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Abstract

Cells of the monocyte/macrophage lineage are an important target for HIV-1 infection. They are
often at anatomical sites linked to HIV-1 transmission and are an important vehicle for
disseminating HIV-1 throughout the body, including the central nervous system. Monocytes do
not support extensive productive HIV-1 replication, but they become more susceptible to HIV-1
infection as they differentiate into macrophages. The mechanisms guiding susceptibility of HIV-1
replication in monocytes versus macrophages are not entirely clear. We determined whether
endogenous activity of p-catenin signaling impacts differential susceptibility of monocytes and
monocyte-derived macrophages (MDMs) to productive HIV-1 replication. We show that
monocytes have an approximately 4-fold higher activity of p-catenin signaling than MDMs.
Inducing p-catenin in MDMs suppressed HIV-1 replication by 5-fold while inhibiting endogenous
[3-catenin signaling in monocytes by transfecting with a dominant negative mutant for the
downstream effector of $-catenin (TCF-4) promoted productive HIV-1 replication by 6-fold.
These findings indicate that 3-catenin/TCF-4 is an important pathway for restricted HIV-1
replication in monocytes and plays a significant role in potentiating HIV-1 replication as
monocytes differentiate into macrophages. Targeting this pathway may provide a novel strategy to
purge the latent reservoir from monocytes/macrophages, especially in sanctuary sites for HIV-1
such as the central nervous system.

INTRODUCTION

It has been three decades since HIV-1 was identified as the etiologic agent of AIDS [1-4].
Considerable progress has been made in antiretroviral therapy, which has pushed HIV-1 to
become a chronic infection. Given this, concerted scientific efforts are being made towards a
functional cure. Eradication of HIV-1 is especially challenging because the virus remains
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latent in a number of reservoirs, evading the action of current antiretroviral therapy which
requires active replication to interrupt different stages of the HIV-1 life cycle, such as entry,
reverse transcription, integration, and assembly.

In response to danger signals and/or microenvironment triggers, monocytes differentiate into
multiple cell lineages (dendritic cells, microglia, Kupffer cells, and osteoblasts). With this
capability, monocytes resemble a Trojan horse in disseminating HIV-1 to various organs,
including the central nervous system [5, 6]. Monocytes differentiate into macrophages in
response to immune stimulation [7]. TLR2s or GM-CSF stimulation drives monocytes to
differentiate into M-1-like macrophages, while IL-4, IL-13, or M-CSF drives monocytes to
become M2-like macrophages. However, this is not a strict polarization paradigm for
macrophages. Macrophages are highly plastic cells that can further respond to their specific
tissue microenvironment, largely driven by surrounding cytokines, to differentiate into
macrophages that do not necessarily fall under a classical M1 or M2 macrophage phenotype
[8, 9].

Monocytes restrict HIV-1 productive replication and become susceptible to HIV-1
replication once they differentiate into macrophages [10-12] [13]. Although macrophages
support HIV-1 replication, the degree of HIV-1 replication within macrophage subsets
varies and maybe context-specific and phenotype specific[11]. HIVV-1 enters monocytes by
classical binding and fusion using CD4 receptor and CCR5 co-receptor. HIV-1 undergoes
reverse transcription, but robust virion release does not occur in monocytes [16-18]. As
monocytes differentiate to macrophages, they become more susceptible to productive HIV-1
replication through mechanism(s) that are not entirely clear or well integrated within each
other. A number of mechanisms have been proposed to explain the refractory nature of
monocytes to productive HIV-1 replication [13] [10, 14, 15] [16] [17, 18] [19-22]. Initially,
lower expression of CCR5 was thought to restrict HIV-1 entry into monocytes [15, 23].
However, bypassing the CD4/co-receptor (CCR5/CXCRA4) entry requirement of HIV-1 by
pseudotyping with Vesicular Stomatitis Virus (VSV)-G envelope still did not circumvent the
restriction to productive HIV-1 replication [19, 20]. These studies point to post-entry
mechanisms that hinder HIV-1 replication in monocytes. Proposed post-entry mechanisms
of HIV-1 blockade in monocytes include slow reverse transcription kinetics, delayed nuclear
import and integration and low or absent expression of key host factors for HIV-1
transcription such as deoxythymidine trisphosphate (dTTP), cyclin T1 and NFATS5 [21,
24-26]. dTTP along with thymidine phosphorylase convert thymine to thymidine.
Supplementing monocytes with D-thymidine to increase dTTP did not relieve restricted
HIV-1 replication in monocytes[19]. Similarly, cyclin T1, which along with CDK9 forms
the positive transcription elongation factor b (P-TEFb) that is critical for Tat-mediated
activation of the HIVV-1 LTR promoter, is low in monocytes. Low level of cyclin T1 is due
to high endogenous expression of microRNA 198, which suppresses cyclin T1
expression[24]. Nonetheless, transfection of monocytes with cyclin T1 expression vector
also did not render them susceptible to productive HIV-1 replication [26]. Given that
removing known restrictive mechanisms does not render monocytes permissive to HIV-1
replication suggests that there are additional prominent mechanisms for the HIV-1 blockade
in monocytes.

