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A B S T R A C T

While combination antiretroviral therapy (cART) has successfully increased the lifespan of individuals infected
with HIV, a significant portion of this population remains affected by HIV-associated neurocognitive disorder
(HAND). C-C chemokine receptor 5 (CCR5) has been well studied in immune response and as a co-receptor for
HIV infection. HIV-infected (HIVþ) patients experienced mild to significant amelioration of cognitive function
when treated with different CCR5 antagonists, including maraviroc and cenicriviroc. Consistent with clinical
results, Ccr5 knockout or knockdown rescued cognitive deficits in HIV animal models, with mechanisms of
reduced microgliosis and neuroinflammation. Pharmacologic inhibition of CCR5 directly improved cerebral and
hippocampal neuronal plasticity and cognitive function. By summarizing the animal and human studies of CCR5
in HIV-associated cognitive deficits, this review aims to provide an overview of the mechanistic role of CCR5 in
HAND pathophysiology. This review also discusses the addition of CCR5 antagonists, such as maraviroc, to cART
for targeted prevention and treatment of cognitive impairments in patients infected with HIV.
1. Introduction

HAND is a broad syndrome of neurological deficits affecting in-
dividuals living with HIV, which may present with various stages of
impaired cognitive, behavioral, and motor function, such as delayed
speech output, inability to complete complex tasks, and deficits in
learning and memory (Hong and Banks, 2015). HAND has been sub-
classified into three categories based on the degree of neurocognitive
severity, including asymptomatic neurocognitive impairment (ANI) and
mild neurocognitive disorder (MND), which account for most (over 90%)
HAND cases, and HIV-associated dementia (HAD), which is the most
cognitively deleterious diagnosis and has become less common with the
advent of cART (Heaton et al., 2010). HIVþ individuals with ANI have
impairment in two cognitive testing domains with a standard deviation
(SD) one below the adjusted normative scores on standardized neuro-
psychological tests. However, in contrast to individuals with MND, they
do not have impairment with their daily living (Antinori et al., 2007).
HAD diagnoses were the most prevalent of HAND cases in the pre-cART
era (Sacktor, 2018) and have since declined due to a successful sup-
pression of viral load via cART treatment (Clifford and Ances, 2013; Deng
et al., 1996; Heaton et al., 2010, 2011; Ru and Tang, 2017). Despite this
).
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improvement, neurocognitive impairment persists at a prevalence of
20-50% in HIVþ individuals (Cysique et al., 2014; De Francesco et al.,
2016; Heaton et al., 2011; Robertson et al., 2007; Sacktor et al., 2016;
Winston et al., 2013; Wright et al., 2015). A recent estimate suggests that
42.6% of individuals living with HIV continue to experience mild to
moderate cognitive impairment associated with milder forms of HAND
(Wang et al., 2020b). This indicates an unmet clinical need for neuro-
protective treatments in HIVþ patients.

CCR5, a seven-membrane G protein-coupled receptor (GPCR), is
highly expressed in microglia and is found to a lesser extent in neurons
and astrocytes (Cartier et al., 2005; Fantuzzi et al., 2019; Tran et al.,
2007; Westmoreland et al., 2002). CCR5 is enriched in the hippocampal
CA1 (Torres-Mu~noz et al., 2004), a brain region known to be critical for
the acquisition and consolidation of episodic and spatial memories, the
latter of which are crucial to successful navigation. In several recent
studies exploring the role of CCR5 in normal learning and memory, CCR5
has been discovered to function as a potent suppressor for hippocampal
and cortical neuronal plasticity, in addition to hippocampus-dependent
learning and memory (Frank et al., 2018; Joy et al., 2019; Necula
et al., 2020; Zhou et al., 2016). CCR5 is a critical co-receptor for HIV
infection via gp120 binding, especially for HIV infection in the central
022
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nervous system (CNS) (Deng et al., 1996; Ellis et al., 2007). As such,
murine preclinical and human clinical studies have been carried out to
elucidate CCR5's role in HIV-associated cognitive dysfunction and to
determine if CCR5 inhibition may ameliorate learning and memory
deficits in HIV animal models and HIVþ patients. This review will
introduce the current evidence implicating CCR5 in HAND and the po-
tential neuroprotective role of CCR5 antagonists when combined with
the cART regimen.

