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The relationship among neuroinflamma-
tion, blood-brain barrier (BBB) dysfunc-
tion, and progressive HIV-1 infection as
they affect the onset and development of
neuroAIDS is incompletely understood.
One possible link is signal transducers
and activators of transcription (STATs)
pathways. These respond to proinflamma-
tory and regulatory factors and could
affect neuroinflammatory responses in-
duced from infected cells and disease-
affected brain tissue. Our previous works
demonstrated that HIV-1 activates pro-
inflammatory and interferon-alpha–

inducible genes in human brain microvas-
cular endothelial cells (HBMECs) and that
these genes are linked to the Janus ki-
nase (JAK)/STAT pathway. We now dem-
onstrate that HIV-1 activates STAT1, in-
duces IL-6 expression, and diminishes
expression of claudin-5, ZO-1, and ZO-2
in HBMECs. The STAT1 inhibitor, fludara-
bine, blocked HIV-1–induced IL-6, dimin-
ished HIV-1–induced claudin-5 and ZO-1
down-regulation, and blocked HIV-1– and
IL-6–induced monocyte migration across
a BBB model. Enhanced expression and
activation of STAT1 and decreased

claudin-5 were observed in microvessels
from autopsied brains of patients with
HIV-1–associated dementia. These data
support the notion that STAT1 plays an
integral role in HIV-1–induced BBB dam-
age and is relevant to viral neuropatho-
genesis. Inhibition of STAT1 activation
could provide a unique therapeutic strat-
egy to attenuate HIV-1–induced BBB com-
promise and as such improve clinical
outcomes. (Blood. 2008;111:2062-2072)
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Introduction

Human immunodeficiency virus type 1 (HIV-1) infection of the
central nervous system (CNS) commonly results in behavioral,
motor, and cognitive impairments.1-3 Although disease severity and
progression has slowed, in part, as a result of antiretroviral therapy,
76% to 83% of brain autopsies continue to show observable
neuropathological abnormalities.4-6 Disease pathology ranges from
mild brain atrophy and gliosis to robust viral replication, multinucle-
ated giant cell formation, astrogliosis and microgliosis, myelin
pallor, and neuronal loss.7,8 These pathological findings are collec-
tively termed HIV-1 encephalitis (HIVE). HIVE is a common
correlate to the later stages of behavioral, motor, neuropsychiatric,
and neurologic consequences of disease termed HIV-1–associated
dementia (HAD) (for recent reviews, see McArthur1; Grant et al2;
Ghafouri3). HIVE is fueled by viral infection and immune activa-
tion of brain mononuclear phagocytes (MPs: blood-derived perivas-
cular macrophages and microglia).9 Such MP- and virus-associated
neuroinflammation promotes monocyte trafficking across the blood-
brain barrier (BBB), MP infiltration into the CNS, and neurodegen-
eration.10-12 Thus, dysfunction of the BBB is one critical feature of
HIV-1 neuropathogenesis.

Brain microvascular endothelial cells, a major component of
BBB function and integrity, are connected by tight junctions (TJs)
that limit paracellular flux and restrict permeability.13 Indeed, under
normal physiologic conditions, the brain endothelium functions as
an interface between the blood and the brain parenchyma, strictly
regulating influx of ions, molecules, and leukocytes into the CNS.
Nonetheless, in disease, a variety of environmental, toxic, degenera-
tive, and microbial insults could cause BBB breakdown.12,14 Such a

breakdown occurs during progressive HIV-1 infection12,15-17 and
was documented in laboratory, animal models, human clinical
observations, and autopsy studies.10,16-20 Underlying mechanisms
of BBB dysfunction and how it affects ongoing disease are
incompletely understood.1,12,14 Dysfunction of the BBB enhances
penetration of cell-free virus, ingress of activated HIV-1–infected
monocytes across the BBB, accumulation of MP in the CNS, and
spread of the virus to neighboring microglia and astrocytes.15,21

Thus, BBB breech is commonly associated with accelerated
disease and the development of behavioral and cognitive deficits
that are signatures of HAD.1,16 Based on these observations, the
elucidation of the signaling pathways mediating BBB compromise
can prove important for understanding disease mechanisms and
development of new therapies.

