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Abstract

Background: Infection of astrocytes by Human Immunodeficiency Virus (HIV-1) remains a topic of debate, with conflicting data, yet
instances of astrocytes containing viral DNA have been observed in vivo. In this study, we aimed to elucidate potential routes through
which astrocytes could be infected and their ability to produce infectious particles using primary human astrocytes. Methods: We
infected primary astrocytes derived from either neuroprogenitor cells (NPCs) or induced pluripotent stem cells (iPSCs) that express both
C-X-C chemokine receptor type 4 (CXCR4) and the C-C chemokine receptor type 5 (CCR5) coreceptors, using either cell-free HIV-1
virus directly or cell-associated virus indirectly through infected macrophages and microglia. Results: Low-level infectivity by cell-free
viruses was primarily attributed to a defect in the entry process. Bypassing HIV-specific receptor-mediated entry using pseudotyped
viruses resulted in productive infection and the release of infectious particles. Conclusions: These findings suggest that astrocytes may
be one of the potential sources of neurotoxicity in HIV-associated neurocognitive disorders (HAND) and could possibly act as reservoirs
for HIV in the central nervous system (CNS).

Keywords: HIV-1 neuropathogenesis; astrocytes; virus replication; iPSCs-derived microglia; macrophages

1. Introduction
Human Immunodeficiency Virus (HIV-1) enters the

central nervous system (CNS) early in infection through in-
fected circulating monocytes, a process described by the
‘Trojan Horse’ model [1,2]. Once these monocytes cross
the blood-brain barrier, they differentiate into infected brain
macrophages [3]. Macrophages can then sustain produc-
tive HIV-1 infection potentially infecting and/or expos-
ing other glial cells and triggering neuroinflammatory re-
sponses [4,5]. HIV-induced neuroinflammation has been
identified as one of the primary causes of neurodegenera-
tion in HIV patients [6]. Astrocytes, the most abundant type
of glial cells in the brain, fulfill numerous supportive func-
tions in the CNS and play a critical role in maintaining the
blood-brain barrier [7,8]. Astrocytes, along with microglia,
have been implicated as potential targets or reservoirs of
HIV in the CNS, although this remains a topic of contro-
versy [9–12].

Microglia and macrophages have been identified as
the primary target cells for HIV-1 in the CNS in numerous
studies [9,13,14]. However, the potential for astrocytes to
be directly infected with HIV and whether they can produce
replication-competent virus remains unclear. Several stud-
ies have indicated that astrocytes likely lack the CD4 recep-
tor required for infection [4,15,16]. Nevertheless, in vivo
detection of viral genetic material in astrocytes has been re-
ported [10,17], suggesting that astrocytes may contribute to
the viral reservoir in the CNS.

One hypothesis proposes that astrocytes may in-
gest material from infected macrophages or microglia and
slowly release viral components over time, acting as a con-
tinuous source of viral material that does not rely on re-
verse transcription [18]. Another study suggested the pos-
sibility of HIV infecting astrocytes via a CD4-independent
pathway [16], while a third study described HIV trans-
mission from lymphocytes to astrocytes through a C-X-
C chemokine receptor type 4 (CXCR4)-dependent/CD4-
independent mechanism [19]. However, the question of
whether astrocytes can be infected with HIV has been con-
tested. Early findings suggested that astrocytes were im-
permeable to cell-free HIV and could not be infected with
either M- or T-tropic strains [15]. Other studies have failed
to detect viral genetic material in ex vivo analyses of astro-
cytes isolated from infected brain tissue [9] and have not
observed any membrane fusion interactions between astro-
cytes and virions [18].

In this study, we investigated the susceptibility of pri-
mary astrocytes derived from either neural progenitor cells
(NPCs) or induced pluripotent stem cells (iPSCs) to HIV-1
infection and their ability to produce infectious virus parti-
cles. Our findings demonstrate that both models of human
astrocytes are capable of supporting productive HIV-1 in-
fection, albeit at a very low level (<0.1% infection). This
restriction in infectivity could be overcome by complemen-
tation with the envelope glycoprotein of vesicular stomatitis
virus (VSV-G-Env). Moreover, virus particles produced by
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astrocytes in vitro were replication competent, effectively
infecting other target cells. Additionally, when astrocytes
were cultured with iPSC-derived infected microglia (iMG)
or macrophages (iMac), transfer of virus particles occurred,
suggesting potential mechanisms by which astrocytes could
be infected in vivo.

2. Methods
2.1 Differentiation of Astrocytes from Neural Progenitor
Cells (NPCs)

Primary human astrocytes were differentiated from
human neuroprogenitor cells (NPCs, ABC-TC372-1), pur-
chased from Accegen Biotech (Fairfield, NJ, USA) using
the protocol developed by Hammond et al., 2002 [20].
The NPCs were confirmed to express the neural stem-cell
marker Nestin and passed routine mycoplasma contami-
nation tests and the test results were negative. Briefly,
NPCs were plated on poly-D-lysine (PDL)-treated 6-well
plates with glass coverslips and cultured in 2 mL of 90%
KnockOut DMEM, 10% fetal calf serum (FCS), 0.1%
L-Glutamine, and 0.1% penicillin/streptomycin (Gibco,
Grand Island, NY, USA). Half of the media was replaced
every 48 hours. NPCs were allowed to differentiate for
four weeks until they exhibited a full astrocyte phenotype.
Aliquots of differentiating NPCs were characterized every
7 days. Confirmation of the astrocyte phenotype was per-
formed based on morphology and quantitative real time-
polymerase chain reaction (qRT-PCR) analysis of Glial Fib-
rillary Acidic Protein (GFAP) transcripts four weeks post-
differentiation and results are presented in Fig. 1A,B.