Curr HIV Res. Author manuscript; available in PMC 2015 February 17.
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Our laboratory has identified the Wnt/B-catenin pathway as a potent inhibitor of HIV-1
replication [27-30]. We showed that Wnt/B-catenin signaling is inversely associated with
HIV-1 replication in peripheral blood lymphocytes and in astrocytes. Given the importance
of monocytes/macrophages in the pathogenesis of HIV-1-1 and their contribution to the
persistence and progression of the disease, we evaluated the role of the Wnt/B-catenin
pathway in regulating HIV-1 permissiveness in monocytes and macrophages.

The Wnt/B-catenin signaling pathway is highly conserved among species and is involved in
a complex signal transduction pathway which regulate the transcriptional activity of
hundreds of genes impacting diverse physiologic functions, including survival,
differentiation, and proliferation [31, 32]. Wnt/B-catenin signaling is initiated by binding of
a Whnt protein to a seven transmembrane frizzled receptor. In humans there are 19 identified
soluble secreted Wnts and at least 10 frizzled receptors. Binding of Whnt to frizzled often
requires the recruitment of low-density lipoprotein receptor-related protein (LRP) 5/6
inducing an intracellular signal cascade that leads to the stabilization of B-catenin as a
hypophosphorylated protein. f-catenin is the central mediator of this pathway and acts as a
transcriptional co-factor through interacting with members of the T-cell factor/lymphoid
enhancer (TCF/LEF) transcription factors which lead to target gene transcription regulation.
[3-catenin also associates with E-cadherins to provide structural support for adhesion.

Because B-catenin is emerging as a host factor that regulates HIV-1 replication in multiple
compartments [33], we evaluated whether differential expression of $-catenin in monocytes
and MDMs may contribute to restricted HIV-1 replication in monocytes. A better
understanding of pathways involved in restricting HIV-1 replication in monocytes can
inform new modes of therapy to target this latent reservoir of HIV-1 and/or engage this
pathway to eliminate active HIV-1 replication, especially among patients that fail HAART
or do not reach undetectable viral load.

MATERIALS AND METHODS

Cell culture

Blood was collected from healthy laboratory donors in accordance with institutional
guidelines on conduct of human research. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque density gradient centrifugation. Monocytes were obtained
by adherence to tissue culture treated flasks for four hours at 37°C in serum-free RPMI 1640
medium (Biowhittaker; Walkersville, MD). Cells were then washed and cultured in
complete media (RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine
serum (Sigma, St Louis, MO), 1% penicillin-streptomycin (Gibco-BRL, Grand Island, NY),
and 2mM L-glutamine (Gibco-BRL, Grand Island, NY)). Monocytes (1x106 cells/ml) were
differentiated into monocyte-derived macrophages (MDMs) by treatment with 100ng/ml
granulocyte-macrophage colony stimulating factor (GM-CSF) or macrophage colony
stimulating factor (M-CSF) (Sigma, St Louis, MO) and incubation at 37°C in 5% CO>, for
seven days. U1 cells were obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH from Dr. Thomas Folks and propagated as
recommended. U1 cells is a monocytic cell line latently infected with HIV-1, it has two
proviral copies of HIV-1.

