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Introduction

Summary

Stromal-derived factor-1 (SDF-1/CXCL12) and its receptor CXCR4 play
crucial roles in leukocyte migration and activation, as well as embryogene-
sis, angiogenesis, cancer and viral pathogenesis. CXCR4 is one of the major
human immunodeficiency virus-1 (HIV-1) coreceptors on macrophages. In
many tissues macrophages are one of the predominant cell types infected
by HIV-1 and act as a reservoir for persistent infection and viral dissemin-
ation. In patients infected by HIV-1, blood and tissue levels of transform-
ing growth factor-f1 (TGF-B1) are increased. The purpose of this study
was to evaluate the effects of TGF-1 on CXCR4 expression and function
in primary human monocyte-derived macrophages (MDMs) and rat
microglia. TGF-f1 up-regulated CXCR4 and enhanced SDF-1a-stimulated
ERK1,2 phosphorylation in these cells. The increased CXCR4 expression in
human MDMs resulted in increased susceptibility of the cells to entry by
dual-tropic CXCR4-using HIV-1 (D-X4). In contrast, TGF-fB1 failed to
increase CCR5 expression or infection by a CCR5-using virus in MDMs.
Our data demonstrate that TGF-B1 enhances macrophage responsiveness
to SDF-1a stimulation and susceptibility to HIV-1 by selectively increasing
expression of CXCR4. The results suggest that increased expression of
CXCR4 on macrophages may contribute to the emergence of dual-tropic
X4 viral variants at later stages of HIV-1 infection.
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HIV-1 infection”® and cytokine up-regulation of CXCR4
and down-regulation of CCR5 on CD4" T-lymphocytes.’

Macrophages are one of the predominant cell types infec-
ted with human immunodeficiency virus-1 (HIV-1) in
many tissues, including brain, lung and lymph nodes.'
Unlike infected CD4" T-lymphocytes which have a short
half life of 1-1-5 days, macrophages are quite resistant to
the cytopathic effects of the virus and thus, may provide
a reservoir for persistent infection and virus dissemin-
ation. The two major coreceptors of HIV-1, CXCR4 and
CCR5, are both expressed on macrophages. Macrophages
are primarily infected by CCR5 utilizing viruses (R5) in
early stages of infection® but at later stages of the disease
they are often infected by dual-tropic CXCR4 using vari-
ants (D-X4)’ that are associated with disease progression.®
Several mechanisms have been put forward to explain the
tropism evolution in the progress of acquired immune
deficiency syndrome (AIDS), including increased expres-
sion of R5 variants blocking chemokines at the sites of
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However, the phenomenon is still perplexing and the
answers are not yet satisfying.

The susceptibility of macrophages to HIV-1 infection
is dependent on multiple factors, including the stage of
differentiation of the cells as well as a variety of host
factors.'” Previous studies showed that R5 HIV-1 ineffi-
ciently infects monocytes. However, as monocytes differ-
entiate into macrophages, mRNA and cell surface
expression of CCR5 increases while CXCR4 decreases.
Concurrently, the infection level of the cells by R5 viruses
also increases.''* Host factors, including cytokines and
growth factors, play important roles in regulating patho-
genesis of HIV infection. Transforming growth factor-p1
(TGF-B1) is a multifunctional growth factor that is
important in development, immune responses, tumour
biology and angiogenesis.'>'* In patients infected with
HIV-1, blood levels of TGF-B1 are increased.” TGF-B1
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production can be induced from macrophages, peripheral
blood mononuclear cells (PBMCs) and astrocytes infected
with HIV-1.'""'® TGF-BI increases CXCR4 expression,
X4-envelope-mediated syncytium and X4-infection levels
on human mature dendritic cells.'” Monocyte-derived
macrophage (MDM) expression of CXCR4 has also been
shown to be regulated by TGF-B1-*° In addition, TGF-B1
can overcome the replicative restriction of T-tropic iso-
lates of HIV-1 in macrophages.”’ However, the mechan-
ism of how TGF-P1 regulates macrophage susceptibility
to X4 HIV-1 infection is not well characterized.