Signal transducers and activators of transcription (STATs)
proteins are latent cytoplasmic transcription factors that are phos-
phorylated by Janus kinases (JAKs) in response to proinflamma-
tory and regulatory factors.22 STAT1 encodes a 91-kDa protein that
is activated by type I (alpha and beta) and type II interferons
(IFNs), epidermal growth factor, platelet-derived growth factor,
and interleukin-6 (IL-6).23-26 Moreover, STAT1 activation often
correlates with cellular proinflammatory, antiproliferative, and
apoptotic activities.27,28 The JAK/STAT pathway plays a prominent
role in cytokine-mediated inflammatory responses and, as such, has
been implicated in the pathogenesis of HIV infection.29-32 Indeed,
relationships between neuroinflammatory activities and specific
signaling pathways are well appreciated.27 Mechanistic studies
reported herein arise from microarray analyses performed in our
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laboratories demonstrating that HIV-1 activates proinflammatory
and IFN-inducible genes in human brain microvascular endothelial
cells (HBMECs).33 We now demonstrate that HIV-1 and HIV-1–
infected monocyte-derived macrophages (MDMs) activate STAT1
and induce IL-6 expression in HBMECs through STAT1. A specific
STAT1 inhibitor, fludarabine (FLUD), blocked HIV-1–induced
STAT1 activation, and decreased IL-6 expression and secretion.
Moreover, FLUD diminished HIV-induced down-regulation of TJs
and prevented HIV-1– and IL-6–induced monocyte migration
across in vitro BBB models. Most importantly, enhanced expres-
sion and activation of STAT1 was shown in microvessels acquired
from autopsied brains of HIV-infected people, as well as in
autopsied brains of patients who died with advanced HAD. These
data strongly support the notion that STAT1 plays an integral role in
HIV-induced BBB damage and is relevant to the pathogenesis of
viral infection. Inhibition of STAT1 activation could provide a
unique therapeutic strategy to prevent HIV-1–induced BBB compro-
mise and as such improve clinical outcomes in infected people.

Methods

Endothelial cell culture

Primary HBMECs were isolated from brain tissue obtained during surgical
removal of epileptogenic cerebral cortex in adult patients34 and were
provided by Drs Marlys Witte and Michael Bernas (University of Arizona,
Tucson, AZ). Routine evaluation for von Willebrand factor (VWF), Ulex
europeus lectin, and CD31 demonstrated that HBMECs were more than
99% pure. HBMECs were seeded in the upper chamber of collagen-I–
coated 6- or 24-well tissue culture inserts (with 0.4-�m pore size) or 6-well
tissue culture plates and cultured to confluence in EGM-2 BulletKit media
(Cambrex, Walkersville, MD) supplemented with 5% fetal bovine serum
(FBS). Only cells at passage 1 to 4 were used in this study.

Monocyte isolation, macrophage culture, and HIV-1 infection

Monocytes were obtained from HIV-1–, HIV-2–, and hepatitis-B–
seronegative donor leukopaks, separated by countercurrent centrifugal
elutriation and characterized as previously described.20,35 Freshly elutriated
monocytes were differentiated into MDMs by 7-day culture in Dulbecco
modified Eagle media containing 2 mM L-glutamine (Invitrogen, Carlsbad,
CA), 1 U/mL human recombinant macrophage colony-stimulating factor (a
generous gift from Wyeth, Cambridge, MA), 10% heat-inactivated human
serum, 100 �g/mL gentamicin, and 10 �g/mL ciprofloxacin (Sigma-
Aldrich, St Louis, MO). MDMs were infected with HIV-1ADA at a
multiplicity of infection (MOI) of 0.01 then used for cocultures with
HBMECs at day 5 after viral inoculation. All reagents were prescreened for
endotoxin (� 10 pg/mL; Associates of Cape Cod, Woods Hole, MA) and
mycoplasma contamination (Gen-probe II; Gen-probe, San Diego, CA). Levels
of productive viral replication were measured in culture fluids by HIV-1 p24
enzyme-linked immunosorbent assay (ELISA; Beckman Coulter, Miami, FL).

Cocultures of HIV-1–infected MDMs and HBMECs

In triplicate, HBMECs in transwell inserts (0.4-�m pore size) were
cocultured for 12 hours with HIV-1ADA–infected MDMs in endothelial cell
media (EGM-2 BulletKit media with 5% FBS). Triplicate samples of
HBMECs cocultured for 12 hours with noninfected MDMs or untreated
HBMECs served as controls. Following coculture, media from the top
(HBMEC side) and bottom (MDM side) wells of each insert were collected
and centrifuged for 15 minutes at 1930g. The recovered fluids were
cryopreserved at �70°C. In parallel experiments, HBMECs in 6-well plates
were exposed directly to purified HIV-1ADA (MOI: 0.01) for
5 minutes to 24 hours, and the fluids cryopreserved at �70°C.