2. Mechanistic studies of the role of CCR5 in HAND with animal
models

CCR5 is reported to act as a suppressor for synaptic plasticity and
learning and memory (Frank et al., 2018; Zhou et al., 2016) (Table 1). In
a reverse genetic screening for novel genes regulating learning and
memory, Ccr5 knockout mice demonstrated enhanced memory when
tested 24 h or 2 weeks after contextual fear conditioning (Zhou et al.,
2016). Additionally, Ccr5 knockout mice had enhanced long-term
potentiation (LTP) both in the barrel cortex and hippocampus. LTP is
believed to be an underlying cellular mechanism for learning and
memory. Consistent with the enhanced LTP, Ccr5 knockout mice also
showed enhancement in experience-dependent cortical plasticity, as well
as in hippocampus-dependent learning tasks, including Morris water
maze, social recognition, and contextual fear conditioning (Frank et al.,
2018; Zhou et al., 2016). Furthermore, both Ccr5 knockdown and
treatment with maraviroc enhanced dendritic spine formation and axon
regeneration after brain injury. As a result, CCR5 inhibition improved
motor and cognitive recovery in a mouse model of stroke (Joy et al.,
2019). These results suggested that besides its well-known role in im-
mune response and HIV infection, CCR5 also functions as a suppressor for
neuronal plasticity and learning and memory (Figure 1). Consistent with
these findings, CCR5 overexpression in excitatory neurons caused
learning and memory deficits both in water maze and fear conditioning
(Zhou et al., 2016).
Table 1. Studies of the role of CCR5 in HAND or neuronal plasticity and excit-
ability with animal models.

Methods Main Findings Author & Date

Mice: Transgenic mice
expressing HIV gp120 in the
brain (with or without Ccr5 KO
plus Lcn2 KO)

Knockout of LCN2 in HIVgp120tg
mice abrogates memory
impairment and ameliorates
neuronal damage. Genetic
ablation of Ccr5 in LCN2-
deficient HIVgp120tg mice
restores neuropathology

Ojeda-Ju�arez
et al., 2020

Mice: V3 peptide injection to
the dorsal hippocampus or
barrel cortex of mice with Ccr5
knockout or Ccr5 knockdown

Ccr5 knockout rescued LTP
deficits caused by gp120 V3
peptide both in hippocampus and
cortex. Both Ccr5 knockout and
knockdown ameliorated V3
peptide induced memory deficits

Zhou et al.,
2016

Mice: Transgenic mice
expressing gp120, and double
transgenic mice expressing
gp120 and Ccr5 knockout

Ccr5 knockout prevented
microglial activation and
neuronal damage in HIVgp120tg
mice. LCN2 neurotoxicity is
CCR5 dependent, and Ccr5
knockout rescued learning and
memory deficits in HIVgp120tg
mice

Maung et al.,
2014

Rats: Cultured hippocampal
neurons from rat embryos with
acute gp120 treatment

Modifications in Kv2.1 and
neuronal excitability after gp120
treatment were dependent on the
activation of CCR5 and CXCR4.
Blockade of Kv2.1 led to
significant enhancement of
neuronal death upon gp120
treatment

Shepherd et al.,
2013

*LCN2: Protein lipocalin-2, LTP: long-term potentiation.
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The role of CCR5 and its ligands in HIV-induced cognitive deficits has
been studied in HIV mouse models. Increased expression of CCR5 and
neuroinflammation was observed in the brain of Tg26 mice, a model for
HAND (Bryant et al., 2021). The HIV gp120 V3 loop peptide contains the
gp120 domain that can bind to and activate CCR5 (Shen et al., 2000).
Since CCR5 is a suppressor for plasticity and learning and memory, it is
possible that acute activation of CCR5 by HIV coat proteins could
contribute to deficits in neuroplasticity and thereby learning and mem-
ory, potentially as seen in the development of HAND after HIV infection.
In wild-type (WT) mice, V3 peptide treatment completely abolished the
induction of LTP in response to a spike-timing dependent LTP-induction
protocol and produced an average effect of long-term depression (LTD)
(Zhou et al., 2016). In contrast to WTmice, Ccr5 knockout rescued the V3
peptide-induced LTP impairment and eliminated the production of LTD.
Consistent with the rescue effect of neuronal plasticity, both Ccr5
knockout and knockdown ameliorated the learning and memory deficits
caused by V3 peptide treatment in the dorsal hippocampus. Since the V3
peptide was injected into the hippocampus 30 min before learning, these
results indicate that in addition to chronic neuroinflammation and
neuronal damages, CCR5 may also be involved in the plasticity and
cognitive deficits caused by acute V3 treatment. Since gp120 treatment
activated the Kv2.1 channel via rapid dephosphorylation and modulated
neuronal excitability in a CCR5 and CXCR4-dependent manner (Shep-
herd et al., 2013), CCR5 may regulate neuronal plasticity by inhibiting
neuronal excitability after gp120 or V3 treatment (Table 1). Taken
together, these results suggest that after activation by the HIV protein
gp120, CCR5 may inhibit neuronal excitability and plasticity and
contribute to the cognitive deficits associated with HAND.

