
www.manaraa.com

Induction of IL-17 and nonclassical T-cell activation by
HIV-Tat protein
Tory P. Johnsona, Karan Patela, Kory R. Johnsona, Dragan Marica, Peter A. Calabresib, Rodrigo Hasbunc,
and Avindra Natha,1

aSection of Infections of the Nervous System, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD 20892;
bDepartment of Neurology, Johns Hopkins University, Baltimore, MD 21287; and cDepartment of Internal Medicine, University of Texas Health Science Center,
Houston, TX 77030

Edited* by Anthony S. Fauci, National Institute of Allergy and Infectious Diseases, Bethesda, MD, and approved June 26, 2013 (received for review
May 7, 2013)

Chronic immune activation is a major complication of antiretroviral
therapy (ART) for HIV infection and can cause a devastating
immune reconstitution inflammatory syndrome (IRIS) in the brain.
The mechanism of T-cell activation in this population is not well
understood. We found HIV-Tat protein and IL-17–expressing
mononuclear cells in the brain of an individual with IRIS. Tat was
also present in the CSF of individuals virologically controlled on
ART. Hence we examined if Tat protein could directly activate
T cells. Tat transcriptionally dysregulated 94 genes and induced
secretion of 11 cytokines particularly activation of IL-17 signaling
pathways supporting the development of a proinflammatory
state. Tat increased IL-17 transcription and secretion in T cells.
Tat entered the T cells rapidly by clathrin-mediated endocytosis
and localized to both the cytoplasm and the nucleus. Tat activated
T cells through a nonclassical pathway dependent upon vascular
endothelial growth factor receptor-2 and downstream secondary
signaling pathways but independent of the T-cell receptor. How-
ever, Tat stimulation of T cells did not induce T-cell proliferation
but increased viral infectivity. This study demonstrates Tat’s role
as a virulence factor, by driving T-cell activation and contributing
to IRIS pathophysiology. This supports the necessity of an anti-Tat
therapy in conjunction with ART and identifies multiple targetable
pathways to prevent Tat-mediated T-cell activation.

CNS inflammation | chronic inflammation | lymphocyte |
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Antiretroviral therapy (ART) has transformed HIV infection
from a fatal illness to a chronic condition by controlling viral

replication. However, despite adequate viral control, chronic
inflammation persists in ART-treated individuals with 20–35%
developing a severe inflammation resulting in immune recon-
stitution inflammatory syndrome (IRIS) (1, 2). IRIS is the most
recognizable form of HIV-associated inflammation and, if it
involves the central nervous system (CNS), it may result in death
or permanent disability (3).
Although HIV associated inflammation is well recognized in

the HIV managed population, the origin of T-cell activation in
individuals treated with ART is unclear. Possibilities suggested
include response to opportunistic infections (OI) (1), residual
HIV (4), autoantigens (5), or activation by translocation of li-
popolysaccharide (LPS) (6). However, CNS inflammation with
T-cell activation persists in the absence of OI even in virologi-
cally well controlled individuals (2), and treatment intensification
with CNS penetrating ART has no effect on CNS inflammation
indicating that viral replication may not be driving the observed
inflammation (7). These data do not eliminate the possibility
that HIV proteins produced during ART contribute to the
inflammation.
Tat, a viral protein crucial for HIV replication, is produced in

infected cells and secreted into the extracellular space. More
than 65% of the Tat protein produced in HIV-infected cells
is secreted (8) where it enters surrounding cells via clathrin-

mediated endocytosis and modulates signaling pathways potentially
contributing to immunopathologies (9). Tat binds to several host
proteins and receptors, including the vascular endothelial growth
factor receptor-2 (VEGFR2) (10). Recent studies have demon-
strated that VEGFR2 is expressed on human lymphocytes and
that this receptor can induce PI3K/AKT signaling pathways (11).
Tat is known to alter lymphocyte signaling, although the un-
derlying mechanism remains elusive.
Here we report the histopathological findings of an individual

with CNS-IRIS in the absence of an OI. Tat-expressing infiltrates
and IL-17+ cells were detected in the absence of viral replica-
tion. Tat was also detected in the cerebrospinal fluid (CSF) of
virologically controlled individuals. We categorized gene tran-
scription changes in T cells in response to exogenous Tat and
show that Tat induced global changes in histone acetylation and
gene expression in uninfected T cells in an antigen-independent
manner. Notably, Tat induced the secretion of IL-17 from T cells
and increased the percentage of IL-17+ T cells without inducing
proliferation. T-cell activation was independent of the T-cell
receptor (TCR) but dependent on endocytosis of Tat and acti-
vation of VEGFR2. Tat also increased HIV infection in non-
replicating T cells. Thus, Tat-induced T-cell activation may play
a critical role in mediating the inflammation associated with
HIV infection.