2.2 Differentiation and Culturing of iPSC Derived
Astrocytes (iASTRO), Macrophages (iMac) and Microglia
(iMG)

Healthy donor-derived human iPSC line (BYS0113,
ATCC, Manassas, VA, USA) was cultured on dishes coated
with hESC-qualified Matrigel in mTeSR medium (STEM-
CELL Technologies, Vancouver, Canada). Neural pro-
genitors were generated from iPSC cultures following the
protocol described by Jin et al. [21]. These neuro-
progenitors were then differentiated into astrocytes over
three weeks using the STEMDiff Astrocytes differentia-
tion kit (STEMCELL Technologies, Vancouver, Canada),
as per the manufacturer’s instructions. The differentiated
astrocytes were subsequently matured for an additional
three weeks using the STEMDiff Astrocytes maturation
kit (STEMCELL Technologies, Vancouver, Canada), also
following the manufacturer’s instructions. The matured
iPSC-derived astrocytes (iAstrocytes) were used for exper-
iments within 2–3 weeks post-maturation. For the gener-
ation of macrophages and microglia (myeloid) precursors
from the human iPSC line (ATCC, BYS0113), we utilized
the STEMDiff Hematopoietic differentiation kit (STEM-
CELL Technologies, Vancouver, Canada), following the
manufacturer’s instructions. Myeloid precursors were dif-

ferentiated into macrophages over a period of two weeks in
a medium composed of DMEM/F12 (Gibco, Grand Island,
NY, USA) supplemented with 2 mM GlutaMAX (Gibco,
Grand Island, NY, USA) and 100 ng/mL macrophage
colony-stimulating factor (M-CSF) (Peprotech, Cranbury,
NJ, USA), according to Haenseler et al. [22]. Similarly,
myeloid precursors were differentiated into microglia over
three weeks in a medium composed of DMEM/F12 sup-
plemented with 2 mM GlutaMAX (Gibco), 100 ng/mL
Interleukin-34 (IL-34) (Peprotech, Cranbury, NJ, USA),
and 10 ng/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Millipore, Burlington, MA, USA), as
previously established [22]. Once in maturation medium,
iPSC-derived cells lose their ability to proliferate and be-
come terminally differentiated. STR authentication and
karyotyping of the iPSC line were performed by ATCC
(Manassas, VA, USA). Cells were regularly tested for my-
coplasma contamination the test results were negative, indi-
cating that the cells were free of contamination. Cells were
used within 30 passages for this study.

2.3 Flow Cytometry

Flow cytometry was employed to characterize the
expression of surface markers on human primary astro-
cytes crucial for binding and fusion, including CD4, C-
C chemokine receptor type 5 (CCR5), and CXCR4. As-
trocytes were dissociated using TripLE (Gibco, Grand Is-
land, NY, USA) non-enzymatic dissociation reagent, trans-
ferred to clear flow tubes, and centrifuged at 1000 RPM
for 5 minutes. After aspirating TripLE, cells were in-
cubated with monoclonal wash solution (90% PBS, 10%
FCS, 0.1% sodium azide) containing CD4-FITC (Fluores-
cein isothiocyanate), CCR5-phycoerythrin (PE), and C-X-
C chemokine receptor type 4-allophycocyanin (CXCR4-
APC) antibodies. Following a 45-minute incubation at 4
°C, cells were washed and fixed with 4% paraformaldehyde
(PFA) (ThermoFisher Scientific, Waltham, MA, USA).
Stained cells were analyzed using a FACSymphony A5 SE
(BD Biosciences, Franklin Lakes, NJ, USA) with isotype-
stained cells serving as controls for analysis.

2.4 Immunocytochemistry

To confirm the differentiation of primary astrocytes
from NPCs, cells were stained for GFAP, an astrocyte-
specific marker. Astrocytes plated on coverslips were fixed
in 4% PFA for at least 15 minutes and permeabilized in
a buffer containing 90% PBS, 10% FCS, and 0.1% Tri-
ton X-100. Next, cells were incubated with 1:1000 di-
lution of chicken anti-GFAP primary antibody (Abcam,
Cambridge, UK) at 4 °C for 24 hours, followed by wash-
ing and staining with 1:500 dilution of the secondary an-
tibody, Goat anti-Chicken Cy5 (Jackson ImmunoResearch
Labs, West Grove, PA, USA). Slides were washed twice in
PBS, stained with 4′,6-diamidino-2-phenylindole (DAPI),
and mounted on coverslips using glycerol-based mounting
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Fig. 1. Generation and characterization of primary astrocytes. (A) Confocal images of NPCs and differentiated astrocytes expressing
the astrocytic marker GFAP (red) at day 1 (left) and day 28 (right). (B) Quantification of GFAP expression by NPCs and Astrocytes
through qRT-PCR. (C) Flow cytometry of Astrocytes stained for CD4-FITC and CXCR4-APC (right), versus isotype control (left).
(D) Flow cytometry of primary astrocytes stained for CCR5 and CXCR4 coreceptor (right), versus isotype control (left). Numbers
reflect percentage of cells in that quartile. N = 4, scale bar = 100 µm. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; GFAP,
Glial Fibrillary Acidic Protein; NPCs, neuroprogenitor cells; FITC, Fluorescein isothiocyanate; CCR5, C-C chemokine receptor type 5;
CXCR4, C-X-C chemokine receptor type 4; APC, allophycocyanin; qRT-PCR, quantitative real-time polymerase chain reaction.

