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Abstract

HIV-mediated neuropathogenesis is a multifaceted process involving several players, including
resident brain cells (neurons, astrocytes, and microglia) and infiltrating cells (peripheral blood
mononuclear cells (PBMCs)). We evaluated the dynamic interaction between astrocytes and
infiltrating PBMCs as it impacts HIV in the CNS. We demonstrate that human primary-derived
astrocytes (PDASs) predominantly secrete Wnt 1, 2b, 3, 5b, and 10b. Whnts are small secreted
glycoproteins that initiate either -catenin-dependent or independent signal transduction. The Wnt
pathway plays a vital role in the regulation of CNS activities including neurogenesis,
neurotransmitter release, synaptic plasticity, and memory consolidation. We show that HIV
infection of PDAs altered astrocyte Wnt profile by elevating Wnts 2b and 10b. Astrocyte
conditioned media (ACM) inhibited HIV replication in PBMCs by 50%. Removal of Wnts from
ACM abrogated its ability to suppress HIV replication in PBMCs. Inversely, PBMCs supernatant
activated PDAs, as demonstrated by a 10-fold increase in HLA-DR and a 5- fold increase in IFNy
expression, and enhanced astrocyte susceptibility to HIV by 2-fold, which was mediated by IFNy
in a Stat-3-dependent manner. Collectively, these data demonstrate a dynamic interaction between
astrocytes and PBMCs, whereby astrocyte-secreted Wnts exert an anti-HIV effect on infected
PBMCs and PBMCs, in turn, secrete IFNy that enhance astrocyte susceptibility to productive HIV
infection and mediate their activation.

Introduction

HIV invades the brain through a “Trojan Horse” whereby infected CD4+ T cells and
monocytes cross the blood brain barrier and disseminate HIV into the brain (Williams et al.,
2001; Peluso et al., 1985; von Herrath et al., 1995). Microglia/macrophages and astrocytes
are a major reservoir for HIV in the brain (Churchill et al., 2009; Churchill et al., 2006;
Overholser et al., 2003; Porwit et al., 1989). Astrocytes comprise 40-60% of cells in the
brain and are critical in maintaining brain homeostasis. They regulate neuronal development
(Stipursky et al., 2012), maintain blood brain barrier integrity (Abbott, 2013), metabolize
excess neurotoxic neurotransmitters, secrete neurotrophic factors, and contribute to immune
surveillance through secretion of cytokines and chemokines (Hamo et al., 2007; Carpentier
et al., 2005; Cornet et al., 2000; Becher et al., 2000; Heaton et al., 2010; Valcour et al .,
2012). We previously demonstrated that astrocytes express robust levels of f-catenin
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(Carroll-Anzinger and Al-Harthi, 2006; Kumar et al., 2008). -catenin is a central mediator
of the Wnt/B-catenin pathway, where it associates with members of T cell factor (TCF) or
lymphoid enhancer-binding factor (LEF) transcriptional factors and functions as a
transcriptional co-regulator of hundreds of genes. -catenin interaction with TCF-4 represses
HIV transcription in multiple cell types, including CD4+ T cells (Kumar et al., 2008;
Schenkel et al., 2010), monocyte/macrophages (Aljawai et al., 2014), and astrocytes (Li et
al., 2011; Henderson et al., 2012b; Narasipura et al., 2012).

Whnt ligands initiate the Wnt/B-catenin signaling cascade. The Wnt pathway is involved in
many cellular processes including development, proliferation, survival, regeneration, wound
healing and stress responses (Coombs et al., 2008; Angers and Moon, 2009; Polakis, 2007).
Whnts are a family of 19 small secreted glycoproteins that are evolutionarily conserved. They
bind to a seven transmembrane Frizzled receptor and co-receptor LRP5/6, culminating in
either a p-catenin-dependent (Canonical) or independent (Non-canonical: i.e. Planar Cell
Polarity or Ca2+/Calmodulin) signaling pathway. Historically, Wnts (1, 2, 2b, 3, 3a, 4, 5a,
5b, 6, 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b, 11, and 16) were categorized on the basis of whether
they induce f-catenin dependent or -catenin independent signaling; however, there is an
increasing recognition that this classification is no longer accurate. Wnts, depending on
interaction with frizzled receptors, can mediate either pathway. For example, Wnt5a,
classically, signals through the non-canonical/p-catenin independent pathway (Mikels and
Nusse, 2006). However, by binding to Frizzled 4 and LRP5 receptors, Wnt5a engages the
canonical/B-catenin-dependent pathway (Mikels and Nusse, 2006). These studies underscore
an emerging paradigm of Whnt signaling, whereby the context of Wnt receptors dictates
canonical vs. non-canonical Wnt pathways (Mikels and Nusse, 2006; van Amerongen et al.,
2012).