Monocyte migration through an in vitro BBB model

For migration assays, 2 � 104 HBMECs were seeded on collagen-coated
FluoroBlok-tinted tissue culture inserts (with 3-�m pore size; BD Biosciences,
Franklin Lakes, NJ). Because monolayers are not visible on these inserts, manual
readings of transendothelial electric resistance were taken with a voltmeter
(EVOM; World Precision Instruments, Sarasota, FL) to confirm monolayer
formation and cell confluence. Freshly elutriated, infected or noninfected
monocytes were labeled with calcein-AM (Invitrogen) at 5 �M/1 � 106 cells for
45 minutes and washed to eliminate residual label. Then, 2.5 � 105 labeled
monocytes were placed on HBMECs (upper chamber of the FluoroBlok insert)
and allowed to migrate for 2 hours (37°C, 5% CO2). Migrated monocytes were
quantified with a fluorescence plate reader (absorbance: 494 nm; emission:
517 nm), with a standard curve derived from a serial dilution of known numbers
of calcein-labeled cells. For migration experiments testing the effects of FLUD,
HBMECs were exposed to FLUD (20 �M) (Sigma) for 30 minutes before
migration. We previously performed dose-dependent migration experiments with
FLUD and determined that 20 �M was optimal in altering monocyte transendo-
thelial migration.

Detection of IL-6

IL-6 levels in each sample were quantified using the Human IL-6 ELISA kit
(eBioscience, San Diego, CA) according to the manufacturer’s instructions.
IL-6 levels in media from infected and noninfected MDMs and HBMECs
prior to coculture served as controls.

Microvessel isolation

Brain tissues (cortex) from HIV-1–seropositive patients without neurocog-
nitive impairment, HAD patients, and aged-matched seronegative controls
were obtained from the National NeuroAIDS Tissue Consortium (NNTC)
and our Center for Neurovirology and Neurodegenerative Diseases (CNND)
brain bank. The clinical histories of all brain microvessel (MV) donors are
detailed in Table 1. The MV isolation procedure was as described by Brooks
et al.36 Briefly, brain tissues were homogenized in a buffer containing
103 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 14 mM HEPES, 2.5 mM NaHCO3, 10 mM D-glucose, 1 mM
sodium pyruvate, pH 7.4, and 1 � protease inhibitor cocktail. Following
homogenization, each sample was passed sequentially through a 350-, 112-,
and 40-�m nitex mesh filters (Sefar, Depew, NY). Following the last
filtration, the 40-�m mesh filters were removed and rinsed to collect
trapped MVs. Isolated MV was pelleted by centrifugation at 5600g for
10 minutes at 4°C. RNA and protein were extracted from each MV sample
for real-time polymerase chain reaction (PCR) and Western blot analyses.
For immunofluorescence and confocal microscopy, 50 �L MV solution was
spread onto poly-L-lysine– or fibronectin-coated glass coverslips, air-dried,
fixed for 20 minutes with a 4% paraformaldehyde solution (pH 7.4), rinsed
with phosphate-buffered saline (PBS), air-dried, and used for immunostain-
ing with antibodies to STAT1 and phospho-STAT1. Immunostaining with
antibodies to the TJ protein claudin-5 and VWF was used to confirm the
vascular identity of the isolated MV as previously described.37,38

RNA isolation and real-time PCR

HBMECs and brain MVs were lysed using the Trizol reagent (Invitrogen);
total RNA was extracted from each sample using RNAeasy mini-kit
(Qiagen, Valencia, CA) with DNase treatment according to the manufactur-
er’s instructions. RNA yield and quality were checked using a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE) and for all
samples, absorbance ratio of 260/280 was more than 2. The purity and
quality of extracted RNA were further assessed using the RNA 6000 Nano
LabChip Kit and Agilent-2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA) according to the manufacturer’s instructions.

