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The discovery of the glial-lymphatic or glymphatic fluid clearance pathway in the rodent

brain led researchers to search for a parallel system in humans and to question the

implications of this pathway in neurodegenerative diseases. Magnetic resonance imaging

studies revealed that several features of the glymphatic system may be present in

humans. In both rodents and humans, this pathway promotes the exchange of interstitial

fluid (ISF) and cerebrospinal fluid (CSF) through the arterial perivascular spaces into

the brain parenchyma. This process is facilitated in part by aquaporin-4 (AQP4) water

channels located primarily on astrocytic end feet that abut cerebral endothelial cells

of the blood brain barrier. Decreased expression or mislocalization of AQP4 from

astrocytic end feet results in decreased interstitial flow, thereby, promoting accumulation

of extracellular waste products like hyperphosphorylated Tau (pTau). Accumulation of

pTau is a neuropathological hallmark in Alzheimer’s disease (AD) and is accompanied

by mislocalization of APQ4 from astrocyte end feet to the cell body. HIV infection

shares many neuropathological characteristics with AD. Similar to AD, HIV infection of

the CNS contributes to abnormal aging with altered AQP4 localization, accumulation

of pTau and chronic neuroinflammation. Up to 30% of people with HIV (PWH) suffer

from HIV-associated neurocognitive disorders (HAND), and changes in AQP4 may be

clinically important as a contributor to cognitive disturbances. In this review, we provide an

overview and discussion of the potential contributions of NeuroHIV to glymphatic system

functions by focusing on astrocytes and AQP4. Although HAND encompasses a wide

range of neurocognitive impairments and levels of neuroinflammation vary among and

within PWH, the potential contribution of disruption in AQP4 may be clinically important

in some cases. In this review we discuss implications for possible AQP4 disruption on

NeuroHIV disease trajectory and how HIV may influence AQP4 function.
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INTRODUCTION

Maintaining homeostasis within tissues is dependent on the clearance of excess fluid and interstitial
solutes. In the periphery, excess fluid and soluble waste products that include abnormal proteins
are removed from the interstitial space and transferred to the lymphatic system that deposits waste
products into the systemic circulation for processing by the liver, kidneys, and small intestine for
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excretion (Liao and Padera, 2013). The density of lymphatic
vessels within a tissue is proportional to the metabolic rate of that
particular tissue. Despite having a high metabolic rate, the brain
is not incorporated into the lymphatic system (Jessen et al., 2015).
Waste management in the central nervous system (CNS) is vital
for maintaining neuronal connectivity, fitness and crosstalk with
other cell types including astrocytes. Since many neurocognitive
disorders include accumulation of aberrant proteins and other
cellular waste products (Benveniste et al., 2017), understanding
mechanisms underlying waste clearance in the brain are critical.

A brain-specific pathway for fluid transport in mice was
discovered in 2012 and included the para-arterial influx
of subarachnoid cerebrospinal fluid (CSF) into the brain
interstitium. This pathway allowed for clearance of interstitial
fluid (ISF) along large draining veins (Iliff et al., 2012). In 2015,
studies in rodents provided evidence of functional lymphatic-
like vessels lining the cranial dural sinuses (Aspelund et al.,
2015). This finding challenged the previous notion that the
CNS had no lymphatic or lymphatic-like system. In this model,
CSF and ISF drain into the glial-lymphatic or glymphatic fluid
clearance pathway carrying with it any waste products that
have accumulated in the brain (Jessen et al., 2015; Eide et al.,
2018). These findings in rodents led researchers to search for
a similar pathway in humans. An MRI study in patients with
various CSF disorders reported that a CSF tracer drained into
cervical lymph nodes (Eide et al., 2018), providing evidence for
a glymphatic system in humans. Other studies indicated that
the glymphatic system is most active during sleep and plays
numerous roles in many biological processes. In vivo 2-photon
imaging studies in mice have shown that glymphatic activity is
greatly increased in a sleep state compared to an awake state
due to an influx of CSF that results in a 10% increase in the
interstitial space (Sweeney et al., 2019). It is speculated that the
increase in glymphatic activity during sleep functions to remove
neurotoxic waste that builds up during waking periods (Xie
et al., 2013). Moreover, glymphatic function is has been reported
to be significantly decreased in experimental rodent models of
hemorrhagic and ischemic stroke (Gaberel et al., 2014; Goulay
et al., 2017; Schain et al., 2017; Golanov et al., 2018; Rasmussen
et al., 2018; Zbesko et al., 2018) and traumatic brain injury (Plog
et al., 2015; Lundgaard et al., 2017).

Glymphatic function is proposed to be reduced with aging
(Kress et al., 2014), and studies report an 80% decrease in
glymphatic function in older mice (18 months) compared to
younger mice (2–3 months) (Kress et al., 2014). Thus, it stands
to reason that aging is a major risk factor for developing a
neurodegenerative disease, many of which are characterized by
accumulation of aberrant proteins, such as hyperphosphorylated
Tau (pTau). In this context, decreased glymphatic clearance may
increase the risk of neurodegenerative changes contributing to
cognitive decline in the aging population or in age-related CNS
diseases (Rainey-Smith et al., 2018). For example, during aging,
cerebral arterial walls begin to stiffen and prevent smooth arterial
pulses needed for CSF influx and ISF exchange (Badaut et al.,
2014; Sweeney et al., 2019). Given the abnormal aging trajectory
in people with HIV (PWH), it is possible that HIV may also
negatively impact glymphatic clearance. PWH have normal life

expectancies due to the success of combination anti-retroviral
therapy (cART) (Cassol et al., 2014) thus, supporting a scenario
whereby chronic inflammation associated with viral infection
promotes a more rapid or abnormal aging processes. In this
review, we will provide an overview and discussion of potential
contributions of NeuroHIV to glymphatic system dysfunction
and implications for NeuroHIV disease trajectory.

