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Abstract

Purging HIV-1 to cure the infection in patients undergoing suppressive antiretroviral therapy 

requires targeting all possible viral reservoirs. Other than the memory CD4+ T cells, several other 

HIV-1 reservoirs have been identified. HIV-1 infection in the brain as a reservoir is well 

documented, but not fully characterized. There, microglia, perivascular macrophages, and 

astrocytes can be infected by HIV-1. HIV-1 infection in astrocytes has been described as a 

nonproductive and primarily a latent infection. Using primary human astrocytes, we investigated 

latent HIV-1 infection and tested phorbol 12-myristate 13-acetate (PMA), a protein kinase C 

agonist, as an HIV-1-latency- reversing agent in infected astrocytes. Chloroquine (CQ) was used 

to facilitate initial HIV-1 escape from endosomes in astrocytes. CQ significantly increased HIV-1 

infection. But treatment with PMA or viral Tat protein was similar to untreated HIV-1-infected 

astrocytes. Long-term follow-up of VSV-envelope-pseudotyped HIV-1 infected astrocytes showed 

persistent infection for 110 days, indicating the active state of the virus.
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1. Introduction

Human immunodeficiency virus -1 (HIV-1) infects the central nervous system and, in a 

significant number of patients, causes neuroinflammation, immune activation, and 

neurodegeneration, leading to HIV-associated neurocognitive disorders [1-3]. Astrocytes, 

the most abundant neuro-glial cells in the brain, are involved in brain plasticity and 

neuroprotection, and thus maintain homeostasis. Astrocytes are also important in HIV-1-

mediated neuropathology, serving as inflammatory cells in response to viral and 

inflammatory products [4, 5]. The persistence of HIV-1, either as latent or active 
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(productive) infection in patients in whom HIV is suppressed by combination antiretroviral 

therapy (cART) is currently the biggest hurdle in curing the viral infection. Currently, all 

efforts are focused on memory T-cells, which have been shown to harbor latent HIV-1 in 

cART-suppressed patients [6]. After interruption of suppressive cART, viral load rebounds 

in 2 weeks [7] and reseeding of the virus presumably is initiated by latently HIV-1-infected 

memory T-cells. HIV-1 reservoirs other than memory T-cells, including macrophages, 

microglia, astrocytes, and others, have been identified [8-10]. However, all treatment efforts 

aimed at curing HIV-1 infection have been mainly targeted against latently infected resting 

memory CD4+ lymphocytes. To cure HIV-1 infection, it is essential to consider all possible 

long-term HIV-1 reservoirs harboring either the latent or active form of the virus. Thus, we 

investigated astrocytes with regard to latent HIV-1 infection. Studies have shown that 

astrocytes, owing to the absence of a CD4 receptor, are infected limitedly by HIV-1 [11, 12]. 

A few studies have also reported that astrocytes are nonpermissive to HIV-1 infection [13, 

14]. Molecular investigations of HIV-1-infected brain tissues from post-mortem cases have 

demonstrated that viral DNA in 3% to 19% of astrocytes is an unproductive infection 

[15-23]. Recently, immunohistochemical study of brain sections from individuals with HIV-

associated neurocognitive disorders found that productive HIV-1 infection was undetectable 

[24]. Some studies, however, have shown that HIV-1 infection in astrocytes is moderately 

productive [12, 25-28]. Recently, we demonstrated barely productive HIV-1 infection 

(0.025%) in primary human fetal astrocytes [12, 28].

Earlier studies reported that astrocytes are latently infected by HIV-1 in-vivo and in-vitro 

[20, 29-33]. Other studies have reported epigenetic regulation of latent HIV-1 infection in 

astrocytes, which is modulated through the Wnt/β-catenin/TCF-4 signaling pathway [33, 

34]. As yet, there is no other evidence from studies of the regulation of latent HIV-1 

infection in astrocytes. So far in most of the studies, a latent viral state was assumed on the 

basis of findings after measuring HIV-1 DNA with absence of viral RNA and protein in 

infected astrocytes. Another observation on latent infection was the presence of viral protein 

p24 in culture supernatants from TNF-α- or IL-1β-treated HIV-1-infected astrocytes. Our 

findings were similar to those of earlier studies in that we noted the same type (residual) of 

viral kinetics in vitro after treatment with agents that do not reactivate latent HIV-1 

infection. In our study and others [12, 14, 26], during the first 10 days of virus release from 

HIV-1-infected astrocytes, the virus released is actually a residual, not a replicated virus, 

although this was reported in earlier studies as latent virus infection.