Results
Histopathological Findings in CNS-IRIS. CNS-IRIS in the absence of
an OI is rare and poorly characterized (3). However, examina-
tion of severe inflammation in the absence of an OI can elucidate
key pathophysiological mechanisms. Therefore, we evaluated
a brain biopsy from such an individual with CNS-IRIS. Magnetic
resonance imaging showed diffuse high signal intensity lesions in
the white matter (SI Appendix). The brain biopsy specimen
showed mononuclear perivascular and scattered parenchymal
inflammatory infiltrates in the white matter (Fig. 1A). The in-
vading cells were primarily CD8+ T cells with occasional IL-17+
T cells (Fig. 1 A and B). Previously, elevated IL-17 levels have
been detected in the plasma of patients with IRIS (12, 13). We
also observed the presence of Tat in a large fraction of in-
filtrating mononuclear cells, whereas p24 antigen was undetect-
able (Fig. 1C). This finding suggested that Tat was produced
within the CNS compartment despite successful ART.
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Detection of Tat in CSF of ART-Treated Individuals. To determine
whether Tat was produced within the CNS during ART, we ex-
amined the CSF in a cohort of HIV-infected individuals on
ART. Tat was detected in the CSF of three of eight individuals
with undetectable (<50 RNA copies per mL) HIV viral load in
the blood and CSF and in zero of five CSF samples from HIV
negative individuals with pseudotumor cerebri (Fig. 1D). To
confirm that Tat was produced during ART, we infected pe-
ripheral blood mononuclear cells (PBMCs) with HIVSF162 and
treated the cultures with the protease inhibitor, Darunavir. Cells
showed an inhibition of viral replication (Fig. 1E) (P < 0.05) but
Tat production was not impacted (Fig. 1F). These data provide
evidence that Tat is produced and secreted in patients well
controlled on ART and thereby may contribute to chronic in-
flammation even in the absence of viral replication.

Tat Induces Proinflammatory Gene Expression in T Cells. To de-
termine changes in gene transcription induced by extracellular
Tat in uninfected cells, expression profiling was performed in
human primary T cells exposed to Tat by microarray. One
hundred gene fragments, representing 94 known genes, were
identified as dysregulated in response to Tat (Fig. 2A and SI
Appendix). Up-regulated genes included proinflammatory cyto-
kines such as IL1B and IL8. Furthermore, pathway enrichment
analysis showed significant dysregulation of IL-17 signaling (SI
Appendix). Importantly, this dysregulation occurred without any
changes in IL21 or IL23 (SI Appendix). These results were
confirmed by immunoaffinity array. Specifically, higher levels of
secreted proinflammatory cytokines from PBMCs were observed
post Tat exposure including IL-17 (SI Appendix). Because IL-17
can propagate inflammation (14), we determined whether Tat

could induce IL-17 secretion in an antigen-independent manner.
Tat induced the secretion of both IL-17 (Fig. 2B) and granzyme
B (SI Appendix) in a dose-dependent manner. Tat increased IL-
17 transcription (Fig. 2C) and also increased the fraction of IL-
17 positive T cells (Fig. 2D) predominantly IL-17+/CD4+ cells
(SI Appendix). The specificity of the Tat response in primary
human T cells was validated following transwell coculture with
a Tat secreting, Jurkat–Tat cell line in the absence or presence of
Tat neutralizing antibodies (Fig. 2E).

