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Abstract

The existence of multiple subtypes of HIV-1 worldwide has created new challenges to control HIV-1 infection
and associated neuropathogenesis. Previous studies indicate a difference in neuropathogenic manifestations of
HIV-1-associated neuroAIDS between clade B- and clade C-infected subjects with clade B being more neuro-
pathogenic than clade C. However, the exact mechanism underlying the differences in the neuropathogenesis by
both the subtypes remains elusive. Development of neuroAIDS is associated with a complex interplay between
proinflammatory and antiinflammatory cytokines and chemokines. In the current study, we hypothesize that
HIV-1 clade B and C Tat protein exert differential effects on human primary monocytes leading to differences in
gene and protein expression of cytokines implicated in neuroAIDS. Primary human monocytes were treated
with clade B and clade C Tat protein and quantitative real time PCR was performed to determine gene ex-
pression of proinflammatory cytokines (IL-6 and TNF-a) and antiinflammatory cytokines (IL-4 and IL-10).
Further, cytokine secretion was measured in culture supernatants by ELISA, whereas intracellular cytokine
expression was detected by flow cytometry. Results indicate that monocytes treated with Tat B showed sig-
nificant upregulation of proinflammatory cytokines, IL-6 and TNF-a, as compared to Tat C-treated cultures.
However, expression of antiinflammatory molecules and IL-4 and IL-10 was found to be higher in Tat C-treated
compared to Tat B-treated cultures. Thus, our result shows for the first time that Tat B and Tat C differentially
modulate expression of neuropathogenic molecules that may be correlated with the differences in neuroAIDS
manifestation induced by clade-specific infections.

Introduction

Human immunodeficiency virus type-1 (HIV-1) dis-
plays extraordinary genetic variation leading phyloge-

netically to three distinct groups and several subgroups (A–K)
across the globe. The predominant subtype found in the
United States and in the western world is clade B, which
differs significantly from subtype C, which exists in sub-
Saharan Africa and Asia, including India and China. Esti-
mates suggest that of a total of about 46 million people
infected with HIV-1, more than 56% of the infection is with
clade C alone.1–4 Moreover, HIV-1C infection is rapidly
spreading to Europe and there is a good possibility that HIV-
1C infection will be affecting the United States in the future.

HIV-1 infection eventually progresses to severe deficiency
of various immunological functions and neurological abnor-
malities, especially during the later stage of the disease. The
prevalence of neurological abnormalities among HIV-
1B-infected subjects is estimated to be around 15–30% in the
United States and Europe.5–7 Our current understanding of
the pathophysiology and neuropathology of neuroAIDS em-
anates mainly from clade B, whereas very little information is
available on the neuropathogenesis of the clade C subtype.
Previous studies have shown that clade C envelop glycopro-
teins are significantly different from those of clade B and
the incidence of neuroAIDS in HIV-1 clade C-infected subjects
is reported to be very low (*1–2%).8–10 In contrast, Gupta
and co-workers11 have recently reported mild to moderate
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cognitive deficits in clade C-infected antiretroviral treatment-
naive subjects and found that it was similar to clade B-infected
subjects.

HIV-1 infection and virus replication are regulated by a
complex interplay of cytokines secreted by a variety of cells.
Some cytokines may be inhibitory [interferons, granulocyte-
monocyte colony-stimulating factor (GM-CSF), interleukin
(IL)-10, IL-13, IL-16, and b-chemokines] or stimulatory [IL-1,
IL-6, tumor necrosis factor (TNF)-a, TNF-b, M-CSF] or bi-
functional (IL-4) to HIV-1 replication.12 IL-6 and TNF-a are
proinflammatory cytokines, which are known to significantly
upregulate HIV-1 production in monocytes-derived macro-
phages (MDM) through the activation of NF-kB signaling.13