In our earlier studies, barely detectable HIV-1 infection in primary human astrocytes was 

seen only by fluorescent microscopy but not by enzyme linked immunosorbent assay 

(ELISA) [12, 27]. Poor HIV-1 infection in astrocytes was equally observed with either cell-

free virus or in transinfection studies. We [12, 28] showed that this was because of the 

endocytic entry of the virus. Given presence of barely productive HIV-1 infection in 

astrocytes and the inability of ELISA, a viral detection assay, to detect authentic viral 

infection in culture supernatants, we used fluorescence microscopy to pinpoint sporadically 

infected cells. Moreover, evidence is lacking that intracellular viral p24 is expressed after 

reactivation of latent HIV-1 in astrocytes. Thus, it was important to investigate whether 

latent HIV-1 infection in astrocytes really occurs as the main unproductive, but inducible 
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(reactivation to productive viral state) event, which may have consequences with regard to 

HIV-eradication strategies.

2. Materials and Methods

2.1 Ethics Statement

Human fetal tissues at 10 to 12 weeks gestational age were obtained following written 

approval from adult female patients undergoing therapeutic abortion at the University of 

Washington, Seattle (IRB approval #11449) [5, 12]. The use of human fetal tissue was 

approved by the University of South Carolina (USCeRA#: HSA4636) and IRB (Institutional 

review board) exempt (45 CFR 46.102(d) [5, 12]. All cell-culture (primary human and cell 

lines), HIV-infection, and HIV-plasmid DNA studies were done according to University 

guidelines in a biocontainment facility approved by the Institutional Biosafety Committee of 

the University of South Carolina.

2.2 Primary human fetal brain and cell culture

Primary human fetal astrocytes (HFA) were cultured from human fetal tissues as described 

earlier [5]. HFA, SVGA, and 293T (HEK) cells were cultured. Human fetal brain specimens 

were obtained from the University of Washington, Seattle, where they were collected, 

following institutional guidelines, from fetuses at 8-12 weeks of gestational age. Briefly, the 

brain tissue was mechanically dissociated in Opti-MEM with 5% heat-inactivated fetal 

bovine serum (FBS) and antibiotic solution (penicillin G, 100 units/ml; streptomycin, 100 

μg/ml; and amphotericin B, 25 μg/ml). The dissociated cells (without trypsin) were cultured 

in Dulbecco's modified Eagle medium (DMEM) with 10% FBS and antibiotics for at least 

one month before use. After 8 weeks in culture, HFA, after the 3rd or 4th passage, were used 

in experiments requiring a minimally non-dividing population of astrocytes and no minor 

contaminants (neurons and microglia). In some experiments, HFA cultures were further 

treated with 5 mM l-leucine methyl ester (Sigma) for 8 h to remove any contaminating 

microglia as described earlier [12]. The purity of cultures was verified using glial fibrillary- 

acidic-protein (GFAP), (microtubule-associated protein 2) MAP-2, and cluster of 

differentiation 68 markers; no microglia were found, but a few neurons were always 

observed. To reduce the chance of mycoplasma contamination in these cultures derived from 

aborted human fetuses, plasmocin, an antimycroplasma agent (Invitrogen, CA), was used 

during the initial culture passages. Cultures that tested negative for mycoplasma species on 

polymerase chain reaction were used.

SVGA (human astrocytic cells sub clone of SVG cells, a gift from Dr. Eugene Major, 

National Institutes of Health, NIH) [35] were maintained in DMEM supplemented with 2 

mM L-glutamine, 10% FBS, and antibiotic solution. 293T cells used for viral packaging 

were grown in RPMI-1640 supplemented with 10% FBS and 10% human serum as 

described earlier [5].

2.3 Viral constructs, plasmids and transfection

The green fluorescent reporter HIV-1 infectious molecular clone NLENY1 was created by 

inserting the yellow fluorescent protein (YFP) gene between the viral envelope and nef 
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genes without impairing the viral open-reading frames (Fig. 1A), as reported earlier [36]. 

NL4-3 infectious DNA clone was obtained from NIH. HIV-1 Tat, Rev, and DEAD (Asp-

Glu-Ala-Asp) box helicase 3 (DDX3) were cloned into pCDNA-3 vector as described earlier 

[37, 38].