Curr HIV Res. Author manuscript; available in PMC 2015 February 17.
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HIV-1 infection and detection by flow cytometry and p24 ELISA

Monocytes and MDMs were infected with HIV-1 Bal (AIDS Research and Reference
Reagent Program, Germantown, MD) at 10 ng HIV-1 p24/1x108 cells for four hours at
37°C. Cells were then washed three times to remove unbound virus and incubated at 37°C in
5% CO,. MDM medium also contained GM-CSF (100 ng/ml) or M-CSF (100ng/ml).
Supernatant was harvested at day 7, unless otherwise indicated, to measure HIV-1 p24 by
conventional enzyme-linked immunosorbent assay (ELISA) (AIDS vaccine program,
Frederick, MD). Alternatively, cells were analyzed by flow cytometry on a BD FACSVerse
(BD Biosciences, San Jose, CA) for presence of HIV-1 Core Antigen-1 (Beckman Coulter,
Brea California),

DNA constructs and nucleofection

The TCF-4 dominant-negative (DN) mutant construct has a DNA binding domain but lacks
the N-terminus required for 3-catenin binding [34] and was a gift from James O’Kelly
(University of California, Los Angeles). This construct blocks p-catenin signaling [34-36].
TOPflash and FOPflash constructs are widely used to evaluate B-catenin dependent
signaling events that drive the expression of Wnt/B-catenin target genes. TOPflash is a
TCF/LEF reporter plasmid containing two sets of three copies of wild type TCF/LEF
binding sites upstream of a Thymidine Kinase (TK) minimal promoter and a luciferase
reporter gene. FOPflash contains mutated TCF/LEF binding sites upstream of the same TK
promoter and luciferase open reading frame as TOPflash. FOPflash is used as a negative
control for TOPflash activity. Both TOPflash and FOPflash were purchased from Millipore
(Billerica, MA). The Renilla luciferase internal control vector is driven by cytomegalovirus
(CMV) immediate early promoter region and was purchased from Promega (Madison, W1).
The vector encoding green fluorescent protein (GFP) is also driven by the CMV immediate
early promoter region and was purchased from Lonza Inc. (Portsmouth, NH). Nucleofection
of monocytes and monocyte-derived macrophages (MDMs) was performed using the
Amaxa monocyte or macrophage nucleofector kit, as recommended by the manufacturer
(Lonza; Gaithersburg, MD). Briefly, 3x108 to 7x106 monocytes, or 7x10° macrophages
were nucleofected with TCF-4 DN construct at 2ug of plasmid/1x108 cells using program
Y-001 or Y-010 for monocytes and macrophages, respectively. Cells were left to rest for 24
hours in complete medium at 37°C in 5% CO», prior to further use, as dictated by each
experiment. 3x10% U1 monocytic cells were nucleofected using the same amaxa Y-001
program with 1ug of pPCDNA or DNTCF4, cells were incubated in complete medium at
37°C in 5% CO, for 3 days and harvested for cellular RNA.

Quantitative real-time RT-PCR

RNA was isolated using TRIzol reagent (Invitrogen, CA), according to the manufacturer’s
recommendations. Subsequently, cDNA was synthesized using Quantitect reverse
transcription kit (Qiagen, Maryland). Real-time PCR was performed using a Quantitect
SYBR green PCR kit (Qiagen, Maryland) in a 7500 Real Time PCR System (Applied
Biosystems, Foster City, CA) using 7500 software v2.0.1. Melting curve analysis was
performed to ensure that the primers amplified the desired amplicon and that primer-dimers
were absent. Primers used for mRNAs were: HIV-1-GAG forward-5-
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AGAGAAGGCTTTCAGCCCAGAAGT-3 and reverse-5-
TGCACTGGATGCACTCTATCCCAT-3; HIV-1-ENV forward-5-
ACGAGGATTGTGGAACTTCTGGGA-3 and reverse-5-
TGGCATTGAGCAAGCTAACAGCAC-3; HIV-1-REV forward-5-
TCCTTGGCACTTATCTGGGACGAT-3 and reverse-5-
TCCCAGAAGTTCCACAATCCTCGT-3; and GAPDH forward-5-
CTTCAACGACCACTTTGT-3 and reverse-5-TGGTCCAGGGGTCTTACT-3. Fold change
in mRNA expression was calculated by relative quantification using the comparative Ct
method using GAPDH as endogenous control.