Another mechanism by which CCR5 may cause HIV-associated cogni-
tive impairments is increasedmicroglia activation and neuroinflammation
(Figure 1). Gp120 binding to CCR5 may cause microglial activation,
resulting in an increased release of reactive oxygen species, viral proteins,
proinflammatory chemokines, and cytokines contributing to neuronal
apoptosis (Acquas et al., 2004; Kaul et al., 2007; Kim et al., 2018; Saylor
et al., 2016). In a gp120-transgenic murine model of HIV (HIVgp120tg
mice), knockout of Ccr5 subsequently reduced microglia activation and
prevented the neuronal damages caused by CCR5-dependent protein
lipocalin-2 (LCN2) neurotoxicity (Maung et al., 2014) (Table 1). As a
result,Ccr5 knockout rescued the spatial memory deficits caused by gp120
overexpression in the Barnes maze test. In genome-wide gene expression
analysis, LCN2 was found to be one of the most significantly upregulated
factors in HIVgp120tg mice, and the combination of maraviroc and LCN2
protected neurons from gp120-induced toxicity (Maung et al., 2014). This
suggested a neuroprotective role of LCN2 in combination with CCR5 in-
hibition in HAND. Intriguingly and somewhat paradoxically, the same
group later found that LCN2 knockout rescued memory deficits in
HIVgp120tgmice, Ccr5 knockout restored neuronal damage and increased
gliosis in LCN2-deficient HIVgp120tg mice (Ojeda-Ju�arez et al., 2020).
While CCR5 mediates HIV-1 infection of macrophages and microglia,
similar to CCR5 antagonists (e.g., maraviroc), CCR5 ligands (e.g., CCL4
and CCL5) can also act as inhibitors of CCR5-preferring viruses and thus
reduce CCR5-mediated HIV-1 infection (Maung et al., 2014; Ojeda-Ju�arez
et al., 2020; Tyner et al., 2005). These studies suggest that depending on
CCR5 ligand concentration and other signaling pathways (e.g., LCN2),
CCR5 and its ligands may have dose-dependent roles in neuronal damage
and cognitive deficits caused by HIV infection.

A recent study suggests that synaptodendritic damage may underly
the cognitive deficits caused by HIV infection of the CNS (Avdoshina
et al., 2020; Smith et al., 2021). HIV gp120 bound to either HIV
co-receptor CCR5 or CXCR4 induced the formation of aberrant,
rod-shaped cofilin-actin inclusions (rods) in culturedmouse hippocampal
neurons. The signaling pathways involved, including active NADPH ox-
idase, superoxide (O2

- ) formation, and expression of cellular prion protein
(PrPC), are common to other neurodegenerative stimuli such as oligo-
meric, soluble amyloid-β (Aβ). Cofilin-actin rods are observed in neurons
exposed to Aβ oligomers and can contribute to synaptotoxicity and



