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Abstract

Recent data provide evidence that co-infection with human immunodeficiency virus type 1 (HIV-1) and human
T lymphotropic virus type 2 (HTLV-2) delays progression to AIDS compared to isolated HIV-1 infection. These
results were linked to expression of the HTLV-2 transcriptional activating gene known as Tax2. Preliminary
studies in lymphocytic systems suggest that Tax2 is responsible for induction of CC-chemokines, which play a
major role in innate immune responses against HIV-1. In this study, the effect of Tax2 on CC-chemokines (MIP-
1a/CCL3, MIP-1b/CCL4, and RANTES/CCL5) in monocyte-derived macrophages (MDMs) was evaluated. An
immortalized human monocytic cell line (U937) and donor-derived MDMs were used to evaluate these inter-
actions. These cells were cultured in vitro, allowed to mature into macrophages for 14 d, and treated with Tax2 or
Tax1 (the transcriptional activator of HTLV-1) at three concentrations (1, 10, and 100 pM) daily thereafter.
Extracellular bacterial extract (EBE) lacking the vector and untreated samples served as controls. An additional
group of donor-derived MDMs were transduced with an adenovirus vector that expressed either Tax2 or green
fluorescent protein (GFP). Liposomal transfection agents alone were used as controls. Supernatants were col-
lected from each sample on multiple days post-maturation and evaluated for MIP-1a, MIP-1b, and RANTES, by
enzyme-linked immunosorbent assay. Analysis of variance and Tukey’s Honestly Significant Difference tests
were used to analyze the results. In all systems, cells exposed to either Tax2 or Tax1 expressed significantly
(p < 0.01) higher concentrations of CC-chemokines than controls. There was no significant difference in che-
mokine expression between Tax1-treated and Tax2-treated samples, between EBE-treated and EBE-untreated
samples, or between GFP-transduced MDMs and controls. This suggests that HTLV-2 could alter innate immune
responses in macrophagic reservoirs of HIV-1 in HIV-1/HTLV-2 co-infected individuals, and could guide the
development of HIV-1 treatments.

Introduction

Members of the CC-chemokine family play a major
role in innate immune responses against viral infec-

tions, including human immunodeficiency virus type 1 (HIV-
1) (12). Particularly important are MIP-1a (CC motif ligand 3),
MIP-1b (CC motif ligand 4), and RANTES (CC motif ligand 5),
which bind the HIV-1 co-receptor CC-chemokine receptor
type 5 (CCR5). These CC-chemokines have been previously
correlated with innate resistance to HIV-1 infection, decreased
viral loads in individuals already infected, and protection
against disease progression to acquired immune deficiency
syndrome (AIDS) (13,17,20,22,40,45,50).

It has been shown that the human T lymphotropic virus
type 2 (HTLV-2) transcriptional activator, known as Tax2, is
a potent mediator of CC-chemokine expression both in vivo
and in vitro (10,38). This observation has clinical relevance
during co-infection with HIV-1 and HTLV-2, based on recent
data suggesting that HTLV-2 slows the decline of CD4 + cells
and delays progression to AIDS in HIV-1-infected individ-
uals (5,21,44). Co-infection with HIV-1 and human T lym-
photropic virus type 1 (HTLV-1) does not appear to confer
this same survival benefit, and may actually hasten the onset
of AIDS (5,8), despite a slowed decline of CD4 + cells (7,23).

It is hypothesized that HTLV-2 infection of lymphocytes
and macrophages could provide a source of chemokines that
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results in an antiviral response against HIV-1 infection.
While previous literature provides strong preliminary evi-
dence that Tax2 acts via chemokine induction in lymphocytic
systems to downregulate HIV-1 replication (10–12,16,34,38),
this study examined the effect of Tax2 on CC-chemokine
expression in macrophages, a reservoir of HIV-1 that con-
tributes significantly to its pathogenesis (6).

Materials and Methods

Experiments were carried out in two distinct cell culture
systems: an immortalized human promonocytic cell line
(U937), and monocyte-derived macrophages (MDMs) ob-
tained from donated whole blood. The U937 cell line, derived
from human histiocytic lymphoma, can be induced to be-
come structurally and functionally identical to normal hu-
man macrophages (6). Blood samples from the donor were
obtained following informed consent using a protocol that
was approved by the Institutional Review Board for Human
Investigation of the Milwaukee Veterans Affairs, Research
Service Committee.