THE GLYMPHATIC SYSTEM

Since the discovery of the glymphatic system in both rodents
and humans, researchers have focused on understanding the
mechanisms of action for CSF and ISF exchange (Mestre et al.,
2018). The brain has four fluid compartments including CSF, ISF,
intracellular fluid and blood. The blood-brain barrier (BBB) and
blood-CSF barrier separate blood from the brain parenchyma
and CSF, respectively (Redzic, 2011) to maintain ionic and
biochemical composition of the different fluid compartments
for proper cellular signaling and brain function (Damkier
et al., 2013). The neurovascular unit (NVU) supports brain
homeostasis and is composed of neurons, astrocytes, cerebral
endothelial cells, myocytes, pericytes and extracellular matrix
components (Figure 1; Harder et al., 2002). Cellular components
of the NVU detect the changes in CNS cells and signal for
necessary responses such as vasodilation and/or vasoconstriction
(Koehler et al., 2006).

CSF and ISF are constantly exchanged in the brain due to the
convective influx of CSF along the periarterial spaces located in
the subarachnoid space (Iliff et al., 2012). CSF is then transported
to the parenchyma through the NVU by a combination of arterial
pulses, respiration, CSF pressure gradients and the loose fibrous
matrix of the perivascular space (Figure 2). In addition, water
channels called aquaporin-4 (AQP4) located on the perivascular
end feet of astrocytes facilitate the transfer of CSF into the
parenchyma (Nakada et al., 2017). AQP4 water channels are
normally highly concentrated on the perivascular end feet of
astrocytes and are critical for the brain’s vascular and glymphatic
systems. Within the parenchyma, CSF influx promotes CSF/ISF
exchange within the peri-venous space that surrounds the deep
veins within the brain. ISF then collects in the peri-venous space
that is transported out of brain toward the cervical lymphatic
system (Figure 2; Iliff et al., 2013).

MENINGEAL LYMPHATICS

The meninges consist of three layers (dura mater, arachnoid, and
pia mater) which protect the CNS by lining the brain and spinal
cord through forming the various CSF-filled compartments.
As with the discovery of the glymphatic system, the CNS
and its meningeal components were long believed to lack a
traditional lymphatic vascular system since the only lymphatic
vessels were identified around the cranial nerves and dural blood
vessels (Iliff et al., 2015). Recent studies have described the
extensive meningeal lymphatic vessel network that functions
in macromolecular clearance and immune cell trafficking in
the brain (Aspelund et al., 2015; Louveau et al., 2015). These
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FIGURE 1 | The neurovascular unit. The neurovascular unit is composed of neurons, astrocytes, cerebral endothelial cells, smooth muscle myocytes, pericytes, and

matrix components.

FIGURE 2 | Glymphatic system. The glymphatic system is comprised of

astrocytes, aquaporin 4 water channels and cerebral perivascular spaces.

Aquaporin 4 water channels, located on astrocytic end feet facilitate

movement of water to for the exchange of interstitial fluid and cerebrospinal

fluid and to propel extracellular contents such as cellular debris, abnormal

proteins and waste products through brain parenchyma for clearance. The

glymphatic system also transports glucose, lipids, amino acids, growth factors

and neuromodulators through-out the brain. In health, these components can

be cleared more efficiently primarily during sleep.

vessels were found to have immunohistological and structural
characteristics of lymphatic vessels, and to express traditional
markers of tissue lymphatic endothelial cells, such as Prox1,
CD31, Lyve-1, Podoplanin, VEGFR3, and CCL2 (Aspelund
et al., 2015; Louveau et al., 2015). Interestingly, meningeal

lymphatic vessels are evolutionarily conserved in fish, rats, non-
human primates and humans (Absinta et al., 2017; Bower et al.,
2017; Jung et al., 2017). Compared to peripheral lymphatics,
meningeal lymphatics are composed of a less complex network
of thin-walled initial lymphatic vessels that converge and exit
the cranium along the retroglenoid vein, sigmoid sinus, and
meningeal portions of the pterygopalatine artery (Aspelund
et al., 2015; Louveau et al., 2015). Functional studies have
shown that meningeal lymphatic vessels can carry numerous
immune cells under physiological conditions, suggesting a role
in normal immune surveillance of the brain (Aspelund et al.,
2015).

Aging is a major risk factor for many neurodegenerative
diseases, including Alzheimer’s disease (AD) which has a
detrimental effect on brain CSF/ISF paravascular recirculation
that is thought to be caused by the deterioration of meningeal
lymphatic vessels that occurs with aging (Da Mesquita et al.,
2018a). Studies have shown that meningeal lymphatic
dysfunction in young-adult mice results in impaired brain
perfusion by CSF and deficits in learning and memory (Da
Mesquita et al., 2018b). Aged mice demonstrated significant
disruption of meningeal lymphatic function leading to cognitive
decline. Interestingly, augmentation of meningeal lymphatic
drainage in aged mice facilitated the clearance of CSF/ISF
macromolecules from the brain, resulting in improved cognitive
function (Da Mesquita et al., 2018b; Stower, 2018). These data
demonstrate that impairment of meningeal lymphatics decreases
brain perfusion and leads to diminished cognitive ability
accompanied by increased amyloid-beta (Aβ) accumulation.
These data suggest that disruption in meningeal lymphatics is
at least one of the mechanisms that contribute to the buildup
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of aberrant proteins observed in AD and other neurocognitive
disorders (Da Mesquita et al., 2018b; Stower, 2018).