Mechanism of T-Cell Activation by Tat Is Antigen Independent. It has
been previously established that Tat is taken up by cells through
endocytosis (9). To define the kinetics of Tat uptake and its
subcellular localization, ImageStream analysis was performed on
T cells exposed to fluorescently labeled Tat at different time
intervals. Tat was rapidly taken up by cells and diffusely spread
throughout the cytoplasm with ∼25% of endocytosed Tat entering
the nucleus (Fig. 3 A and B). Inhibition of clathrin-mediated en-
docytosis by chlorpromazine or amiloride resulted in complete
inhibition of Tat induced IL-17 induction, whereas the caveolae
inhibitor filipin did not significantly inhibit T-cell activation (Fig.
3C and SI Appendix). To determine whether Tat was driving
T-cell activation in an antigen-independent manner, T cells were
treated with nocodazole (NDZ) to inhibit Lck phosphorylation
and downstream signaling from the TCR. Interestingly, NDZ did
not inhibit Tat-mediated T-cell activation, suggesting that no
additional antigenic stimulus was required to activate T cells in
the presence of Tat (Fig. 3D).

Tat-Mediated T-Cell Activation Is Dependent upon VEGFR2. To elu-
cidate the mechanism of TCR-independent T-cell activation by
Tat, we determined the subcellular signaling pathway involved.
Gene expression analysis and immunoaffinity array showed that
IL-8 and IL-1β (Fig. 2A and SI Appendix) were strongly up-
regulated by Tat. Both IL-8 and IL-1β activate VEGFR2 (KDR)
gene expression (15). Ingenuity analysis of the VEGFR2 path-
way showed an up-regulation of NME2 and PIM1, VEGFR2
responsive genes, suggesting that VEGFR2 was functionally ac-
tive (SI Appendix). VEGFR2 is expressed on T cells constitu-
tively at low levels (16, 17); however the function of VEGFR2 in
lymphocytes is not well understood. To investigate the role of
VEGFR2 in Tat induced T-cell activation, T cells were treated
with the VEGFR2-specific inhibitor SU1498, which dose-
dependently inhibited IL-17 production (Fig. 4A and SI Appen-
dix). This inhibition was confirmed by siRNA-mediated knock-
down of VEGFR2 (Fig. 4B and SI Appendix). T-cell activation by
Tat was dependent on known VEGFR2 downstream signaling
pathways including PI3 kinase, NF-κB, CDKs, and mTOR (Fig.
4C). This activation was independent of PKC and Kv1.3 channel
(Fig. 4D), supporting VEGFR2 as the primary signaling path-
way. None of the inhibitors alone affected T-cell activation or
viability (SI Appendix).

Tat Induces Chromatin Remodeling. The chromatin of resting T cells
is densely packaged and heterochromatic, limiting active tran-
scription (18). To assess the role of Tat in remodeling the epi-
genetic landscape of T cells, global levels of acetylated histone
H3 (H3ac), a marker for euchromatin associated with actively
transcribed genes, were measured. A profound increase of
global H3ac levels in T cells treated with Tat was observed in-
dicating that Tat changes the global chromatin structure in
T cells (Fig. 5 A and B).

Virologic Consequence of Tat Activation of T Cells. Classically, it has
been thought that only activated T cells are capable of being
infected (19). We therefore determined the effect of Tat on T-
cell proliferation by measuring both thymidine incorporation and
carboxyfluorescein succinimidyl ester (Fig. 5C and SI Appendix).
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Fig. 1. Detection of Tat in CSF and characterization of immune infiltrates
and HIV antigens in CNS-IRIS. (A and B) Immunohistochemical analysis of
brain tissue from an individual with CNS-IRIS showed infiltrates of CD3 +
T cells which were predominantly CD8+ with few CD4+ cells and occasional
IL-17+ cells (arrow). Images shown are 40×. (Scale bar: 10 μm.) (B) Cell counts
were performed on three 20× fields. (C) There was no detectable p24 an-
tigen but robust cytoplasmic production of Tat was seen in infiltrating
mononuclear cells (arrows). (D) Three of eight CSF samples from HIV-infected
individuals controlled on ART were positive for Tat by ELISA. (E and F) Tat
was consistently produced by HIV-infected PBMC despite treatment with
darunavir (E), whereas viral production was inhibited as measured by
product enhanced reverse transcriptase assay (F). Data represent mean ± SD
from three independent experiments, *P < 0.05 by paired Student t test.
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Remarkably, no T-cell proliferation was observed. We further
investigated whether Tat-induced T-cell activation may allow for
enhanced proviral integration in the absence of proliferation.
To investigate this hypothesis, T cells were pretreated with Tat

and then infected with HIV. Viral replication was determined by
measuring p24 antigen in the supernatant (Fig. 5D). Prior ex-
posure to exogenous Tat strongly increased HIV replication.
This effect of Tat was blocked by the addition of neutralizing
anti-Tat antibodies, confirming that Tat can increase HIV viru-
lence in an autocrine and paracrine manner.