Cell line differentiation

Differentiation of U937 cells was accomplished by treat-
ment with phorbol 12-myristate 13-acetate (PMA) at a con-
centration of 2500 pg/mL. Cells were incubated overnight
with PMA in Iscove’s modified Dulbecco’s medium
(IMDMC), 10% fetal bovine serum (FBS), and 1% penicillin-
streptomycin-glutamine (PSG) at 37�C and 5% CO2 while
rotating. They were washed twice with IMDMC, plated in a
6-well plate at 100,000 cells/mL of IMDMC, and allowed to
mature for 14 d in a humidified incubator at 37�C and 5%
CO2. Half of the medium was removed every 3–4 d and re-
placed with fresh IMDMC to maintain cell viability. At day 8,
the plates were washed once with IMDMC to remove any
non-adherent cells.

Donor cell differentiation

To differentiate donor-derived cells, whole blood was
collected in CPT/Vacutainer BD tubes (Becton Dickinson,
San Jose, CA), and peripheral blood mononuclear cells
(PBMCs) were isolated following the manufacturer’s rec-
ommendations. The donor was confirmed to be HIV-1 and
HTLV-1/-2 seronegative by enzyme-linked immunosorbent
assay (ELISA). CD14 + cells were isolated using the Dyna-
beads FlowComp Human CD14 kit and a magnetic cell
sorter (Invitrogen, Carlsbad, CA). Some monocytes were
stored at - 70�C for fluorescence-activated cell sorting
(FACS) to evaluate cellular purity.

Monocytes were plated at a concentration of 125,000 cells/
mL of RPMIAB (RPMI-1640, 10% human AB serum, 1% PSG,
and 1% sodium pyruvate), and allowed to incubate for 14 d
at 37�C and 5% CO2. Half of the medium was extracted and
replaced on days 5 and 8 to preserve cell viability. On day 14
the wells were washed once with RPMI-1640 to remove any
non-adherent cells. Medium was replaced with RPMIC

(RPMI-1640, 10% FBS, 1% PSG, and 1% sodium pyruvate).

Evaluation of CD14 and CCR5 expression by FACS

Adherent U937 cells were scraped from the plate, washed
with phosphate-buffered saline (PBS), and stained using

mouse phycoerythrin (PE)-labeled anti-human CCR5
monoclonal antibody (CD195, clone 2D7; BD Biosciences,
San Jose, CA), or PE-labeled mouse IgG2a kappa isotype
control in staining buffer (PBS and 2% FBS).

Adherent donor-derived cells were detached using 100 lL
of 0.05% trypsin-EDTA (Invitrogen) per well, washed with
RPMIC, and double-stained with either fluorescein iso-
thiocyanate (FITC)-labeled mouse IgG2a kappa anti-human
CD14, or FITC-labeled mouse IgG2a kappa isotype control,
and either PE-labeled mouse IgG2a kappa anti-human CD195
(CCR5), or PE-labeled mouse IgG2a kappa isotype control (all
antibodies from BD Pharmingen, San Jose, CA). Stored
monocytes were thawed and double-stained similarly. BD
CompBeads (BD Biosciences) were stained with the anti-
bodies to optimize fluorescence compensation setting for
FITC and PE flow cytometric analyses.

Stained cells from both systems were investigated with
flow cytometry using a LSR II Flow Cytometer (Becton
Dickinson). Data were analyzed using FlowJo software ver-
sion 7.6/9.0 (Tree Star Inc., Ashland, OR).

Treatment with recombinant Tax proteins

The BL21/DE3 strain of E. coli, containing the pET-Tax1
or the pET-Tax2 expression vectors, were generated as
previously described (4). Proteins were analyzed for the
presence of endotoxin at concentrations used in the exper-
iments via the Limulus amebocyte lysate test (E-TOXATE;
Sigma-Aldrich, St. Louis, MO). To reduce contamination of
endotoxin in the purified proteins, all glassware was auto-
claved for 1 h then heated in an oven at 175�C for 3 h. So-
lution transfers were performed with endotoxin-free
devices. Extrabacterial extract (EBE) from E. coli lacking the
vector, but processed identically, was used as background
control.