SVGA-VSVNL and 293T cells were transfected with HIV-1 infectious molecular clones or 

other plasmids expressing Tat, Rev, or DDX3, using Lipofectamine 2000 (Invitrogen). The 

transfection efficiency was ~80%. The plasmid concentrations used were from 0.5 to 17 μg, 

depending on the culture plates used.

2.4 Generation of persistently HIV-1 infected astrocytes

SVGA cells were infected with VSV-pseudotyped NLENY1 virus [12]. The persistently 

infected green fluorescent (GFP) cells (SVGA-VSVNL) were sorted by fluorescent-

activated cell sorting (FACS) at the School of Public Health, Johns Hopkins University. 

Stable clones were obtained over 4 months by a multi-step cloning process that took 

advantage of GFP as a marker. After expansion in culture, the FACS-sorted cells were 

subcloned into bright or weak fluorescent and non-fluorescent clones. Weak green 

fluorescent cells were used in HIV-1 reactivation experiments.

2.5 Reverse genetics and VSV-G pseudotyping

HIV-1 NL4-3 and NLENY1 were packaged in 293T cells either as wild-type or pseudotyped 

with VSV-G envelope. All plasmids were prepared endotoxin-free, using a maxiprep kit 

(Qiagen). Viral packaging was done with 17 μg of each HIV-1 infectious DNA clone alone 

or with 3-4 μg of VSV-G plasmid DNA, using Lipofecamine-2000 (Invitrogen) as described 

earlier [12]. After 16 h of transfection, cells in 100-mm dishes were washed twice with fresh 

medium and incubated in RPMI 1640 containing 10% FBS and 1% each streptomycin, 

penicillin, and amphotericin B (Invitrogen). The culture supernatants were harvested 72-80 h 

after transfection, centrifuged at 1,200 rpm for 15 min, and filtered through a 0.20 μm filter. 

The filtrate, after the addition of MgCl2 (4 mM), was digested with 10-50 units of RNase-

free DNase (Invitrogen) per 1 μg of plasmid DNA for 30 min at 37°C, then aliquoted and 

stored at −80°C. The viral stocks were quantified for p24 antigen by ELISA (ZeptoMetrix). 

An NL4-3 viral inoculum of 1.0 μg/mL and VSV-NLENY1 of 100 ng/mL of p24 was used 

to infect HFA and SVGA.

2.6. Virus infection and immunofluorescence

These studies used 50,000-75,000 HFA per well, seeded in 6-well tissue-culture plates. 

NL-4-3, NLENY1, and VSV-pseudotyped HIV-1 viral stocks were prepared by transfection 

of 293T cells. NL4-3 virus at 0.1-1 μg/mL and VSV-NLENY1 at 10-100 ng/mL p24 

concentrations were used for infection of HFA. About 800 μl of the working viral stock was 

added to 60%-70% confluent 6-well culture plates and kept for 2 h at 37°C with gentle 

mixing every 20 min. After 2 h of incubation, the inoculum was washed two times with 

DMEM and complete medium was added. Some cultures were treated with 10 μM 

chloroquine (CQ) for 12 h. The next day, cultures were washed two times and replenished 

with complete medium. The cultures were maintained for 10 days, then treated with PMA (1 

nM).
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Viral capsid protein 24 (p24) expression in HIV-1 infected astrocytes was detected by 

immunofluorescence [28], using HIV-1 p24 Gag monoclonal antibody (cat # 6458, NIH). 

On day 12 after HIV-1 infection, infected HFA were fixed in 2% paraformaldehyde in PBS 

(pH 7.2) for 15 min, then permeabilized with 0.2% Triton-X-100 (PBS) for 11 min. 

Blocking was then done with 2% bovine serum albumin in PBS for 1 h at 25°C. The treated 

cells were overlaid with primary antibodies at an optimum working dilution of GFAP 1:200 

and p24 1:300 in a moist chamber at 4°C overnight. After washing four times with PBS (10 

min each at 37°C), the secondary antibodies (Molecular probes) labeled with Alexa 488 and 

568 (1:400 dilutions) were added to the specimens for 35 min at 25°C in the dark. 

Subsequently, the specimens were washed four times with phosphate buffer saline (PBS), 

stained with Hoechst dye (PBS) for 10 min during the last wash, rinsed with PBS, and kept 

in 2.0 mL PBS. The specimens were visualized using an ultraviolet microscope (Nikon). 