Activated macrophages are known to transmigrate across the
blood–brain barrier (BBB) and exert neurotoxicity through
secretion of several cytokines and chemokines. On the other
hand, IL-10 exerts antiinflammatory activity by inhibiting
macrophage activation and secretion of proinflammatory
cytokines (IL-1, IL-6, IL-8, IL-12, TNF-a).12 In contrast, IL-4
exerts both stimulatory and inhibitory effects on HIV-1 rep-
lication depending on the stage of maturation of monocytes
into macrophages.12

Since our initial report14 others have also demonstrated
significant immunoregulatory activity and neurotoxic effects
of HIV gene products: Tat and gp120.15–19 Tat is known to
play a significant role in the neuropathogenesis of HIV in-
fection, which includes direct neurotoxicity and modulation
of cytokine and chemokine production by immune cells.20,21

In the current study, we hypothesized that HIV-1 clade B

and C Tat proteins exert differential effects on primary human
monocytes leading to differential gene expression and pro-
duction of proinflammatory and antiinflammatory cytokines
associated with HIV neuropathogenesis. We report that pri-
mary monocytes treated with clade-specific neurotoxic pro-
tein Tat in identical culture conditions differentially modulate
the expression of neuropathogenic molecules IL-6, TNF-a,
IL-4, and IL-10.

Materials And Methods

HIV-1 Tat recombinant proteins

HIV-1 clade B recombinant Tat protein was obtained from
the NIH AIDS research and reference reagent program and
HIV-1 clade C recombinant Tat protein was commercially
purchased from Diatheva (Fano, Italy).

Preparation of human monocytes

Normal peripheral blood monocytes were isolated by a
density gradient centrifugation process from HIV-1, HIV-2,
and hepatitis B-seronegative donor leukopacks as described
earlier.22 Briefly, leukopack was diluted by adding five vol-
umes of phosphate-buffered saline (PBS) and overlayed over
Ficoll-Hypaque (1.077 g=ml, H889, Sigma Aldrich, St. Louis,
MO). The samples were centrifuged at 1200�g for 20 min at
room temperature. Peripheral blood mononuclear cells
(PBMCs) were carefully retrieved from the interface and wa-
shed twice with PBS. PBMCs were subjected to plastic ad-
herence at 378C for 1 h. The nonadherent cells were removed

FIG. 1. Primary human monocytes (1�106 cells=ml) isolated from normal subjects were incubated with Tat B and Tat C
(100 ng=ml) for 2, 4, 8, and 24 h and RNA was extracted and reverse transcribed followed by quantitative real time PCR for
IL-6 (a), TNF-a (b), IL-4 (c), and IL-10 (d) genes. Relative expression of mRNA species was calculated using the comparative
CT method. Data are means� SE of three independent experiments. Statistical significance was calculated by Student’s t test.

692 GANDHI ET AL.



and adherent monocytes were cultured in RPMI 1640 culture
medium supplemented with 10% fetal bovine serum (FBS),
penicillin 100 U=ml and streptomycin 100 mg=ml, and 2 mM
l-glutamine (Gibco-BRL, Gaithersburg, MD). The purity of
isolated monocytes was assessed by flow cytometry using a
fluorochrome-conjugated CD14 antibody and the purity was
found to be >90%.

HIV-1 Tat treatment of monocytes

Monocytes were treated with Tat B and Tat C proteins to
perform gene expression studies. For time kinetics experi-
ments, monocytes were treated with 100 ng=ml Tat protein for
different time intervals, 2, 4, 8, and 24 h. Based on the time
kinetics data, dose–response experiments were set up at 4 h
with 25, 50, 100, and 200 ng=ml of Tat protein. Heat-
inactivated clade B and C Tat protein served as controls.