CXCR4 is the only known receptor for the CXC
subfamily chemokine SDF-lo. SDF-loo and CXCR4
are essential in central nervous system (CNS) develop-
ment, angiogenesis, lymphopoiesis and tumorigenesis.***
SDF-1a activates Ca®" mobilization, phosphatidylinositol-3
(P13) kinase and mitogen-activated protein kinase (MAPK)
pathways and chemotaxis in CXCR4-expressing cells.*>*
CXCR4 expression is under extensive regulation in both
physiological and pathological states. For example, a previ-
ous study showed that the interaction with thymic epithe-
lial cells (TEC) induced an up-regulation of CXCR4
expression on CD4" mature thymocytes.”® In the CNS,
CXCR4 is expressed on astrocytes, microglia and neurons.
CXCR4 on microglia can mediate HIV-1 entry into the
CNS, although the efficiency of the virus—cell interaction is
higher with CCR5.*7*®

In this study, we examined the effects of TGF-B1 on
CXCR4 expression, CXCR4-mediated signalling, and HIV-1
infection in human MDMs. We found that TGF-B1
increased CXCR4 expression at both the mRNA and cell
surface protein levels. Distribution of CXCR4 in the cells
was also changed by TGF-B1 treatment. The increase in
CXCR4 expression resulted in enhanced SDF-1a stimula-
ted ERK1,2. In the CNS, TGF-B1 also up-regulated
CXCR4 mRNA expression and potentiated SDF-la-
stimulated signalling in primary cultures of rat microglia.
More importantly, CXCR4-mediated D-X4 HIV-1 virus
entry into human MDMs was enhanced by TGF-B1. In
contrast, neither CCR5 expression nor R5 virus entry into
MDM was changed by TGF-B1 treatment. Our studies
implicate TGF-B1-regulated CXCR4 on macrophages as
one possible mechanism responsible for the emergence of
X4 HIV-1 variants during later stages of AIDS.

Materials and methods

Primary cultures of human MDMs and rat microglia

Human MDMs were prepared as previously described."'
Two types of media were used in the preparation of
human MDM culture. Serum free medium: RPMI-1640
medium (Life Technologies, Rockville, MD), 100 000 U/
penicillin, 100 mg/1 streptomycin, pH 7-4. Complete med-
ium: RPMI-1640 medium, 15% human serum (Sigma,
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St. Louis, MO), 100 000 U/I penicillin, 100 mg/] strepto-
mycin, pH 7-4. Uninfected PBMCs from fresh HIV-1-,
cytomegalovirus-, and hepatitis B virus-negative leuka-
pheresis residues were isolated from adult donors by
Ficoll gradient centrifugation. Briefly, Leukapheresis resi-
dues were washed once with wash buffer (Hank’s balance
salt solution, 2-5 mm EDTA, 2% fetal bovine serum [FBS;
Life Technologies, Rockville, MD], 100 000 U/1 penicillin,
100 mg/1 streptomycin, pH 7-4) and then incubated with
RosetteSep Human Monocyte Enrichment Cocktail
(StemCell Technologies, Vancouver, BC, Canada) for
20 min at room temperature before Ficoll gradient cen-
trifugation. The enriched monocytes were washed twice
with wash buffer and plated with complete medium into
75 cm? flasks (Sarstedt, Newton, NC). After 1-2 hr incu-
bation at room temperature, cultures were rinsed twice
with serum free medium. Monocytes were incubated in
complete medium supplemented with 1 ng/ml granulo-
cyte—-macrophage colony-stimulating factor (GM-CSF)
(Sigma) at 37°, 5% CO, for a week. After cultures
matured into macrophages, the medium and unattached
cells were aspirated off. Cell monolayers were washed
twice with phosphate-buffered saline (PBS), scraped
gently off the flasks, and replated for experiments. One
day after plating, the cells were used for experiments. The
cultures contain >95% macrophages.'' Primary cultures
of rat microglia were prepared from neonatal rat brain as
described previously.*

Northern blot analysis

MDMs were plated at a density of 1-1-5 million/well
into 6-well plates (Corning Incorporated, Corning, NY).
Microglia were seeded at a density of 4 million cells per
100 mm dish. Serum free medium containing various
concentrations of human TGF-B1 (Chinese hamster ovary
cell expressed, R & D Systems, Minneapolis, MN) was
applied to the cells. At various times after addition of
TGF-B1, as indicated in Results, total RNA was extracted
with TriZol reagent (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions and subjected to Nor-
thern blot analysis.3 9 [*?P]-labelled cDNAs encoding
human CXCR4, CCR5 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), or rat CXCR4, CCR5, and
cyclophilin were used as hybridization probes. The washed
membranes were exposed to film and detected by auto-
radiography.