Figure 1. CCR5 and HAND. Binding of HIV-1 via its gp120 V3 domain to CCR5 leads to activation of this chemokine receptor. This triggers two different signaling
pathways that may lead to the cognitive deficits in HAND. An acute, direct pathway (red arrows) inhibits CREB, MAPK, and dual leucine zipper kinase (DLK),
subsequently inhibiting synaptic plasticity. A chronic, indirect pathway (green arrows) activates microglia, causing neuroinflammation, neuronal dysfunction, and
synaptodendritic injury. Both pathways result in HIV-associated plasticity and cognitive function deficits. Maraviroc and other CCR5 antagonists block gp120 binding
to CCR5, ameliorating these deficits.
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cognitive deficits in Alzheimer's Disease (Rush et al., 2018; Wang et al.,
2020a). Maraviroc both reduced cofilin-actin rod formation in neurons
exposed to R5-tropic gp120 and blocked rod induction by soluble Aβ
(Smith et al., 2021), suggesting that CCR5 may be involved in
gp120-induced synaptodendritic damage. Another study found that
CCR5 was involved in gp120-induced down-regulation of phosphory-
lated NMDA receptor subunit 1 (NR1) in cortical neurons (Ru and Tang,
2016). NMDA receptors are essential for synaptic plasticity during
learning and memory (Herron et al., 1986; Huang et al., 1992; Lynch and
Baudry, 1987). Overactivation of NMDA receptors and dysfunctional
glutamate metabolism can contribute to dendritic spine loss and HAND
(Raybuck et al., 2017; Zhou et al., 2020). Maraviroc inhibited the effect
of gp120 on NR1 dephosphorylation, suggesting that CCR5 activation
was involved in synaptopathogenesis caused by HIV-1 infection.

It must be noted that in early HIV studies, the interaction of gp120
and CCR5 might cause cognitive impairments by causing neuronal
apoptosis (Mocchetti et al., 2013; Saylor et al., 2016). With cART,
neuronal loss may no longer be the main contributor to HAND (Kel-
schenbach et al., 2019; Necula et al., 2021). Instead, neuronal dysfunc-
tion and synaptodendritic injury after microglia activation may be a more
plausible source of cognitive impairment (Ellis et al., 2007; Kelschenbach
et al., 2019). Altogether, these CCR5-related structural and physiological
changes may underlie HAND in the era of cART. Additionally, while HIV
most often utilizes CCR5 in its pathogenicity, this virus is well-known for
the diversity present in its envelope glycoproteins which can bind and
use other chemokine receptors (such as CXCR4) to infect cells (Maeda
et al., 2020), and the development of dual-mixed viral tropism (CCR5 and
3

CXCR4) may be associated with HAND early on during the infectious
process (Morris et al., 2013). One study has demonstrated that CXCR4
may play a role in neuronal dysfunction during HAND by inducing a
G-inhibitory protein-linked decrease in cyclic AMP and increasing
inositol 1,4,5-triphosphate (IP3) and intracellular calcium (Zheng et al.,
1999). Another study has demonstrated that gp120 binding to either
CCR5 or CXCR4 induced rod formation via an NADPH-oxidase dependent
mechanism for the formation of superoxide and cellular prion protein
(Smith et al., 2021). Festa et al. demonstrated that the chemokine
CXCL12 increased cognitive performance and synaptodendritic health,
specifically via a CXCR4-dependent stimulation of the Rac1/PAK actin
polymerization pathway which increased spine density and flexible
behavior (Festa et al., 2020). These studies suggest that similar to CCR5,
CXCR4 is also involved in altered synaptic plasticity and cognitive per-
formance in HAND. Since CCR5-using HIV-1 variants predominate in
most of infection, while CXCR4-using HIV-1 variants (including variants
using both CCR5 and CXCR4 or CXCR4 alone) emerge at the relatively
late-stage infection (Maeda et al., 2020), the different roles of CCR5 and
CXCR4 in the development and cognitive phenotypic expression of
HAND may need to be evaluated with future studies.

3. Clinical studies of the role of CCR5 in HAND

The vast majority of HIV strains in the brain are CCR5 tropic (Carroll
and Brew, 2017; Gonz�alez-Scarano and Martín-García, 2005). When
endogenous CCR5 ligands were measured in cerebral spinal fluid (CSF)
samples from HIV-infected patients, CCL3 (MIP-1α), CCL4 (MIP-1β) and
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CCL5 (RANTES) were found in higher concentrations within the CSF of
patients with dementia, and the CSF chemokine levels did not differ
whether patients used antiretroviral agents or not (Letendre et al., 1999).
CSF samples with undetectable CCL3, CCL4 or CCL5 levels were almost
entirely from nondemented patients, and detectable CSF CCL3 and CCL4
were both associated with dementia. However, the association between
dementia and CSF CCL3 levels were nonlinear. Patients with either un-
detectable or high detectable CCL3 levels were more likely to be non-
demented. In contract, patients with dementia were more likely to have
low to midrange CCL3 levels. These results suggest that when CCL3 levels
are low CCR5 has a deleterious effect on cognition, while with high levels
of CCL3 or other CCR5 ligands, those ligands may block the entry of
HIV-1 into cells and therefore provide neuroprotection (Cocchi et al.,
1996). When a CCR5 antagonist called D-Ala1-peptide T-amide (DAPTA)
was administered to HIV-1 seropositive participants with cognitive
impairment, subgroups with greater cognitive impairment at baseline
showed significant improvement, although no cognitive effect was
observed in the overall cohort (Goodkin et al., 2006) (Table 2). Although
CCR5 ligand levels were not measured in this study, the effect of CCR5
antagonist in different subgroups (mild, moderate, versus severe cogni-
tive impairment) in the overall cohort could depend on the levels of
CCR5 endogenous ligands in the CSF.