For each sample, cDNA was generated from 1 �g RNA using random
hexamers and Moloney murine leukemia virus reverse transcriptase (Invitro-
gen). Reverse transcription was carried out for 1 hour at 42°C. The cDNA
obtained was used for real-time quantitative PCR (qRT-PCR) using an ABI
PRISM 7000 sequence detector (Applied Biosystems, Foster City, CA). A
TaqMan gene detection system was used and quantification performed
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using the standard curve method as described in user bulletin no. 2 supplied
with ABI PRISM 7000 sequence detector.39 All PCR reagents and primers
were obtained from Applied Biosystems and primer IDs were as follows:
chemokine (C-X-C motif) ligand-1 (CXCL1): Hs00236937; IL-6:
Hs00174131_m1; interferon-stimulated gene 15 (ISG15 or GIP2):
Hs00192713_m1; tumor necrosis factor-alpha–induced protein-3 (TN-
FAIP3): Hs00234713_m1; TNF (ligand) superfamily 15 (TNFSF15):
Hs00353710_s1; ubiquitin-D (UBD): Hs00197374_m1; RelB:
Hs00232399_m1; STAT1: Hs00234829_m1; and superoxide dismutase
2 (SOD2): Hs00167309_m1. For endogenous control each gene expression
was normalized to GAPDH (Hs99999905_m1).

Immunofluorescence microscopy

Confluent HBMECs grown on glass coverslips were washed with PBS and
fixed in methanol/acetone (1:1) for 20 minutes. Fixed MVs and HBMECs
were permeabilized with 0.1% triton X-100 and blocked for nonspecific
binding with 3% BSA in PBS (10 minutes at 4°C). Cells were incubated
with primary antibodies (1:50 dilution) for 1 hour at room temperature,
followed by staining (1 hour in the dark at room temperature) with
secondary antibodies coupled with Alexa-488 or Alexa-594 (1:500 dilution;
Invitrogen). Stained cells were mounted in Prolong Gold (Invitrogen) and
examined using an E800 fluorescent microscope (Nikon, Melville, NY)
connected to a color MagnaFire digital camera (Optronics, Goleta, CA).

Protein extraction and Western blot analyses

Protein extraction and quantification were performed as we previously de-
scribed.19,20 Protein (25 �g)was fractionated in a 4% to 15% gradient gel and
electrophoretically transferred to nitrocellulose membranes. Membranes were
blocked for 1 hour with SuperBlock T-20 (Pierce, Rockford, IL), blotted 2 hours
or overnight with the appropriate primary antibodies, 1 hour with the secondary
antibody, washed, and visualized using SuperSignal West Pico Substrate (Pierce).
All STAT and phospho-STAT antibodies were from Cell Signaling Technology
(Danvers, MA). Claudin-5, ZO-1, and ZO-2 antibodies were from Invitrogen.
For Western blot assays performed with phosphorylated STAT antibodies
(pSTAT1, pSTAT2, pSTAT3, pSTAT5, pSTAT6), membranes were stripped
using Restore Western Blot Stripping Buffer (Pierce) and reblotted with
antibodies to STAT1, STAT2, STAT3, STAT5, and STAT6, respectively, then
stripped again and reblotted with �-actin antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). Results were expressed as ratios of relative intensity of
the target protein (phospho-STAT) to that of the internal standard, �-actin,

or STAT. For experiments with inhibitors, HBMECs were exposed for
30 minutes to HIV-1 with or without FLUD (20 �M), the JAK2 (AG490,
50 �M), and JAK3 (WHI-P154, 30 �M) inhibitors, and protein was extracted
and analyzed as above. AG490 and WHI-P154 were from Calbiochem (San
Diego, CA). Controls consisted of untreated cells, and cells exposed to FLUD,
AG490, and WHI-P145.

Statistical analysis

One- or 2-way analysis of variance and the general linear models
procedures were performed using the SAS program (SAS Institute, Cary,
NC) followed by Dunnet or Tukey multiple comparison tests. Both statistical
procedures test differences among several means for significance without
increasing type I error rate.40 The threshold for significance was .05.