The brain is not an immune privileged site. PBMCs survey the CNS (Kleine and Benes,
2006). However, in the context of an infection or autoimmune disease, there is a higher level
of PBMC infiltration and activation in the CNS that can have a detrimental effect on the
brain. In the context of HIV, both CD4 and CD8 T cells home to the brain (Petito et al .,
2006; Petito et al., 2003; Sadagopal et al., 2008a; Sadagopal et al., 2008b; Marcondes et al.,
2007; Marcondes et al., 2003), but their dynamic interaction with resident brain cells is not
well defined. We evaluated the interaction between astrocytes and PBMCs as it impacts HIV
infection and astrocyte activation. We show that primary human derived astrocytes (PDAS)
have a distinct Wnt profile, which is altered by HIV infection. Wnts secreted from PDAs
inhibited HIV infection in PBMCs while soluble factor(s) from PBMCs induced IFNy
production, expression of MHCII, and enhanced HIV infection of astrocytes. These findings
demonstrate that Wnts function as secreted anti-HIV factors that could regulate extent of
HIV load in the CNS and highlight a feedback loop between astrocytes and brain infiltrating
PBMCs that impacts extent of HIV dissemination in the brain and astrocyte activation.
These interactions are likely to contribute to overall heightened inflammatory responses in
the CNS driving HIVV-mediated neuropathology.
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Materials and Methods

Ethics Statement

Research involving human subjects was conducted in accordance with institutional (IRB-
L06080703) and U.S. government guidelines on human research.

Human Progenitor-Derived Astrocytes (PDAS)

PDAs, provided by Dr. Eugene O. Major (National Institute of Neurological Disorders and
Stroke, Bethesda, MD) were generated from neural progenitor cells, as previously described
(Lamba et al., 2009). Briefly, progenitors were seeded on poly-D-lysine-coated (PDL) T 75
tissue culture flasks at 2 x 106 cells/flask and maintained in progenitor medium consisting of
neurobasal media (Life Technologies Invitrogen, Carlsbad, CA) supplemented with 0.5%
bovine albumin (Sigma, St. Louis, MO), neurosurvival factor (Lonza BioWhittaker,
Walkersville, MD), N2 components (Life Technologies Invitrogen, Carlsbad, CA), 25ng/ml
fibroblast growth factor, 20ng/ml epidermal growth factor (R&D Systems, Minneapolis,
MN), 50ug/ml gentamycin (Lonza BioWhittaker, Walkersville, MD) and 2mM L-glutamine
(Life Technologies Invitrogen, Carlsbad, CA). To induce differentiation, progenitor medium
was replaced with PDA medium containing DMEM (Life Technologies Invitrogen,
Carlsbad, CA) supplemented with 10% heat-inactivated FBS (Sigma, St. Louis, MO), 2 mM
L-glutamine, and 50 pg/ml gentamycin. DMEM referred to for the remainder of this
manuscript refers to complete DMEM (containing these components). PDA cultures were
100% GFAP+ and negative for nestin expression after 30 days of differentiation (Lawrence
et al., 2004). We further characterized PDA in comparison to commercially purchased
primary fetal astrocytes, and showed that they also express EAAT2, glutamine synthetase,
and can uptake glutamate (Henderson et al., 2012b). After differentiation PDAs were
maintained in PDA medium as described above on PDL-coated plates. Media was changed
every three days and cells were split when they reached 80-90% confluency. Two batches of
PDAs were used in these experiments and each experiment repeated a minimum of three
times. PDAs were plated in PDL-coated 12 well plates at 1 x108 cells/well. Astrocyte
conditioned media (ACM) was harvested from three day cultured PDAs. All ACM used in
transfer experiments was taken from PDAs cultured in complete 10% heat-inactivated FBS
containing DMEM.

Real time reverse transcriptase (rt)-PCR measurement of Wnts transcripts

Six days after HIV infection in PDAs, total RNA was isolated from PDAs using RNEasy
MiniKit (Qiagen, Valencia, CA). Aygg Was used to measure RNA concentration and 1pg of
total RNA was used for further experiments. DNA contamination was removed by DNAse |
(Sigma, St. Louis, MO) treatment at room temperature for 15 minutes followed by
denaturation of DNAse 1 at 70° C for 10 minutes. cDNA synthesis was performed using
gScript cDNA supermix (Qiagen, Valencia, CA) according to manufacturer’s instructions.
cDNA mix was diluted so that 1/20 of the original volume was used to perform real time -
PCR using Ssofast evagreen supermix with low ROX kit (Bio-Rad, Hercules, CA) in a 7500
Real Time PCR System (Applied Biosystems, Foster City, CA) using 7500 software V2.01.
The PCR conditions were, hold at 95°C for 10 minutes followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. Melting curve analysis was done to make sure of single and

Glia. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Richards et al.