media. Images were acquired using a Nikon A1-R confocal
microscope (Nikon, Tokyo, Japan), and maximum intensity
Z-projections were generated using ImageJ-FIJI software
(version 2.14.0, National Institutes of Health, Bethesda,
MD, USA). The images shown are representative of cul-
tures generated from three independent experiments.

2.5 Generation of HIV-1 Viruses

HEK-293T cells (CRL3216, ATCC, Manassas, VA,
USA) were transfected with 5 µg of HIV-1 viral plasmids
(pNL43 for X4-tropic, pNL43-YU2 Env or pNL43-BaL
Env for R5-tropic) using PolyJet transfection reagent (Sig-
naGen, Frederick, MD, USA) as described [23]. To iden-
tify productively infected cells, HIV-1 proviral plasmids
were constructed to express fluorescent reporters: enhanced
green fluorescent protein (EGFP) in plasmids pNL43 and
pNL43-YU2 Env-EGFP, or near-infrared fluorescent pro-
tein (iRFP) in plasmid pNL43-BaL Env-iRFP. Forty-eight
hours post-transfection, the supernatant was harvested, cen-
trifuged to remove cellular debris, filtered through a 0.2-
micron syringe filter (ThermoFisher Scientific, Waltham,
MA, USA), and stored at –80 °C. To enhance astrocyte

tropism, pseudotyped viruses were generated by cotrans-
fecting 1.50 µg of Vesicular Stomatitis Virus Glycopro-
tein (pVSV-G-Env) expression plasmid with the above-
mentioned proviral DNA [24]. Pseudotyped HIV parti-
cles interact with ubiquitous phosphatidylserine and low-
density lipoprotein receptors (LDLRs) on the target cell sur-
face, inducing endocytosis of the virion into the astrocyte
[25]. All viruses were titrated in U87MG CD4+ CCR5+
cells (ARP-4035, NIH-AIDS Reagents Program, German-
town, MD, USA) to determine the multiplicity of infection
(MOI). The cell species identification was carried out by
ATCC (Manassas, VA, USA) through Cytochrome oxidase
1 (CO1) gene barcoding. All cell lineages utilized in this
study were routinely tested for mycoplasma contamination
with all outcomes being negative.

2.6 Cell Free Infection of Primary Astrocytes

Four weeks post-differentiation, astrocytes were in-
fected with 0.1 or 1 MOI of virus. Eighteen hours post-
infection, cells were washed with PBS to remove unbound
virus andmaintained in astrocyte medium. Supernatant was
collected every 48 hours until 10–15 days post-infection,
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Table 1. List of primers and probes used in this study.
Target gene Description 5′-3′ Sequence

GFAP Assay ID Applied Biosystems TaqMan® Gene Expression Assays ID: Hs00909233_m1
RPLP0 Assay ID Applied Biosystems catalog number 4310879E

SS-Gag
Primer F TCTCTAGCAGTGGCGCCCGAACA
Primer R TCTCCTTCTAGCCTCCGCTAGTC
Probe CGGGAG TACTCACCAGTCGCCGCCCCTCGCC CTCCCG

MS-Gag
Primer F CTTAGGCATCTCCTATGGCAGGAA
Primer R TTCCTTCGGGCCTGTCGGGTCCC
Probe GGGCCTTCTCTATCAAAGCAACCCACCTCCAGGCCC

Abbreviations: GFAP, Glial Fibrillary Acidic Protein; RPLP0, ribosomal protein lateral stalk subunit P0; SS-Gag,
single-spliced Gag; MS-Gag, multiply spliced Gag.

and coverslips were collected for imaging. The remaining
cells were harvested for RNA extraction using the MirVana
kit (ThermoFisher Scientific, Waltham, MA, USA) follow-
ing the manufacturer’s recommendations. RNA concentra-
tion and purity were assessed using a NanoDrop 2000 spec-
trophotometer (ThermoFisher Scientific, Waltham, MA,
USA). cDNA was synthesized from 300 ng of total RNA
using a high-capacity cDNA reverse transcription kit (Ther-
moFisher Scientific, Waltham, MA, USA) in a total reac-
tion volume of 20 µL. qRT-PCR was performed using Taq-
Man Universal PCR master mix (ThermoFisher Scientific,
Waltham, MA, USA) and the appropriate TaqMan assays
or primers (refer to Table 1) with 2 µL of the cDNA reac-
tion mixture. PCR assays were conducted on an ABI ViiA 7
real-time PCR system (Applied Biosystems,Waltham,MA,
USA) with the following cycling conditions: initial activa-
tion of Taq DNA polymerase at 95 °C for 10 min, followed
by 40 cycles of denaturation at 95 °C for 15 s and anneal-
ing/extension at 60 °C for 1 min. Results were normalized
to the expression of the endogenous control Ribosomal Pro-
tein Lateral Stalk Subunit P0 (RPLP0).

