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Perspective

Eradication of human
immunodeficiency virus-1 reservoir
in the brain microglia

Yuyang Tang, Guochun Jiang*

Human immunodeficiency virus-1 (HIV)
reservoirs in the human brain: Antiretroviral
therapy (ART) effectively decreases active HIV
replication to undetectable levels. Therefore, it
greatly improves the quality of life for people
living with HIV (PLWH). However, except for a few
exceptional cases after stem-cell transplantation
from CCR5A32 mutation donors, such as in
Berlin and London patients, there is no cure for
HIV, due to the latent HIV reservoirs harbored in
the long-lived HIV permissive cells. HIV quickly
rebounds upon the disruption of ART, causing
the life-long burden of ART for PLWH in order
to control viral replication. Similar to peripheral
blood, HIV establishes reservoirs in the brain very
early in infection (Putatunda et al., 2019), which
is associated with HIV-associated neurocognitive
disorders despite ART in PLWH, potentially caused
directly by residual HIV replication or indirectly
by neuroinflammation. Animal model studies
suggest that brain myeloid cells (BMCs) are
latently infected and contribute to viral reservoirs
in the central nervous system (CNS) (Honeycutt
et al., 2016; Avalos et al., 2017). To achieve a cure
for HIV, latently infected replication-competent
HIV hosted in both periphery and CNS must be
targeted by viral eradication strategies.

It remains to be determined which cell types serve
as stable and replication-competent HIV reservoirs
in the brain. HIV DNA or RNA was detectable in
BMCs, astrocytes, pericytes, neural stem cells,
oligodendrocytes, and CD4" T cells (Honeycutt
et al., 2016; Bertrand et al., 2019; Putatunda et
al., 2019). As one of the major immune cells,
the long-lived and self-renewable resident
microglia act as the first line of defense against
viral infection in the brain (Ajami et al., 2007).
BMCs, especially microglia, express CCR5 and
low levels of CD4 (Gumbs et al., 2022), which can
be infected by HIV for productive HIV infection,
allowing persistent HIV infection and serving
as bona fide HIV reservoirs in the CNS. Blood-
borne monocyte-derived macrophages (MDMs)
constitute 5-10% of total BMCs (Ginhoux et al.,
2010). MDM s originate from perivascular regions
and are terminally differentiated and frequently
replenished by hematopoietic progenitors.
However, with a short lifespan (~ a few months)
and a lack of self-renewal potential, it is unclear
whether MDMs can support long-lasting HIV
infection in the brain, a prerequisite feature for
any HIV reservoir. While astrocytes were infected
by HIV to support HIV egress from the CNS to the
periphery in an astrocyte-implanted mouse model
(Lutgen et al., 2020), it remains to be determined
whether astrocytes can be directly infected by HIV
to serve as a replication-competent HIV reservoir
in the brain. Most recently, blood-brain barrier
pericytes were reported as a unique source of
HIV infection and possibly established HIV latency
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in the brain (Bertrand et al., 2019). It remains to
be defined whether pericytes are long-lived with
self-renewal potential to serve as another source
of viral reservoirs in the human brain. Together,
BMCs, especially microglia, are one of the major
HIV reservoirs in the brain. HIV curative strategies
to target the microglia reservoir would permit ART-
free remission and prevent neuronal dysfunction,
neuroinflammation, and HIV-associated
neurocognitive disorder progression in the CNS.
For example, it has been shown that microglia
activation and HIV-associated neuronal damage
are linked to HIV-associated neurocognitive
disorders in PLWH (Putatunda et al., 2019).
Therefore, the development of tools to specifically
target HIV in microglia is the first step to achieving
HIV cure in the CNS.

Brain HIV cure: “Shock and kill” has been
proposed as one of the major strategies for the
cure of HIV. It originated from the idea that:
1) Latent HIV does not efficiently express HIV
components or its viral particles via blocks of HIV
transcription and/or translation, hiding it from
the compromised immune surveillance in PLWH.
2) If latent HIV can be disrupted to express itself
by latency reversal, i.e. proteins, RNA, or viral
particles, HIV reservoirs could be eradicated
following killing strategies, including enhanced
immune responses, neutralizing antibodies, or
direct killing. However, it has been shown that
HIV components may induce neuronal injury or
other side effects in the CNS (Proust et al., 2020).
Therefore, alternative tools are being developed to
avoid this caveat without latency reversal, among
which is gene editing to directly knock out the HIV
genome for a cure for HIV (Yin et al., 2017).