Images were captured with a digital camera (Nikon). The immunostained cells were counted 

for p24 positive cells in ten random fields under low power field in duplicate sets. Means 

were plotted and p values calculated using t test.

2.7. Virus release assay (p24)

Astrocytes seeded at 60%-70% confluency in culture dishes or on six-well culture plates 

were infected or transiently transfected using Lipofectamine 2000 (Invitrogen) as described 

[12]. At various time points, the culture fluids were monitored for viral capsid p24. 

Quantitative viral p24 titration was done by ELISA (ZeptoMetrix). Data were expressed as 

mean ± standard error of mean (SEM). Multiple infection and transfection experiments (n ≥ 

5) were done.

2.8. Statistics

Results are represented as mean ± SEM for each bar set plotted using Sigma plot v12.0 with 

the associated p-values for each treatment group compared to its control. Statistical analysis 

was done using Origin 6.1 software. Significance between two groups was calculated using 

the two-tailed Student's t-test. p < 0.05 was considered significant.

3. Results and Discussion

In our earlier study we established that T- and M-tropic HIV-1 viruses were equally 

restricted at the viral entry level, leading to minimal infection in astrocytes [12]. To 

investigate latent HIV-1 infection in astrocytes, two T-tropic viruses, NL4-3 and NLENY1 

were used (Fig. 1A). NLENY1 is a recombinant NL4-3 that expresses yellow fluorescent 

protein (YFP) reporter (Fig. 1A). NLENY1 virus faithfully expresses YFP in unison with 

viral proteins [36, 39]. Given that authentic HIV-1 infection in astrocytes was undetectable 

by ELISA in our earlier studies [12, 27], in this study we used a fluorescence approach, 

either immunostaining the viral p24 protein or direct YFP reporter fluorescence (NLENY1) 

in infected cells. The use of ELISA on HIV-1-infected culture supernatants from barely 

HIV-1(wild type)-infected astrocytes was not useful, given that primary human astrocytes 

adsorb the virus and release it for several days without its being actually replicated (pseudo-

viral activity). ELISA cannot differentiate such slight virus infection. Further, flow 

cytometry was a limitation because wild type HIV-1 infection was minimal as well as 
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occurrence of autofluorescence in astrocytes. Primary human fetal astrocytes (HFA) cultured 

in 6-well plates were infected with NL4-3 virus (0.1-1.0 μg/mL p24) for 2 h in the absence 

or presence of chloroquine (QC), PMA, or CQ plus PMA for 16-18 h. T-tropic virus was 

chosen because we found no viral tropism in astrocytes, given that T- and M-tropic viruses 

infect astrocytes equally [12, 27]. After virus infection in astrocytes, as in our earlier studies, 

wild-type HIV-1 or recombinant virus infection was minimum, as demonstrated by p24 

immunostaining or YFP fluorescence in GFAP-positive astrocytes (Fig.1B).

Earlier, we reported that natural HIV-1 infection at the viral entry step is blocked equally to 

T- and M-tropic HIV-1. Irrespective of viral tropism, we also found that minimum HIV-1 

infection occurred by pH- dependent endocytosis [12, 27]. In this study, however, as in our 

earlier ones, treatment with CQ profoundly increased HIV-1 infection in astrocytes 

compared to that in untreated infected astrocytes (Fig. 2). As reported, increase in HIV-1 

infection in CQ-treated astrocytes was several folds higher, but did not exceed 0.5% [12]. 

Thus, it is possible that HIV-1 infects the majority of astrocytes unproductively, but that this 

infection could be in a latent state. To investigate others’ [19-21, 23] claims that the majority 

of HIV-1 infection in astrocytes is latent, we treated virus-infected astrocytes with potent 

latency reversing agent (LRA), PMA. PMA is a protein kinase C (PKC) agonist which 

reactivates the latent HIV infection [39, 40]. Because, in our earlier studies, several LRAs 

such as TNF-α, TSA, IL-1β, and other cytokines, failed to reactivate HIV-1 infection in 

astrocytes [12]. Thus, in the current study, PMA was used at 40-fold higher concentrations 

(1 nM) than our previously used concentrations on latently infected Jurkat and monocytic 

cells [39]. HFAs were infected with NL4-3 virus in six-well culture plates in duplicate sets, 

then treated with PMA or PMA plus CQ. CQ treatment was always done 6-8 h after 

infection for 12-14 h. PMA treatment was done on day 10 after viral infection because by 

this time residual viral activity has been washed out [12, 14]. Also, this was enough time for 

the HIV-1, if any occurred in astrocytes, to have undergone a latent state. At 48 h after PMA 

treatment (i.e., 12 days after infection), HFA were immunostained for p24 and GFAP; nuclei 

were stained with Hoechst dye. The stained cultures were examined under a UV microscope 

and counted. PMA at 40-fold less concentration on latently HIV-1-infected monocytic cells 

reactivated 100 percent of the cells as reported previously [39].