Page 4

specific product amplification. The following primers were used to amplify for GAPDH-
Forward 5-TGACTTCAACAGCGACACCCACT-3 and Reverse 5'-
ACCACCCTGTTGCTGTAGCCAAAT-3'. The following primers were used to amplify
Wht ligands: Wntl: Forward 5-TCTCTGTCGTGGAGCCATTGAACA and Reverse 5'-
AACTCGTGGCTCTGTATCCACGTT; Wnt2: Forward 5'-
TGTGAAGTCATGTGCTGTGGGAGA and Reverse 5'-
ACCAGTGGAACTTACACCCACACT; Wnt2B: Forward 5’-
ACAACATCCACTACGGTGTCCGTT and Reverse 5'-
TGGCACTTACACTCCAGCTTCAGA; Wnt3: Forward 5’-
ATCCTGGACCACATGCACCTCAAA and Reverse 5'-
AGGCGCTGTCATACTTGTCCTTGA,; Wnt5B: Forward 5’-
ATTGTACCAGGAGCACATGGCCTA and Reverse 5-
TGACTCTCCCAAAGACAGATGCGT; Wnt7A: Forward 5’-
GGGCGCAAGCATCATCTGTAACAA and Reverse 5'-
GCCATTGCGGAACTGAAACTGACA; Wnt7B: Forward 5’-
TGGTGTACATTGAGAAGTCGCCCA and Reverse 5'-
ACGAAGCAGCACCAGTGGAATTTG; Wnt9B: Forward 5’-
AAGAGAAGCAAAGCCTCCTCCCTT and Reverse 5'-
TGCTGTGCTCTTGGTCTCCCTTAT,; Wnt16: Forward 5’-
TCATCTGGTGCTGCTATGTCCGTT and Reverse 5
AACTTTACTAGCGCTGCACAGGGA; Wnt3A: Forward 5’-
GCATCAAGATTGGCATCCAGGAGT and Reverse 5'-
TGCACATGAGCGTGTCACTGCAAA; Wnt8A: Forward 5'-
GTGCAAGTTCCAGTTTGCTTGGGA and Reverse 5'-
TGGTAGCACTTCTCAGCCTGTTGT,; Wnt8B: Forward 5'-
ATGCCATCAGTTCTGCTGGAGTCA and Reverse 5'-
GGGCATCGACAAACTGCTTGGAAA; Wnt6: Forward 5'-
CCTTGGCCTCTAGGAGGAAACAGT and Reverse 5'-
TACTAACCTCACCCACCATCCTGT,; Wntl0A: Forward 5'-
ACACAGTGTGCCTAACATTGCCAG and Reverse 5'-
ATTGGTGTTGGCATTCGTGGATGG; Wntl10B: Forward 5'-
GGCACGAATGCGAATCCACAACAA and Reverse 5'-
TGTGCCATGACACTTGCATTTCCG; and Wnt9A: Forward 5'-
AGACTGCCTTCCTCTATGCCATCT and Reverse 5’-
CCTTGACGAACTTGCTGCTGTACT. Fold change in mMRNA expression was calculated
by using the comparative Ct method with GAPDH as endogenous control. A Ct cut-off
value of 35 was used to determine if MRNA was expressed by PDAs. After normalization to
GAPDH, fold change was determined by normalizing expressed mRNA transcripts to
Wnt7b, which was consistently the lowest detected Wnt ligand transcript in PDAs before
and after HIV infection.

HIV infection of PDAs

PDAs were pretreated under different conditions as specified by each experiment (e.g.
RPMI, 100ng/ml of IFNY, supernatant from three day activated PBMCs, IFNy depleted
supernatant from three day activated PBMCs, or 1uM STAT3 Inhibitor V (STATtic) (EMD
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Biomedicals, Gibbstown, NJ)) and propagated in PBMCs conditioned media for 24h prior to
HIV infection. PDAs, at 80-90% confluency, were infected with HIV g, at 10ng of

HIVga /1x10 cells for 24 hours. PDAs were then washed two times with PBS then returned
to pre-treatment culture conditions. Cultures were maintained for 3—6 days as indicated. In
some experiments, supernatant was isolated from 6 day post-infection PDA culture and
HIVg, was removed from Astrocyte Conditioned Media (ACM) by ultracentrifugation at
23,000 x g for 1 hour. HIV removal was confirmed using the Roche TagMan HIV version
2.0 Assay (Roche, Indianapolis, IN). Experiments were performed in triplicate.

Western Blot for qualitative detection of secreted Wnt ligands and IFNvy in supernatant

MTS Assay

Whnt or IFNy-depleted supernatants (20pl) was added to 2X Laemmli buffer (Sigma, St.
Louis, MO) and a total of 40l of supernatant from each sample was separated on a 10%
SDS-PAGE gel and transferred onto a 0.45uM nitrocellulose membrane. The membrane was
blocked with Pierce SuperBlock in PBS (Thermo Scientific, Waltham, MA) plus 0.5%
Tween 20 (Thermo Scientific, Waltham, MA) for 1 hour at room temperature. Primary
antibodies used are: anti-Wnt 1(ab15251) at 1:1000; anti-Wnt 2b (ab50575) at 1:2000; anti-
Whnt 3 (ab32249) at 1:1000; anti-Wnt 5b (ab94914) at 1:2000; anti-Wnt 10b (ab70816) at
1:2000, or rabbit IgG at 1:1000 or 1:2000. All anti-Wnt antibodies and rabbit 1gG were
purchase from Abcam (Cambridge, MA). The primary antibody for anti-IFNy (B27) was
used at 1:500 and purchased from BD Biosciences (San Diego, CA). Membranes, after
overnight incubation with indicated dilutions of primary antibodies in superblock-T20
(0.1%), were washed three times for 45 minutes with TBS-T and incubated with a 1:1000
dilution of anti-Rabbit-HRP secondary antibody (Cell Signaling, Boston, MA) in
superblock-T20 (0.1%) for one hour at room temperature. Membranes were again washed
three times for 45 minutes with TBS-T and exposed to SuperSignal Femto ECL substrate
reagent (Pierce Thermos Scientific, Waltham, MA) for 3 minutes. Films were exposed and
developed on a Konica SLX-101A auto processor. Band densitometry was calculated using
ImageJ Software (National Institutes of Health, Bethesda, MD). Experiments are repeated at
least 3 times.

MTS assay is a colorimetric cell viability assay from Promega (Madison, WI1). It is based on
the ability of viable cells to reduce a tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an
electron coupling reagent (phenazine methosulfate) PMS into a formazan product which is
absorbed at 490nm and detected by an ELISA plate reader. This assay was performed
according to the manufacturer’s recommendations. Experiments were performed in
triplicate.