Flow cytometry

Freshly isolated monocytes and adhered monocytes with or without GM-CSF (100ng/ml) or
M-CSF (100ng/ml) treatment were immunostained with appropriate antibodies using
conventional surface and/or intracellular staining methods. Cells were stained intracellularly
using the BD Cytofix/Cytoperm Buffer kit (BD Biosciences, San Jose CA) according to
manufacturer’s instructions. Intracellular active -catenin was measured using a primary
monoclonal -catenin antibody that detects the active form of -catenin that is
hypophosphorylated on serine 37 and threonine 41 (US Biological, MA) and a secondary
goat F (ab’2) anti-mouse (CALTAG, CA) antibody. Intracellular HIV-1 Core Antigen was
detected using a monoclonal antibody (Beckman Coulter Brea, CA). CD3, CD4, CD14,
CD16, CD80, CD86 and HLA-DR surface stains were detected using antibodies from BD
Biosciences (Franklin Lakes, NJ). LSR Il flow cytometer with FACSDiva software (BD)
was used for data collection in Figure 2. BDFACSVerse flow cytometer with BD FACSuite
software (BD) was used for data collection in figures 1 and 5. FlowJo software (Tree Star;
Ashland, OR) was used for analysis. Side scatter area (SSC-A) versus Aqua Live/Dead
staining and forward scatter area (FSC-A) versus forward scatter height (FSC-H) were
employed to exclude dead cells and doublets, respectively.

Statistical analysis

RESULTS

Groups were compared using the Student’s t-Test when the data were normally distributed.
When the data were not normally distributed, groups were compared using the non-
parametric Mann-Whitney test. All tests were two-tailed with a p-value < 0.05 considered
significant. Prism software (GraphPad Prism, San Diego, CA) was used for data analysis.

Differential susceptibility to HIV-1 infection between monocytes and MDMs

Several reports have demonstrated that monocytes are not permissive to productive HIV-1
infection, although they can harbor HIV-1 DNA [11, 12]. Few studies reported that extended
in vitro culturing of monocytes promoted HIV-1 replication but did not fully differentiate
the monocytes to MDMs [46, 47]. To investigate the impact of extended adherence of
monocytes on level of HIV-1 replication, monocytes were adhered to plastic for four or 24
hours prior to infection with HIV-1 Bal or differentiated to MDMs by treatment with GM-
CSF for seven days prior to HIV-1 infection. Regardless of the duration of monocyte
adherence, monocytes did not support robust level of HIV-1 replication in comparison to
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MDMs (Fig.1). Specifically, HIV-1 replication was enhanced by 5-fold in MDMs in
comparison to monocytes, as evaluated by HIV-1-1 p24 released into the supernatant (Fig.
1a) and by 8-fold as measured by HIV-1 p24 intracellular staining by flow cytometry within
MDMs defined as CD3-CD14+ cells (Fig.1b). The detection of HIV-1 p24 using flow
cytometry validates the p24 ELISA data and rules out the contribution of minor
contaminating T cells in higher susceptibility of MDMs to HIV-1 replication. Specifically,
HIV-1 p24 was present in approximately 0.6% of CD3-CD14+ monocytes cultured for 4
hours prior to HIV-1 infection but in 4% of CD3-CD14+ GM-CSF treated MDMs (Fig. 1b).
These data confirm the well established observation that monocytes are restricted to
productive HIV-1 replication and that as monocytes differentiate to MDMSs they become
increasingly supportive of HIV-1 productive replication. Further, the restriction of
monocytes to productive HIV-1 replication is not overcome by extended attachment of
monocytes in the absence of GM-CSF.