Following differentiation, samples of U937 cells were
treated daily with recombinant Tax2 at three concentrations
(1, 10, or 100 pM). Triplicate donor-derived samples were
treated with recombinant Tax2 or Tax1 (the transcriptional
activating protein of HTLV-1) at the same three concentra-
tions. Cells treated with EBE or without protein treatment
were used as controls in both systems. Supernatants were
collected at days 3, 5, 7, 10, and 13 post-maturation in the
U937 system, and at days 1, 3, 5, 7, 10, 14, and 21 post-
maturation in the donor-derived system. Samples were
stored at - 20�C and assayed for MIP-1a, MIP-1b, and
RANTES by ELISA (DuoSet; R&D Systems, Hercules, CA).

Propagation and titration of recombinant
adenovirus vectors

Recombinant replication-deficient adenoviruses expres-
sing either Tax2 subtype B or green fluorescent protein (GFP)
(Ad-Tax2 and Ad-GFP, respectively) (33) were propagated in
HEK-293 grown in Dulbecco’s modified Eagle medium (In-
vitrogen) (4.5 g/L d-glucose) with 10% FBS and 1% PSG
(DMEMC) at 37�C and 5% CO2. Viral stocks were then ti-
trated by end-point dilution as follows: low-passage-number
HEK-293 cells were plated at 2 · 104 cells per well in a 96-well
plate 24 h prior to infection. The culture medium was then
removed and replaced with DMEM containing 2% FBS and
1% PSG (DMEM2%FBS) in which adenovirus vectors were
serially diluted with uninfected controls receiving medium
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only. The plates were incubated for 10 days at 37�C and 5%
CO2. Every 2–3 d, the media was changed with DMEMC to
preserve cell viability. At the conclusion of the incubation
period, the monolayers in the wells were microscopically
examined for virus-induced cytopathic effect (CPE). The
fraction of CPE-positive wells in each virus dilution was
recorded, and the viral titer (pfu/mL) was calculated using
the formula 10[1 + Z (X - 0.5)] based on the Spearman-Karber
method (18), where Z = log 10 of the starting dilution ( = 1 for
a 10-fold dilution), and X = the sum of the fractions of CPE-
positive wells.

Transduction of MDMs with adenovirus expressing
Tax2 vector

MDMs lack the coxsackievirus-adenovirus receptor and
express only small amounts of the a-V-b integrins necessary
for effective binding and internalization of adenovirus
(9,27,29). Therefore, to improve transduction of the Ad-Tax2
and Ad-GFP (adenovirus control) vectors into MDMs (30),
lipofectamine plus reagents (Invitrogen) were utilized ac-
cording to the manufacturer’s instructions. MDMs (2.5 · 105

in 500 lL RPMIC) previously seeded in a 24-well plate were
transduced with 50 lL/well of lipocomplexes (liposomal
reagents bound to genetic material), containing lipofecta-
mine plus reagent, and either Ad-Tax2 or Ad-GFP at a
multiplicity of infection (MOI) of 10 in Opti-MEM I reduced
serum medium (Invitrogen). An additional group was trea-
ted with only the lipofection reagents as a control, and all
conditions were tested in triplicate. Cells were incubated for
14 d at 37�C and 5% CO2. The efficiency of transfection was
calculated by fluorescence microscopy using the adenoviral
control GFP beginning at 24 h and continuing through day 10
of incubation. To assess MIP-1a, MIP-1b, and RANTES ex-
pression, supernatants (250 lL) were taken and replaced
with the same volume of RPMIC on days 1, 3, 5, 7, 10, and 14,
stored at - 20�C, and evaluated using ELISA.