GLYMPHATIC AND MENINGEAL
LYMPHATIC SYSTEMS CONNECTIONS

Recent discoveries of the glymphatic and meningeal lymphatic
systems have changed the previous idea that the CNS was
devoid of lymphatic vessels (Aspelund et al., 2015; Plog and
Nedergaard, 2018; Rasmussen et al., 2018). Both the glymphatic
and meningeal lymphatic systems allow for the clearance of
aberrant proteins such as Aβ and pTau. Thus, both systems are
critical for healthy aging as the buildup of aberrant proteins
can contribute to AD or other age-related neurocognitive
disorders (Rasmussen et al., 2018). The connections between
the glymphatic and meningeal lymphatic systems have been
demonstrated through studies following tracers injected into the
CSF of rodents (Aspelund et al., 2015). Both systems use the water
channel, AQP4 to facilitate the movement of CSF throughout the
CNS (Filippidis et al., 2016; Cao et al., 2018). The continuous
flow of CSF that perfuses the brain parenchyma and is drained to
cervical lymph nodes through the meningeal lymphatic system.
As previously mentioned, CSF and ISF are constantly exchanged
in the brain due to the convective influx of CSF along the peri-
arterial spaces located in the subarachnoid space (Iliff et al., 2012).
The glymphatic system is responsible for the movement of the
CSF into the parenchyma. Within the parenchyma, CSF influx
forces connective ISF exchange within the peri-venous space that
surrounds the deep veins within the brain (Iliff et al., 2013). The
meningeal lymphatic system has been shown to be necessary for
the efficient clearance of ISF collected in the subarachnoid space
that is transported out of brain toward the deep cervical lymph
nodes through dural meningeal lymphatics (Louveau et al., 2015).
The deep cervical lymph nodes can connect to the inner carotid
and empty the waste metabolites into the general circulation
(Aspelund et al., 2015; Louveau et al., 2015). This link provides
a plausible route to study CNS-immune connection (Bower and
Hogan, 2018). Dysfunction of meningeal lymphatic vessels and
their connection to the glymphatic system should be addressed
by future studies.

AQUAPORINS

Aquaporins (AQPs) are hydrophobic transmembrane proteins
that facilitate the passive transport of water depending on the
osmotic pressure on both sides of membrane. The functional
AQP unit is a homo-tetramer and is comprised of six α-
helix transmembrane domains with two conserved asparagine–
proline–alanine (NPA) motifs, five loops (A-E) and intracellular
N- and C-termini (Potokar et al., 2016). AQPs are subdivided
into two subfamilies, classical AQPs that are water selective and
aquaglyceroporins that act as glycerol channels. However, this
characterization was challenged by recent evidence revealing that
both subfamilies overlap functionally, for example, some classical
AQPs transport water and other small solutes such as glycerol
(Papadopoulos and Verkman, 2013). AQPs are found in all

species ranging from simple prokaryotes to complexmulticellular
organisms. Thirteen AQPs have been identified in mammalian
cells with eleven of these in humans. The distribution of AQPs
varies among different tissue types (Ma et al., 2011), with AQPs
1, 4, and 9 representing the key aquaporins expressed in the CNS.

AQUAPORINS IN THE NERVOUS SYSTEM

AQPs are present in the CNS, spinal cord, enteric nervous
system and sensory organs. AQP expression has been studied
more extensively in the CNS and sensory organs than in other
systems (Rosu et al., 2019). From the three main aquaporins
in the CNS, AQP4 has the highest expression levels in the
brain and is expressed by astrocytes (Chen et al., 2008). AQP1
and AQP4 are true aquaporins and transport only water, while
AQP9 is an aquaglyceroporin that transports both water and
glycerol (Papadopoulos and Verkman, 2013). AQPs in the CNS
have diverse functions including bidirectional water exchange
between the brain and cerebrovascular circulation and CSF for
osmoregulation of in the brain. AQPs are also involved in neural
cell signal transduction (Badaut et al., 2014; Filippidis et al.,
2016).

AQP1 is located on astrocytic cell membrane where it is co-
expressed with AQP4. AQP1 is also expressed on the apical
surface of the epithelium of the choroid plexus aiding in
CSF production and flux (Rosu et al., 2019). AQP1 is not
found in normal brain capillary endothelium, however it is
highly expressed by peripheral endothelial cells (Rosu et al.,
2019). Importantly, AQP1 expression is upregulated in many
neurodegenerative disorders including choroid plexus tumors,
spinal cord injury, and AD (Filippidis et al., 2016). A recent
study showed that AQP1, but not AQP4 expression levels were
increased in astrocytes in brains from AD patients (Misawa et al.,
2008). Increased AQP1 levels were observed at early stages of AD,
and remained elevated throughout more advanced stages of AD
(Pérez et al., 2007).

AQP9 is located in the ependymal cells surrounding the
cerebral ventricles, brain stem catecholaminergic neurons,
dopaminergic neurons of the substantia nigra and ventral
tegmental area and astrocytes (Xu et al., 2017). AQP9 is
permeable to water and to small solutes including glycerol,
urea and monocarboxylates which may contribute to energy
metabolism in the CNS (Potokar et al., 2016). AQP9 and AQP4
have similar distribution patterns in mice and rats, suggesting
that these two channels may act together to facilitate the
movement of water or small solutes between CSF and the brain
parenchyma (Yool, 2007; Lv et al., 2018; Shi et al., 2019).