Discussion
Chronic immune activation in HIV-infected individuals remains
a serious complication of ART particularly in the CNS. Fol-
lowing the paradigm of studying extreme manifestations to gain
insight into key pathophysiological mechanisms, we investigated
CNS-IRIS. CNS-IRIS represents the most fulminate and dev-
astating form of HIV induced inflammation. Here, we provide
evidence that the secreted HIV protein Tat is produced within
the ART treated population. We show that Tat is detectable in
the CSF of a subset of virologically controlled individuals and in
the brain of a single individual with CNS-IRIS without an OI. It
is worth noting that the constellation of CNS-IRIS in a patient
without a confounding OI is very rare. In this individual, IRIS
was confirmed by a typical clinical course and presence of T cells
in the biopsy without any evidence of an opportunistic infection
(20). In the pre-ART era, Tat was detected in the brain of HIV-
infected individuals in association with infiltrating macrophages,
viral replication, and dementia (21). We now show that Tat is
present at reasonably high levels in the CSF and brain in the
absence of detectable viral replication. In vitro experiments
confirmed that Tat could be produced from HIV-infected cells
even when HIV replication was controlled by a protease in-
hibitor. Currently, protease inhibitors are the only class of drugs
available that can inhibit HIV replication once proviral DNA is
formed; however, these drugs act downstream of Tat production
(22). Characterization of the inflammatory infiltrates in the bi-
opsy tissue showed presence of both CD4+ and CD8+ T cells as

well as the presence of IL-17+ T cells. Although the exact role of
IL-17 in neuroinflammation remains unclear, T helper (Th) 17
cells interact directly with neurons and can mediate neuronal
injury (23). Extrapolation of the role of IL-17 in IRIS must be
limited however as these data are from a brain biopsy from one
individual. Likewise, further longitudinal CSF studies are
needed. Despite these limitations, these clinical data suggest that
T-cell activation by Tat may be contributing to chronic in-
flammation seen in individuals despite adequate treatment with
ART (7).
Our in vitro studies support the clinical findings that Tat may

be contributing to HIV inflammation and specifically to IL-17
production. Using an unbiased approach, we determined that
Tat could drive T cells toward a proinflammatory state by al-
tering gene transcription and protein secretion in T cells. Spe-
cifically, Tat drove the production of several cytokines including
IL-17 and pathway analysis indicated a significant enrichment of
canonical IL-17 signaling. Additionally, we detected an increase
in IL-17+ cells after Tat exposure, indicating that this viral
protein is capable of driving cells toward a Th17 phenotype in
the absence of IL-23 production. A previous study showed that
HIV-infected individuals with increased Th17 responses are
predisposed to developing IRIS (12). IL-17 is a cytokine pro-
duced predominantly by Th17 cells and has been implicated
in the pathophysiology of autoimmune diseases. Anti–IL-17
approaches are being developed for treatment of these diseases
(24); a similar approach could be considered in treatment
of IRIS.
To investigate the mechanism of Tat mediated T-cell activa-