Culture and Activation of PBMCs and CD8+ T cells

PBMCs were isolated from four healthy HIV seronegative donors by Ficoll-Hypaque
density gradient centrifugation, and each experiment repeated three times. CD8+ T cells
were isolated using the untouched CD8+ T cell Isolation Kit Il (Miltenyi Biotec, San Diego,
CA). CD8+ T cells and bulk PBMCs were suspended in complete RPMI 1640 media (Lonza
BioWhittaker, Walkersville, MD) supplemented with 10% FBS (Gemini Bio Products,
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Calabasas, CA), 1% penicillin/streptomycin (Sigma, St. Louis, MO), and 20 U/mL IL-2
(Sigma, St. Louis, MO). Cultures were stimulated with 1ug/ml soluble a-CD3 and a-CD28
antibodies (BD Biosciences Pharmingen, San Diego, CA) and maintained for 24 hours-6
days; as indicated. Supernatant was collected through centrifugation at 1500rpm for 5
minutes and frozen at —80° C until further use.

HIV Infection and p24 analysis of PBMCs

PBMC:s isolated from four healthy HIV seronegative donors by Ficoll-Hypaque density
gradient centrifugation were cultured overnight with 20u/mL IL-2 and 1ug/mL aCD3/CD28.
PBMCs were then infected with 2ng/1x108 cells/mL of HIVVga, for 4 hours then washed
four times with complete RPMI. PBMCs were then maintained in complete RPMI or ACM
with 20u/mL IL-2 and aCD3/CD28. Supernatants from PBMCs were collected 6 days post
infection and p24 measured using the p24 ELISA kit from SAIC-Frederick (Frederick, MD),
performed according to the manufacturer’s protocol.

Depletion of Wnt ligands from PDAs and IFNy from activated PBMCs supernatant by
immunoprecipitation

Pierce Protein A/G Magnetic Beads (Life Technologies Invitrogen, Carlsbad, CA) were
washed two times for 1 hour at 4°C with 1XGE Binding Washing Buffer (GE Life Sciences,
Pittsburgh, PA). The beads were then coated with 4ug of anti-rabbit Wnt 1, Wnt2b, Wnt 3,
Whnt 5b, Wnt 10b, rabbit IgG1 isotype control (Abcam, Cambridge, MA) or 4pg of anti-
human IFNy or mouse IgG1 isotype control (BD Biosciences, San Diego, CA) overnight at
4°C with continuous rotation at 30rpm. One mL of supernatant from PDAs or activated
PBMCs was then applied to each of the beads and incubated overnight at 4°C. The
supernatant was then collected by separation of magnetic beads under a magnetic field and
depletion of Wnt or IFNy was confirmed by western blot of the supernatant.

Flow Cytometric Analysis

PDAs were washed with 1X PBS before staining with LIVE/DEAD fixable dead aqua
fluorescent reactive dye (Life Technologies Invitrogen, Carlsbad, CA). After 30 minutes the
cells were washed with 1X PBS and stained with anti-human HLA-DR- PERCP. For
intracellular staining, cells were stained according to manufacturer’s instructions using the
BD Cytofix/Cytoperm permeabilization and fixation kit (BD Biosciences, San Diego, CA).
Cells were then stained with GFAP-APC and IFNy-FITC. Multicolor flow cytometric
analyses were performed using a BD FACSVerse Flow cytometer with FACSuite Software
(BD Biosciences, San Diego, CA). Live cells were gated based on negative Aqua Live/Dead
staining. Doublets were excluded by FSC-A vs. FSC-H and SSC-A vs. SSC-H gating.

Analysis of HIV integration in PDAs

PDAs were maintained for three days after HIV infection in pre-infection conditions (RPMI,
100ng/mL IFNy, supernatant from three day activated PBMCs, IFNy depleted supernatant
from three day activated PBMCs, or supernatant from three day activated PBMCs with 1uM
STATtic) then genomic DNA was isolated using DNeasy blood and tissue kit (Qiagen,
Valencia, CA). DNA was quantified by absorbance at 260nm followed by qPCR for
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GAPDH using the primers mentioned above. Alu-PCR was performed as previously
described in (Narasipura et al., 2014; Szotek et al., 2013). Using equal amounts of gDNA,
the first round of Alu-PCR was performed with Alul, Alu2 and LM667 primers as described
in (Brussel and Sonigo, 2003). AmpliTaq Gold polymerase with GeneAmp 10X PCR buffer
I was used according to manufacturer’s instructions (Life Technologies, Carlsbad, CA).
Reaction conditions were as follows: hold 95°C for 10 min followed by 12 cycles at 95°C
for 30 sec, 60°C for 20 sec and 72°C for 170 sec followed by 95°C hold for 10 min. The
second round of nested gPCR was performed using F-5'-
TCAAGTAGTGTGTGCCCGTCTGTT-3 and
R-5AGCTCCTCTGGTTTCTCTTTCGCT-3 primers that amplify ~140bp LTR region
essentially as explained in the gRT-PCR section. A minus tag and a minus template controls
were included in the first round Alu-PCR.

Statistical Analysis

Results

When the data was distributed normally, ANOVA and post-hoc tests were used. When the
data was not normally distributed, nonparametric analysis was performed. All tests assumed
a two-sided significance level of 0.05 using GraphPad Instat 3 software (San Diego, CA) for
data analysis.