Statistical analysis

One-way analysis of variance (ANOVA) was performed to
assess the presence of differences in CC-chemokine expres-
sion between Tax2-treated, EBE-treated, and untreated U937
samples at each concentration during the course of sampling.
Comparisons between each day were not possible due to
sample size. Tukey’s Honestly Significant Difference (HSD)
test was used to determine between which variables the
difference existed. Two-way ANOVA was performed to
assess the presence of differences between Tax2-treated,
Tax1-treated, EBE-treated, and untreated samples at each
concentration at each day of sampling in the donor-derived
system, as well as between Ad-Tax2-treated, Ad-GFP-
treated, and liposomal controls at each day of sampling in
the adenoviral transduction system. Tukey’s HSD test was
again used to determine between which variables differences
existed.

Results

Cellular differentiation

PMA treatment of non-adherent U937 cells resulted in
mature, adherent U937 cells after 14 d in culture. However,
neither undifferentiated U937 nor differentiated U937 cells

expressed CCR5 co-receptors as determined by FACS (Fig.
1). Donor-derived CD14 + cells were found to be more than
80% pure as assessed by FACS. Prior to differentiation, 25.8%
of cells expressed the CCR5 receptor, but following 14 d of
in vitro incubation the number of CCR5-expressing cells in-
creased to 65.6% (Fig. 2).

Chemokine expression in Tax-treated U937
cells and donor-derived MDMs

Proportionally increased expression of MIP-1a and MIP-1b
occurred when differentiated U937 cells were cultured in the
presence of Tax2 at 10 pM and 100 pM compared to treat-
ment with Tax2 at 1 pM or controls ( p < 0.01; Fig. 3). There
was no significant difference between Tax2 at 1 pM, EBE at
any concentration, or untreated samples. RANTES expres-
sion was not significantly different between sample groups
(Fig. 3).

PBMC-derived macrophages expressed higher concentra-
tions of the chemokines MIP-1a, MIP-1b, and RANTES when
cultured in the presence of Tax2 or Tax1 at all tested con-
centrations compared to controls (Fig. 4). These results were
significant ( p < 0.01) by ANOVA and Tukey’s HSD at all
measured time points post-treatment.

There was no consistently significant difference between
concentrations of any given protein, between Tax1- and
Tax2-treated samples, or between EBE-treated and untreated
samples. MIP-1a, MIP-1b, and RANTES expression began to
increase significantly on day 10 post-treatment in both Tax-
treated groups, and continued to progress accordingly
through day 21 post-treatment. This corresponded to mi-
croscopic observations of cellular degradation. CC-chemo-
kine expression in EBE-treated and in untreated groups did
not increase significantly over time.

Transduction of MDMs

To additionally test the ability of Tax2 to induce the pro-
duction of CC-chemokines in MDMs, constructed adenovi-
rus vectors expressing Tax2 or GFP in the presence of
liposomes were used to transduce MDMs. Lipocomplex-
mediated transduction into MDMs was highly effective, re-
sulting in 65–75% of cells expressing GFP as determined by
fluorescence microscopy.

Effect of Tax2 transduction in MDMs
on chemokine expression

MDMs transduced with Ad-Tax2 demonstrated signifi-
cant levels of MIP-1a (Fig. 5) compared to liposomal controls
on day 1 ( p < 0.01), day 3 ( p < 0.01), and day 5 ( p < 0.05), and
compared to MDMs transduced with Ad-GFP on day 3
( p < 0.01) and day 5 ( p < 0.05). Significant levels of MIP-1b
(Fig. 5) were also observed in MDMs transduced with Ad-
Tax2 compared to liposomal controls on day 1 ( p < 0.01), day
3 ( p < 0.01), and day 5 ( p < 0.05), as well as compared to those
transduced with Ad-GFP on day 1 ( p < 0.01), day 3 ( p < 0.05),
and day 5 ( p < 0.05). No significant difference in MIP-1a or
MIP-1b expression was observed on days 7, 10, or 14. MDMs
transduced with Ad-Tax2 also demonstrated increased
RANTES expression (Fig. 5), but this was only significant
( p < 0.01) on day 3 post-transduction in relationship to both
Ad-GFP and liposomal treatments. No other day
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demonstrated statistically significant differences in RANTES
expression between any of the groups studied.