2.7 Cell-Associated Infection of Astrocytes (iAstro)

To assess the role of cell-associated infection of hu-
man astrocytes, we co-cultured mature iAstro either with
HIV- infected iMac or iMG in a 1:1 ratio. Briefly, iMac
and iMG cultured in 6 well-plates were infected with HIV-
BaL-Env-iRFP MOI 1 for 18 hrs, washed and maintained
in medium for 10 days. Cells were then harvested, counted
and added to mature iAstro previously labeled with Calcein
and Hoechst (Thermo-Fisher Scientific, Waltham, MA,
USA) per manufacturer’s recommendation. Co-cultures
(1:1 ratio) weremaintained for an additional 7 days and cov-
erslips were harvested and fixed for at least 15 min in 4%
PFA, and permeabilized. Cells were incubated with 1: 1000
dilution of rabbit Iba-1 primary antibody (Fujifilm Wako
Chemicals, Richmond, VA, USA) at 4 °C for 24 hrs, fol-
lowed by washing and staining with secondary antibody,
Goat Ab to rabbit-Cy3 (Jackson ImmunoResearch Labs,
West Grove, PA, USA), in a 1:500 dilution of buffer. The
slides were washed twice in PBS and mounted on cover-

slips using glycerol-based mounting media. The remaining
cells in thewells were harvestedwith TripLE, washed, fixed
with 4% PFA and subjected to flow cytometry to quantitate
infectivity.

3. Results
3.1 Generation and Characterization of Primary
Astrocytes

Culturing and differentiation of NPCs into astrocytes
were characterized by morphological changes and the ex-
pression of GFAP, an astrocyte-specific marker, over a pe-
riod of four weeks (Fig. 1A,B). Subsequently, we assessed
the expression of the HIV receptor (CD4) and corecep-
tors (CCR5 and CXCR4) using flow cytometry and specific
markers. The results indicate a lack of CD4 and CCR5 ex-
pression, while more than 75% of cells express CXCR4,
compared to the isotype control (Fig. 1C,D). These find-
ings suggest that fully differentiated primary astrocytes do
not express the canonical HIV receptor CD4 or the CCR5
co-receptor on their cell surface. Instead, over 75% of the
cells express CXCR4, indicating that neurotropic viruses
(R5-tropic) likely enter these cells through alternative path-
ways.

3.2 HIV-1 Infection and Replication in Astrocytes
To evaluate the susceptibility of primary astrocytes to

HIV infection and their ability to produce infectious viri-
ons, we exposed these cells to both R5- and X4-tropic HIV
strains. Astrocytes were infected with HIV-1 YU2 EGFP
(CCR5-utilizing strain) and HIV-1 NL43 EGFP (CXCR4-
utilizing strain) reporter viruses with and without VSV-G-
Env complementation, as described in the methods. In-
fectivity was monitored by assessing EGFP expression in
cells using microscopy in conjunction with GFAP staining
(Fig. 2A,B). Results indicate very low levels of infection
(<0.1%) by both NL43 and YU2 strains with their native
Env protein. In contrast, VSV-G-Env complemented virus
infected astrocytes very efficiently (>80%) at an MOI of
0.1, suggesting a potential entry-level defect. Dual stain-
ing of GFAP confirmed that all cells in the culture were
mature astrocytes, with no contamination from NPCs or
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Fig. 2. Cell-free HIV-1 infection of primary astrocytes and viral replication. (A) Confocal images of primary astrocytes stained with
GFAP (red, Cy5) and Nucleus (DAPI, blue) upon exposure to HIV-1 NL43-EGFP, HIV-1 NL43-EGFP complemented with VSV-G-Env,
or no virus (mock). (B) Confocal images of primary astrocytes stained with GFAP (red, Cy5) and DAPI (blue) upon exposure to HIV-1
NL43(YU2)-EGFP, HIV-1 NL43(YU2)-EGFP (green) complemented with VSV-G-Env, or no virus (mock). (C) Quantification of Gag
transcript and multiply spliced transcripts in astrocytes exposed to HIV-1 at day 15, post-infection by qRT-PCR. (D) Assessment of
cumulative infectious particles released in the supernatant over the period of 15 days post-infection. N = 4, scale bar = 100 µm. White
arrows show HIV-infected astrocytes. Abbreviations: EGFP, enhanced green fluorescent protein; HIV-1, Human Immunodeficiency
Virus; YU2-VSV-G, YU2 strain pseutotyped with the envelope glycoprotein of vesicular stomatitis virus; MS, multiply spliced; VSV-
G-Env, envelope glycoprotein of vesicular stomatitis virus.

other cell types (Fig. 2A,B). Additionally, the synthesis of
early and late viral proteins, indicative of productive in-
fection, was assessed by measuring multiply spliced (MS)
variants of viral RNA via qRT-PCR (Fig. 2C). Our find-
ings confirm that primary human astrocytes can be infected
by different HIV-1 strains via mechanisms independent of
CD4 or other canonical chemokine receptors. Further-
more, cells infected with both wild-type and VSV-G-Env-
complemented viruses (YU2 and NL43) exhibited the syn-
thesis of both Gag and multiply spliced RNA transcripts,
demonstrating productive infection.