AQP4 is the most abundant AQP in the brain, spinal cord
and optic nerve (Potokar et al., 2016), is widely expressed on the
plasma membranes of astrocytes with the highest concentration
on perivascular end feet of astrocytes (Rosu et al., 2019). In
the brain, AQP4 is primarily localized to the sub-pial astrocyte
processes that form the glial-limiting membrane, the basolateral
membrane of ependymal cells throughout the brain and spinal
cord, and the perivascular astrocyte end feet that constitute a
main component of the NVU (Hubbard et al., 2018; Ciappelloni
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et al., 2019; Dasdelen et al., 2019). AQP4 facilitates the flow of
water into and out of the brain due its expression on cells that
form barriers between the brain and major fluid compartments
(Dasdelen et al., 2019).

AQUAPORIN 4 VARIANTS

There are six isoforms of AQP4 in astrocytes and some other
organ specific cells designated AQP4a-f. The distribution of these
isoforms varies among cell types and their cellular location.
All of the AQP4 isoforms are expressed on astrocytes either
on the plasma membrane or on cellular organelles. AQP4c is
also expressed in the kidney and the sarcolemma of fast-twitch
fibers of skeletal muscle (Frigeri et al., 1998; Potokar et al.,
2016). AQP4a and AQP4c are most commonly located in the
plasma membranes of perivascular end feet of astrocytes, along
with AQP4e that is expressed at much lower levels. AQP4c
is the predominant isoform located on the plasma membrane
compared to AQP4a (Hubbard et al., 2018).

Interestingly, a recent study reported that a single nucleotide
polymorphism (SNP) in AQP4, rs72878776, is associated with
altered overall sleep quality according to the Pittsburgh Sleep
Quality Index (PSQI) sleep parameters such as sleep latency,
comfort, and difficulty falling asleep (Rainey-Smith et al., 2018).
Individuals that are homozygous for the AQP4 rs72878776-
A (0.001% of the population) allele reported worse overall
sleep compared to those with a different genotype (Rainey-
Smith et al., 2018). This SNP is in the 5-prime untranslated
region (5′UTR) of the AQP4 gene and may be of functional
relevance through potentially influencing gene transcription,
via modification (creation or deletion) of transcription factor
binding sites (Rainey-Smith et al., 2018). Individuals with AQP4
variant rs72878776 may be at greater risk for neurodegenerative
diseases due to impaired glymphatic function accompanied by
poor sleep quality (Rainey-Smith et al., 2018). In addition,
individuals homozygous for either AQP4 SNPS rs3763040-A
or rs3763043-A have been reported to experience more rapid
cognitive decline after AD diagnosis (Burfeind et al., 2017).
Other noncoding AQP4 SNPs were associated with altered
rates of cognitive decline after AD diagnosis. Interestingly,
individuals homozygous for either AQP4 SNPS rs9951307-A and
rs3875089-A have been reported to experience slower cognitive
decline (Burfeind et al., 2017). These studies indicate the
importance of AQP4 inmaintaining proper glymphatic clearance
in age-related neurodegenerative diseases in both protective and
detrimental aspects.

AQUAPORINS AND
NEUROINFLAMMATION

Astrocytes express all of the AQPs (1, 4, and 9) found in
the CNS. Astrocytes are the primary homeostatic cells of the
brain and are the only cell type in the CNS that can undergo
rapid volume changes (Thrane et al., 2014). The CNS must
tightly regulate water homeostasis as the brain is confined
within the skull allowing limited space for expansion. AQP4

is the main water channel in the brain thus, it is critical that
AQP4 functions properly (Papadopoulos and Verkman, 2013).
This is increasingly important given that injury can decrease
expression and induce mislocalization of AQP4 from end feet
to cell body, thereby reducing fluid exchange. As extracellular
volume changes, ion concentration is also changed to alter
neuronal excitability (Dalkara et al., 2011). Disturbances in
water homeostasis in the CNS are typically observed in CNS
diseases/disorders including HIV infection, AD, PD, meningitis,
stroke, brain abscesses, tumors or neurotrauma, all of which have
a neuroinflammatory component. It has been established that
expression of AQP4 is pro-inflammatory (Chmelova et al., 2019).
For example, studies demonstrate increased neuroinflammation
in wild typemice administered LPS compared to APQ4 knockout
mice (Wu et al., 2019). Astrocytes from wild type mice produced
higher levels of the pro-inflammatory cytokines TNFα and IL-6
in response to LPS than AQP4 knockout mice. These data suggest
that neuroinflammation is dependent, in part on AQP4 (Zhang
et al., 2019). AQP4 is also the target antigen in the neurological
autoimmune disease neuromyelitis spectrum disorder, which
is an autoimmune astrocyte-specific cytopathy characterized
by astrocyte loss, demyelination in the spinal cord, optic
nerve and brain (Hinson et al., 2008; Sakalauskaite-Juodeikiene
et al., 2018; Ciappelloni et al., 2019; Mader and Brimberg,
2019). Neuromyelitis spectrum disorder patients have chronic
neuroinflammation leading to the classic presentations of this
disease which include long segments of spinal cord inflammation,
severe optic nerve inflammation, and area postrema syndrome
(Huda et al., 2019). Area postrema syndrome results from
inflammation in the emetic reflex center located in the rhomboid
fossa of the 4th ventricle leading to nausea, vomiting, and hiccups
in patients (Duvernoy and Risold, 2007). All neuromyelitis
spectrum disorder patients are treated with AQP4 antibodies
at their first attack with long-term immunosuppression (Mealy
et al., 2014).