When data were grouped over the 14-day sampling pe-
riod, however, significantly ( p < 0.01) elevated levels of MIP-
1a, MIP-1b, and RANTES were each observed in the
Ad-Tax2-treated group as compared to the Ad-GFP- and
liposomal-treated groups. While MDMs transduced with
Ad-GFP demonstrated more chemokine expression than
those treated with liposomal agents alone, these differences
were not statistically significant whether evaluated cumula-
tively or on any measured day.

Discussion

Similar to previous data in lymphocytic systems, this
study also provides strong evidence that HTLV-2’s Tax2
protein activates chemokine expression in macrophage sys-
tems. As demonstrated in both a macrophage cell line and
donor-derived macrophages, the presence of Tax2 stimulates
expression of CC-chemokines.

The addition of Tax2 to differentiated U937 cells resulted
in a proportional increase in MIP-1a and MIP-1b expression.
However, this relationship was not observed for RANTES
expression. The difference is attributable to elevated baseline
levels of this chemokine, as demonstrated in controls that
released more than 500 pg/mL of RANTES on all measured
days. PMA has previously been shown to stimulate RANTES
expression in U937 cells (36), and was likely inducing
RANTES in this case as well.

In the non-transduced donor-derived system, statistically
significant differences in MIP-1a, MIP-1b, and RANTES
were observed on every measured day between each Tax
protein treatment and each control. This indicates that Tax2
likely is the means by which HTLV-2 stimulates chemokine
expression. Although the mechanism of this induction
was not examined, it is possible that it occurs via transac-
tivation of chemokine promoters, as it occurs in CD8 +

T cells (31).
Increased chemokine expression in the presence of Tax1

was consistent with previous studies in PBMCs, which

FIG. 1. Undifferentiated, non-adherent U937 cells (top left), and differentiated, adherent U937 cells (top right) after PMA
treatment and 14 d in culture. FACS analysis of undifferentiated U937 cells (u-U937, bottom left), and differentiated U937 cells
(d-U937, bottom right) for CCR5 expression. Differentiated U937 cells failed to express detectable levels of CCR5.
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demonstrated Tax1’s induction of CC-chemokines (4) and
other cytokines (1). This suggests that the difference in sur-
vival between co-infection with HIV-1/HTLV-1 compared to
HIV-1/HTLV-2 is likely related to the pathogenicity of
HTLV-1 (19), and the oncogenic potential of Tax1 (2), rather
than the ability of HTLV-1 to induce chemokines.

The increased expression of MIP-1a, MIP-1b, and RANTES
in Tax-treated groups beginning on day 10 post-treatment
appeared to correspond with cellular demise. This could
indicate large chemokine reservoirs within the PBMC-
derived macrophages that were unaccounted for when
measuring chemokine concentrations in the supernatant.

FIG. 2. Undifferentiated donor-derived cells after CD14 + isolation (top left), and differentiated donor-derived MDMs after
14 d in culture (top right). FACS analysis of undifferentiated donor-derived monocytes (bottom left), and differentiated
MDMs (bottom right), for CD14 and CCR5 expression. A shift from CD14-predominant cells to CCR5-predominant cells was
observed after differentiation, with 65.6% of differentiated MDMs staining positive for CCR5.

INDUCTION OF ANTIVIRAL CHEMOKINES BY TAX2 7



While CC-chemokine reservoirs are not a well-established
pattern of expression, other chemokines have been shown to
be stored in endothelial reservoirs, and to be exocytosed
upon stimulation (39). MIP-1a, MIP-1b, and RANTES could
be processed in a similar manner within macrophages.

CCR5 expression in differentiated U937 cells was minimal
or absent. Other studies have shown variability in CCR5
expression that can be attributed to subclonal variants or to
poorly-understood effects of differentiating agents, such as
PMA. In this case, the absence of CCR5 expression in PMA-
treated U937 cells does not correspond to a lack of differ-
entiation (3,37). Instead, cellular morphology and adherence
to plastic culture plates can be used to indicate cellular dif-
ferentiation (25,26). The unreliable expression of CCR5 in
U937 cells limits the feasibility of employing this cell line in
its differentiated state for investigations of HIV-1 infection.