tion, we imaged the interactions of fluorescently labeled Tat with
T cells. Tat was taken up by these cells rapidly and localized to
both the nucleus and the cytoplasm. The intracellular fate of
endocytosed Tat is unknown. Further studies to address these
questions are necessary to completely understand the effects of
exogenous Tat. Tat uptake occurred via clatherin-mediated en-
docytosis as reported (9), suggesting an alternative mechanism of
T-cell activation. We further confirmed that Tat is capable of
activating T cells through a mechanism independent of the TCR
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as Tat-mediated T-cell activation could not be inhibited with
NDZ. NDZ inhibits downstream signaling from the TCR; there-
fore, these data suggest that Tat is capable of activating T cells
directly, without additional antigenic stimulus. Antigen-in-
dependent T-cell activation has been described and is thought to
support the production of nonspecific T cells, contributing to
autoimmune processes (25, 26). Further investigation demon-
strated that Tat-mediated T-cell activation was dependent upon
VEGFR2 and that inhibition of VEGFR2 prevented Tat driven
T-cell activation. Inhibition of signaling pathways downstream of
VEGFR2 also blocked Tat-mediated T-cell activation. In con-
trast, blockers of other pathways of T-cell activation, such as
PKC and the Kv1.3 channel, did not prevent T-cell activation by
Tat. Together, these observations suggest a VEGFR2-dependent
pathway of nonclassical T-cell activation which may have clinical
relevance in the treatment of IRIS and HIV-associated in-
flammation. There are several VEGFR inhibitors approved for
treatment of cancer (27), which may be useful in preventing Tat-
mediated inflammation. The clinical validity of this hypothesis
needs to be further evaluated.
To further confirm the activation status of Tat-stimulated

T cells, we investigated the chromatin acetylation level of Tat
treated T cells. Tat induced marked increase in histone acety-
lation. Previous studies have examined the role of Tat on chromatin
structure in cell lines (28), on specific target genes in infected

cells (29), or in uninfected cells (30) and have found both in-
creased and decreased levels of acetylation suggesting the effects
of Tat on chromatin structure are cell type and infection status
dependent. Our data demonstrate that Tat can induce de novo
global chromatin remodeling in T cells in the absence of virus or
other stimulation. Although we limited our study to examination
of histone H3 acetylation, further studies may examine the
effects of Tat on other known chromatin modifications.
Tat-treated T cells did not proliferate yet had enhanced in-

fection with HIV, indicating that Tat rendered nonproliferating
T cells permissive to HIV infection. HIV is not capable of
infecting quiescent T cells (19). For HIV to integrate into CD4+
T cells, the cells must progress from the G0/1a phase into the
G1b phase of the cell cycle, characterized by high levels of RNA
synthesis in the absence of DNA synthesis (31, 32). T-cell acti-
vation must occur before viral exposure; activation after expo-
sure does not rescue the ability of the virus to establish infection
(33). Our data suggest that Tat released from infected cells is
capable of activating T cells, and we speculate that Tat is driving
cells into the G1b phase of the cell cycle before viral exposure,
priming T cells for HIV infection. Through this mechanism, Tat
secretion and entry into uninfected T cells is advantageous for
the virus, providing evidence that Tat is a virulence factor and
not solely a mediator of viral transcription. This finding suggests
that activation of T cells to prime cells for infection may be the
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to Tat for 24 h. (C) Pretreatment of T cells with TPCK (NFκB inhibitor),
genistein (Gen; TK inhibitor), LY294002 (PI3 kinase inhibitor), SNS-032 (CDK
2, 7, and 9 inhibitor) or with rapamycin (Rapa; mTOR inhibitor) inhibited Tat-
mediated T-cell stimulation. (D) Pretreatment of T cells with RO-32-0432
(PKC inhibitor) or margatoxin (MgTX; Kv1.3 inhibitor) had no effect on Tat-
mediated T-cell stimulation. Data are mean ± SD from three to five in-
dependent experiments compared by ANOVA with Bonferroni’s multiple
comparison, *P < 0.05, **P < 0.001; ns, not significant.
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selection pressure driving the secretion of a viral protein from
infected cells where it is required for viral transcription.
Here we show that immune activation associated with HIV

infection may be driven by the HIV-Tat protein. Chronic im-
mune activation with HIV infection despite ART has been
associated with a number of systemic complications and accel-
erated aging (reviewed in ref. 34). Currently, there are several
pharmacological inhibitors available to control inflammation;
however, the use of corticosteroids in patients with prior immune
suppression is limited to the most severe CNS-associated epi-
sodes. Ideally, the inhibition of nonbeneficial global in-
flammation should be controlled without impairing the normal
restoration and function of the immune system. To this end, this
study supports the necessity of an anti-Tat therapy in conjunction
with ART. Current ART includes compounds that bind to and
inhibit HIV proteins, but this strategy may not work for Tat
because Tat is capable of delivering a wide variety of compounds
into cells (35, 36). Another approach might be the development
of Tat antisense therapy or the use of the recently developed Tat
vaccine (37) as a therapeutic vaccine. Thus, the next generation
of compounds for treating HIV infection should target the Tat

protein to prevent CNS and systemic complications due to the
inflammatory response in this population.