Quantitative real time polymerase chain reaction
(qRT-PCR)

RNA from cell pellets was extracted using the RNAeasy
mini kit (Qiagen, GmbH, Germany) followed by cDNA syn-
thesis using the high capacity reverse transcriptase cDNA kit
(Applied Biosystems, Foster City, CA) to perform qRT-PCR
using Taqman gene expression assays (Applied Biosystems,
Foster City, CA) for IL-6 (Assay ID Hs00174131_m1), TNF-a
(Assay ID, Hs00174128_m1), IL-4 (Assay ID, Hs00174122_
m1), IL-10 (Assay ID, Hs00174086_m1), and b-actin (Assay ID,
Hs99999903_m1). b-Actin served as an internal control. The
relative abundance of each mRNA species was assessed using
SYBR green master mix from Stratagene using an Mx3000P
instrument that detects and plots the increase in fluorescence
versus PCR cycle number to produce a continuous measure of
PCR amplification. To provide precise quantification of initial
target in each PCR reaction, the amplification plot is examined
at a point during the early log phase of product accumulation.
This is accomplished by assigning a fluorescence threshold
above background and determining the time point at which
each sample’s amplification plot reaches threshold (defined as
the threshold cycle number or CT). Differences in threshold
cycle number are used to identify the relative amount of
PCR target contained within each tube.23 Relative mRNA
species expression was quantitated and expressed as the
transcript accumulation index (TAI¼ 2�DDCT), calculated
using the comparative CT method.24

Enzyme- linked immunosorbent assay

Monocytes were treated with clade B and C Tat proteins at
concentration 100 ng=ml for 8 h. Cell culture supernatants
were analyzed for protein levels of IL-6, TNF-a, and IL-10
using commercially available ELISA kits as per the manu-
facturer’s instructions (Biolegend, San Diego, CA). The mini-
mum assay detection limit for IL-6 is 4 pg=ml, whereas for
TNF-a and IL-10 it is 2 pg=ml as provided by the manufac-
turer (Biolegend, San Diego, CA).

Flow cytometry analysis

Flow cytometry using a FACS Calibur instrument (BD
Biosciences, San Jose, CA) was used to identify and quantify
proinflammatory cytokine IL-6 and antiinflammatory cyto-
kine IL-4 expression by monocytes treated with 10 ng=ml of

Tat B and Tat C for 6 h. Fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies (mAb) against IL-6 and
IL-4 and an appropriately matched isotype control were ob-
tained from Biolegend (San Diego, CA). Stained cells were
subject to light scatter analysis and a fixed population of cells
was gated after quadrant markers were set based on the iso-
type control. Cells positive for specific marker were expressed
as a percentage of the total cells gated.

Statistics

Experiments were performed at least three times and the
values obtained were averaged. Data are represented as
mean� SE. Comparisons between two groups were con-
ducted using Student’s paired t-test. Differences were con-
sidered significant at p� 0.05, with a two-tailed test. Data
analysis was performed with the Statistical Program, Graph-
pad prism software (La Jolla, CA).

Results

Tat B and C differentially modulate
cytokines by primary monocytes

Since clade B- and clade C-infected subjects show differ-
ential neuropathogenic manifestations,8,11 we evaluated
whether HIV-1 clade B and C Tat differentially modulate
proinflammatory and antiinflammatory cytokine gene ex-
pression by primary monocytes. Data presented in Fig. 1 show
the time kinetics of Tat B and Tat C effects on IL-6, TNF-a,
IL-4, and IL-10 gene expression by monocytes at 2, 4, 8, and
24 h. Primary monocytes cultured with 100 ng=ml of Tat B
demonstrated a significant increase in IL-6 gene expression at
4 h (TAI¼ 2.1� 0.07, p< 0.002) and 8 h (TAI¼ 1.6� 0.06,
p< 0.023) compared to Tat C-treated cultures at 4 h
(TAI¼ 1.3� 0.06) and 8 h (TAI¼ 1.0� 0.07) (Fig. 1a). Simi-
larly, Tat B showed significant upregulation of TNF-a gene
expression at 4 h (TAI¼ 1.9� 0.12, p< 0.019) and 8 h (TAI¼
1.3� 0.12, p< 0.039) compared to Tat C at 4 h (TAI¼ 1.2�
0.03) and 8 h (TAI¼ 0.8� 0.03) (Fig. 1b). On the other hand,
antiinflammatory cytokine IL-4 gene expression was found to
be higher in Tat C-treated cultures at 4 h (TAI¼ 1.5� 0.03,
p< 0.008) and 8 h (TAI¼ 1.6� 0.04, p< 0.035) compared to
Tat B-treated cells at 4 h (TAI¼ 0.8� 0.06) and 8 h (TAI¼
1.0� 0.09) (Fig. 1c). Similarly, Tat C showed significant
upregulation of another antiinflammatory cytokine, IL-10
(TAI¼ 1.8� 0.17, p< 0.023), compared to Tat B-treated mono-
cytes (TAI¼ 1.2� 0.12) at 4 h (Fig. 1d).