Wnt 2b and Wnt 10b are elevated post-HIV infection of PDAs

PDAs exhibit prototypical characteristics of astrocytes including expression of GFAP,
glutamate transporter 1/EAAT?2, glutamine synthetase, and are capable of glutamate uptake
in a standard glutamate uptake assay (Henderson et al., 2012b). PDAs express high levels of
active p-catenin, which is an intracellular host restriction factor for HIV transcription (Li et
al., 2011; Henderson et al., 2012b; Narasipura et al., 2012), but their Wnt ligand expression
profile is not known. We evaluated the expression of all 19 Wnts from PDAs by gRT-PCR
(Fig. 1A) and subsequently by Western blot (WB) (Fig. 1B). We show that PDAS express
Whnts 1, 2b, 3, 5b, 10b, and 16 mRNA (Fig. 1A). Wnt 7b had the lowest detectable Ct value
of all 19 Wnts and was used to normalize the data. Wnt 1 mRNA was the most abundant, as
it was expressed at 2000-fold above Wnt 7b (Fig. 1A). The remaining Wnts (Wnts 2, 3a, 4,
5a, 6, 7a, 8a, 8b, 93, 9b, 104, and 11) were below the detection limit of qRT-PCR. Protein
expression of Wnt 1, 2b, 3, 5b, and 10b was also detected by WB from PDA-conditioned
media (ACM) (Fig. 1B). To determine the impact of HIV infection on Wnt profile of PDAs,
PDAs were infected with HIVg, at 10ng/1x10° cells overnight then washed and cultured
for 6 days. Wnt expression was evaluated by gRT-PCR. Wnt 2b mRNA was induced by 14-
fold and Wnt 10b was induced by 4- fold post-HIV infection. The remaining Wnts mRNA
(1, 3, and 5b) levels were not altered post-HIV infection. These data demonstrate that PDAS
have a distinct Wnt ligand profile, which is altered in response to HIV infection.

Astrocyte Conditioned Media (ACM) inhibits HIV infection of PBMCs

Given that astrocytes release Whnt ligands and that PBMCs enter the brain shortly after
infection (Peluso et al., 1985; von Herrath et al., 1995; Porwit et al., 1989; Petito et al .,
2006; Petito et al., 2003; Sadagopal et al., 2008a; Sadagopal et al., 2008b) we addressed
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whether Wnt ligands released by astrocytes could alter HIV replication in PBMCs. PBMCs
from four healthy donors were infected with HIV gy then cultured in presence of ACM
from PDAs titrated with DMEM from 10%-100%. We show that ACM had no effect on cell
viability, as determined by MTS assay (Fig. 2A) and tryphan blue exclusion (data not
shown). At 75% and 100% ACM, HIV replication in PBMCs was reduced by 50% and 75%,
respectively (Fig. 2B). ACM from HIV infected PDAs also inhibited HIV replication by
approximately 50% in PBMCs, even when residual virus from ACM was removed by
ultracentrifugation (Fig. 2C). These data indicate that soluble factors in ACM inhibit HIV
replication in PBMCs and that HIV infection of PDAs does not perturb their ability to
secrete these soluble factors to suppress HIV.

Astrocyte secreted Wnt ligands mediate HIV suppression from PBMCs

To determine whether Wnt ligands secreted from PDAs are mediating HIV inhibition in
PBMCs, ACM was depleted of all Wnt ligands by immunoprecipitation. There are no
neutralizing Wnts antibodies and therefore we depleted all Wnts from ACM using a cocktail
of antibodies against Wnt 1, 2b, 3, 5b, and 10b followed by magnetic bead
immunoprecipitation. We confirmed efficient depletion of Wnts from ACM by Western blot
(Fig. 1B). Removal of all Wnts from ACM abrogated its ability to inhibit HIV replication in
PBMCs (Fig. 3A). Interestingly, Wnts depletion from ACM led to a 4 fold higher level of
HIV replication in PBMCs than 1gG treated DMEM, suggesting that removal of Wnts from
ACM allows for induction of potential HIV activators, which are under the negative control
of pB-catenin signaling (Narasipura et al., 2012).

To assess which specific Wnt ligand in ACM is mediating HIV inhibition in PBMCs, ACMs
were depleted of individual Wnts (either Wnt 1, 2b, 3, 5b, or 10b) by magnetic bead
immunoprecipitation. Wnt depleted ACMs were added to HIV infected PBMCs. Depletion
of Wnt 1, 2b, 3, 5b, or 10b removed the anti-HIV effect from PDAS but the extent to which
varied (Fig. 3B). ACM depletion of Wnt 1 or Wnt 2b led to greater HIV replication in
PBMCs than Wnt 3, 5b, or 10b (Fig. 3B). These data indicate that while all Wnts in ACM
can mediate HIV inhibition in PBMCs, Wnt1 and Wnt2b exert the highest inhibitory effect.

Soluble factors secreted from CD8+ T cells induces HLA-DR and IFNy in astrocytes

Astrogliosis is a hallmark of HIV infection in the CNS. Because CD8+ T cells are found in
post-mortem tissue of HIV infected brains as well as in SIV macaque model of neuroAIDS
(von Herrath et al., 1995; Petito et al., 2006; Petito et al., 2003; Sadagopal et al., 2008a;
Sadagopal et al., 2008b), we assessed the impact of CD8+ T cells on astrocytes. CD8+ T
cells from healthy individuals were activated by a-CD3/CD28 co-stimulation for three days
or left unstimulated and their respective supernatant was added to PDAs. On day three, we
evaluated percent expression of HLA-DR+ (Fig. 4A&B) and IFNy+ (Fig. 4C&D) on PDAs
by flow cytometry. PDAs cultured in CD8+ T cell conditioned media showed a median 50%
increase in HLA-DR expression (Fig. 4A) and a median 15% increase in IFNvy+ cells (Fig.
4C). These data indicate that activated CD8+ T cells impact the phenotype of PDAs by
promoting their induction of HLA-DR and IFNy. IFNy is particularly interesting because it
also leads to HLA-DR induction (Carpentier et al., 2005), which can set up a positive feed-
back loop in relation to enhanced HLA-DR expression on PDAS.
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Supernatant from activated PBMCs enhances HIV infection in PDAs in an IFN+y/Stat-3-
dependent manner