To address the concern of possible lipopolysaccharide or
related contamination in the recombinant protein prepara-
tion, we also employed the use of a replication-deficient
(E1A-deleted) adenovirus vector delivery system. Adeno-
viral vectors have a high transduction efficiency, are capable
of containing DNA inserts up to 8 kb, infect both replicating
and differentiated cells, and do not integrate into the host
genome; thus their expression is transient, no viral propa-
gation occurs, and the infected cell does not die as a result of

viral transfection (28,46). Therefore, it is not a surprise that
the CC-chemokines were most heavily expressed in the first
days after the recombinant adenovirus transduction.

Previous studies have reported transduction efficiencies of
10–80% with adenoviral vectors in human macrophages, with
success rates varying significantly with cell culture conditions
and MOI (14,24,42). To increase gene transfer efficiency (30),
the liposomal agents lipofectamine and reagent were used to
transduce the recombinant adenovirus. These agents were
found to be very effective, as 65–75% of cells were transfected
with the reporter Ad-GFP. Nevertheless, even when used
without accompanying genetic material, these agents
appeared to independently induce the production of CC-
chemokines, particularly MIP-1a and MIP-1b at day 1, al-
though no completely untreated controls were available for
direct comparison. While previous studies in in vivo mouse
models did demonstrate significant cytokine production in the
presence of lipocomplexes, they failed to show any increase in
cytokine production in the presence of liposomal agents alone
(15,41,47). Studies in cell culture, however, suggest that lipo-
somal agents themselves may stimulate various cytokines and
interferons in a variety of cell types (32,48,49). The mechanism
of cytokine induction by liposomal agents is not completely
understood, but it has been proposed that the effects of Toll-
like receptor signaling upon endocytosis causes activation of

FIG. 3. Expression of CC-chemokines by differentiated, macrophage-like U937 cells incubated with Tax2. EBE-treated and
untreated differentiated U937 cells were used as controls. Statistically significant differences in MIP-1a and MIP-1b expression
were observed between Tax2 at 10 pM or 100 pM and controls ( p < 0.01). No significant differences were observed in RANTES
expression between any groups.
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FIG. 4. Expression of MIP-1a (top), MIP-1b (middle), and RANTES (bottom) by donor-derived macrophages. Concentra-
tions of all CC-chemokines were significantly higher ( p < 0.01) in the presence of Tax2 or Tax1 compared to EBE-treated or
untreated controls. There was no consistently significant difference between concentrations of any given protein, between
Tax1- and Tax2-treated samples, or between EBE-treated and untreated samples.

9



the nuclear factor-jB (NF-jB) pathway (43). This may have
played a role in our experimental system. Furthermore, while
the use of recombinant virus to infect mammalian cells is one
of the preferred means to deliver exogenous genes to mam-
malian cells, the immunogenicity of adenovirus is a possible
limitation. Recombinant adenovirus has also been reported to
induce proinflammatory cytokine production (35,51). This
could contribute to the elevated levels of chemokines seen at
day 1 in MDMs transduced with Ad-GFP, although these
were not statistically different from those treated with lipo-
somal agents only.

Despite these influences, however, there were significantly
elevated levels of CC-chemokines in MDMs transduced with
Ad-Tax2 compared to those transduced with Ad-GFP or
treated with liposomal agents alone. These effects persisted
over several days (particularly in MIP-1a and MIP-1b), and
maintained overall statistical significance in all three che-
mokines observed. This provides evidence that Tax2 alone is
sufficient, independent of HTLV-2 infection, to induce CC-
chemokine expression.

Further work will be needed to determine the exact nature
of HIV-1/HTLV-2 interactions in these non-lymphocytic res-
ervoirs of HIV-1. The increased expression of MIP-1a, MIP-1b,
and RANTES, however, suggests that alterations in innate
immune responses via stimulation of chemokine production
and release may play an important role. By continuing to gain

an overall understanding of how HTLV-2 functions in the
regulation of T-cell decline during co-infection with HIV-1,
new therapies could eventually be developed to treat HIV-1-
infected individuals. These treatments would replicate this
viral interaction, and could reduce the number of AIDS-
related deaths in those infected with HIV-1.
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