Based on the time kinetics results as presented in Fig. 1, a
4 h time point was selected to perform dose–response studies.
Data presented in Fig. 2 show the dose–response effects of Tat
B and Tat C on proinflammatory and antiinflammatory cy-
tokine gene expression by primary monocytes. Results indi-
cate that Tat B treatment showed a significant increase in IL-6
at 100 ng=ml (TAI¼ 1.7� 0.21, p< 0.038) and 200 ng=ml (TAI
1.9� 0.1, p< 0.037) compared to Tat C-treated cultures at
similar concentrations (100 ng=ml, TAI¼ 1.1� 0.1; 200 ng=ml,
TAI¼ 1.4� 0.12) (Fig. 2a). Similarly, Tat B showed significant
upregulation of TNF-a gene expression at 100 ng=ml
(TAI¼ 1.7� 0.17, p< 0.015) and 200 ng=ml (TAI¼ 1.8� 0.17,
p< 0.035) compared to Tat C-treated cultures (100 ng=ml,
TAI¼ 1.2� 0.13; 200 ng=ml, TAI¼ 1.2� 0.04) (Fig. 2b). In the
case of the antiinflammatory cytokine, IL-4, Tat C produced
significant upregulation at 100 ng=ml (TAI¼ 2.2� 0.12,
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p< 0.002) and 200 ng=ml (TAI¼ 4.0� 0.75, p< 0.019) com-
pared to Tat B-treated cultures (100 ng=ml, TAI¼ 0.8� 0.05;
200 ng=ml, TAI¼ 1.4� 0.26) in a dose-dependent manner
(Fig. 2c). Similarly, Tat C showed significant upregulation of
another antiinflammatory cytokine IL-10 at 100 ng=ml
(TAI¼ 1.9� 0.1, p< 0.04) and 200 ng=ml (TAI¼ 1.8� 0.24,
p< 0.04) compared to Tat B-treated cultures at similar con-
centrations (100 ng=ml, TAI¼ 1.3� 0.14; 200 ng=ml, TAI¼
1.3� 0.03) (Fig. 2d).

Data presented in Fig. 3 show the effect of Tat B and Tat C
on IL-6, TNF-a, and IL-10 protein secretion as determined by
ELISA. The results obtained indicate that cell culture super-
natants from monocytes cultured with Tat B showed signifi-
cantly higher levels of IL-6 (42,092� 446 pg=ml, p< 0.009)
compared to Tat C (34,048� 1087 pg=ml) (Fig. 3a). Similarly,
culture supernatants from Tat B also produced significant
upregulation of TNF-a (271.4� 21 pg=ml, p< 0.016) com-
pared to Tat C (87.4� 19.4 pg=ml) (Fig. 3b). Furthermore, a
supernatant of monocytes treated with Tat C showed higher
level of an antiinflammatory cytokine, IL-10 (190.9� 5 pg=ml,
p< 0.002), compared to a supernatant from Tat B-treated
cultures (112� 4.0 pg=ml) (Fig. 3c).