Next, we investigated whether the virus particles pro-
duced by infected astrocytes were infectious. Supernatants
collected at various time points post-infection were used
to infect HIV-permissive U87MG cells (Fig. 2D). U87MG
cells infected with different dilutions of virus generated by

astrocytes showed EGFP expression, indicating that astro-
cytes are capable of producing infectious virus particles up
to 15 days post-infection. These results collectively suggest
that once infected, astrocytes may serve as long-lived viral
reservoirs.

3.3 Cell-Associated Infection of Astrocytes

iPSCs are emerging as promising tools for develop-
ing more reliable in vitro models to study neuropathogen-
esis [24,25]. These cells can be cultured in chemically de-
fined media to generate various cell lineages resembling
those found in human brain tissue, including astrocytes
and microglia [26]. In this study, iPSC-derived astro-
cytes, referred to as iAstro, were infected with R5-tropic
HIV virus with and without the VSV-G-Env complemen-
tation. Specifically, iAstro were exposed to HIV-1 NL43
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BaL-near-iRFP reporter virus with andwithout VSV-G-Env
complementation. Infectivity was assessed by monitoring
iRFP expression in cells using microscopy in conjunction
with GFAP staining (Fig. 3A). These results confirm very
low levels of infection (<0.1%) by HIV-NL43 BaL-iRFP
with its native Env protein, whereas the VSV-G-Env com-
plemented virus infected the cells very efficiently (>90%)
at an MOI of 1 (Fig. 3A). HIV-1 entry into the brain primar-
ily involves infected monocytes, macrophages and/or mi-
croglia. To investigate the role of infected myeloid cells in
establishing infection in astrocytes within the CNS, we uti-
lized iPSC technology to generate iPSC-derived astrocytes
(iAstro) and autologous iPSC-derived macrophages (iMac)
or microglia (iMG). First, iMac and iMGwere infected with
HIV-1 NL43 Bal-iRFP virus, and infection was monitored
over 10 days. Post-infection, both cell types were fixed and
assessed for reporter gene expression as a measure of in-
fection. As shown in Fig. 3B, approximately 20% of iMac
and 10% of iMG were infected by HIV-1 NL43 Bal-iRFP.
Next, we co-cultured calcein-labeled iAstro with infected
iMac and iMG for up to 7 days to assess the ability of
infected macrophages/microglia to trans infect astrocytes.
Both macrophages andmicroglia closely interacted with as-
trocytes regardless of their infectious status (Fig. 3C). In
both cases, infection was restricted to a few cells. To quan-
tify this interaction, we lifted the cells from co-culture on
day 10 and performed flow cytometry, allowing for cell
sorting and quantification. After gating for cells, we identi-
fied the calcein-positive population (iAstro) and quantified
the percentage of events positive for iRFP (Fig. 3D,E). Our
analysis revealed that less than 2% of astrocytes interact-
ing with HIV-infected iMac were HIV-positive (Fig. 3D),
whereas less than 1% of astrocytes interacting with infected
iMG were HIV-positive (Fig. 3E). Together, these results
confirm that astrocytes, whether primary or iPSC-derived,
can be infected by cell-free or cell-associated HIV, albeit at
very low levels.

4. Discussion
The prevailing consensus is that astrocytes are gener-

ally resistant to HIV infection because they lack the requi-
site surface receptors necessary for virion fusion [18,19].
Our flow cytometry analyses confirmed that primary as-
trocytes exhibit negligible levels of CD4 or CCR5, with
significant expression of CXCR4. This supports previ-
ous evidence indicating that wild-type HIV cannot effec-
tively fusewith astrocyticmembranes through conventional
receptor-mediated pathways [16,18]. However, the obser-
vation of strong fluorescence in primary astrocytes and in-
duced astrocytes (iAstro) treated with VSV-G-Env virus
provides compelling evidence that the virus utilizes alter-
native membrane-mediated entry mechanisms to integrate
its genetic material into the host astrocytes. The observa-
tion of strong fluorescence in primary astrocytes and in-
duced astrocytes (iAstro) treated with VSV-G-Env virus

provides compelling evidence that the virus employs alter-
native membrane-mediated entry mechanisms to integrate
its genetic material into host astrocytes. Furthermore, since
the fluorescent reporter gene is expressed only upon vi-
ral DNA integration, the robust colocalization of enhanced
green fluorescent protein (eGFP) or near-iRFP with GFAP
decisively demonstrates that, once internalized, the virus
can utilize astrocytes to support viral transcription, leading
to the production of viral proteins and infectious particles.