Monocytes express higher level of endogenous B-catenin signaling than MDMs

[3-catenin signaling is a host pathway that restricts HI\V-1 replication in a number of cell
types, including lymphocytes and astrocytes [27, 37-39]. Although both monocytes and
MDMs are CD4+, only MDMs support robust productive HIV-1 replication (Fig.1). We
therefore evaluated whether endogenous expression of B-catenin signaling may also dictate
resistance or susceptibility to productive HIV-1 replication in monocytes Vs. macrophages.
First, we evaluated endogenous expression of 3-catenin in monocytes and MDMs.
Monocytes were isolated from PBMCs of healthy adult blood donors, used fresh or
differentiated to MDMs by treatment with GM-CSF. Active B-catenin protein expression
was evaluated by intracellular flow cytometry using an antibody that recognizes the active
form of B-catenin that is hypophosphorylated at ser37 and Thr41, which are sites that target
[B-catenin for ubiquitination and degradation (47). Monocytes expressed significantly higher
level of endogenous active -catenin protein than MDMs (Fig.2a-b). Expression of
endogenous active p-catenin in monocytes was approximately one log higher in monocytes
than MDMs (Fig. 2a). p-catenin expression can be increased in MDMs by treatment with
lithium chloride (LiCl; 1mM), which induces B-catenin by inhibiting GSK3p (37). Inducible
B-catenin in MDMs by LiCl resulted in the up-regulation of f-catenin to levels comparable
to that measured in monocytes (Fig.2a-b).

Given that -catenin can either function as a transcriptional co-activator or bind to cadherins,
we measured -catenin-mediated transcriptional activity using TOP or FOP-flash reporter
constructs. These constructs are conventionally used to monitor endogenous and inducible j-
catenin-mediated signaling. TOPflash is a DNA construct containing two sets of three -
catenin pathway (TCF) while FOPflash contains mutated TCF/LEF sites; both are linked to
the firefly luciferase reporter. Monocytes and MDMs were transfected with TOP, FOP, or
green fluorescence protein (GFP) with Renilla luciferase as internal control and left
untreated or treated with LiCl to induce -catenin activity. Monocytes expressed the highest
level of endogenous p-catenin-mediated transcriptional activity, which was further induced
by LiCl treatment (Fig.2c). MDMs, conversely, expressed a 4-fold lower endogenous level
of B-catenin signaling in comparison to monocytes. $-catenin expression can be induced in
both monocytes and MDMs post treatment with LiCl. However, the degree of 3-catenin
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signaling induction was much greater in MDMs than monocytes (Fig.2c), reflecting higher
endogenous activity in monocytes. Collectively, these data indicate that monocytes, which
are resistant to productive HIV-1 replication, express higher levels of endogenous j3-catenin,
which is down-regulated as monocytes differentiate into macrophages and become more
susceptible to productive HIV-1 replication.

Inhibiting B-catenin renders monocytes susceptible to productive HIV-1 replication

Given that monocytes express high levels of endogenous active p-catenin, we evaluated
whether B-catenin restricts HIV-1 replication in monocytes. We performed loss of function
studies by transfecting monocytes with a TCF-4 dominant-negative mutant plasmid. TCF-4
is a downstream effector of B-catenin signaling, demonstrated to engage p-catenin to repress
HIV-1 transcription [28, 30]. The DN TCF-4 plasmid lacks the N-terminus required for -
catenin binding. Monocytes were nucleofected with TCF-4 DN mutant construct, green
fluorescent protein (GFP), or nucleofected without a plasmid (mock nucleofection), or the
cells were left without nucleofection. The cells were rested for 24 hours prior to infection
with HIV-1 Bal and HIV-1 p24 level was measured by ELISA at day 7 post-infection.
Monocytes that were nucleofected with TCF-4 DN mutant construct supported robust HIV-1
replication that was approximately 6-fold higher than monocytes nucleofected with GFP,
mock nucleofected, or not nucleofected (Fig. 3a) (p< 0.05). To assess whether inhibition of
TCF-4 can also induce HIV-1 from latently infected monocytes, U1/HIV-1 cells, which are
latently infected and harbor two copies of provirus, were transfected with DN TCF-4 or
backbone vector. Inhibiting TCF-4 significantly enhanced HIV-1 transcripts (gag, pol, env)
from U1 cells by 2-4 fold (Fig.3b). These data indicate that inhibition of TCF-4 leads to
HIV-1 activation from latently infected monocytes. Together, these data demonstrate that -
catenin/TCF-4 signaling is an endogenous inhibitor of HIV-1 replication in monocytes.