Flow cytometry and immunofluorescence microscopy

For flow cytometry analysis, MDMs seeded into 6-well
plates at a density of 1-1-5 million/well were treated with
20 ng/ml TGF-B1 for 48 hr. Cells were collected by gentle
scraping, washed once with fluorescence-activated cell
sorter (FACS) washing buffer (PBS, 0-02% sodium azide,
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10% FBS and 2% human serum) and incubated subse-
quently with either allophycocyanin (APC)-conjugated
anti-human CXCR4 monoclonal antibody (mAb 12GS5,
BD Biosciences Pharmingen, San Diego, CA), APC-conju-
gated anti-human CD4 (mAb Leu-3a, BD Biosciences
Pharmingen), APC-conjugated anti-human IgG,, anti-
body (BD Biosciences Pharmingen), or APC-conjugated
anti-human immunoglobulin G1 (IgGl) antibody (BD
Biosciences Pharmingen) for 15 min at 4°. Cells were
washed twice with FACS washing buffer, then fixed with
fixing buffer (PBS, 1% paraformaldehyde, 0-02% sodium
azide) and analysed with a FACScan machine (Becton-
Dickinson, San Jose, CA). For immunofluorescence micro-
scopy, 200 000-300 000 cells were seeded onto cover slips
in 24-well plates. After 48 hr treatment with TGF-f1, cells
were fixed in 4% paraformaldehyde for 30 min at room
temperature, permeabilized with PBS—1% Tween for
15 min and then blocked with blocking buffer (PBS, 1%
bovine serum albumin) for 1 hr. The cells were incubated
in 1:100 goat anti-human CXCR4 (C-20) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) in blocking
buffer at 4° overnight and further with fluorescein isothio-
cyanate (FITC)-conjugated bovine anti-goat secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at
room temperature for 1 hr. The cells were analysed using
confocal microscopy (Solamere Technology Group, Salt
Lake City, UT) with a Stanford Photonics XR-Mega 10
camera (Palo Alto, CA).

SDEF-1o stimulation of ERK1,2 phosphorylation

MDMs (500 000/well) in 12-well plates were treated for
48 hr with serum free medium containing TGF-f1, incu-
bated in serum free medium for an additional 2 hr,
and stimulated subsequently with 50 nm human SDF-1a
(R & D Systems) for 2 or 5 min. The cells were collected
in lysis buffer with proteinase inhibitor cocktail (PBS,
1% NP-40, 0-5% Na-deoxycholate, 0-1% SDS, 100 pg/ml
phenylmethylsulphonyl fluoride, 20 pg/ml aprotinin, 1 mm
sodium orthovanadate, 1 mm dithiothreitol, pH 7-4) and
Western blot analysis was carried out as described
previously.”” Mouse anti-phospho-ERK1,2 antibody (Cell
Signaling Technology, Beverly, MA), rabbit anti-ERK1,2
antibody (Cell Signaling Technology), HRP-conjugated
sheep anti-mouse secondary antibody (Sigma), and
HRP-conjugated goat anti-rabbit secondary antibody (Cell
Signaling Technology) were used.

HIV-1 infection analysis

Single cycle recombinant viruses were produced by
cotransfection of a luciferase-tagged HIV-1 backbone
vector and an envelope expression vector containing env
sequences, as described previously.’ The vector pNL4-
3.Luc.E™ encoded the HIV-1yp4.3 provirus with a frame-
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shift in env that prevents expression of the envelope
glycoprotein and was tagged with firefly luciferase in the
nef reading frame. The envelope expression vector was
prepared by inserting the entire env reading frame from
either HIV-1; pp or HIV-1p x4 into the cytomegalovirus
promoter-based expression vector, pcDNA3-1 + (Strata-
gene, La Jolla, CA). The two vectors were cotransfected
into 293 cells with Superfect transfection reagent (Qiagen,
Chatsworth, CA). Viral supernants were harvested two
days later, pooled, cleared of cell debris by 0-45-um pore
size filtration, assayed for p24 antigen content and stored
in aliquots at —80°.