AQP4 DYSREGULATION, ADENOSINE A2A
RECEPTOR AND NEURODEGENERATION

Adenosine A2a receptor (A2aR) is highly expressed by
astrocytes and microglia and contributes significantly to
neuroinflammatory and neuromodulator processes (Orr
et al., 2015; Zhao et al., 2017; Masjedi et al., 2019). Many
neurodegenerative diseases including HIV, AD and TBI involve
chronic neuroinflammation thereby increasing the risk for
regional accumulation of pTau, tau oligomers and neurofibrillary
tangles contributing to neurocognitive dysfunction. The
substantial neuroinflammatory response may contribute
to disruption of the glymphatic system in part, through
dysregulation of AQP4 (Iliff et al., 2014; Rasmussen et al., 2018).
In fact, in a rodent model of TBI, disruption of perivascular
polarization of AQP4 from astrocyte end feet to the soma
promoted tau pathology (Xu et al., 2017; Zhao et al., 2017).
Widespread reactive astrogliosis was observed 7 days after TBI in
multiple brain regions, and impaired AQP4 polarity correlated
with regions of pTau accumulation and reactive astrogliosis
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(Zhao et al., 2017). In this context, a significant increase in A2aR
expression was detected 1 day, 3 days, 7 days, and 4 weeks post-
TBI (Zhao et al., 2017). This is important because A2aR activates
the adenylate cycle to generate cAMP that may contribute to
AQP4 mislocalization (Borroto-Escuela et al., 2018). A2aR
knockout alleviated the disruption of AQP4 polarity, pTau
accumulation and neuronal damage post-injury (Zhao et al.,
2017). However, the mechanism(s) of how A2aR/cAMP mediate
AQP4 mislocalization is not clear and further studies are
warranted in this direction.

A recent study showed increased expression of A2aR in the
hippocampus of AD patients compared to aged-matched controls
(Orr et al., 2015).Moreover, in an AD-model, mice expressing the
human amyloid precursor protein (hAPP), increased expression
of A2aR was observed in astrocytes (Orr et al., 2015). However,
A2aR receptor ablation enhanced memory in older hAPP
mice even when there was a significant abundance of amyloid
plaques. In studies of mouse models of TBI, localization of
AQP4 to the cell soma and was accompanied by increased
accumulation of Tau in this region. However, 1 month post-
TBI, pTau accumulated in the brain parenchyma with continued
deterioration of AQP4 polarity (Zhao et al., 2017). In these
studies, increased levels of A2aR was accompanied by the
mislocalization of AQP4 (Zhao et al., 2017) and possibly
increased accumulation of aberrant proteins in TBI. These
data were supported by further data showing that inactivation
of A2aR prevented TBI induced AQP4 mislocalization and
pTau accumulation.

Although no literature exists that investigate expression
of A2aR in PWH, there are numerous overlapping
neuropathological hallmarks between HIV and age-related
neurodegenerative diseases that may involve A2aR. For example,
progressive accumulation of aberrant proteins such as pTau, Aβ

and α-synuclein are accompanied by damage to selective neural
circuits, neuroinflammation, gliosis and vascular alterations are
common in both HIV and AD (Mackiewicz et al., 2019). In fact,
theHIV protein Tat thatmay be released from infected astrocytes,
even during effective anti-retroviral therapy, is believed to be
a major factor in promoting pTau and Aβ formation and
accumulation (Hategan et al., 2019). Taken together, even
though limited, current evidence indicates that changes in AQP4
localization on astrocytes and decreased waste clearance may
involve increased A2aR activity. Potential contributions of HIV
infection of the CNS to APQ4 mislocalization in astrocytes,
astrocyte phenotype and impaired waste clearance and clearly
need to be explored. In this context, it is important to understand
interactions among HIV, astrocytes and other cells in the brain.

ASTROCYTES AND HIV

HIV-infected monocytes/macrophages or CD4+ T-cells can
cross the BBB and release virions or viral proteins that may
negatively impact other cells types in the brain (Valcour et al.,
2011). Perivascular macrophages and microglia are the primary
cell types in the CNS that are infected by HIV-1 and support
productive viral replication (Rojas-Celis et al., 2019). Neurons

and oligodendrocytes are not believed to be infected by HIV-1.
HIV infection of the CNS occurs early after infection and
macrophages and microglia are responsible in large part for
productive infection within the CNS. HIV has been shown to
infect astrocytes to a lesser degree, and productive infection and
release of infectious virions by astrocytes has not been observed
consistently (Brack-Werner et al., 1992; Conant et al., 1994;
Brack-Werner, 1999; Canki et al., 2001; Olivier et al., 2018).
Astrocytes are not infected with HIV through classical gp120
and CD4 binding, but possibly through cell-to cell contact or
receptor mediated endocytosis (Chauhan et al., 2014; Do et al.,
2014; Luo and He, 2015; Russell et al., 2017), allowing for
reverse transcription and incorporation of viral DNA into the
host genome (Narasipura et al., 2012). Taken together, most data
support that astrocytes can be infected by HIV, release high
levels of inflammatory factors and produce several viral proteins
including Tat, Nef, and Rev, which promote inflammation and
damage to surrounding cells (Ferrell and Giunta, 2014; Hong
and Banks, 2015). In fact, recent studies propose that astrocytes
infected with HIV in addition to releasing viral proteins, may also
release infectious virions that can infect T-cells in the brain that
can then be trafficked to the periphery (Lutgen et al., 2020).