As shown above, HIV-1 infection alone was barely detectable, but was bolstered severalfold 

by CQ (Fig. 2). PMA treatment alone was not significantly different from untreated HIV-1-

infected astrocytes. Co-treatment with PMA and CQ showed a few more virus-infected 

astrocytes than did CQ treatment alone (Fig. 2), but was not statistically significant (p ≤ 0.2) 

(Fig. 2B). Significant differences in viral infection were seen in CQ or CQ-plus-PMA-

treated HIV-1-infected astrocytes from untreated HIV-1-infected or PMA-treated HIV-1-

infected astrocytes (p ≤ 0.002) (Fig. 2B). Also, PMA at lower concentrations (0.025 nM) 

robustly reactivated control latently HIV-1-infected monocytic cells THP-p89 (Fig. 2C). It 

is clear from these observations that HIV-1 infection in astrocytes is not in a latent state, 

inducible to productive viral state (expression of viral p24 protein). In our earlier studies, we 

showed that productive HIV-1 infection in astrocytes occurs from integrated viral DNA and 

persists for several months [12, 27].
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Two early HIV-1 regulatory proteins, Tat and Rev, which are produced upon multiple 

splicing from full-length viral transcripts, are indispensable for temporal regulation of the 

viral life cycle. Assuming that Tat and Rev proteins are naturally under expressed in HIV-1-

infected astrocytes, the failure of PMA to reverse this latent viral infection could be one 

reason for latent infection in astrocytes. Rev, which has been the center of focus with respect 

to restricted HIV-1 infection in astrocytes [41-43], was investigated for its 

posttranscriptional activity. Further, [37] have elegantly demonstrated the critical role of a 

host RNA helicase DDX3 in Rev function and HIV-1 replication, but so far no evidence in 

astrocytes. Since, in our earlier study, DDX3 was barely detectable in astrocytes [28], the 

role of DDX3 in latent HIV-1 infection was also investigated. Also in our earlier study, 

treatment of persistently HIV-1-infected astrocytes with TSA, TNF-α, or IL-1β did not show 

any activity of long terminal repeat (viral promoter) and p24 above basal levels [12]. These 

persistently HIV-1 infected astrocytes (SVGA) were established after infection with VSV-

pseudotyped NLENY1 and, after several weeks in culture, clonally selected for having the 

lowest green fluorescence (Fig. 3A) [12]. The HIV-1-infected SVGA cell model was chosen 

because it has the highest transfection efficiency compared to primary human astrocytes 

[35], and yields conclusive data. Thus, to explore whether under expression of Tat, Rev, or 

DDX3 has a role in latent HIV-1 infection in astrocytes, we ectopically expressed these 

proteins in persistently HIV-1-infected astrocytes (SVGA-VSVNLY1). Viral p24 protein 

levels in culture supernatants after 72 h of transfection of Tat, Rev, or DDX3 in SVGA-

VSVNLY1 were quantified by ELISA. Ectopic expression of Tat, Rev, or DDX3 in SVGA-

VSVNLY1 showed extracellular viral p24 levels similar to those of control vector or non-

transfected cells (p<0.2) (Fig. 3B).

The presence of viral DNA ([20] but absence of viral RNA and p24 protein [24] in 

astrocytes in HIV-1-infected patients’ post-mortem brain tissues has been suggested as latent 

viral infection, but the significance of these findings is unknown. Thus, to investigate further 

the latent HIV-1 infection in primary astrocytes, a robust infection model of VSV-

pseudotyped HIV-1 infected astrocytes was used (Fig. 4A). HFA cultures in T-25 flasks 

were infected with VSV-envelope-pseudotyped NLENY1 (VSV-NLEY1), then examined 

every 10 days by fluorescence microscopy (live). On follow-up of live NLENY1 infection, 

persistently HIV-1 infected astrocytes (green) were seen for several months (110 days) (Fig. 
4B). In our previous studies, VSV-pseudotyped NLENY1 infected HFA cultures at 80 days 

of infection, after treatment with TNF-α showed non inducible but persistently productive 

virus infection [12], suggesting the occurrence of a non-latent state of the virus. Even 

ectopic expression of Tat in persistently HIV-1-infected astrocytes did not show p24 above 

basal levels in the culture supernatants [12]. It can be still argued that HIV infection in 

astrocytes is restricted due to untranslated products of unspliced or partially spliced HIV 

mRNA transcripts. However, in the current study robust VSV-pseudotyped HIV-1 infection 

of astrocytes has ruled out the above possibility corroborating the previous observations [12, 