Activating p-catenin signaling in MDMs suppresses HIV-1 replication

Unlike monocytes, MDMs express low levels of -catenin. We therefore evaluated whether
induction of B-catenin in MDMs could be associated with reduction in HIV-1 replication.
GM-CSF-differentiated MDMs were either treated with LiCl for 24 hours before they were
infected with HIV-1 Bal at 10 ng p24/1x10°8 cells, or after infection. Treating the cells with
1 mM LiCl for only 24 hours prior to HIV-1 infection reduced HIV-1 replication by 3-fold
(p<0.0001), while treating the cells with LiCl after the infection reduced HIV-1 p24 by 5-
fold (p<0.0001) (Fig. 4a). While LiCl is a well described inducer of B-catenin, it may have
effects that are independent of B-catenin. To investigate whether the ability of LiCl to inhibit
HIV-1 replication in MDMs is mediated by its effect on -catenin, MDMs were transfected
with TCF-4 DN plasmid, GFP, or mock transfected. Approximately 24 hours post-
transfection, cells were infected with HIV-1 Bal (10 ng p24/1x106 cells). After infection, the
cells were treated with 1 mM LiCl or left untreated. HIV-1 p24 level was measured by
ELISA on day 7. The ability of LiCl to inhibit HIV-1 replication was abrogated by
interfering with B-catenin signaling (Fig. 4b). These data demonstrate that LiCl exerts its
inhibitory effect on HIV-1 replication in MDMs through activation of 3-catenin-mediated
signaling.

Curr HIV Res. Author manuscript; available in PMC 2015 February 17.
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Differentiation of monocytes by M-CSF also leads to down-regulation of B-catenin

expression

Ex vivo, monocytes can be differentiated to macrophages by GM-CSF or M-CSF treatments
to generate M1- and M2- like macrophages, respectively [40]. HIV-1 infection drives
macrophages toward an M-1 like phenotype (54-55). For this reason we used GM-CSF to
differentiate monocytes to MDMs. We assessed whether 3-catenin is differentially expressed
in GM-CSF MDM in comparison to M-CSF MDM. Monocytes adhered for 4 or 24 hrs had
robust expression of endogenous [3-catenin. Treating the cells with GM-CSF or M-CSF
diminished B-catenin expression within MDMs to a similar level in comparison to
monocytes (Fig.5). Interestingly, although not reaching statistical significance, we observed
a trend towards a higher level of f-catenin expression within M-CSF MDMs in comparison
to GM-CSF MDMs (Fig.5a). This difference may play a role in differential permissiveness
of M-CSF MDMs vs. GM-CSF MDMs to HIV-1 productive replication within these subsets.
Nonetheless, these data indicate that differentiation of monocytes, regardless of GM-CSF or
M-CSF skewing, lead to down regulation of f-catenin expression. Taken together, our
studies indicate that down regulation of B-catenin as monocytes differentiate to macrophages
promotes susceptibility of these cells to productive HIV-1 replication, while robust
expression of B-catenin is a host restriction factor for HIV-1 replication in monocytes

DISCUSSION

We demonstrate here that the B-catenin pathway is active to a higher extent in monocytes
than MDMs. Inhibiting B-catenin activity in monocytes rendered them permissive to HIV-1
replication to the same degree as observed in differentiated monocytes (MDMSs). Inversely,
enhancing B-catenin activity in MDMs potently suppressed HIV-1 replication. A number of
host factors have been linked to restricted HIV-1 replication in monocytes, including
APOBEC3 A and G [41] and SAM domain- and HD domain containing protein 1
(SAMHD1)[42]. Our data demonstrate that -catenin signaling is also restrictive factor for
HIV-1 replication in monocytes. Whether there is cross talk between p-catenin signaling and
these additional host restriction factors is still not clear. At least for SMADH-1, its
expression is not modulated by monocyte treatment with GM-CSF or M-CSF, whereas we
show here that monocyte treatment with GM-CSF or M-CSF lead to a profound down
regulation of B-catenin signaling.

[3-catenin signaling impacts hundreds of genes which in turn can have an effect on HIV-1
replication. However, the ability of B-catenin signaling to repress HIV-1 replication is a
direct process. We have made significant progress in understanding how p-catenin signaling
represses HIV-1 replication. Those studies have defined TCF-4 binding sites on the HIV-1
LTR promoter, particularly at the 3-148 nt site from the initiation of transcription, whereby
TCF-4, B-catenin, and SMAR-1 tether to pull the HIVV-1 DNA into the nuclear matrix and
away from the transcriptional machinery leading to repression of HIV-1 transcription [30].
j-catenin signaling has been linked to repression of antiviral innate immune response [43],
which along with direct inhibition of HIV-1 transcription may contribute to refractoriness of
monocytes to productive HIV replication. Additionally, the interaction between -catenin
and E-cadherins at the tight junction of the cell membrane may inhibit HIV-1 release [39,

Curr HIV Res. Author manuscript; available in PMC 2015 February 17.