Interestingly, we observed a low level of cell-free in-
fection of astrocytes with wild-type NL43, BaL-Env, and
YU2-Env viruses (<1% HIV-positive cells), in contrast to
VSV-G-Env complemented virus, where >80% of cells
were HIV-positive. This pattern was consistent across the
various astrocyte models tested. Previous study has simi-
larly reported low levels of infection in astrocytes treated
with wild-type HIV, both in vivo and in vitro [4], however,
recent studies suggest that astrocytes are generally resis-
tant to HIV infection. Russell et al. [18] utilized an HIV-
luciferase assay to assess HIV infection in primary human
astrocytes, observing no luciferin luminescence in cell pop-
ulations treated with X4 or R5 virus compared to untreated
controls. This suggests that while HIVmay interact with the
cell membrane, it does not successfully infect astrocytes.
This study also proposed that astrocytes may uptake free
virus particles or debris from infected cells, allowing viral
genetic material to bypass the cell membrane [18]. While
their study did not confirm direct infection via this mecha-
nism, it did demonstrate that astrocytes can internalize HIV
proteins and genetic material, potentially releasing infec-
tious particles into their surroundings. Although not exten-
sively studied, the possibility that astrocytes could become
infected through the uptake of virions or viral genetic ma-
terial still remains, offering a plausible explanation for the
infection observed in our study.

There has been speculation that HIV could potentially
infect astrocytes through a CD4-independent pathway that
is not well-defined. Schweighardt andAtwood [27] demon-
strated that immortalized astrocytes (SVG-A) could be in-
fected when exposed to wild-type X4 virus, albeit through
a significantly less efficient process compared to traditional
receptor-mediated fusion. They further showed that infec-
tion rates were markedly enhanced by artificially express-
ing CD4 and CXCR4 receptors on the membrane of SVG-A
cells, indicating that the presence of the traditional receptor
complex greatly facilitated infection [27]. Although cell-
free HIV-1 viruses lacking VSV-G Env infected less than
1% of astrocytes, as evidenced by fluorescent signals de-
tected via confocal microscopy and Fluorescence-activated
cell sorting (FACS), we cannot rule out the possibility that
additional viral particles were initially captured, internal-
ized, and later released, as observed in dendritic cells (DCs)
[28], This possibility warrants further investigation.

Furthermore, significant cytotoxicity was observed in
all virus-treated astrocytes. It has been suggested that in
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Fig. 3. Cell-associated infection of astrocytes. (A) Confocal images of iPSC-derived astrocytes (iAstro) stained with GFAP (red, Cy3)
and DAPI (blue) upon exposure to cell-free HIV-1 NL43(BaL)-iRFP, HIV-1 NL43(BaL)-iRFP (white) complemented with VSV-G-Env
at 1 MOI, or no virus (mock). (B) Representative images of iPSC-derived macrophages (iMac) and microglia (iMG) upon infection
with HIV-1 NL43(BaL)-iRFP (pink) at 1 MOI. (C) HIV-infected iMac and iMG were harvested 7 days post infection and co-cultured
with calcein-labeled iAstro (green) for additional 10 days. Representative confocal images depict HIV-infected (white) iMac and iMG
(Iba-1+, red) in close contact with iAstro (calcein+, green). Representative flow cytometry plot to identify calcein-positive iAstrocytes
in cell suspension from co-culture with (D) macrophages or (E) microglia. iAstrocytes population was gated (upper panel) and further
separated by iRFP expression to assess the percentage of iAstrocytes that were positive for HIV-infection (lower panel). Scale bar = 50
µm in (A,C), and scale bar = 150 µm in (B). Abbreviations: iPSC, induced pluripotent stem cells; MOI, multiplicity of infection; iRFP,
near-infrared fluorescent protein; SSC-H, side scatter pulse-height.

HIV-associated neurocognitive disorders (HAND) pathol-
ogy, the primary role of astrocytesmay not be their potential
to become infected, but rather their robust and prolonged in-
flammatory response when exposed to HIV [4]. This study
demonstrates that regardless of their susceptibility to infec-
tion, astrocytes have the capacity to induce neuropathology
through their reaction to the virus. Our findings indicate
that virus-treated astrocytes exhibit a phenotype consistent

with reactive astrogliosis, a typical astrocytic response to
CNS insults. Reactive astrogliosis is generally aimed at
limiting tissue damage; however, if this response persists
excessively, it can become maladaptive, promoting neu-
roinflammation and apoptosis [29]. The evidence suggest-
ing reactive astrogliosis in our study supports the hypothesis
that astrocytes can detect and respond to HIV in a manner
that potentially exacerbates cellular damage.
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Moreover, there has been limited research into the co-
culture of neurons, astrocytes, and microglia, and the po-
tential implications of their interactions in neuro-HIV. Lid-
delow et al. [30] demonstrated that activated microglia
could prompt astrocytes to adopt a neurotoxic phenotype
similar to the proinflammatory phenotype observed in ac-
tivated macrophages. Through co-culturing infected as-
trocytes with neurons and microglia, we aim to investi-
gate whether infected astrocytes might induce or contribute
to neuronal cytotoxicity, as suggested by previous stud-
ies [31–33]. Astrocytes play a multifaceted role in the
CNS, and their involvement in HAND and dementia re-
mains largely uncharted territory. Our forthcoming experi-
ments seek to shed light on the role of these enigmatic cells.

5. Conclusions
Collectively, our study findings support the hypothesis

that various astrocyte models can be infected with cell-free
HIV, albeit at significantly low levels, despite their lack-
ing appropriate surface receptors. Our experiments using
VSV-G-Env-pseudotyped HIV unequivocally demonstrate
that astrocytes can be infected when provided with a mech-
anism for the virus to penetrate the cell membrane. Further-
more, our results provide evidence that astrocytes may act
as a reservoir for HIV, either by retaining viral material for
subsequent release or potentially by becoming infected and
producing new virions themselves. Additionally, our imag-
ing data indicate that even at very low levels of infection,
HIV can induce astrogliosis.