44]. Also, transfection of full length HIV infectious DNA clones lead to robust expression of 

viral products from unspliced, partially spliced, and multiply spliced mRNA transcripts, 

suggesting that viral infection is restricted at the viral entry [15, 50].
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The current study demonstrated that there is no evidence of latent HIV-1 infection 

(reactivation to viral p24 protein expression), corroborating our earlier observations [12, 28]. 

However, keeping in mind the data obtained from HIV-infected brain tissues of patients, 

viral DNA was present in astrocytes without any evidence of viral replication. However, this 

situation may occur naturally as reported in a study on CD4 T-lymphocytes from HIV-1-

infected patients undergoing suppressive antiviral treatment. In this study, integrated viral 

DNA was shown to be not reactivatable [40]. Thus, one caveat from the current study is that 

scantily HIV-1-infected astrocytes may serve as a stable reservoir that could hamper viral 

purging to cure the infection. Also, in contrast to earlier reports, the current study found no 

major latent state (reactivation to viral p24 protein expression) of HIV-1 infection in 

astrocytes. The use of CQ clearly showed that after endocytosis-mediated viral entry, virus 

is blocked in endosomes, while PMA treatment had no significant effect on HIV-1 infection 

in astrocytes, suggesting that the virus has a least chance of existing in the latent state 

(reactivation to viral p24 protein expression). In our earlier study, authentic viral infection 

was obtained by p24 immunostaining, but not free virus (p24) in culture supernatants, 

because infection was too small and occurrence of erroneous results with viral p24 ELISA. 

The inability of the viral detection technique (ELISA) to differentiate between true and 

residual infection in barely HIV-1-infected astrocytes came to light when p24 was measured 

serially in parallel with live fluorescent microscopy [12].

Even though long-term studies on HIV-1-infected astrocytes are lacking, virus infection has 

been shown to enter into a latent state that is amenable to reactivation [29-33]. In one study 

[30], HIV-1 latent infection in astrocytes was inducible, although active virus was 

recoverable only after co-culture with lymphocytes. Given the limited HIV-1 infection in 

astrocytes, the above scenario could be possible. A recent study has shown latent viral 

infection in the brain tissue of HIV-infected patients [21]. Immunocytochemical 

examination of these tissues showed elevated levels of B-cell lymphoma (Bcl) IIB, a factor 

for regulating HIV-1 silencing in microglia and astrocytes. In this study, latent infection was 

identified according to the criteria of the presence of viral DNA but the absence of viral 

RNA and p24 protein [21]. Although it was indicated that microglia and astrocytes had 

latent HIV-1 infection, the lack of precise evidence gave rise to a need for further 

investigation. In an in-vitro study, Bcl IIB protein was identified as a factor in silencing 

HIV-1 and was reported to regulate HIV-1 latency in U1 and microglia [45]. However, this 

study lacked data on true viral latency. Thus, even if Bcl IIB regulates HIV silencing in 

microglia [46], there is no evidence regarding its role, if any, in latent viral infection of 

astrocytes. In the current study, the PKC agonist PMA demonstrated a slight increase in 

HIV-1 infection that could have been caused by reactivation of latent HIV-1. However, PKC 

also has a role in endocytosis-mediated entry of non-enveloped [47] and enveloped viruses 

[48]. This small increase in HIV-1 infected cells by PMA could have been produced by 

increased endocytosis-mediated entry. In any case, the increase was not as impressive as that 

reported with CQ.

