0 (1.4) 2.3 (0.9) 0.031

Swing asymmetry 0.097 (0.134) 0.081 (0.156) 0.621

Cognitive scores at admission

Admission MoCA score (SD) 23.4 (3.7) 24.3 (3.3) 0.131

Computerized total cognitive score at admission (SD) 91.8 (14.2) 93.7 (11.9) 0.458

Brain MRI parameters

Not performed MRI, n (%) 61 (21.8) 10 (18.2) 0.550

Infarct type

No infarct in MRI, n (%) 83 (37.9) 15 (33.3) 0.627
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DISCUSSION

In this study, it is reported for the first time that carriers of a naturally 
occurring loss-of-function mutation of CCR5-Δ32 are associated 

with certain aspects of better gait 6 and 12 months post-stroke. Our 
results were consistent across various gait measurements including 
swing time and stride time, covariance and dual tasking. CCR5-Δ32 
carriers had higher walking speed, and lower stride and swing 

CCR5-Δ32 non-carriers CCR5-Δ32 carriers

p valuen = 280
n = 55 (52 heterozygote, 3 
homozygote)

Cortical infarct, n (%) 52 (23.7) 15 (33.3) 0.684

Sub-cortical infarct, n (%) 68 (31.1) 11 (24.4) 0.529

Subtentorial infarct, n (%) 19 (8.7) 5 (11.1) 0.544

Ischaemic lesion volume, mm3 (SD) 3280.1 (8720.5) 5557.4 (12669) 0.346

Total WM volume, mm3 (SD) 446038.7 (62818.5) 440218.8 (72602.2) 0.587

Total GM volume, mm3 (SD) 580913.7 (60081.3) 564762.2 (66482.4) 0.113

Microbleed lobar yes/no (%) 23 (8.2) 6 (10.9) 0.516

Microbleed deep yes/no (%) 7 (2.5) 2 (3.6) 0.634

Lacunes yes/no (%) 82 (29.3) 19 (34.5) 0.437

Enlarged perivascular spaces yes/no (%) 201 (71.8) 43 (78.2) 0.330

Note: Entries are mean (SD), for numeric variables with normal distribution, or median (IQR), for numeric variables with abnormal distribution, or n 
and % for categorical variables, as indicated. Significant results are shown in bold (p < 0.05).
Abbreviations: CRP, C-reactive protein; CV, coefficient of variation; GM, gray matter; IQR, interquartile range; MoCA, Montreal Cognitive 
Assessment; MRI, magnetic resonance imaging; NIHSS, National Institutes of Health Stroke Scale; SD, standard deviation; TIA, transient ischaemic 
attack; WM, white matter.

TA B L E  1  (Continued)

F I G U R E  1  General linear model analysis of repeated measures of longitudinal gait measures along the follow-up, comparing CCR5-Δ32 
carriers to non-carriers.
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variability of step length and swing time percent 6 and 12 months 
after the index event compared with non-carriers. In fact, CCR5-Δ32 
carriers had gait characteristics that were similar to those of elderly 
healthy subjects [26–28]. Disease states, including stroke, can af-
fect the variability of the spatiotemporal characteristics of gait [4, 5, 
29]. Previous studies examining gait measures in older adults have 
found decreased walking speed as well as higher swing and stride 
variability to be the most associated with risk for mobility limita-
tions [29, 30].

Gait changes predict dementia as much as 6–10 years later and 
may also precede the onset of even mild cognitive impairment [31], 
which may occur as much as 12 years before the clinical presentation 

of cognitive changes [32]. Moreover, the combination of motor and 
cognitive changes is apparently a stronger predictor of dementia than 
cognitive changes alone [33]. Whilst the mechanisms of these motor–
cognitive interactions are not fully understood, subclinical pathologi-
cal changes caused by cerebrovascular disease may play a role.

Increased stride time variability amongst the non-carriers may 
be a prognostic marker of falls and cognitive deterioration. Several 
studies performed in recent years by our group and others have 
shown that CCR5-Δ32 is negatively associated with post-stroke cog-
nitive decline [7] and post-stroke depression [34] in human subjects 
and with better post-stroke motor function in mice [7]. Indeed, in 
our results, CCR5-Δ32 non-carriers presented higher stride time 

TA B L E  2  CCR5-Δ32 allele in relation to gait measures post-stroke/TIA, unadjusted (model 1) and adjusted for age, gender, education, 
ethnicity and admission NIHSS (model 2).