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

1duosnuely Joyny vd-HIN

Aljawai et al.

Page 9

44]. Vpu, an HIV-1 auxiliary protein that is important for HIV-1 replication in macrophages,
overcomes this restriction by disrupting the association between [3-catenin and E-cadherin
[39]. Vpu also downregulates CD4 by recruiting B-TrCP, a member of the skpl-Cdc53-F-
box E3 ubiquitin ligase for the degradation of CD4. In recruiting p-TrCP, Vpu sequesters it
away from other cellular substrates including -catenin and the NF-xB inhibitor IxB, which
may result in the accumulation and stabilization of these substrates [42-44]. Therefore 3-
catenin stabilization and NFxB inhibition may both contribute to HIV-1 restriction in
monocytes. Indeed, some studies have indicated that active Wnt/B-catenin signaling may
antagonize NFxB activity [45]. Lastly, HIV-1 has a number of viral proteins that overcome
restriction factors. For example, Vpr overcomes restriction to viral release by destabilizing
tetherin while Vif degrades APOBEC3 to overcome its lethal deamination of viral DNA[46].
We recently demonstrated that Tat overcomes [3-catenin mediated repression by inhibiting
this signaling pathway [30]. Therefore in monocytes, where Tat levels may not be
sufficiently reached, p-catenin restricts robust level of HIV-1 replication, However, as Tat
threshold is reached in permissive cells such as macrophages, this pathway will still limit the
extent of HIV-1 replication, but Tat will drive higher level of HIV-1 transcription/
replication. It is thus a balance between Tat level within a cell and B-catenin signal integrity
that at least in part regulates HIV-1 replication in macrophages.

Monocytes are also likely to secrete a factor that inhibits HIV-1 replication in trans. In
heterokeryons between HIV-1 permissive T4 HelLa cells and monocytes, the heterokeryons
were restricted to HIV-1 replication [22] This finding suggests that monocytes secrete a
dominant factor that actively suppresses HIV-1 replication in otherwise HIV-1 permissive
T4 HelLa cells. While the identity of this factor is not known, the fact that the 3-catenin
pathway can be activated by soluble Wnt ligands suggests that monocytes may secrete Wnt
ligands that suppress HIV-1 replication in adjacent cells. Further, within the monocyte and
macrophage population are various subsets that are phenotypically and functionally diverse
[47-50]. Based on transcriptome analyses, CD16+ monocytes are more differentiated than
CD16-monocytes, although they are distinctly different than macrophages[49, 50]. CD16+
monocytes also harbor higher levels of HIV-1 in vivo and are more permissive to HIV-1
replication in vitro than CD16-monocytes[51]. We have not been able to detect differences
in B-catenin level between these two monocyte populations. However, endogenous -catenin
expression may be different among various macrophage subsets that can in turn regulate
extent of HIV-1 replication. We observed a trend, in some donors, of higher 3-catenin
expression in M-CSF vs. GM-CSF-derived macrophages. At least in vitro, M-CSF MDMs
are more susceptible to HIV-1 replication than GM-CSF MDMs [52], which is consistent
with our overall observation that -catenin expression is inversely correlated with HIV-1
productive replication [33]. In vivo, it is the microenvironment consisting of multiple/
converging signals that will dictate the degree of macrophage permissiveness to HIV-1
replication and in some cases these signals may trigger HIV-1 latency within macrophages,
as reported in the CNS.

j-catenin activity can be regulated by specific cytokines. We previously demonstrated that
IFN inhibits p-catenin[37] and we show here that GM-CSF and M-CSF also inhibit -
catenin. The ability of cytokines to modulate 3-catenin expression may in turn regulate the
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susceptibility of tissue macrophages to HIV-1. Macrophages from cervical/vaginal explants
support HIV-1 replication and are likely to play an important role in HIV-1 sexual
transmission [53, 54], but intestinal jejunum and alveolar macrophages are not highly
permissive to HIV-1 [53, 55]. This differential susceptibility of tissue macrophages to
productive HIV-1 replication may, in part, be dependent on cytokine-regulation of -catenin
at various tissue sites. Understanding the mechanisms of restricted HIV-1 replication
mediated by p-catenin in monocytes can highlight a new approach for anti-viral therapy and
enhance our understanding of HIV-1 pathogenesis in monocytes/macrophages.
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Figurel1. Higher level of HIV-1replication in MDMsthan monocytes, regardless of duration of
monocyte adherence