While initially it was developed in the model of
HIV latently infected CD4" T cells, recent studies
have shown that the HIV genome can be disrupted
by CRISPR/Cas gene editing in the brain in vivo
although its efficiency and specificity are unclear
(Yin et al., 2017). Two aspects of technologies have
to be improved for gene editing as a therapeutic
approach in the CNS: 1) Efficient delivery of the
gene-editing system into the brain and 2) Specific
target of the gene-editing system into the reservoir
cells harboring HIV proviruses. Fortunately,
state-of-the-art technologies have been applied
to discover unique genes that are exclusively
expressed in the CNS subset cells. One of such
genes is HexB, which is uniquely expressed in the
brain microglia but not MDMs or other neural cells
(Masuda et al., 2020), even under pathological
conditions (Masuda et al., 2020). This property
makes HexB gene promoter an excellent candidate
for microglia-specific targeting for the therapeutic
of CNS injury. We recently characterized a small-
sized version of HexB (134 bp) gene promoter
(Shah et al., 2022), which drives its target gene
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expression largely in microglia but not astrocytes.
Interestingly, a 135 bp version of CD68 gene
promoter was also identified in this study, which
similarly induces gene expression in microglia over
astrocytes (Shah et al., 2022). These small-sized
microglia-specific promoters are the candidate
elements ideal for the packaging capacity and
transduction efficiency of adeno-associated virus
(AAV), which is one of the best viral delivery
systems for human gene therapy. Future work will
also determine whether or not it has transcription
activity in non-microglia cell types in the brain in
vivo.

As mentioned above, it is essential to have a tool
to efficiently deliver gene editor into the human
brain so that HIV proviruses in the microglia can
be targeted in vivo. One way is to develop an
microglia-tropic AAV serotype that can effectively
cross the blood-brain barrier to facilitate the
delivery of gene editor into cellular HIV reservoirs
in the brain (Rosario et al., 2016). Investigation
is underway to discover such an AAV serotype
with the currently available AAV serotypes.
Combination of microglia-tropic AAV with an
effective promoter to selectively express the gene
editor in the brain microglia may further improve
microglia specificity to reduce the side effects
during gene editing. Lastly, the obstacle of blood-
brain barrier penetration needs to be overcome
in order to design an AAV serotype to target
microglia, the major cellular reservoir of HIV in the
CNS (Honeycutt et al., 2016; Alvarez-Carbonell et
al., 2019).

The remaining hurdle for the brain HIV cure
study is the appropriate model of human
brain HIV reservoirs to test such a gene-
editing tool. HIV-infected humanized mice
and simian immunodeficiency virus-infected
rhesus macaques are able to resemble active
HIV infection, suppression of HIV replication by
ART and establishment of HIV latency in PLWH
(Honeycutt et al., 2016; Avalos et al., 2017).
However, both models are expensive and require
high standards for facilities to house the animals.
There are emerging cerebral organoid models,
a three-dimensional cell culture system that
recapitulates the development of human brain
suitable for HIV cure study. Nevertheless, most
of these organoid models lack microglia, where
exogenous microglia has to be incorporated
into such organoid models to develop into mini-
brains during organoid maturation. Most recently,
native microglia-containing organoid (MCO)
models were developed to allow productive HIV
infection via its co-receptor CCR5 (Bodnar et al.,
2021; Gumbs et al., 2022). However, it is unclear
whether HIV latency can be established, whether
microglia is the major cellular reservoir in the
CNS and whether a proper gene-editing strategy
can be developed in MCO. Currently, there is a
lack of appropriate in vitro cellular models of HIV
infection and latency in microglia. Microglia could
be directly isolated from fresh brain of PLWH.
Unfortunately, the resources are greatly limited as
isolation, culture, and maintenance of microglia
from brain tissues are tremendous challenges for
ex vivo studies. In collaboration with the “Last
Gift” cohort, we are establishing a protocol to
isolate highly pure BMCs from post-mortem brains
from PLWH receiving long-term ART. This novel
technology may provide us with a physiologically
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relevant platform, enabling us to closely study HIV
brain reservoirs.

Summary and future perspectives: We are at the
infant stage to characterize HIV reservoirs and
develop the cure strategies for HIV in the CNS
(Figure 1). It is uncertain whether HIV reservoirs
in the brain can be eradicated. Despite that,
studies of stable viral reservoirs in the CNS and
therapeutic tools developed to attack such a
reservoir will help us better understand viral CNS
infection, persistence, and neuroinflammation,
which may be useful for us to fight against other
CNS viral infections in the future.
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Figure 1 | Road map to CNS HIV cure by gene editing.
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Post-mortem brain tissues from ART-suppressed PLWH, SIV-infected NHPs and HIV-infected humanized mice (hu-
mice) are the appropriate models to study HIV reservoirs in vivo. HIV-infected MCO and primary MG are necessary to
complement the ex vivo and in vivo models to study MG reservoirs in vitro. These models can be utilized to study MG
targeted delivery and the design of gene editing strategies for the eradication of HIV reservoirs in the human brain

in vivo. CNS: Central nervous system; HIV: human immunodeficiency virus-1; MCO: MG-containing organoid; MG:
microglia; NHP: Non-human primate; PLWH: people living with HIV; SIV: simian immunodeficiency virus.
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