Availability of Data and Materials
The datasets used and analyzed in the present study

are available upon request from the corresponding author.

Author Contributions
RSR and VA conceptualized and designed the exper-

iments. RSR, SS, and MCEW conducted the research, an-
alyzed and interpreted the data. RSR, SS, and VA drafted
the manuscript. All authors contributed to the editorial revi-
sions of themanuscript. All authors have read and approved
the final version of the manuscript. All author has suffi-
ciently contributed to the work and agrees to be accountable
for all aspects of the research.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
We thank the NIH HIV Reagent Program, Division of

AIDS, NIAID, NIH, Drs. HongKui Deng and Dan Littman
for providing experimental reagents. We acknowledge the
Center for Biological Imaging of the University of Pitts-
burgh for providing the instrumentation necessary for imag-
ing acquisition. During the revision of this work, the au-

thors used Grammarly AI tool in order to check spell and
grammar of all the text. After using this tool, the authors
reviewed and edited the Introduction and Discussion sec-
tions as needed and took full responsibility for the content
of the publication.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Resnick L, Berger JR, Shapshak P, Tourtellotte WW. Early pen-

etration of the blood-brain-barrier by HIV. Neurology. 1988; 38:
9–14.

[2] Hazleton JE, Berman JW, Eugenin EA. Novel mechanisms of
central nervous system damage in HIV infection. HIV/AIDS
(Auckland, N.Z.). 2010; 2: 39–49.

[3] Davis LE, Hjelle BL, Miller VE, Palmer DL, Llewellyn AL,
Merlin TL, et al. Early viral brain invasion in iatrogenic human
immunodeficiency virus infection. Neurology. 1992; 42: 1736–
1739.

[4] Li J, Bentsman G, Potash MJ, Volsky DJ. Human immunode-
ficiency virus type 1 efficiently binds to human fetal astrocytes
and induces neuroinflammatory responses independent of infec-
tion. BMC Neuroscience. 2007; 8: 31.

[5] Sreeram S, Ye F, Garcia-Mesa Y, Nguyen K, El Sayed A, Leskov
K, et al. The potential role of HIV-1 latency in promoting neu-
roinflammation and HIV-1-associated neurocognitive disorder.
Trends in Immunology. 2022; 43: 630–639.

[6] Tavasoli A, Gelman BB, Marra CM, Clifford DB, Iudicello JE,
Rubin LH, et al. Increasing Neuroinflammation Relates to In-
creasing Neurodegeneration in People with HIV. Viruses. 2023;
15: 1835.

[7] Semyanov A, Verkhratsky A. Astrocytic processes: from tripar-
tite synapses to the activemilieu. Trends inNeurosciences. 2021;
44: 781–792.

[8] Sofroniew MV, Vinters HV. Astrocytes: biology and pathology.
Acta Neuropathologica. 2010; 119: 7–35.

[9] Ko A, Kang G, Hattler JB, Galadima HI, Zhang J, Li Q, et
al. Macrophages but not Astrocytes Harbor HIV DNA in the
Brains of HIV-1-Infected Aviremic Individuals on Suppressive
Antiretroviral Therapy. Journal of Neuroimmune Pharmacol-
ogy: the Official Journal of the Society on NeuroImmune Phar-
macology. 2019; 14: 110–119.

[10] Churchill MJ, Wesselingh SL, Cowley D, Pardo CA, McArthur
JC, Brew BJ, et al. Extensive astrocyte infection is prominent in
human immunodeficiency virus-associated dementia. Annals of
Neurology. 2009; 66: 253–258.

[11] Wang T, Gong N, Liu J, Kadiu I, Kraft-Terry SD, Schlautman
JD, et al. HIV-1-infected astrocytes and themicroglial proteome.
Journal of Neuroimmune Pharmacology: the Official Journal of
the Society on NeuroImmune Pharmacology. 2008; 3: 173–186.

[12] Sabri F, Tresoldi E, Di Stefano M, Polo S, Monaco MC, Verani
A, et al. Nonproductive human immunodeficiency virus type 1
infection of human fetal astrocytes: independence fromCD4 and
major chemokine receptors. Virology. 1999; 264: 370–384.

[13] Tang Y, Chaillon A, Gianella S, Wong LM, Li D, Simermeyer
TL, et al. Brain microglia serve as a persistent HIV reservoir
despite durable antiretroviral therapy. The Journal of Clinical
Investigation. 2023; 133: e167417.

[14] Wallet C, De Rovere M, Van Assche J, Daouad F, De Wit S,

8

https://www.imrpress.com


Gautier V, et al. Microglial Cells: The Main HIV-1 Reservoir
in the Brain. Frontiers in Cellular and Infection Microbiology.
2019; 9: 362.

[15] Boutet A, Salim H, Taoufik Y, Lledo PM, Vincent JD, Delfraissy
JF, et al. Isolated human astrocytes are not susceptible to infec-
tion by M- and T-tropic HIV-1 strains despite functional expres-
sion of the chemokine receptors CCR5 and CXCR4. Glia. 2001;
34: 165–177.