Results

HIV-1– and HIV-infected MDMs induce IL-6 expression in
HBMECs

We previously showed that HIV-1 up-regulates mRNA for several
proinflammatory cytokines in HBMECs, including IL-6.33 To
determine whether increased IL-6 mRNA was associated with
increased protein, we quantified IL-6 in cell-culture media. Cocul-
ture of HBMECs with infected MDMs increased IL-6 secretion in
HBMECs by 10-fold (229.2 � 38 pg/mL) compared with
HBMECs cocultured with uninfected MDMs (23 � 3 pg/mL)
(P � .001; Figure 1A). Endothelial-macrophage coculture did not
change MDM IL-6 levels even following HIV-1 infection (Figure
1A). To determine whether the induced HBMEC IL-6 was caused
by virus or by secretory products from infected MDMs, we
exposed endothelial cells to 0.01 infectious viral particles of
HIV-1ADA for 2 to 24 hours and quantified IL-6 levels in culture
fluids. Each of 3 experiments was done in quadruplicate. A
significant and time-dependent increase in HBMEC IL-6 was
observed following exposure to HIV-1 (Figure 1B). IL-6 levels in
HBMECs exposed to HIV-1 virions were 3.5 (� 0.2), 30.3 (� 1.7),
40.1 (� 4.4), and 83.5 (� 13.0) pg/mL, respectively, after 2, 6, 12,
and 24 hours of viral exposure.

Table 1. Clinical history of brain MV donors

HIV-1 status ID Gender/Age (y) PMI (h) Neurocognition/Neuropathology Other autopsy diagnosis

Neg N1 M/35 8.5 Normal/None Mild Alzheimer type 2 gliosis

Neg N2 N/A N/A Normal/None N/A

Neg N3 F/38 5.75 Normal/Not significant Disseminated, metastatic and poorly differentiated

carcinoma

Neg N4 M/32 4.25 Normal/Not significant Cystic fibrosis, bronchopneumonia, respiratory

and multiorgan failure

Neg N5 F/46 4 Normal/Not significant Congenital aortic stenosis with acute myocardial

infarction, mild infarction. Two small

subependymal microinfarts in the brain

Pos (ADC � 0) P1 ?/46 2.75 Normal/None N/A

Pos (ADC � 0) P2 ?/27 8 Normal/None N/A

Pos (ADC � 0) P3 ?/37 5 Normal/None N/A

Pos (ADC � 0) P4 M/39 11 Normal/None Minimal non-diagnostic abnormalities

Pos (ADC � 1) HAD1/D1 M/30 6 HAD/HIVE Minimal terminal anoxia

Pos (ADC�1) HAD2/D2 ?/50 21 HAD/HIVE N/A

Pos (ADC�1) HAD3/D3 ?/39 12 HAD/HIVE N/A

Pos (ADC�1) HAD4/D4 ?/40 12 HAD/HIVE N/A

Pos (ADC�1) HAD5/D5 M/47 11 HAD/HIVE Anoxic-ischemic encephalopathy, microglial

nodule encephalitis, chronic

meningoencephalitis with microvascular

damage

Neg indicates HIV seronegative; Pos, HIV seropositive; ADC, AIDS dementia complex; HAD, HIV-associated dementia; HIVE, HIV encephalitis; M, male; F, female; ? or
N/A, not available; and PMI, postmortem interval.
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STAT1 inhibition attenuates HIV-1–induced IL-6 expression

As IL-6 signals principally through the JAK/STAT pathway, we
determined whether STAT1 modulates HIV-1–induced IL-6 produc-
tion in HBMECs. HBMECs were exposed to HIV-1ADA

(MOI � 0.01) for 3, 6, 12, and 24 hours, or to HIV-1 with 20 �	
FLUD for 12 and 24 hours; and IL-6 levels in culture supernatant
were quantified by ELISA. HIV-1 induced a time-dependent
increase in IL-6 levels and FLUD significantly diminished IL-6
secretion (P � .01; Figure 1C). No IL-6 was detected in HBMECs
exposed to conditioned media from uninfected MDMs or in
untreated HBMECs.

HIV-1 up-regulates HBMEC IL-6 receptor expression

As IL-6 secretion was up-regulated following HIV-1 exposure or
coculture with infected MDMs (Figure 1), we evaluated the
expression of IL-6 receptor (IL-6R) in HBMECs. Immunofluores-
cence analyses demonstrated that HBMECs express the IL-6R-

and gp130 (
 and � chains of the IL-6 receptor, Figure 2). Next, we
determined whether this receptor could be up-regulated by expo-
sure to HIV-1. Indeed, HIV-1 significantly increased the expression

of both 
 and � subunits of the IL-6R (Figure 2A). These
observations were confirmed in 2 independent experiments using
HBMECs from 2 different donors. We performed semiquantitative
analyses of IL-6 expression (percentage of immunostained area)
using computer-assisted image analysis (Image-ProPlus; Media
Cybernetics, Silver Spring, MD). Image-ProPlus software mea-
sures the fluorescence intensity and densitometry of immuno-
stained cells and normalize each measurement to the cell’s size.
The data showed that 30 minutes of HIV-1 exposure increased
IL6-R-
 expression 6-fold (P � .001) and gp130 expression 4-fold
(P � .05). Conditioned media from uninfected MDMs did not
change IL-6R staining (Figure 2). Interestingly, HIV-1–induced
up-regulation of IL6-R-
 expression was transient and decreased
after 30 minutes (Figure 2B), while gp130 expression was sus-
tained for up to 2 hours following HIV-1 treatment (Figure 2C).