ASTROCYTE PHENOTYPE AND
GLYMPHATICS

Astrocytes make up about 30% of the cells in the CNS (Churchill
et al., 2015) and in health, play vital roles in many homeostatic
mechanisms to maintain proper CNS functioning and to provide
trophic support of neurons (Sun et al., 2019). Thus, it stands
to reason that during HIV infection of the CNS, the proper
functioning of astrocytes whether infected by the virus as
described above, or activated by chronic neuroinflammation
would be impacted. Rationale for this prediction is supported
by studies from other neurodegenerative diseases with chronic
inflammation and reactive glial cell populations. Upon stressful
stimuli, astrocytes become activated from a quiescent state,
become reactive and undergo structural and functional changes
(Ferrer, 2017; Hinkle et al., 2019). In this context, astrocytes
can be classified into numerous subtypes based on morphology,
activation state and anatomical location. For the purpose of this
review, we will consider two reactive subtypes, A1 and A2 that are
induced by inflammation or ischemia, respectively (Zamanian
et al., 2012; Liddelow et al., 2017; Joshi et al., 2019; Figure 3).
The A1 subtype has increased complement 3 (Liddelow et al.,
2017; Cohen and Torres, 2019), a neuroinflammatory profile,
and releases NFκB-related inflammatory cytokines including
TNF-α and IL-1β. Transcriptome analyses of reactive astrocytes
show that A1 neuroinflammatory reactive astrocytes upregulate
many genes that are destructive to synapses (Shijo et al., 2019).
A1 astrocytes are more common in CNS HIV infection and
neurodegenerative disease including AD (Cohen and Torres,
2019) and are specifically associated with neurotoxicity. For
example, studies demonstrate that amyloid plaques and pTau in
the brains of AD patients are surrounded by A1 astrocytes (Li
et al., 2011).
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FIGURE 3 | Astrocyte subtypes. Astrocytes can be classified into numerous subtypes based on morphology, active state and anatomical location. Astrocytes are

stimulated to become reactive by challenges such as inflammation or ischemia. The A1 subtype is induced by inflammation, is generally considered neurotoxic and

produces inflammatory cytokines and pro-apoptotic factors. On the other hand, the A2 subtype is induced by ischemic conditions, such as stroke and releases

neurotrophic factors and is considered to be neuroprotective.

The A2 subtype on the other hand, is induced by ischemic
event. Ischemia-induced A2 reactive astrocytes upregulate many
neurotrophic factors that promote survival and growth of
neurons. The A2 subtype is associated with a neurotrophic
profile with increased levels of BDNF, FGF2 and VEGF to
promote CNS repair and regeneration (Gao et al., 2005; Zador
et al., 2009; Hayakawa et al., 2014). A2 astrocytes also produce
thrombospondins that aid in synapse repair (Chan et al., 2019).

Since A1 and A2 phenotypes may impact glymphatic function
differently, consideration should be given to neurodegenerative
events that are accompanied by increased accumulation of
aberrant proteins or waste products that are characterized by one
phenotype or the other. For example, the A1 phenotype is most
commonly observed in HIV, AD, PD, epilepsy, and TBI, all of
which include increased accumulation of aberrant proteins or
waste products, as well as chronic inflammation (Liddelow and
Barres, 2017; Clark et al., 2019; Matias et al., 2019). Interestingly,
normal aging as well as age-related neurodegeneration are
accompanied by the increased presence of A1 astrocytes (Clarke
et al., 2018). Given that AQP4 is reported to be mislocalized in
the A1 phenotype, it may be surmised that this could lead to
glymphatic dysregulation. On the other hand, the A2 phenotype
is generally reported to be protective, however recent studies
report that brain and BBB ischemia, and reperfusion can promote
changes in Tau that include both increased and decreased
phosphorylation (Pluta et al., 2018a,b). Given that astrocytic
phenotype has been described as existing in a heterogeneous
continuum of mixed populations, more research is needed to
determine how glymphatic function in the context of a specific
clinical setting is impacted.

As discussed in previous sections of the review, some
astrocytes are infected by HIV and can produce and release

several viral proteins such as Tat, Nef, and Rev due to integrated
virus, thereby inducing an A1 phenotype and production of
inflammatory factors that damage surrounding cells (Hinkle
et al., 2019; Shijo et al., 2019). Thus, the A1 astrocyte phenotype
likely contributes in part to the development HAND (Ances and
Clifford, 2008).

HIV-ASSOCIATED NEUROCOGNITIVE
DISORDER (HAND)

With the development of cART, PWH typically have normal
life spans (Bandera et al., 2019). While cART has dramatically
increased the life expectancy of PWH, it has also brought
attention to an array of neurocognitive issues, collectively
known as HAND. HAND has been described as a spectrum
disorder that is typically diagnosed by neurocognitive testing
to assess attention, information processing, language, executive
functioning, sensory-perceptual skills, simple motor skills,
complex perceptual-motor skills and memory (Olivier et al.,
2018; Robinson-Papp et al., 2019; Saloner et al., 2019). In earlier
efforts, the National Institute of Mental Health and National
Institute of Neurological Diseases and Stroke charged a working
group to assess HAND criteria and develop an updated consensus
for the definition (Antinori et al., 2007). According to this criteria
in what is commonly called the “Frascati criteria,” the following
three conditions are recognized: asymptomatic neurocognitive
impairment (ANI), mild neurocognitive disorder (MND), and
HIV-associated dementia (HAD) (Antinori et al., 2007). ANI
is currently the most prevalent manifestation of HAND in the
developing world (Métral et al., 2020) and can be difficult
for clinicians to diagnose as the deterioration of cognitive
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FIGURE 4 | Impaired glymphatic system. After injury or during CNS diseases with a neuroinflammatory component such as HIV infection, the glymphatic system

functions less efficiently. This may be due in part to increased inflammatory factors or to the production of viral proteins by HIV infected cells. In this scenario,

mislocalization of AQP4 from astrocyte end feet to the cell body and/or reduced expression of AQP4 may lead to accumulation of toxic waste products such as

hyperphosphorylated Tau.