Model 1 Model 2

β SE p β SE p

Strong leg swing time CV (variability) (%) at 
6 months

−0.177 1.011 0.006 −0.184 1.279 0.016

Strong leg swing time CV (variability) (%) at 
12 months

−0.185 1.158 0.011 −0.181 1.403 0.036

Strong leg swing time CV (variability) (%) at 
24 months

−0.086 2.141 0.336 – – –

Weaker leg swing time CV (variability) (%) at 
6 months

−0.135 0.757 0.109 – – –

Weaker leg swing time CV (variability) (%) at 
12 months

−0.080 0.749 0.370 – – –

Weaker leg swing time CV (variability) (%) at 
24 months

−0.134 0.534 0.181 – – –

Strong leg stride time CV (%) at 6 months −0.185 0.051 0.004 −0.131 1.135 0910.

Strong leg stride time CV (%) at 12 months −0.118 0.637 0.106 – – –

Strong leg stride time CV (%) at 24 months −0.154 0.068 0.061 – – –

Weaker leg stride time CV (%) at 6 months −0.161 0.333 0.05 −0.179 0.354 0.055

Weaker leg stride time CV (%) at 12 months 0.078 0.320 0.386 – – –

Weaker leg stride time CV (%) at 24 months −0.138 0.295 0.168 – – –

Strong leg stride time during dual task, CV 
(%) at 6 months

−0.034 0.469 0.604 – – –

Strong leg stride time during dual task, CV 
(%) at 12 months

−0.161 0.591 0.028 −0.158 0.719 0.066

Strong leg stride time during dual task, CV 
(%) at 24 months

0.004 0.683 0.959 – – –

Weaker leg stride time during dual task, CV 
(%) at 6 months

−0.184 0.312 0.031 −0.196 0.346 0.024

Weaker leg stride time during dual task, CV 
(%) at 12 months

−0.076 0.515 0.389 – – –

Weaker leg stride time during dual task, CV 
(%) at 24 months

−0.201 0.460 0.05 −0.179 0.396 0.130

Swing asymmetry at 6 months −0.042 0.032 0.621 – – –

Swing asymmetry at 12 months −0.232 0.022 0.009 −0.268 0.027 0.01

Swing asymmetry at 24 months −0.077 0.033 0.840 – – –

Note: Significant results (p < 0.05) are shown in bold.
Abbreviations: CV, coefficient of variation; NIHSS, National Institutes of Health Stroke Scale; SE, standard error; TIA, transient ischaemic attack.
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variability and lower cognitive scores than carriers, which may imply 
motor–cognitive interactions.

Importantly, CCR5-Δ32 carriers and non-carriers in our cohort 
had similar levels of cardiovascular risk factor, and similar stroke 
volumes and locations, cerebral small vessel disease markers on 
MRI and brain volume measurements. Furthermore, as our cohort 
included both mild to moderate stroke patients and TIA patients, a 
secondary analysis was performed including only patients with evi-
dent sub-acute ischaemic stroke in MRI, showing similar results. This 
emphasizes the direct influence of CCR5 on stroke recovery, which 
is beyond its association with stroke severity since both variables 
were included in the prediction model.

CCR5 is widely expressed in the central nervous system and 
in involved in neuronal differentiation, brain development and 
learning. CCR5 expression is upregulated in neurons after stroke 
[7]. The association between impaired CCR5 activity and recovery 
from brain injury may be attributed to several possible mechanisms 
of action. CCR5-Δ32 may reduce the inflammatory reactions that 
appear after the ischaemic insult and therefore reduce secondary 
tissue damage. Previous primate studies have shown that CCR5 
blockade attenuates the activation of glial cells and neuroinflam-
mation, maintains the integrity of the endothelial monolayer and 
reduces the infiltration of T cells to the brain. CCR5 blockade was 
also found to suppress T-lymphocyte chemotactic activity and 
modify the production of proinflammatory cytokines in vitro [35, 
36]. Indeed, CCR5-Δ32 carriers in our cohort had lower C-reactive 
protein levels at admission, reflecting a decreased inflammatory 
profile. CCR5 blockage was also found to enhance tissue preser-
vation in a model of closed head injury in mice, in various brain 
regions including the cortex, hippocampus, sub-cortical areas and 
corpus callosum [6, 7]. Another possible mechanism is related to 
CCR5 impact on neuromodulation and improved synaptic plas-
ticity. CCR5 blockade may prevent the loss of synaptic connec-
tions after stroke or promote the formation of new connections. 
This is probably mediated by CREB and dual leucine zipper kinase 