Interactions of HIV-1–infected macrophages with HBMECs
activate STAT1 in HBMECs

Based on data obtained regarding the influence of IL-6 and HIV-1
on STAT pathways, we tested whether coculture of HBMECs with

Figure 1. STAT1 modulates HIV-1–induced up-regulation of IL-6 expression in HBMECs. (A) Interaction of HBMECs with HIV-infected MDMs induced IL-6 secretion in
HBMECs. Coculture of HBMECs with infected MDMs increased IL-6 expression/secretion in endothelial cells by 10-fold (229.2 � 38 pg/mL) compared with endothelial cells
cocultured with noninfected MDMs (23 � 3 pg/mL). Endothelial-MDM coculture did not change MDM IL-6 levels regardless of HIV-1 infection. (B) Direct exposure of HBMECs
to 0.01 infectious viral particles induced a time-dependent increase in IL-6 secretion. (C) Fludarabine (FLUD, 20 �M) significantly diminished HIV-1–induced IL-6 secretion in
HBMECs. Controls are untreated cells; NI-control represents HBMECs exposed for 24 hours to conditioned media from noninfected MDMs. For each experimental condition,
the number of replicates is 6. (***P � .001 compared with controls.) TM indicates top media; BM, bottom media; CM, conditioned media; NI-MDM, noninfected
monocyte-derived macrophage; HIV-MDM, HIV-infected monocyte-derived macrophage; and MOI, multiplicity of infection.

Figure 2. HBMECs express the IL-6 receptor and
HIV-1 exposure increases receptor expression. Ex-
posure of HBMECs to HIV-1 for 30 minutes significantly
increased the expression of both alpha (IL6-R-
; A,B)
and beta (Gp130; A,C) subunits of the IL-6 receptor,
and altered endothelial cell phenotype (A). HIV-1–
induced up-regulation of IL6-R-
 expression was tran-
sient and decreased after 30 minutes (A,B), while
HIV-induced increase in Gp130 expression was sus-
tained for up to 2 hours (C). Control represent un-
treated HBMECs; NI-control consisted of HBMECs
exposed for 1 hour to conditioned media from nonin-
fected macrophages. Original magnification of images
in panel A: �200.
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HIV-infected MDMs activates STAT1 in HBMECs. In these
experiments, HBMECs in 0.4-�m culture inserts were cocultured
with HIV-infected MDMs for 5 minutes to 24 hours; HBMEC
protein was extracted and analyzed by Western blotting. Interaction
of HBMECs with infected MDMs induced phosphorylation of
STAT1 at serine 727 (S727) from 5-minutes to 4-hour coculture
and also increased total STAT1 levels (Figure 3A). No activation of
STAT1 at tyrosine residues was detected.

HIV-1 virions induce activation of STAT1 at serine 727 in
HBMECs

To evaluate the effects of direct HIV-1 exposure to HBMECs,
HIV-1ADA was placed onto HBMECs for 5 minutes to 24 hours,
followed by protein extraction and Western blot analysis. Direct
exposure of HBMECs to HIV-1 phosphorylated STAT1 at S727,
with maximal level of activation at 30 minutes and 1 hour (Figure
3B). Increased phospho-STAT1 correlated with decrease in total
STAT1, however, long-term HIV-1 exposure (12-24 hours) in-
creased total STAT1 levels (Figure 3C). HIV-1–induced STAT1
activation was specific to serine residues; no activation at tyrosine
residues was detected. Treatment of HBMECs with conditioned
media derived from uninfected MDMs (5 minutes to 24 hours) did
not induce STAT1 phosphorylation or change in total STAT1 levels
(Figure 3D). To assess whether IL-6 can activate endothelial
STAT1, HBMECs were treated with IL-6 (100 ng/mL) for
5 minutes to 24 hours, followed by protein extraction and Western