Monocytes were collected and adhered to tissue culture treated flasks for four hours or 24
hours prior to infection with HIV-1 Bal (10 ng p24/1x108 cells). Monocytes were also
isolated by adherence for 7 days and maintained in the presence of GM-CSF (100 ng/ml) for
seven days prior to HIV-1 infection. Seven days post-HIV-1 infection, HIV-1 p24 was
measured by conventional ELISA (A) or intracellular flow cytometry for CD3, CD4, CD14,
active - catenin, and HIV-1 p24 (B). The median percentage of live, CD3-CD14+HIV-1
p24+ cells was determined (B). Data are based on at least three different donors. Asterisk
denotes p<0.05 in comparison to first two columns.
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Figure 2. Endogenous B-catenin signaling is higher in monocytesthan MDMs
Freshly isolated monocytes (4 hr adherence) or GM-CSF MDMs were evaluated for

endogenous and inducible active -catenin protein. LiCl at 1mM was used to activate f3-
catenin. A representative histogram of active p-catenin level measured by conventional
intracellular flow cytometry (A). Cumulative data of at least three independent experiments
measuring active B-catenin level by flow cytometry (B). Monocytes and GM-CSF MDMs
were transfected with green fluorescent protein construct (GFP), TOPflash construct, or
FOPflash construct. The cells were then left untreated or treated with lithium (ImM). All
cultures were co-transfected with an internal transfection control (Renilla). Approximately
12 hrs later, firefly luciferase and Renilla activities were measured using a dual luciferase
assay (C). Data are presented as firefly luciferase over Renilla luciferase relative light units
(RLU). Asterisks in (B) denote p<0.05 in comparison to MDMs alone.
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Figure 3. Inhibiting B-catenin-mediated signaling in monocytesrenders them susceptible to
HIV-1replication and leadsto re-activation of latent HIV-1 from promonocytic cells

a) Freshly isolated monocytes were nucleofected with a dominant negative (DN) TCF-4
mutant construct (2 g/1x108 cells), green fluorescent protein (GFP) construct, nucleofected
without a construct (mock), or left without nucleofection. The cells were rested for 24 hours
post nucleofection and then infected with HIV-1 Bal. HIV-1 p24 concentration was
measured by ELISA on day 7 post-infection (A). U1 cells which harbor 2 HIV-1 proviral
copies were nucleofected with DN TCF-4 or backbone vector (pcDNA) plasmids and on day
3 post nucleofection gRT-PCR was performed to amplify for HIV-1 gag, env, and rev
transcripts and data normalized to GAPDH gene expression (B). Data are based on three
independent experiments. Asterisks denote p<0.05 in comparison to untreated cultures (A)
or paired pcDNA treatments (B).
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Figure4. Inhibition of B-catenin mediated signaling enhances HIV-1 replication in MDMs
MDMs were pre-treated with LiCl (mM) for 24 hrs or left untreated then infected with

HIV-1 Bal. Post-infection the cells were left untreated or treated with LiCl. HIV-1 p24 was
measured by ELISA on day 7 post-infection (A). MDMs were nucleofected with GFP or
TCF-4 DN mutant constructs, rested for 24 hrs, then infected with HIV-1 Bal and left
untreated or treated with LiCl. HIV-1 p24 was measured on day 7 by ELISA. Data are
representative of at least three experiments (B). Asterisks denote p< 0.05.
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Figure5. M-CSF MDMsdown regulate B-catenin expression
Monocytes were adhered for 4 hours or 24 hours or treated with GM-CSF or M-CSF for 7

days and active B-catenin expression measured by intracellular flow cytometry. A
representative histogram of active p-catenin level measured by conventional intracellular
flow cytometry is shown in (A) and cumulative data of mean active -catenin mean
fluorescence intensity (MFI) based on at least two independent experiments is shown in (B).
Asterisk denote p<0.05 in comparison to first two columns.
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