MDMs were plated into wells of 48-well plates at a
density of 250 000 cells/well. After 48 hr treatment with
20 ng/ml TGF-P1, cells were washed once with PBS and
fed with complete medium. Cells were inoculated with
60 ng of viral p24 and cell lysates were prepared with cell
culture lysis reagent (Promega, Madison, WI) 4 days after
infection. The amount of luciferase activity in each lysate
was determined by a standard luminometer assay (Mono-
light 2010; Analytical Luminescence Laboratories, San
Diego, CA), which reported in relative light units (RLU).

Statistic analysis

Student’s t-test and two-way analysis of variance were
done in GraphPad Prism 3.1 (GraphPad Software, San
Diego, CA) as indicated in the results. The significance
level was set at P < 0-05.

Results

TGF-B1 increased CXCR4 mRNA in MDMs

Blood levels of TGF-B1 are increased in individuals infec-
ted with HIV-1 and it can be induced from macrophages,
PBMCs and astrocytes.'”'® To examine the effects of
TGF-B1 on CXCR4 expression in macrophages, human
monocytes were differentiated for 1 week in the presence
of GM-CSF into mature macrophages. Macrophages were
treated with different concentrations (0-20 ng/ml) of
TGF-B1 in serum free medium for 24 hr, total RNA was
extracted and subjected to Northern blot analysis. The
levels of CXCR4 were quantified and normalized to
GAPDH hybridization signals. Figure 1(a) shows that
TGEF-B1 up-regulated CXCR4 mRNA in MDMs in a con-
centration-dependent manner. Maximal induction of
CXCR4 mRNA was about 2-5-fold and occurred at physi-
ologically relevant TGF-B1 concentrations, i.e. 2-20 ng/ml.
The kinetics of the TGF-f1 dependent increase in CXCR4
mRNA was also characterized. Induction was evident as
early as 8 hr (data not shown), and a maximal increase
was seen from 24 to 48 hr (Fig. 1b). CCRS5 is the other
major coreceptor expressed on MDMs. Macrophages are
primarily infected with R5 viruses following transmission
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Figure 1. TGF-B1 increased CXCR4 mRNA in human MDMs. (a) Concentration-dependence of TGF-Bl up-regulation of CXCR4 mRNA in
MDMs. Human MDMs were treated with serum free medium alone or in the presence of the indicated concentrations of TGF-B1 for 24 hr and

total RNA was extracted and subjected to Northern blot analysis. The intensity of CXCR4 mRNA was quantified by densitometry, normalized to
that of GAPDH mRNA, and plotted as relative levels of CXCR4 mRNA. (b) Time dependent effects of TGF-B1 on CXCR4 mRNA. Human
MDMs were incubated in serum free medium with (filled bars) or without (open bars) 20 ng/ml TGF-B1. Total RNA was extracted at various

time points indicated and subjected to Northern blot analysis. The results are representative of two independent experiments. (¢) TGF-B1 had no
effect on CCR5 mRNA. Total RNA was isolated from MDM:s incubated in serum free medium with or without 20 ng/ml TGF-f1 for 48 hr and

subjected to Northern blot analysis.

and throughout the course of the disease.*?*> To examine
if TGF-B1 had any effects on CCR5 mRNA expression,
total RNA of control- and TGF-P1-treated MDMs were
subjected to Northern blot analysis. Steady state levels
of CCR5 mRNA were unaltered after 48 h of 20 ng/ml
TGF-B1 treatment (Fig. 1c).