Given our finding that soluble factors from CD8+ T cells induce IFNy in PDAs and that
IFNy itself leads to induction of HIV replication in astrocytes by antagonizing Wnt signaling
in Stat-3-dependent manner (Li et al., 2011), we assessed whether IFNy secreted from
PBMCs could be driving higher level of HIV infection in PDAs. PDAs were pre-treated
with supernatant from activated PBMCs depleted of IFNy or an isotype control (IgG). An
additional control, treating PDAs with IFNvy at 100ng/ml was also included. At 24 hours,
PDAs were infected with HIV g, and propagated under pre-infection treatment groups for
three days. As expected, PDASs treated with IFNvy showed a 4.5 fold increase in HIV
infection, as determined by Alu-PCR for HIV-LTR (Fig. 5A). PDAs treated with
supernatant from activated PBMCs showed a 2-fold increase in integrated HIV (Fig. 5A).
Depletion of IFNy from PBMCs conditioned media, which was confirmed by WB (data not
shown), abrogated the ability of this conditioned media to enhance HIV infection in PDAS
(Fig. 5A). To further evaluate the role of IFNy secreted from PBMCs to modulate HIV
infection in astrocytes, PDASs were treated with Stat-3 inhibitor or a vehicle control in
presence of PBMC supernatant. Stat-3 inhibitor abrogated the effect of PBMC supernatant
to enhance HIV infection in astrocytes (Fig. 5B). Together, removing IFNy from PBMCs
conditioned media (Fig. 5A) and treating astrocytes with Stat-3 inhibitor (Fig. 5B) indicates
that IFNy secreted from PBMCs drives enhanced HIV infection of astrocytes in a Stat-3
dependent mechanism.

Discussion

We evaluated here whether Wnts secreted from astrocytes could impact HIV replication in
PBMCs and the impact of activated PBMCs on astrocytes. We show that astrocytes secrete a
distinct profile of Wnt ligands. This profile includes abundant expression of Wnt 1 and
expression of Wnt 2b, 3, 5b, 10b, 16, with low level of Wnt 7b. HIV infection of astrocytes
perturbs some of these Wnt ligands by elevating Wnt 2b and 10b expression. The impact of
HIV on astrocyte Wnt ligand profile is not clear, although it does not seem to alter the
ability of astrocytes to suppress HIV replication in PBMCs through these Wnts. This is the
first evidence to indicate that astrocytes have anti-viral activity not only to restrict HIV
replication in astrocytes but that it is released and can inhibit HIV infection in susceptible
cells. As such infiltrating T cells in the brain could be subject to restricted HIV replication
driven by Whnts released from astrocytes.

Interestingly, the effect of astrocytes on PBMCs is bi-directional. Both CD4 and CD8+ T
cells infiltrate the brain (Williams et al., 2001; von Herrath et al., 1995; Petito et al., 2006;
Petito et al., 2003; Sadagopal et al., 2008a; Sadagopal et al., 2008b). CD4+ T cells
contribute to dissemination of HIV in the CNS and they likely die in response to HIV
infection in the CNS (Ho et al., 2013). CD8+ T cells are detected in post-mortem tissue
although the role of CD8+ T cells, whether neuroprotective or pathogenic is unclear
(Williams et al., 2001; von Herrath et al., 1995; Petito et al., 2006; Petito et al., 2003;
Sadagopal et al., 2008a; Sadagopal et al., 2008b). CD8+ T cells are critical players in anti-
viral responses. However, within the CNS, due to their effector responses, they can drive
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neuroinflammatory processes and mediate damage in the CNS (Getts et al., 2010). The most
well studied pathogenic role of CD8+ T cells is in the context of myelin-specific CD8+ T
cells and their role in multiple sclerosis (McDole et al., 2006). While extensive studies have
probed the cellular and molecular mechanisms driving HIV-mediated neuropathogenesis,
little is known about the role of T cells and their interaction with resident brain cells, such as
astrocytes, in the context of HIV. Given that CD8+ T cells release a number of inflammatory
mediators to kill infected cells, these mediators may have an impact on astrocytes as well as
impact HIV replication in the CNS. Here we demonstrate that supernatant from activated
CD8+ T cells activated astrocytes, as indicated by elevation in HLA-DR expression and
IFNy. MHCII expression has been identified as a marker of cell activation on T cells,
macrophages, dendritic cells, B cells, stromal cells (Ko et al., 1979; Evans et al., 1978;
Quade and Roth, 1999; Chang CH et al., 1995; Pieters 2000) and astrocytes (Takiguchi and
Frelinger, 1986; Shrikant and Beneveniste, 1996; Traugott and Raines 1985; Krogsgard et
al. 2000). The ability of astrocytes to induce HLA-DR, a MHC-II molecule involved in
antigen presentation, is intriguing however the ability of astrocytes to process and present
antigens is controversial (Hamo et al., 2007; Carpentier et al., 2005; Cornet et al., 2000;
Becher et al., 2000). The ability of astrocytes, in response to soluble factors produced by
PBMCs, to express IFNy also has wider implications. IFNy is elevated in the CNS of
patients infected with HIV (Shapshak et al., 2004; Wesselingh et al., 1997) and is a potent
antiviral cytokine produced by macrophages, dendritic cells, NK cells, NKT cells, CD4+ T
cells and CD8+ T cells during an immune response and by astrocytes after activation (Lau
and Yu, 2001). Most importantly, IFNy induces DKKZ1, an antagonist of Wnt signaling, in a
Stat-3 dependent manner, which leads to enhanced HIV infection of astrocytes (Li et al.,
2011). Interestingly, IFNy released from PBMCs functions in a paracrine manner to also
inhibit HIV in astrocytes through Stat-3, which in turn inhibits -catenin signaling. Based on
our findings, a model emerges of the interaction between PBMCs and astrocytes in the CNS
in the context of HIV (Fig. 6). Astrocytes inhibit HIV replication in PBMCs through
secretion of Wnts while activated PBMCs secrete IFNy that we show enhances HIV
infection in astrocytes. Collectively, these findings highlight Wnt ligands as powerful
mediators of anti-HIV activity of astrocytes.