Tat B and Tat C differentially regulate intracellular
cytokine expression by primary monocytes

In addition to ELISA analysis for protein quantification,
flow cytometry analysis using specific antibodies was per-

formed to quantitate IL-6 and IL-4 intracellular protein ex-
pression by monocytes treated with Tat B and Tat C. Primary
monocytes were incubated in the presence of either Tat B or
Tat C proteins at concentration of 100 ng=ml for 6 h and then
analyzed by flow cytometry. The results are expressed as the
percentage of positive cells. The exposure of primary mono-
cytes to Tat B produced significantly higher levels of IL-6
(20.3� 1.1%, p< 0.003) compared to Tat C-treated cultures
(13.5� 1.45%) (Fig. 4). However, Tat C-treated monocytes
resulted in significantly higher levels of IL-4-positive cells
(15.7� 0.75%, p< 0.017) than Tat B-treated cultures (8.63�
1.57%) (Fig. 5).

Discussion

Neurological abnormalities in HIV-1-infected subjects are
augmented by viral replication in mononuclear phagocytes
(MP) that migrate across the BBB. These immune activated
cells secrete or induce other cells to produce neurotoxic factors
that lead to neuronal injury and cell death.25,26 Previous
studies showed clade-specific differences in neuropatho-
genicity exist among clade B and clade C HIV-infected indi-
viduals. HIV-1 clade C-infected subjects show decreased or
less severe neurocognitive impairments.9–11 Earlier reports
show the effect of various HIV-1 clade B-derived viral pro-
teins on the production of various proinflammatory and an-
tiinflammatory cytokines, which are known to be involved in
the neuropathogenesis of HIV-1B infections. However, no

FIG. 2. Primary human monocytes (1�106 cells=ml) isolated from normal subjects were incubated with Tat B and Tat C (25,
50, 100, and 200 ng=ml) for 4 h; heat-inactivated (HI) Tat B and Tat C served as controls. RNA was extracted and reverse
transcribed followed by quantitative real time PCR for IL-6 (a), TNF-a (b), IL-4 (c), and IL-10 (d) genes. Relative expression of
mRNA species was calculated using the comparative CT method. Data are means� SE of three independent experiments.
Statistical significance was calculated by Student’s t test.
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studies have been reported on the effects of HIV-1C pro-
teins for their regulatory effects on proinflammatory and
antiinflammatory cytokines in comparison with HIV-1B
proteins.

Recent studies have demonstrated that the mutation of a
cysteine to a serine at residue 31 of a Tat protein commonly

found in subtype C variants significantly inhibits the mono-
cytes chemotaxis by impeding Tat binding to chemokine re-
ceptor 2 (CCR2), which prevents induction of intracellular
calcium flux, TNF-a, and CCL2 production.27 Furthermore,
Rao and co-workers8 have investigated differential neuro-
pathogenesis induced by HIV-1 clades in a SCID HIV-E
mouse model and attributed the genotypic differences be-
tween virus subtypes to disease severity and the differences in
neuropathogenesis. Results reported here demonstrate that
clade B and C exert differential effects on primary monocytes
leading to differential gene expression and production of
proinflammatory and antiinflammatory cytokines associated
with neuropathogenesis. Our studies showed that Tat B was
more potent than Tat C in stimulating gene expression of
proinflammatory cytokines TNF-a and IL-6 in a time- and
dose-dependent manner by primary human monocyte cul-
tures (Figs. 1 and 2). Additionally, maximum response for Tat
treatment was found at 100 and 200 ng=ml, and these con-
centrations have been reported to be biologically active in
previous studies.20,28,29 Earlier studies have reported that
HIV-1B-infected individuals showed increased expression of
TNF-a, which suggests a vital role of this cytokine in the de-
velopment of neuroAIDS.27 Another important proin-
flammatory cytokine, IL-6, also has a wide spectrum of
activities that includes B cell stimulation, monocyte differ-
entiation, and induction of IL-4-producing cells.30 It also
augments HIV-1 replication in MDMs as well as potentiates
TNF-a-induced upregulation of HIV-1 production and tran-
scription of NF-kB. Our results showed that clade B Tat sig-
nificantly upregulates TNF-a and IL-6 gene expression by
monocytes compared to HIV-1C Tat under identical experi-
mental conditions, consistent with the reports that HIV-1B is
more neuropathogenic. Conversely, antiinflammatory cyto-
kine (IL-4 and IL-10) expression was upregulated by Tat C
compared to Tat B. Previous studies31 suggest that IL-4 pos-
sesses a neuroprotective property by inhibiting inducible ni-
tric oxide synthase (iNOS) in LPS-stimulated HIV-infected
monocytes, which results in reduced NO synthesis and in turn
reduced neuronal damage. It was proposed that failure of
this neuroprotective mechanism is most likely associated with
uncontrolled activation of macrophages resulting in devel-
opment of neuroAIDS. In the current study, increased
expression of IL-4 by monocytes with Tat C treatment may be
possibly attributed to the neuroprotective effects exerted
by IL-4 leading to reduced neuropathogenesis in HIV-
1C-infected patients compared to HIV-1B patients.