Given that it is the nature of productive HIV-1 to revert to a latent state in permissive cells 

(lymphocytes), it is possible that astrocytes may harbor similarly quiescent virus. The 

limited division of adult astrocytes in the brain is another reason to believe that HIV-1 

infection may undergo a latent state in this cell type and points toward under expression of 
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host factors required for viral replication. Several host factors, such as underexpression of 

DDX3 and TAR RNA binding protein (TRBP) and high basal levels of antiviral protein 

kinase R in astrocytes [28] could contribute to this latent state. In our previous study, low 

levels of DDX3 and TRBP did not affect HIV-1 replication in astrocytes except upon 

complete depletion of DDX3. Ectopic overexpression of DDX3 and TRBP and ablation of 

protein kinase R by RNAi did not provide any advantage to HIV-1 replication in astrocytes 

[12]. Intriguingly, in the current study, we found persistently productive HIV-1 infection in 

astrocytes (Fig. 4), as we did in our previous studies throughout the 110-160-days of follow-

up with no response to LRA [12, 28]. Other studies, using wild type HIV-1 [49] or VSV-

pseudotyped HIV-1 viruses [44, 50], have also found persistent productive infection in 

human astrocytes. Overall, given the current in-vitro evidence and the result of earlier 

investigations, there is no evidence of massive latent HIV-1 infection (reactivation to viral 

p24 protein expression) in astrocytes. However, to validate the invitro data, in-vivo 

investigations on simian immunodeficiency virus (SIV) nonhuman primate model using 

LRA intracisternally will provide clear picture of latent viral infection in astrocytes. Given 

that HIV-1 reservoirs other than resting memory CD4+ T-cells have been identified but not 

fully characterized, merely reversing HIV-1 latency in memory T-cells shall not cure HIV-1 

infection. In particular, long-lived HIV-1-infected cells producing low amounts of virus will 

create the biggest impediment to curing HIV-1 infection. The scanty, elusive reservoir of 

HIV-1-infected astrocytes would hamper viral purging strategies. Thus, it is of the utmost 

importance that we identify and characterize HIV-1 reservoirs in particular CD4-negative 

cells as low-productive viral reservoirs in patients undergoing suppressive cART and 

implement a multi-pronged approach instead of targeting only latent T-cell reservoirs.
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Figure 1. 
HIV-1 infection in primary human fetal astrocytes (HFA). (A) Diagram showing wild type 

T-tropic HIV-1 NL4-3 and recombinant YFP-expressing NL4-3 (NLENY1). (B) HFA 

seeded in 6-well culture plates were infected the next day with NL4-3 (0.1-1.0 μg/mL p24) 

or NLENY1 (0.1-1 μg/mL p24) for 2 h and washed two times with medium. After 16-18 h, 

HIV-1-infected cultures were washed and incubation was continued.HFA were then 

immunostained for viral capsid p24 protein and astrocytic marker GFAP. NLENY1-infected 
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HFA were immunostained for GFAP. Controls were mock-infected HFA. Immunostaining 

was observed under a UV fluorescent microscope and photographed.
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Figure 2. 
Treatment of HIV-1-infected HFA with chloroquine (CQ) or PMA. (A) HFA seeded in 6-

well culture plates were infected the next day with NL4-3; 6 h later, they were treated with 

CQ for 16 h. PMA treatment was done after 10 days of HIV-1 infection. After 12 days of 

infection, HFA were immunostained for p24 and GFAP; nuclei were stained with Hoechst 

dye. (B) p24 positive astrocytes were counted in 10 random fields in duplicate sets. Mean 

positive cells were plotted and analyzed by t-test. (C) PMA (0.025 nM) and DMSO were 

used as positive and negative controls on latently HIV-1-infected monocytic cells expressing 
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GFP. Latently THP-p89 cells were cultured in RPMI 1640 medium for 24 h and next day 

treated with either PMA or DMSO for 16 h and images were captured after 24 h.
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Figure 3. 
Induction of persistently HIV-1 infected astrocytic cells. (A) SVGA were infected with 

VSV-NLENY1 and, after three weaks, were selected for GFP-postive cells by flow 

cytometry. (B) Persistently SVGA-NLENY1 cells were transfected with Tat, Rev, DDX3 or 

control vector. After 48 h of transfection, culture supernantants were collected and analyzed 

for p24 using quantitative ELISA. Mean p24 values were plotted and analyzed by t-test (p ≤ 

0.9).
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Figure 4. 
Peristent infection in HFA. HFA seeded in 6-well culture plates or T-25 flasks were infected 

with VSV-NL4-3 or NLENY1. After 48 h of infection, HFA were immunostained for viral 

p24 protein and GFAP. Infected cultures in T-25 flasks were observed every 10 days for 110 

days under UV fluorescent microscope and photographed by digital camera.
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