TGF-B1 increased MDM cell surface CXCR4
and altered its cellular localization

A direct relationship between levels of mRNA and surface
expression of CXCR4 and CCR5 has been established."'
Because CXCR4 mRNA was up-regulated by TGF-f1, it
was probable that CXCR4 on the cell surface of MDMs
would be increased also. MDMs were treated with 20 ng/ml
of TGF-B1 for 48 hr and subjected to flow cytometry
analysis in order to evaluate cell surface expression of
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CXCR4. TGF-B1 treatment increased mAB 12G5 immuno-
reactivity indicating that CXCR4 expression on the cell
surface was elevated; isotype control staining of control
and TGF-fB1 treated cells were less than staining by 12G5
(Fig. 2a, upper panel). A summary of eight independent
donors indicated that TGF-B1 increased cell surface
CXCR4 protein expression by 50 + 16% (Fig. 2a, lower
bar graph). On the other hand, there was no change in
CD4 expression (Fig. 2a, middle panel). The localization
of CXCR4 in TGF-B1-treated and untreated MDMs was
determined by staining permeabilized cells with an anti-
CXCR4 antibody directed against the C-terminus of
human CXCR4. Specificity of the immunoreactivity was
established by two methods. First, no staining was
observed when the primary antibody was omitted and
second, HEK293T cells engineered to overexpress human
CXCR4 displayed higher immunoreactivity, as compared
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Figure 2. TGF-P1 increased cell surface expression of CXCR4 on MDMs and changed its cellular localization. (a) FACS analysis of CXCR4 and
CD4 expression in control and TGF-B1-treated cells. MDMs were treated with medium with or without 20 ng/ml TGF-B1 for 48 hr and then
examined for cell surface CXCR4 expression with anti-CXCR4 or isotype control (IgG2a) antibody staining and flow cytometry (upper panel).
Grey line, isotype control staining of control cells; black line, isotype-control staining of TGF-P1 treated cells; red line, mAb 12G5 staining of
control cells; blue line, mAb 12G5 staining of TGF-f1 treated cells. The middle panel depicts CD4 levels in the control and TGF-treated cells.
The data depicted are representative of results from three donors. The colour scheme of the lines on the histogram is identical to the upper
panel; an IgG1 isotype control antibody. The lower bar graph summarizes results of experiments on eight different donors; the data were analysed
by Student’s t-test, *P < 0-05. (b) Confocal immunofluorescence microscopy analysis of CXCR4 expression in control and TGF-B1-treated cells.
Human MDMs incubated in medium with or without TGF-P1 were immunostained with anti-CXCR4 antibody and visualized by confocal micro-
scopy. The data are representative of five independent experiments. The microscope magnification used was 40X.

to mock-transfected cells (data not shown). TGF-B1-
treated cells displayed a more rounded shape and, in the
confocal plane, appeared somewhat larger than control
treated cells (Fig. 2b). This TGF-B1 effect was similar to Binding of SDF-1a to CXCR4-expressing cells stimulates

SDF-1a-stimulated ERK1,2 phosphorylation was
enhanced by TGF-P1 pretreatment

what has been observed with other TGF-B1 responsive intracellular Ca>* mobilization, as well as PI3 kinase and
cells.”” CXCR4 immunoreactivity appeared in a punctate MAPK pathways. We examined if the increased CXCR4 on
pattern in control treated cells, a cellular distribution sim- MDMs enhanced SDF-1a stimulation of ERK1,2. MDMs
ilar to previous reports.’>’* On the other hand, CXCR4 were treated with TGF-B1 for 48 hr and then stimulated
was more evenly distributed throughout the TGF- with 50 nm SDF-la for 2 and 5 min. At both time
B1-treated MDMs, although more intense perinuclear points, TGF-P1 pretreatment enhanced SDF-1a-stimulated
immunoreactivity was observed. Consistent with the flow ERK1,2 phosphorylation (Fig. 3). At 2 and 5 min time
cytometry analysis, the fluorescence intensity of the cell points, SDF-1a increased pERK1,2 levels 3-5- and 2-7-fold,
surface was increased by TGF-B1. respectively, in TGF-B1-treated cells. In control cells,
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SDF-1a only increased pERK1,2 2-3- and 1-5-fold (2 and
5 min, respectively).

TGF-P1 increased CXCR4 and enhanced
SDF-1a-stimulated ERK1,2 phosphorylation in
rat microglia

Microglia are immune cells resident in the CNS and can
perform such functions of macrophages as antigen
presentation, cytokine synthesis and phagocytosis.’® These
cells also constitutively express CXCR4, which can be
activated by SDF-1o and mediate HIV-1 infection within