Methods
Cell Isolation, Culture, and Stimulation. T cells were isolated from healthy
donors using a Pan T-cell II isolation kit (Miltenyl Biotec) Primary cells, Jurkat
E6.1, and Jurkat–Tat cells and were maintained in Iscove’s modified
Dulbecco’s media with 10% (vol/vol) human serum supplemented with 1% (vol/
vol) antibiotic/antimycotic solution at 37 °C with 5% (vol/vol) CO2. A total of 5 ×
105 T cells were seeded challenged with no peptide (negative control), 200
nM Tat peptide, or 1 μg/mL phytohemagglutinin (PHA) (Invitrogen). Endo-
toxin-free recombinant Tat was produced and functionally characterized as
described (38). The following pharmacological inhibitors were used for
mapping of pathways: Tosyl phenylalanyl chloromethyl ketone (Sigma, 10
μM), RO-32–0432 (Sigma, 100 nM), Margatoxin (Santa Cruz, 100 nM), Gen-
istein (Sigma, 100 μM), LY294002 (Cell Signaling, 100 μM), SNS-032 (Selleck,
0.5 μM), Rapamycin (Selleck, 5 nM), Nocodazole (Sigma, 5 mg/mL), SU 1498
(Invitrogen, 2 μM), Chlorpromazine (Sigma, 30 μM), Amiloride (Sigma cata-
log, 500 μM), and Filipin (Sigma, 3 μg/mL).

Microarray. Sample preparation, hybridization, and CEL file creation were
performed using Human GeneChip 1.0 ST Array (Affymetrix) following
manufacturer’s guidelines. Conversion of CEL files to normalized gene
fragment expression data were accomplished using Affymetrix’s Expression
Console with the “RMA Sketch” option. Statistical testing of the data by
paired t test was accomplished in R. Gene fragments with a test P value <
0.05 and an absolute difference of means ≥ 1.25 fold were deemed differ-
entially expressed. Subsequent gene fragment annotation, network analysis
and pathway enrichment analysis was accomplished using IPA.

Flow Cytometry and Cell Imaging. T cells treated with Tat (200 nM) or
unstimulated were fixed and permeabilized before staining with anti–IL-17–
PerCPCy5.5 (Biolegend, 1 μL per 106 cells). Analysis was performed on a BD
Biosciences LSR II at the Flow Cytometry Core Facility, Johns Hopkins
Medical Institute. Flow cytometry coupled with confocal imaging was
performed on the Amnis Image Stream Flow Cytometer at the National
Institute of Neurological Disorders and Stroke Flow Cytometry Core Facility,
National Institutes of Health. For Tat uptake studies, T cells were treated
with 200 nM Tat–Venus.

Protein Arrays. PBMCs were isolated and 1 × 107 cells were untreated or
stimulated with Tat for 24 or 72 h. After incubation, supernatants were
analyzed by cytokine array (R&D Systems, Human cytokine array, Panel A).
Equivalent amounts of protein were applied to the arrays. The intensity of
the signal was visualized and interpreted as present (+) or absent (−).

Coculture Stimulation of T Cells. A total of 1 × 106 T cells were plated in 500 μL
in the bottom of a 24-well transwell plate and pretreated for one hour with
either anti-Tat polyclonal antibody (Abcam, Ab43014) or an antibody iso-
type. A total of 1 × 105 Jurkat or Jurkat–Tat cells were plated in 250 μL in the
transwell insert. Cells were incubated for 72 h, and supernatants were
assayed for granzyme B.