blot analysis. IL-6 did not phosphorylate STAT1 at serine or
tyrosine residues (Figure 3E). Based on our data showing that
FLUD prevent HIV-1–induced IL-6 expression (Figure 1) and
diminished HIV- and IL-6–induced monocyte transendothelial
migration (Figure 4A), we tested the effect of FLUD on HIV-
induced STAT1 expression and activation. HBMECs were exposed
for 2 hours or 30 minutes to HIV-1, FLUD (20 �M), or HIV �
FLUD and extracted proteins analyzed as described. HIV-1 expo-
sure increased expression of STAT1 and phospho-STAT1 (S727).
FLUD significantly diminished HIV-1–induced STAT1 activation
and expression at 2 hours (Figure 3F) and 30 minutes (Figure 3G).

STAT1 modulates monocyte migration across in vitro
BBB models

To evaluate the biologic significance of HIV-1–induced IL-6
up-regulation, we explored whether HIV-1 and IL-6 could affect
monocyte transendothelial migration. HIV-1 infection increased
monocyte migration 4-fold compared with uninfected monocytes.
IL-6 increased transendothelial migration of uninfected monocytes
by 4.3-fold and increased migration of HIV-infected monocytes by
7.4-fold (Figure 4A) compared with monocytes without IL-6 applica-
tion. Since STAT1 mRNA is up-regulated in HBMECs cocultured with
HIV-1–infected MDMs and IL-6 signals through the JAK/STAT
pathway, we tested whether the STAT1 inhibitor FLUD could
prevent HIV-1– and IL-6–induced monocyte transmigration. FLUD

Figure 3. HIV-1 activates STAT1 at serine-727 in
HBMECs, and FLUD inhibits HIV-induced STAT1
expression and activation. Coculture of HBMECs
with HIV-1–infected MDMs (A), or direct exposure of
HBMECs to infectious viral particles (B) activates STAT1
at S727. Long-term HIV exposure (12-24 hours) also
increased total STAT1 levels in HBMECs (C). No
activation of STAT1 at tyrosine residues was detected.
No phosphorylation of STAT1 was observed in HBMECs
exposed to conditioned media from noninfected MDMs,
and there was no change in total STAT1 levels (D).
Exposure of HBMECs to IL-6 did not phosphorylate
STAT1 at serine or tyrosine residues; however, 12 to 24
hours of IL-6 exposure increased total STAT1 levels
(E). The STAT1 inhibitor FLUD significantly diminished
HIV-1–induced STAT1 activation and expression at
2 hours (F) and 30 minutes (G) of exposure. (*P � .05;
**P � .01; ***P � .001.) CM indicates conditioned
media; and C, control.
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significantly diminished HIV-1– and IL-6–induced monocyte migra-
tion in our in vitro BBB model (Figure 4A).

HIV-1 virions phosphorylates STAT1 and STAT3 at serine 727 in
HBMECs; JAK-3 inhibitor diminished HIV-1–induced
phosphorylation of STAT1 and STAT3

To determine whether HIV-1 activates other members of the STAT
family in HBMECs, we tested the levels of phosphorylated
STAT-2, STAT-3, STAT-5, and STAT-6 in HIV-exposed HBMECs.

HIV-1 induced phosphorylation of STAT-1 and STAT-3 at S727;
HIV-1 exposure did not induce phosphorylation of STAT-3 at
tyrosine residues and did not induce phosphorylation of STAT-2,
STAT-5, or STAT-6 (Figure 4B,C). FLUD had no effect on
HIV-1–induced STAT-3 phosphorylation, confirming previous find-
ings that FLUD is a specific STAT1 inhibitor.41-43 To determine
which effector upstream of STAT-1 may be involved in HIV-1–
induced BBB dysfunction, we analyzed STAT activation in HB-
MECs exposed to HIV-1 with or without the presence of the JAK-2
inhibitor (AG490, 50 �M) and the JAK-3 inhibitor (WHI-P154,
30 �M). The JAK-3 inhibitor diminished HIV-1–induced activa-
tion of STAT-1 and STAT-3 (Figure 4C).