the CNS. We investigated if TGF-B1 could alter the
expression of CXCR4 on rat microglia. Primary cultured
neonatal rat microglia were treated with 2 ng/ml TGF-p1
for 8, 16, and 24 hr and total RNA was extracted and
subjected to Northern blot analysis. As shown in
Fig. 4(a), as early as 8 hr after TGF-B1 treatment, a
dramatic increase (about fourfold) of CXCR4 mRNA was
evident; the increase was maintained through 24 hr of
TGEF-B1 treatment. Steady state levels of CXCR4 mRNA
in primary cultures of rat astrocytes were unaltered by
TGF-B1 (Fig. 4b top panel). In contrast to human
MDMs, TGF-Bl1 reduced steady state levels of CCR5
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Figure 3. SDF-la-stimulated ERK1,2 phosphorylation in control and TGF-B1 treated MDMs. Human MDMs were treated with or without
20 ng/ml TGF-B1 for 48 hr, washed twice and incubated with serum free medium for an additional 2 hr. Cells stimulated with medium alone
(open bars) or medium containing 50 nm SDF-1o (filled bars) for 2 min and 5 min were then lysed and subjected to Western blot analysis.
The levels of Phospho-ERK1,2 were normalized to those of total ERK1,2. The data was analysed by two-way aNova. *, P < 0-05, data represent
means = SEM of four experiments on four different donors.
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Figure 4. TGF-B1 increased CXCR4 mRNA and enhanced SDF-la-stimulated ERK1,2 phosphorylation in primary cultures of rat microglia.
(a) Rat microglial CXCR4 mRNA was increased by TGF-B1. Rat microglia were treated with (filled bars) or without (open bars) 2 ng/ml TGF-f1
and total RNA was collected at the indicated time points. The levels of CXCR4 mRNA were analysed by Northern blot analysis and normalized
to the cyclophilin hybridization signal. (b) Rat microglia and astrocytes were treated with or without 2 ng/ml TGF-1 for 16 hr. The levels of
CXCR4 (top panel) and CCR5 (lower panel) mRNA were analyzed by Northern blot. (c) Rat microglia were treated with or without 2 ng/ml
TGE-B1 for 16 hr. Cells stimulated with medium alone (open bars) or medium containing 50 nm SDF-1a (filled bars) for 2 min were then lysed
and subjected to Western blot analysis. The data represent means + SEM of three independent experiments and analysed with Two-way ANOVA.
*, P < 0-05.
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mRNA (Fig. 4b lower panel) in rat microglia. TGF-p1 did
not affect CCR5 mRNA in cultured astrocytes (Fig. 4b
lower panel). TGF-Bl-treated and untreated microglia
were also subjected to analysis of CXCR4 function. As
observed in the human MDM, TGEF-B1 significantly
enhanced the SDF-1a-stimulated ERK1,2 phosphorylation
(Fig. 4c). A decreased basal level of ERK1,2 phosphoryla-
tion in TGF-Bl-treated rat microglia was also observed,
consistent with our previously published data.*

TGF-B1 increased D-X4 HIV-1 infection of MDMs

Although macrophages are primarily infected with R5
viruses, variants of HIV-1 can also use CXCR4 to gain entry
into these cells.”>**” We evaluated the susceptibility of
TGF-B1-treated MDMs to X4 HIV-1 virus infection. To
this end we used a dual-tropic (D-X4) virus that can use
CXCR4 to infect both macrophages and CD4" T-lympho-
cytes. The recombinant HIV-1p x, infects MDMs through
CXCR4 since AMD3100 completely inhibited entry
(Fig. 5a). MDMs treated with TGF-B1 for 48 hr were
infected with recombinant virus and 4 days later, viral
entry was measured by a luciferase activity assay. TGF-B1
increased viral infection amongst seven of eight donors
that were examined (Fig. 5b). Statistical analysis of all
eight donors demonstrated a significant twofold enhance-
ment by TGF-Bl. While previous data showed that
TGF-B1 could overcome the replicative restriction of
T-tropic HIV-1 virus in MDMs?*! in our system, HIV-1p4;
virus was unable to infect either TGF-B1- or control-
treated MDMs (data not shown). The effect of TGF-1
on the infection capacity of R5 variants on MDMs was
also assessed using a JR-FL recombinant virus. Consistent
with the CCR5 mRNA data, there was no difference in
infection levels by this virus between control and TGF-f1
treated cells (Fig. 5b).