signaling, which mediate injury signals, dendritic spine morpho-
genesis, axonal regeneration and motor recovery [6, 7, 37]. It was 
previously shown that CCR5 knockdown in rodents stabilized den-
dritic spines after experimental stroke in tissue adjacent to the 
infarct and induced a remarkable degree of axonal sprouting in 
the bihemispheric or callosal connections of premotor cortex after 
experimental stroke [7]. Moreover, CCR5 blockade was associated 
with activation of synaptic signaling molecules including CREB and 
N-methyl-d-aspartate subunit 1 [38].

In recent years, several preclinical experiments have found that 
treatment with Maraviroc, a CCR5 antagonist, is associated with 
neuroprotection and improved brain repair and recovery after ex-
perimental stroke or traumatic brain injury [7]. Maraviroc was also 
reported to improve cognitive function in chronic human immuno-
deficiency virus (HIV) infected patients experiencing HIV-associated 
dementia [39, 40]. Recently, our group has initiated a phase 2 clinical 
trial in order to examine the safety and efficacy of Maraviroc in post-
stroke cognitive impairment [41]. The result of the current study fur-
ther supports the potential effect of Maraviroc in stroke recovery.

The difference in the CCR5-Δ32 frequency between Ashkenazi 
and Sephardi Jews corresponds to the difference in CCR5-Δ32 prev-
alence between north European and Mediterranean populations in 
general [42, 43]. Additionally, founder effect and genetic drift are pro-
posed to explain the elevated values observed in Ashkenazi Jews [44].

The strengths of the current study include the objective gait 
assessment, with repeated measures, the prospective follow-up 
with comprehensive data on participants' clinical status and mac-
rostructural MRI measures. The combination of these factors made 
this study unique. Other strengths include the advantage of a co-
hort that consisted of a high percentage of Ashkenazi Jews, more of 
whom carry the CCR5-Δ32 mutation than other populations.

Limitations of our study include the exclusion of patients who 
had severe stroke, who may potentially suffer from higher motor lim-
itations. Thus, our findings cannot be generalized to this sub-group of 
patients and further research amongst them is warranted. However, 

F I G U R E  2  Association between 
stride time variability during the dual 
task 6 months after the index event and 
cognitive performance, according to CCR5 
genotype.
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the significant findings in our mild to moderate stroke cohort sup-
port our hypothesis, as well as the finding that amongst patients with 
greater neurological deficits (higher NIHSS) there were only a few 
CCR5-Δ32 carriers. Also, a control age- and gender-matched group 
without stroke history would add important data to our results.

The fact that 57% of our population were Ashkenazi in origin 
may limit the results of this study to this demographic. However, 
the association of the CCR5-Δ32 status with gait measures remained 
significant after adjustment for ethnicity.

Study limitations derive mainly from the fact that only 71% of the 
cohort had gait measurements using insoles. The use of insoles was 
added to the TABASCO protocol as an exploratory measure after 
the beginning of the trial, and the recruitment of patients included 
in the current analysis was mostly consecutive. Furthermore, no dif-
ferences were found in the baseline characteristics, cognitive scores 
and CCR5-Δ32 allele rates between patients who underwent gait as-
sessment using insoles and those without.

Lastly, even though the loss to follow-up was relatively modest, 
there was probably some selection bias. Multiple imputations were 
used to address this problem and provide an estimate of probable 
gait measures in patients lost to follow-up. Many predictor variables 
were used, demonstrating consistent results. Also, no differences 
were observed in baseline characteristics between participants in-
cluded and not included in the study, besides a slight difference in 
age and the prevalence of diabetes mellitus. Thus, it seemed rea-
sonable to assume that data were missing at random. Under the as-
sumption of missing at random, valid inferences may be obtained 
by applying the multiple imputation technique. Analysis of the ob-
served dataset (including imputed values) revealed the same trend 
of results for gait and cognitive scores.

CONCLUSION

In conclusion, CCR5-Δ32 allele was associated with better gait meas-
urements in a prospective cohort of stroke survivors. This finding 
is in line with previous studies which described an association be-
tween CCR5-Δ32 allele and stroke recovery, supporting CCR5-Δ32 
as a promising molecular target for intervention to improve stroke 
recovery.
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