[16] Liu Y, Liu H, Kim BO, Gattone VH, Li J, Nath A, et al.
CD4-independent infection of astrocytes by human immunod-
eficiency virus type 1: requirement for the human mannose re-
ceptor. Journal of Virology. 2004; 78: 4120–4133.

[17] Lutgen V, Narasipura SD, Barbian HJ, Richards M, Wallace J,
Razmpour R, et al. HIV infects astrocytes in vivo and egresses
from the brain to the periphery. PLoS Pathogens. 2020; 16:
e1008381.

[18] Russell RA, Chojnacki J, Jones DM, Johnson E, Do T, Eggeling
C, et al. Astrocytes Resist HIV-1 Fusion but Engulf Infected
Macrophage Material. Cell Reports. 2017; 18: 1473–1483.

[19] Li GH, Anderson C, Jaeger L, Do T, Major EO, Nath A. Cell-
to-cell contact facilitates HIV transmission from lymphocytes
to astrocytes via CXCR4. AIDS (London, England). 2015; 29:
755–766.

[20] Hammond RR, Iskander S, Achim CL, Hearn S, Nassif J, Wiley
CA. A reliable primary human CNS culture protocol for mor-
phological studies of dendritic and synaptic elements. Journal
of Neuroscience Methods. 2002; 118: 189–198.

[21] Jin M, Xu R, Wang L, Alam MM, Ma Z, Zhu S, et al.
Type-I-interferon signaling drives microglial dysfunction and
senescence in human iPSC models of Down syndrome and
Alzheimer’s disease. Cell Stem Cell. 2022; 29: 1135–1153.e8.

[22] Haenseler W, Sansom SN, Buchrieser J, Newey SE, Moore CS,
Nicholls FJ, et al. A Highly Efficient Human Pluripotent Stem
Cell Microglia Model Displays a Neuronal-Co-culture-Specific
Expression Profile and Inflammatory Response. Stem Cell Re-
ports. 2017; 8: 1727–1742.

[23] Guha D, Wagner MCE, Ayyavoo V. Human immunodeficiency

virus type 1 (HIV-1)-mediated neuroinflammation dysregulates
neurogranin and induces synaptodendritic injury. Journal of
Neuroinflammation. 2018; 15: 126.

[24] Bartz SR, Vodicka MA. Production of high-titer human immun-
odeficiency virus type 1 pseudotyped with vesicular stomatitis
virus glycoprotein. Methods (San Diego, Calif.). 1997; 12: 337–
342.

[25] Cronin J, Zhang XY, Reiser J. Altering the tropism of lentiviral
vectors through pseudotyping. Current Gene Therapy. 2005; 5:
387–398.

[26] Stöberl N, Maguire E, Salis E, Shaw B, Hall-Roberts H. Human
iPSC-derived glia models for the study of neuroinflammation.
Journal of Neuroinflammation. 2023; 20: 231.

[27] Schweighardt B, Atwood WJ. HIV type 1 infection of human
astrocytes is restricted by inefficient viral entry. AIDS Research
and Human Retroviruses. 2001; 17: 1133–1142.

[28] Kulkarni R, Prasad A. Exosomes Derived from HIV-1 Infected
DCs Mediate Viral trans-Infection via Fibronectin and Galectin-
3. Scientific Reports. 2017; 7: 14787.

[29] Pekny M, Pekna M. Astrocyte reactivity and reactive astroglio-
sis: costs and benefits. Physiological Reviews. 2014; 94: 1077–
1098.

[30] Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen
CJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced
by activated microglia. Nature. 2017; 541: 481–487.

[31] Chauhan A, Turchan J, Pocernich C, Bruce-Keller A, Roth S,
Butterfield DA, et al. Intracellular human immunodeficiency
virus Tat expression in astrocytes promotes astrocyte survival
but induces potent neurotoxicity at distant sites via axonal trans-
port. The Journal of Biological Chemistry. 2003; 278: 13512–
13519.

[32] Zhou BY, Liu Y, Kim BO, Xiao Y, He JJ. Astrocyte activation
and dysfunction and neuron death by HIV-1 Tat expression in as-
trocytes. Molecular and Cellular Neurosciences. 2004; 27: 296–
305.

[33] Wang T, Gong N, Liu J, Kadiu I, Kraft-Terry SD, Mosley RL, et
al. Proteomic modeling for HIV-1 infected microglia-astrocyte
crosstalk. PloS One. 2008; 3: e2507.

9

https://www.imrpress.com

	1. Introduction 
	2. Methods
	2.1 Differentiation of Astrocytes from Neural Progenitor Cells (NPCs)
	2.2 Differentiation and Culturing of iPSC Derived Astrocytes (iASTRO), Macrophages (iMac) and Microglia (iMG)
	2.3 Flow Cytometry
	2.4 Immunocytochemistry
	2.5 Generation of HIV-1 Viruses
	2.6 Cell Free Infection of Primary Astrocytes
	2.7 Cell-Associated Infection of Astrocytes (iAstro)

	3. Results
	3.1 Generation and Characterization of Primary Astrocytes
	3.2 HIV-1 Infection and Replication in Astrocytes
	3.3 Cell-Associated Infection of Astrocytes

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