Discussion

Macrophages express both major HIV-1 coreceptors,
CXCR4 and CCR5. In this report, we demonstrated that
the pleiotropic growth factor/cytokine, TGF-P1, increased
CXCR4 expression in human MDM and rat microglia
which resulted in two functional consequences. These
included increased activation of ERK1,2 by SDF-1a and,
in the case of human MDM, an enhanced susceptibility
to D-X4 HIV-1 infection. This latter change was very
likely caused by the increase in surface expression of
CXCR4 because:"> CD4 expression was unchanged; and
the expression of the other major HIV-1 coreceptor,
CCR5, was unaltered by TGF-B1 in MDMs and so was
the susceptibility of the cells to a R5 HIV-1 variant.
CXCR4 expression and function are under extensive
regulation in both physiological and pathological condi-
tions. TGF-B1 can increase CXCR4 expression on naive
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Figure 5. TGF-P1 increased the susceptibility of MDMs to D-X4
HIV-1 entry. (a) DX-4 entry is blocked by the CXCR4 antagonist,
AMD3100. The data represent means + SEM from experiments con-
ducted on four different MDM donors. (b) Cells treated with med-
ium in the presence or absence of 20 ng/ml TGF-B1 for 48 hr were
washed once with PBS, incubated with complete medium, and subse-
quently inoculated with recombinant D-X4 or JR-FL HIV-1. The
graph shows the fold change derived from experiments on eight dif-
ferent donors for D-X4 virus and three different donors for JR-FL
virus. Each experiment was done on three to six replicates. The
means + SEMs for fold changes in viral entry caused by TGF-B1
treatment were: D-X4, 200 £ 0-40*%; JR-FL, 0-89 + 0-04. The data
was analysed by Student’s t-test. *Significantly different from 1 at
P < 0-05.

T cells, which results in increased homing of these cells to
the spleen.*” In the CNS, CXCR4 expression is up-regula-
ted in HIV encephalitis, experimental allergic encephalo-
myelitis and brain tumours. In these disease scenarios, the
increased expression was localized primarily to microglia,
astrocytes and infiltrating leucocytes.* ™** In our study,
Northern blot, flow cytometry and immunostaining dem-
onstrated that TGF-B1 could increase CXCR4 expression
at both mRNA and protein levels in human macrophages
and rat microglia.

In addition to increasing steady state levels of CXCR4
mRNA and cell surface protein, TGF-B1 also changed
the localization of CXCR4 in human MDMs. CXCR4
immunostaining and confocal microscopy showed that
CXCR4 on the plasma membrane was increased by
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TGF-B1, which was consistent with data from the flow
cytometry analysis. More surprisingly, in control cells,
CXCR4 immunoreactivity appeared in a punctate pattern
in the cytoplasm. However, in TGF-Bl-treated cells, a
more even cellular distribution was observed, although
more intensive staining was seen around the nucleus.
CXCR4 and CCR5 have been shown by immunoelectron
microscopy to form homogeneous clusters in human
macrophages, mostly on microvilli.*> CCR5 microclusters
were also found in secretory vesicles of the Golgi appar-
atus and they were speculated to be transported to the
cell membrane.*” The CXCR4 punctate pattern is consis-
tent with this earlier report. TGF-B1 may be increasing
the rate of transportation of CXCR4 from these vesicles
to the plasma membranes. Concurrently, a TGF-B1-
dependent signal to increase de novo synthesis of CXCR4
could explain the enhanced immunofluorescence intensity
around the nucleus. Nonetheless, further investigation will
be required to verify this hypothesis.

SDF-1o-mediated ERK1,2 phosphorylation was enhanced
in TGF-B1 pretreated cells indicating that the increased
CXCR4 expression functionally enhanced activation of
this MAPK signalling pathway. ERK1,2 phosphorylation is
part of an important set of intracellular signalling path-
ways that are involved in cell survival, proliferation and
activation.”***” ERK1,2 activation has also been shown
to be involved in regulating HIV-1 infectivity and pro-
duction. Exposure of HIV-1 infected cells to SDF-1a
enhanced the production of X4 HIV-1 that was depend-
ent on SDF-la-stimulated ERK1,2 activation.*® ERKI,2
activated by serum or constitutively active Ras, Raf or
MEK also enhanced the infectivity of HIV-1 virions.*>*°
Thus, TGF-B1-enhanced SDF-la-stimulated ERK1,2 acti-
vation may result in greater activation of macrophages
in immune responses and increased HIV-1 infectivity.
TGF-B1 also increased CXCR4 expression and SDF-lo-
stimulated intracellular signalling in the central nervous
system macrophage, i.e. microglia. We previously repor-
ted that fractalkine-stimulated ERK1,2 phosphorylation
in microglia was diminished by TGF-Bl pretreatment
although it up-regulated CX3CRI expression.”’ These
contrasting effects of TGF-f1 on CX3CR1 and CXCR4
functions suggest that TGF-P1 differentially and specific-
ally regulates the responsiveness of mononuclear cells to
the chemokine ligands fractalkine and SDF-1a.