Astrocytes are conditionally permissive to HIV infection and under inflammatory conditions
can be productively infected with HIV. Particularly, high endogenous expression of f-
catenin in astrocytes restricts HIV productive replication in astrocytes and PBMCs (Kumar
et al., 2008; Li et al., 2011; Carroll-Anzinger et al., 2007; Henderson et al., 2012a; Wortman
et al., 2002). Signals that diminish -catenin signaling in astrocytes such as IFNy lead to a
higher level of productive HIV replication in astrocytes (Li et al., 2011). f-catenin, a central
mediator of Wnt/B-catenin signaling, associates with TCF-4 and SMAR-1 to tether on the
HIV LTR at —143 site from transcription initiation site to lead to repression of HIV
transcription. Signals that disrupt -catenin signaling also disrupt this association, promoting
higher level of HIV transcription (Henderson et al., 2012a). Of note, in a previous
publication we tested cytokines for their ability to modulate Wnt/B-catenin signaling in
astrocytes (TNFa, IL-1p, IL-7, IFNy, and GM-CSF). Only IFNy and GM-CSF down
regulate B-catenin. The effect of IFNy is more robust than GM-CSF and, unlike GM-CSF, is
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consistent between primary astrocytes and astrocytoma cell lines (Carroll-Anzinger et al.,
2006).

Our study adds to a growing body of evidence indicating that Wnt signaling, whether
through direct effects on viruses or effects on anti-viral immune responses, regulate viral
replication and/or pathogenesis. Our lab demonstrated this relationship for HIV (Kumar et
al., 2008; Li et al., 2011; Carroll-Anzinger et al., 2007; Henderson et al., 2012a; Wortman et
al., 2002). Emerging data now demonstrates that human CMV suppresses Wnt-induced
transcriptional activity of -catenin in fibroblasts (Angelova et al., 2012). Hepatitis C Virus
(HCV) also modulates Wnt signaling to regulate its replication (Liu et al., 2011). HCV core
protein is able to work synergistically with Wnt 3A, leading to enhanced Wnt/B-catenin
signaling which promotes hepatocyte proliferation and carcinogenesis (Liu et al., 2011).
Whnts through B-catenin, were also recognized to suppress type | interferon responses, which
would have a wider impact on inhibiting a number of viruses, especially those that do not
have mechanisms to evade type 1 interferon responses (Baril et al., 2013). Wnt 2b has been
identified as a negative regulator for type I IFN signaling in Sendai-Virus and increased
following Sendai Viral infection (Baril et al., 2013). Collectively, our studies demonstrate a
dynamic interaction between astrocytes and infiltrating PBMCs through these small secreted
Whnt glycoproteins that, on one hand, can control HIVV-mediated CNS inflammation, partly,
by limiting extent of HIV in the CNS, but on the other hand, infiltration of PBMCs into the
CNS could drive astrocyte activation and subsequently contribute to neuronal injury.
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Figure 1. HIV infection upregulates Wnt 2b, 10b, and 16 in PDAs
(A) PDAs were infected with HIVg,_ at 10ng per 1x108 cells for 24 hours or left uninfected.

Six days later Wnt ligand mRNA transcript levels of each of the known 19 Wnt ligands were
tested by gRT-PCR. Wnt 7b was the lowest detected ligand therefore all of the Wnt ligands
were normalized to Wnt 7b. Each experiment was performed twice in triplicate. * indicates
significance of p<0.05 between uninfected and HIV infected groups using one way analysis
of variance (ANOVA). (B) ACM was harvested from three day PDA cultures. Wnt ligands
(Wnt 1, 2b, 3, 5b, and 10b) were removed by immunoprecipitation. Western blots were
performed on 40ul of ACM. Image is representative of three separate experiments.

Glia. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Richards et al.