functioning is undetectable by some assessments. Importantly,
research indicates that ANI is clinically important because these
individuals are at risk for transitioning to the more severe
forms of HAND (Ciccarelli, 2019). Participants of the CNS
HIV Antiretroviral Therapy Effects Research (CHARTER) study
who had ANI at baseline were two to six times more likely to
develop symptomatic HAND during several years of follow-up
than those who had no impairment at baseline (Olivier et al.,
2018; Ciccarelli, 2019). MND is similar to that of ANI also may
causes difficulty for diagnosis (Haddow et al., 2013). Like ANI,
MND may also be difficult diagnose in PWH when they are one
standard deviation below mean in two cognitive domains based
from the Frascati Criteria. HAD is the most severe of the form
of HAND and according tot he Frascati Criteria is diagnosed in
PWH when they are two standard deviations below the mean in
at least two cognitive domains (Olivier et al., 2018; Cysique and
Brew, 2019; Matchanova et al., 2019). Despite the evolution of
defining and diagnosing HAND over the past several decades,
debate over screening tools and management plans continue
(Winston and Spudich, 2020). In fact, numerous contributing
factors to cognitive impairment in PWH must be considered
and include, nearly normal life spans with advanced age, age-
related co-morbidities, effects of initial infection on the CNS,
lifestyle, medications other than cART, cART-induced toxicities,
and chronic neuroinflammation (Winston and Spudich, 2020),
all of which my impact astrocyte reactivity and waste clearance
from the brain.

ALTERED WASTE CLEARANCE AND
ABNORMAL AGING IN HAND

The prevalence of PWH over 50 years of age is increasing rapidly
each year, and is predicted to increase from 28 to 73% by 2030

(Yang et al., 2019). There is growing evidence that the prevalence
of comorbidities and other age-related conditions including
geriatric syndromes, functional or neurocognitive problems,
polypharmacy or social difficulties are higher in PWH than in
their uninfected counterparts (Guaraldi et al., 2019; Winston
and Spudich, 2020). Limited information is available regarding
the optimal clinical management of older PWH (Chen et al.,
2019; Guaraldi et al., 2019; Guo and Buch, 2019). Chronic
neuroinflammation has been associated with altered synaptic
connectivity and BBB function, and with neuronal injury
(Bandera et al., 2019; Guaraldi et al., 2019). In the CNS, age-
associated neuroinflammation is also linked with impaired waste
clearance (Cassol et al., 2014). In a larger metabolomic profiling
study comparing CSF from PWH on cART to CSF from age
matched HIV negative individuals, alterations in the HIV CSF
metabolome indicated persistent inflammation, glial reactivity,
and glutamate neurotoxicity (Cassol et al., 2014). Moreover,
abnormal aging in PWH impacts brain waste disposal systems
and likely contribute to mechanisms involved in HAND (Cassol
et al., 2014). Importantly, these alterations were not directly
associated with cART or with ongoing HIV replication in CSF
or plasma (Cassol et al., 2014). Although specific mechanisms
that could be directly associated with HAND were not identified,
it has been speculated that HIV-mediated disruption of AQP4
may contribute to altered glymphatic function (Xing et al.,
2017; Figure 4).

CERVICAL LYMPH NODES AS A
RESERVOIR FOR HIV

As described above, CSF and ISF exchange occurs in the peri-
venous space and ISF is then transported from the brain to
the cervical lymph nodes (Figure 2; Iliff et al., 2013). Cervical
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lymph nodes (CLNs) are a group of lymph nodes in the neck
region that are located adjacent to the cervical region of the
spinal cord near the sternocleidomastoid muscle (Dave et al.,
2018a). The glymphatic and meningeal systems function as a
waste removal pathway by connecting the CNS to the CLNs
(Benveniste et al., 2017). T cells and antigen-presenting cells
(APCs) that are present within the CNS drain via the lymphatic
path into the CLNs (Benveniste et al., 2017). CLNs contain
follicular dendritic cells (FDCs) which can retain antigens for
a prolonged duration allowing them to potentially act as a
reservoir for HIV (Sabri et al., 2016; Dave et al., 2018a). FDCs
are important for immune function as they allow for germinal
center formation, long term immune recovery (Dave et al.,
2018a,b) and may contribute significantly to immune system
response to the virus, the viral reservoir and escape. Importantly,
given the intimate connection between glymphatic drainage and
CLNs, the potential role of CLNs in glymphatic impairment
and HIV infection should be considered. In addition to well-
studied viral reservoirs including macrophages, microglia and
astrocytes (Churchill et al., 2015), virion-immune complexes
may become trapped within the interconnected processes of
FDCs, and may represent a significant reservoir for the virus
(Fletcher et al., 2014; Dave et al., 2018a). Studies also show that
infectious virus can be recovered from the FDCs PWH who
are cART experienced, indicating that FDCs (Ho et al., 2007;
Fletcher et al., 2014; Heesters et al., 2015). FDCs have been
also been shown to retain infectious virus inside endosomes
even in the presence of neutralizing antibodies (Heesters et al.,
2015). On the other hand, in several species of non-human
primates (NHP) infected with simian immunodeficiency virus
(SIV), progression to disease including chronic inflammation,
usually does not occur (Rey-Cuillé et al., 1998; Diop et al., 2000;
Goldstein et al., 2000; Broussard et al., 2001; Onanga et al., 2002).
Additionally, other studies have shown that FDCs do not serve
as reservoirs for SIV in NHP (Paiardini and Muller-Trutwin,
2013; Huot et al., 2016, 2018). NHP hosts control viral replication
in lymph nodes and resolve the inflammatory response despite
high viremia. Although no studies have investigated potential
glymphatic impairment in SIV-infected NHP, evidence for a
similar system has been reported whereby subarachnoid stroke
resulted in impaired CSF flux into periarterial regions (Goulay
et al., 2017). Given the striking differences between SIV-infected
NHP and HIV infection of humans in viral reservoirs, viral
and inflammation control in the context of CLN response,
studies aimed at AQP4 and astrocytic involvement in SIV
are warranted.