Blood levels of TGF-f1 have been shown to be elevated
in individuals infected with HIV-1."® Increased produc-
tion of TGF-B1 has been demonstrated from HIV-1-infec-
ted monocytes, macrophages and astrocytes.'®™'® When
HIV-infected individuals progress towards AIDS, variants
using CXCR4 emerge compared to predominantly R5 var-
iants in early infection. We demonstrated that TGF-B1
could increase CXCR4 expression and consequently,
enhance D-X4 HIV-1 infection of MDMs indicated by
luciferase activity. However, this latter observation could
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be due to other possible mechanisms. TGF-f1 may
increase other attachment receptors such as DC-SIGN
and mannose receptors which may allow more efficient
HIV-1 entry.”>* In addition, it is possible that TGF-B1
could enhance events after HIV-1 entry, such as nuclear
uptake, reverse transcription of DNA and transcription.
Because TGF-B1 failed to change CCR5 expression and
JR-FL HIV-1 infection of MDMs, the TGF-B1-enhanced
D-X4 infection was more likely a result of the TGF-P1
dependent increase in CXCR4 expression since these
other possible mechanisms would not be specific for
D-X4 viruses. Our results suggest that one possible mech-
anism to achieve viral tropism evolution of R5 towards
R5 X4 and X4 is to increase CXCR4 expression on macro-
phages while keeping CCR5 expression unchanged. The
entry of D-X4 into human MDMs was up-regulated two-
fold in TGF-B1 pretreated cells. Our experiments used
single cycle viruses that were replication incompetent in
order to address the effect of TGF-B1 on levels of D-X4
entry. Thus it is reasonable to predict the increase of viral
entry in TGF-B1-treated cells could result in exponential
amplification of virus production in subsequent replica-
tion cycles. Further amplification of D-X4 virus infection
of macrophages, in vivo, could result from increased
TGF-B1 from HIV-1-infected macrophages, as well
as enhanced number of these cells as a consequence
of the potent monocyte chemoattractant property of
TGF-B1.*>* TGF-B1 also increases CXCR4 expression in
primary CD4" T cells.”® Because D-X4 variants can use
CXCR4 to get into both macrophages and CD4" T cells,
the increased production of these viruses by macrophages
exposed to TGF-B1 could provide a mechanism to pro-
mote further infection of CD4" T cells.

Other cytokines can also contribute to increasing HIV-1
infection of macrophages. Interferon-y and interleukin
(IL)-6 increased the capacity of MDMs to favor CXCR4
using HIV-1 infection while decreasing infection by R5
variants.>® Cytokine regulation of cell susceptibility to
HIV-1 infection by changing coreceptor expression levels
has also been seen in other cells. IL-2, IL-4, IL-7 and
IL-15 induced functional cell surface expression of
CXCR4 on CD4" CCR7" human memory T cells, and
increased the infection by X4 strains of HIV-1 in these
cells."*'® TL-7 has been reported to increase CXCR4
expression on CD4" mature thymocytes and X4 virus rep-
lication in these cells.”® Our results, together with others,
demonstrate that the cytokine milieu contributes to the
complex regulation of an individual’s susceptibility to
HIV-1 infection and viral tropism change.'’

A previous report showed that TGF-B1 could overcome
replicative restriction of X4 HIV-1 (LAI) in macrophages.*'
However, in our experiments, MDM cultures derived
from multiple donors were resistant to infection by
HIV-1pa1 with or without TGF-B1 pretreatment (data not
shown). While the different donor populations could
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account for this discrepancy, it may reflect the nature of
the experimental paradigm. Our experiments were specific-
ally designed to evaluate the effects of TGF-B1 on viral
entry, as the virus-reporter system we utilized was not rep-
lication competent. Thus, the difference between the two
sets of results suggests that there could be multiple TGF-
B1-regulatable steps during the process of viral infection.
Nonetheless, a clear correlation between CXCR4 surface
expression and viral entry is evident from our study.

In summary, we report that TGF-B1 increased CXCR4
expression and SDF-lo-stimulated intracellular signalling
in macrophages in both the peripheral immune and the
central nervous systems. Furthermore, the increased
CXCR4 expression results in enhanced susceptibility of
the cells to entry of dual-tropic X4 HIV-1 variants. Our
data demonstrate that TGF-P1 regulates the expression
of chemokine receptor on human macrophages and rat
microglia with clear functional consequences on viral
pathogenesis as well as potential alterations in mecha-
nisms whereby chemokines contribute to host immune
responses.
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