Recently, multiple studies have studied the effects of an FDA-
approved CCR5 antagonist, maraviroc, on neurocognitive performance
in virally-suppressed HAND patients. In a prospective, observer-blinded,
open-label phase IV clinical trial (NCT01449006), participants were
allocated to either continue with their current cART regimen (control
arm) or to receive cART plus maraviroc intensification (maraviroc arm).
The participants completed a five-domain neuropsychological battery
before or at 6 and 12 months after the treatment. CogState, a
Table 2. Clinical studies on the role of CCR5 in HAND.

Methods Main Findings Author &
Date

Measured MAP2 concentrations
in human CSF, and immune-
reactivity in rat cortical neurons
exposed to gp120

Persons living with HIV (PLH) who
had HAND had greater CSF MAP2
concentrations than cognitive
normal PLH.
The neurotoxic effect of HIV was
blocked by a CCR5 antagonist

Avdoshina
et al., 2020

HIV infected individuals with
below-normal cognitive
performance were assessed after
24 weeks of treatment

Patients with cenicriviroc treatment
showed improved
neuropsychological test
performance

D'Antoni
et al., 2018

Addition of maraviroc to DRV/r
monotherapy for 24 weeks and
neurocognitive function was
measured

HIV-infected patients with
maraviroc and DRV/r monotherapy
had improvement in executive
function but with no global
neurocognitive effect

Barber et al.,
2018

Intensification of cART with
maraviroc. Performance was
assessed before or at 6 and 12
months after the treatment

Patients treated with maraviroc and
cART showed improved global
neurocognitive performance

Gates et al.,
2016

Intensification of cART with
maraviroc. Performance was
assessed before or at 24 weeks
after the treatment

Patients who entered the study with
evidence of mild to moderate
cognitive impairment showed
improvement in neuropsychological
performance

Ndhlovu
et al., 2014

DAPTA (CCR5 antagonist)
versus placebo prior to
combination antiretroviral
therapy with HIV-1 seropositive
participants having cognitive
impairment

No overall cognitive effect was
observed, but subgroups with
greater cognitive impairment at
baseline showed significant
improvement

Goodkin et al.
(2006)

*cART: combined antiretroviral therapy, CSF: cerebrospinal fluid, DAPTA: D-
Ala1-peptide T-amide, DRV/r: darunvair/ritonavir, HAND: HIV-associated neu-
rocognitive disorders, LTP: long-term potentiation, MAP2: microtubule-
associated protein 2.
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computerized battery sensitive to HAND, was used in addition to stan-
dardized paper-and-pencil neuropsychological tests. The battery assessed
five domains of HAND: speed of informational processing, attention/
working memory, motor coordination, verbal learning, and verbal
memory. Compared to the control arm, improved global neurocognitive
performance was observed in the maraviroc arm at both the 6- and 12-
month testing points (Gates et al., 2016).