ELISAs. Concentration of granzyme B (Cell Sciences), IL-17 A/F kit (Cell Sci-
ences), p24 (ZeptoMetrix Retrotek), histone H3 (Abcam), and acetylated
histone H3 (Abcam) were measured using ELISA kits according to manu-
factures instructions. For quantification of Tat by ELISA monoclonal anti-Tat
(1D9, 1:500) was used as the capture antibody. This reagent was obtained
through the AIDS Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, National Institutes of
Health: HIV-1 Tat monoclonal antibody (1D9) from Dr. Dag E. Helland (39).
The detection antibody was a rabbit polyclonal anti-Tat (Abcam Ab43015,
1:500). Signal was amplified with strepavidin–HRP and developed colori-
metrically. The Tat ELISA is capable of detecting Tat from clades A and B
(range = 100,000–100 pg/mL; fractioned recovery 74.5%).

Immunoblotting. To visualize histone H3, acetlated histone H3, VEGFR2 and
β-actin, protein from nuclear extracts or cell lysates were immobilized on
Immobilon-FL membranes and incubated with primary antibodies (histone
H3 and acetyl histone H3, Cell Signaling, 1:1,000; VEGFR2, Abcam, 1 μg/ ml;
β-actin, Sigma, 1:5,000). Blots were visualized via chemiluminescence fol-
lowing detection with horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling, 1:5,000) on Proteinsimple FlourChem M Imager.
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Fig. 5. T-cell stimulation by Tat enhances histone acetylation and viral in-
fection. (A) Tat stimulation of T cells for 24 h increases acetylated histone H3
in nuclear extracts. Data are mean ± SD from three independent experi-
ments compared by two-way paired T test, *P < 0.05. (B) Immunoblots on
the same extracts confirm a corresponding increase in acetylated histone H3
(H3-ac) with unchanged total H3 levels. (C) T cells were left unstimulated
(control) or treated for 5 d with either Tat or PHA. For the last 18 h, cells
were pulsed with [3H]thymidine. No significant (ns) uptake was seen in the
Tat-treated cells. Data represent mean ± SD from three independent
experiments and were analyzed by ANOVA with Bonferroni’s multiple
comparison test, **P < 0.001. (D) T cells were stimulated with PHA or Tat in
the presence or absence of anti-Tat antibody and infected with HIV, and p24
antigen was measured in culture supernatants 1 wk later. Tat-stimulated
T cells showed increased HIV replication, which was blocked by anti-Tat
antibody. Data are mean ± SD from seven independent experiments com-
pared by ANOVA with Bonferroni’s multiple comparison test, **P < 0.001.
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Immunohistochemisty. Standard immunohistochemical methods with Pow-
ervision-HRP secondary antibodies were used to determine the subset of
T cells present in paraffin embedded, and to determine the presence of HIV
p24 (DAKO, 1:10) and Tat (Abcam, 1:500) in serial sections. Heat-mediated
antigen retrieval was performed. Sections from an HIV encephalitis patient
served as positive controls and sections from HIV (−) autopsy patients served
as a negative control for p24. Sections from Jurkat and Jurkat–Tat cell pellets
were used as a positive and negative control for Tat.

Knockdown of VEGFR2. A total of 2 × 107 T cells were transfected with 100 μM
RNA of Silencer Select siRNA to VEGFR2 (Life Technologies) or Silencer Select
negative control with Lipofectamine 2000 reagent following manufacturers
protocol. Control cells were treated with Lipofectamine reagent in the ab-
sence of RNA.

Proliferation Assays. For the carboxyfluorescein succinimidyl ester (CFSE) as-
say, T cells were labeled with CFSE using a Molecular Probes Cell Trace kit
(Invitrogen). Labeled cells were treated with Tat (200 nM), PHA (1 μg/mL) or
left unstimulated for 72 h and then analyzed by flow cytometry at 500 nm

excitation and 520 nm emission filters. For the thymidine uptake assay,
T cells were isolated and treated with Tat (200 nM), PHA (1 μg/mL) or left
unstimulated for 5 d. For the last 18 h, cells were pulsed with [3H]thymidine
and thymidine uptake was quantified.

Infection of Primary T Cells. A total of 2.5 × 106 T cells were pretreated for 72 h
with either PHA (1 μg/mL) or Tat (200 nM). Cells were then collected and
washed, and 2 × 106 cells were infected with 500 TCID50 of HIV-NL4-3 for 24 h.
One week after infection, supernatants were collected and analyzed for Tat
and product enhanced reverse transcriptase (40).
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