AQUAPORIN 4 AND NEUROHIV

Few studies have investigated changes in AQP4 and HIV CNS
infection. In one study, expression levels of AQP4 in brain
homogenates from the mid frontal gyrus of HAD patients and
to a lesser extent HIV patients without HAD, were significantly
increased (St Hillaire et al., 2005). Immunolabeling of brain tissue
indicated patchy AQP4 in perivascular regions as well as in
morphologically characterized reactive astrocytes not necessarily
associated with brain vasculature.

A single study in the SIV-infected macaque model using three
different viruses, SIVmac239, simian-human immunodeficiency
virus (SHIV)-RT and SIVsm543-3 assessed changes in levels
and patterns of AQP4 in the frontal cortex (Xing et al.,
2017). In uninfected control brains, AQP4 was diffusely and
evenly expressed in subpial and perivascular areas of the
cortex, suggesting expression on astrocytic cell bodies as well as
processes. On the other hand, in the brains of infected animals,
AQP4 labeling was largely limited to astrocyte-like cells with loss
of even distribution. Areas showing loss of AQP4 labeling showed
intense GFAP labeling with intracellular dense glial fibrils and
increased pro-apoptotic caspase-3 expression (Xing et al., 2017).
Thus, these findings support the concept that viral infection
does in fact alter patterns and levels of AQP4 in the brain
(Xing et al., 2017). Importantly, patterns of AQP4 in SIV brains
were reminiscent of those observed in HIV patients’ brains (St
Hillaire et al., 2005; Xing et al., 2017). Studies by Aoki-Yoshino
et al report that HIV encephalitis and HAD are not the only
neuroinflammatory diseases with altered AQP4 expression and
report changes in progressive multifocal leukoencephalopathy
and multiple sclerosis (Aoki-Yoshino et al., 2005).

SUMMARY

As mentioned previously, the brain was initially thought to
be devoid of typical lymphatic system, but in the past few
years, studies have indicated that there is a system whereby
CSF and ISF interchange to clear waste products, solutes and
maintain homeostatic conditions within the brain parenchyma.
The glymphatic system has been shown to clear aberrant proteins
including pTau, Aβ and other macromolecules that tend to
increase and accumulate in neurodegenerative diseases. Proper
functioning of the glymphatic system is therefore particularly
important in age-related CNS diseases including AD and HAND,
both of which are characterized by glial cell activation, chronic
inflammation and accumulation of toxic waste products. It is
also important in recovery from TBI, whereby secondary injury
cascades lead to accumulation of pTau, chronic inflammation,
reactive gliosis in addition to structural damage. Astrocyte
expression of the water channel AQP4 is intimately involved
in normal glymphatic clearance and its function is impaired in
AD, TBI and HIV infection of the brain. The proper localization
of AQP4 in end foot processes of astrocytes is essential to
its function (Figure 2), and in neurodegenerative diseases with
chronic inflammation, increased ROS and glial cell reactivity,
AQP4 becomes localized to the cell body (Figure 4).

Thus far, most studies of glymphatic impairment and
AQP4 mislocalization have been conducted in AD and
TBI patients or animal models. Given the neuropathological
similarities among AD, TBI and HIV infection of the CNS,
investigations into the potential impact of viral latency
and reactivation in the brain are particularly timely. For
example, AQP4 mislocalization on astrocytes and decreased
waste clearance may involve increased A2aR-mediated cAMP
generation, especially since blocking A2aR activity preserved
AQP4 localization to astrocyte end feet accompanied by
decreased pTau accumulation.
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Among the important considerations in proposing that
HIV infection of the brain may be impacted by glymphatic
disruption are the changing status and spectrum of HAND
within a person with HIV during their lifetime. In this context,
astrocyte reactivity, phenotype and neuroinflammatory status
can fluctuate. Another critical aspect of potential glymphatic
involvement in HIV infection is the role played by CLNs in
human infection compared to SIV infected NHP. Given that LN
FDCs may serve as a reservoir in human infection with limited
immune control, and peri-venous collection of ISF drainage
into CLNs that may have lost their normal architecture and be
harboring virus, another level of complexity exists within studies
aimed at understanding if and how HIV impacts glymphatic and
lymphatic functioning.

Approaches aimed at improving AQP4 functioning in the
brains of PWH may include modulating activation levels of
A2aR and assessing flux of fluid through the brain parenchyma.
Studies to investigate molecular changes and neurobiological
consequences of regulating A2aR are necessary both in vitro and
in vivo. Positron emission tomography (PET) imaging studies
have shown reduced clearance of CSF in AD patients and in

patients with normal pressure hydrocephalus (De Leon et al.,
2017; Ringstad et al., 2017, 2018). In this context, early detection
of changes in clearance using PET imaging may be possible.
Consideration must also be given to interactions among the
dural lymphatic network, CLN and glymphatic clearance can
be linked. Only after increased understanding of disease-specific
alterations in these pathways can potential new therapeutic
directions be realized.
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