IL-10, also called as the ‘‘cytokine synthesis inhibitory fac-
tor,’’ is known to inhibit inflammatory cytokine IL-1, TNF-a,
and IL-6 production by activated macrophages and thereby
prevents development of chronic inflammatory responses.32

Earlier studies have demonstrated higher IL-10 production in
HIV-1-infected monocytic cells in vitro, which may be of sig-
nificance because of its ability to inhibit HIV replication and
limit viral entry by downregulating the expression of che-
mokine receptors on T cells.33 Thus, in the present study de-
creased expression of IL-6 and TNF-a by Tat C treatment
could probably be associated with increased IL-10 production
by Tat C.

Our results on gene expression data were further sup-
ported by protein expression studies in monocytes after
Tat treatment by ELISA (Fig. 3) and FACS analysis (Figs. 4 and
5). Results were in agreement with qRT-PCR and showed

FIG. 3. Primary human monocytes (3�106 cells) were in-
cubated with Tat B and Tat C (100 ng=ml) separately for 8 h.
After incubation, supernatants were collected and analyzed
for IL-6 (a), TNF-a (b), and IL-10 (c) protein levels by ELISA.
The data represent the means� SE of three independent ex-
periments. Statistical significance was calculated by Stu-
dent’s t test.
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modulation of proinflammatory and antiinflammatory cyto-
kines in a similar manner, wherein Tat B upregulated proin-
flammatory cytokines, with a reciprocal upregulation of
antiinflammatory cytokine expression by Tat C.

In summary, lower proinflammatory cytokine and higher
antiinflammatory cytokine expression by Tat C compared to
Tat B may be implicated in the lowering of neuropathogenesis
in the case of clade C compared to clade B infections. Thus,

these studies analyzing the differential effects of Tat B and Tat
C open new avenues to design novel strategies to develop
preventive and therapeutic global vaccines that can induce a
cross-clade antiviral immune response against the multiclade
or recombinant pandemic of HIV-1 infection that is currently
facing the world, including the United States, where non-B
subtypes have been recently reported in migrant populations
in New York34 and among the military.35

FIG. 4. Tat protein modulates IL-6 expression by FACS analysis. Primary monocytes (1�106) were cultured with 100 ng=ml
of Tat B and Tat C separately for 6 h in the presence of brefeldin A, 10 mg=ml. The number of IL-6 expressing cells was
quantitated using FACS analysis. Stained cells were subjected to light scatter analysis and a fixed population of cells was
gated after quadrant markers were set, based on isotype control. Cells positive for IL-6 were expressed as percentage of cells
gated. Dot plot graphs of control (a), Tat B-treated (b), and Tat C-treated (c) cultures from a representative experiment are
shown. Data presented in (d) show the bar graph representing mean values of three separate experiments performed.
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