In a single-arm, open-labeled clinical trial, cART was intensified with
maraviroc to determine the effect of CCR5 antagonism on monocyte
activation, inflammation, and cognition (Ndhlovu et al., 2014) (Table 2).
Subjects in this study were administered maraviroc for 24 weeks in
addition to their baseline cART regimen. Increased CD16 expressing
monocytes activation and soluble CD163 (sCD163) have been shown to
be associated with neurocognitive impairment upon HIV infection
(Burdo et al., 2013; Pulliam et al., 2004). When monocyte activation was
measured at week 24, a significant decrease in intermediate
(CD14þþCD16þ) monocyte subset and nonclassical (CD14þ/lowCD16þ)
monocyte subset was observed in 11 of the 12 study participants. A
decline in sCD163 levels was also observed, indicating that maraviroc led
to declines in proinflammatory monocyte activation (Ndhlovu et al.,
2014). Participant's cognition was tested at entry and at the 24th week
using a neuropsychological battery assessing attention and concentra-
tion, learning and memory, psychomotor speed, executive functioning,
language, and gross motor functions. No significant changes were
observed in global composite scores for the neuropsychological battery,
although some improvement in executive function was noted. However,
when patients were stratified based on cognition level at the beginning of
the study, six patients with mild-to-moderate baseline cognitive impair-
ment showed neuropsychological improvement in global functioning and
cognitive domains including global functioning, learning and memory,
and executive function (Ndhlovu et al., 2014).

Besides CCR5 antagonists DAPTA and maraviroc, a dual CCR2 and
CCR5 antagonist cenicriviroc was tested for HIV-infected individuals
with below-normal cognitive performance at baseline as determined by
neuropsychological battery performance (DʼAntoni et al., 2018). In-
dividuals received different amounts of cenicriviroc (50 mg, 200 mg, or
800 mg) depending on their current cART regimen. Neuropsychological
testing was conducted at entry and after 24 weeks to calculate both
global and domain-specific neuropsychological Z-scores (NPZ). The
global, cognitive domains of attention and working memory NPZs all
significantly improved over 24 weeks. Additionally, plasma levels of
sCD163, sCD14, and neopterin decreased, suggesting decreased mono-
cyte/macrophage activation. All together, these findings suggest that
CCR5 antagonist may be associated with both favorable changes in
monocyte activation and improved neuropsychological performance in
patients with baseline cognitive impairment. Further studies are needed
to determine the role of proinflammatory monocyte and immune acti-
vation in cognitive function for HIVþ individuals.

In another open-label, phase IV clinical trial, 150 mg of daily mar-
aviroc was added to the patients’ drug regimen after 12 weeks of dar-
unvair/ritonavir monotherapy (DRV/r) (Barber et al., 2018) (Table 2).
After 36 weeks (12 weeks control followed by 24 weeks total MVC þ
DVR/r), patients showed some improvement in executive function based
on age-adjustment compared to control, although there were no changes
in overall neurocognitive outcome or in CSF inflammatory markers.
Altogether, while some studies provide preliminary supportive evidence
for maraviroc plus cART in neurocognition for patients with HAND, this
positive effect is not seen across all studies or measures of cognitive
performance. As such, elucidation of the role of CCR5 across cognitive
domains warrants further investigation to select and determine patients
in which maraviroc intensification may be most beneficial.

4. Conclusion

CCR5 has been widely studied in HIV infection since its discovery as a
co-receptor for HIV infection of target cells (Deng et al., 1996) and
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several CCR5 antagonists have been designed to block HIV entry into
host cells. Despite this, the role of CCR5 in HIV-associated cognitive
impairment is less understood. Despite mixed results warranting further
investigation, some clinical studies have reported that CCR5 antagonists
such as DAPTA, cenicriviroc, and maraviroc may enhance neuropsy-
chological test performance in virally suppressed HIVþ patients (Barber
et al., 2018; DʼAntoni et al., 2018; Gates et al., 2016; Goodkin et al.,
2006). Most preclinical studies to date on CCR5 in HAND have focused
on the gp120-induced neuroinflammation and the resulting neuro-
degeneration and neuronal dysfunction (Ahmad et al., 2019; Gonek et al.,
2018; Gu et al., 2016; Tang et al., 2015). In addition to the microglia
activation and inflammation mechanism, some recent studies have
shown that CCR5 activation can cause neuronal CREB and MAPK inac-
tivation, in addition to impaired axonal regrowth after neuronal damage.
Additionally, direct interaction between the gp120 V3 domain and CCR5
could compromise synaptic plasticity directly and therefore suppress
memory without neuroinflammation (Figure 1) (Joy et al., 2019; Zhou
et al., 2016). CCR5 and its FDA-approved antagonist, maraviroc, have
received high attention as a candidate for pharmacological intervention
for HIV infection (Martin-Blondel et al., 2016). We expect that future
studies examining the transient or long-term blockade of CCR5, espe-
cially in combination with cART regimen, will have particular trans-
lational significance for the targeted treatment and prevention of HAND
in patients living with HIV.
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