Page 17

>
w

- -
(=] o
L 1

o
o
1

Concentration Relative to
Untreated Cultures

Mean Percentage of Viable Cells
Mean Fold Chane in HIVp24

=2
=)
I

<* s*
2

Astrocyte Conditioned Media (PDA)

S

o oo o o
R )

Se
%) N
N N

Astrocyte Conditioned Media (PDA)

pgimL of HIVp24

Media ACM HIV+
Ultracentrifuged
ACM

Figure 2. Astrocytes (PDA) conditioned media (ACM) inhibits HIV infection in PBMCs
Human PBMCs from four healthy donors were cultured at 2x10° cells/mL overnight with a.-

CD3/CD28 and IL-2. Cells were infected with HIV g, at 2ng/1x108 cells for four hours.
Infected PBMCs were supplemented with 0-100% ACM. ACM was prepared using
supernatant from PDAs cultured for three days in completed DMEM with 10% FBS. ACM
was diluted with serum free DMEM media for 0-90% ACM culture conditions. At day 6,
MTS assays (A) and HIVp24 ELISA (B) were performed. Data is based on four different
healthy donors and experiments were performed in triplicate. *indicates significance of
p<0.05 between control and experimental group using one way ANOVA between RPMI
control well and 75% and 100% groups. In (C), PBMCs were activated and infected as in
(A) then cultured with complete DMEM, ACM, or ACM from HIV infected PDAs. ACM
was prepared from 6 day PDA cultures. ACM from HIV infected cultures was
ultracentifuged prior to transfer to PBMCs. HIV p24 ELISA from PBMCs was measured at
day 6 post-transfer. * indicates significance of p<0.05 between control and experimental
group using one way ANOVA between control and experimental groups.
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Figure 3. Wnts secreted from PDAs mediate HIV inhibition in PBMCs
(A) Human PBMCs from four healthy donors were cultured at 2x10° cells/mL overnight

with aCD3/CD28 and 1L-2. PBMCs were then infected with 2ng/1x10° cells HIV g, for 4
hours and cultured for 6 days with IL-2 and DMEM, ACM, or ACM depleted of all five Wnt
ligands (Wnts 1, 2b, 3, 5b, and 10b) by immunoprecipitation. At day 6 of culture HIVp24
levels were measured by ELISA. * indicates p<0.05 between control and experimental
groups using student’s t test. (B) PBMCs were activated and infected as in (A), then cultured
in DMEM, complete ACM, or each individual Wnt depleted ACM (either Wnt 1, 2b, 3, 5b,
or 10b) for 6 days. HIVVp24 was determined by ELISA. * indicates p<0.05 between ACM
and Wnt depleted ACM using one ANOVA between control treated supernatant and each

group.
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Figure 4. Conditioned Media from CD8+ T cells activates astrocytes
CD8+ T cells were isolated from PBMCs from healthy seronegative donors by magnetic

bead isolation and left untreated or treated with 1 pg/ml a-CD3/CD28 co-stimulation and
20U/mL IL-2. At day 3, supernatant from un-activated or activated CD8+ T cells was added
to PDAs for three days. PDAs were analyzed by FACS analysis for surface expression of
HLA-DR (A & B) and intracellular IFNy (C & D). Data is representative of three
experiments *p<0.05 between DMEM media and treated groups, as measured by student’s t
test.
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Figure 5. IFNy released by activated PBMCs drives HIV infection of PDAs
PBMCs from four healthy donors were stimulated with 1ug/mL a-CD3/CD28 and 20U/mL

IL-2 for 3 days. (A) PBMC Supernatant was then treated with either 1ug/mL rabbit IgG
isotype or anti-IFNy coated magnetic beads to deplete IFN+y by immunoprecipitation
overnight. PDAs were cultured in RPMI, pre-treated with IFNy-depleted supernatant (S/N)
from activated PBMCs, pre-treated with S/N from 1gG-depleted activated PBMCs, or pre-
treated with IFNy (100ng/ml) for 24 hrs. PDAs were then infected with 10ng of HIV gy per
1x108 cells overnight. PDAs were washed then placed in identical treatment conditions
(PBMC supernatant, IFNy depleted supernatant or 100ng/mL IFNy) as was used for pre-
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treatment for three days. Genomic DNA was isolated and Alu-PCR for HIV-LTR was
performed to determine level of HIV integration in PDAs. (B) PDAs were pre-treated with
RPMI plus 1uM DMSO, pre-treated with supernatant from activated PBMCs with 1uM
DMSO, or pre-treated with supernatant from activated PBMCs and 1M Stat-3 Inhibitor
(STATtic) for 24 hrs. PDAs were then infected with 10ng of HIV gy per 1x10° cells
overnight, washed, and placed in the same pre-treatment condition. At day three, genomic
DNA was isolated and Alu-PCR for HIV-LTR was performed to determine level of HIV
integration in PDAs. Data is representative of three donors, * indicates significance of
p<0.05 between RPMI group and IFNy treated or IgG + S/N from PBMCs groups as
measured by student’s t test.
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Figure 6. Crosstalk between astrocytes and infiltrating PBMCs is mediated by Wnt ligands
Robust endogenous Wnt/B-catenin signaling, largely driven by Wnts released from

astrocytes in an autocrine manner, blocks HIV replication in astrocytes. Under inflammatory
conditions, leukocytes infiltrate the brain and release IFNy, which activates astrocytes, down
regulates p-catenin signaling in astrocytes, and consequently removes the block to HIV
replication. Astrocytes then release a higher level of virions which in turn infect other
susceptible targets in the CNS. Astrocytes also release a low-level of virions, even in
presence of Wnt/B-catenin signaling, that can transmit virus to susceptible cells. The
proposed consequence of reduced Wnt/B-catenin signaling in astrocytes under such
inflammatory conditions is a compromise in the astrocyte/neuronal communication network,
contributing to pathology associated with HAND.
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