Activation and overexpression of STAT1 and proinflammatory
molecules in brain MVs

To determine whether our in vitro findings correlate with changes
at the BBB of HIV-1–infected humans, we isolated and analyzed
MVs from brain tissues of 5 HIV-1,2–seronegative control sub-
jects, 4 HIV-1–seropositive patients without evidence of HIVE
(HIV � no HIVE), and 5 patients with HIVE (HIV-1 dementia
scale � 1). Table 1 shows the clinical history, postmortem interval
(PMI) between the time of death and autopsy, and a summary of
postmortem findings for all 14 individuals. The age ranges were 32
to 46, 27 to 46, and 30 to 50 years, respectively, for seronegative,
HIV � no HIVE, and HAD patients. Their PMIs were, respec-
tively, 4 to 8.5 hours, 2.7 to 11 hours, and 6 to 21 hours. HIVE and
HAD diagnoses were performed by neuropathologists and neuro-
psychologists of the NNTC and the CNND rapid autopsy pro-
gram.44,45 Plasma and cerebrospinal fluid (CSF) viral load (VL) and
CD4 counts were available for donors P1 and P4, HAD1, HAD2,
and HAD5. For patient P1, plasma VL was 684 444 copies/mL,
CD4� T-cell count was 13/mm3, and CSF VL was 2300 copies/mL.
For patient P4, plasma VL was 75 000 copies/mL and CD4 count
was 13/mm3. For patient HAD1, plasma VL was 104 300 copies/
mL, CD4 count was 8/mm3, and CSF VL was 14 copies/mL. CSF
VL was 962 copies/mL for patient HAD2, while for patient HAD5,
plasma VL was 570 copies/mL and CD4 count was 361/mm3.

MVs were isolated from the brain cortex as described in
“Materials and methods.” The vascular identity of isolated MVs
was confirmed by immunostaining and confocal microscopy for the
TJ protein claudin-5 and VWF. All MV samples stained positive for
claudin-5 and VWF (Figure 5). To assess changes in claudin-5
expression, we performed semiquantitative analyses for all MV
samples (percentage of immunostained area) using Image-ProPlus
analysis. Claudin-5 levels were lower in MVs from HIV � no
HIVE patients, compared with seronegative controls, but the
difference was not statistically significant (Figure 5B). Claudin-5
staining was significantly lower in MVs from HAD patients
compared with MVs from control or HIV � no HIVE (P � .001,
Figure 5B). While continuous TJ strands were found in MVs from
seronegative controls, HAD patients with neuropathological evi-
dence of HIVE featured fewer TJ strands with more gaps, or total
absence of TJ staining (eg, patient HAD5 in Figure 5A). Because
MP migrating through the BBB can be attached to the brain
endothelium, we performed double immunostaining of MVs for
human CD163 and VWF; we found no macrophage contamination
in the isolated MVs (Figure 5C). To determine whether STAT1 can
modulate expression of TJ protein in the brain endothelium, we
determined the expression of claudin-5, ZO-1, and ZO-2 in
HBMECs exposed to HIV-1, with or without FLUD. HIV-1
decreased claudin-5, ZO-1, and ZO-2 expression in HBMECs.

Figure 4. JAK/STAT pathway in HIV-1–induced endothelial dysfunction.
(A) Effect of FLUD on monocyte migration across in vitro BBB models in response to
HIV-1 and IL-6. HIV-1 infection and IL-6 increased monocyte migration across the
BBB and the STAT1 inhibitor (FLUD) significantly diminished HIV-1- and IL-6-induced
monocyte migration (*P � .05). NI represent migration of noninfected macrophages.
(B,C) HIV-1 phosphorylates STAT1 and STAT3 at serine-727, and the JAK-3 inhibitor
WHI-P154 diminished HIV-1–induced phosphorylation of STAT1 and STAT3. HIV-1
induced phosphorylation of STAT-3 at S-727 but did not phosphorylate STAT-5 or
STAT-3 at tyrosine residues. FLUD had no effect on HIV-1–induced STAT-3
phosphorylation (panel B). The JAK-3 inhibitor (WHI-P154) significantly diminished
HIV-induced serine phosphorylation of STAT1 and STAT3, while the JAK-2 inhibitor
(AG490) had no effect (C). No activation of STAT3 at tyrosine residues was detected.
HIV-1 did not activate STAT-2, STAT-5 or STAT-6.
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FLUD diminished viral-induced down-regulation of claudin-5 and
ZO-1 (Figure 5D-F).

Our previous works demonstrated that coculture of HBMECs
with infected MDMs induces transcriptional up-regulation of
inflammatory molecules, including chemokines, cytokines, and
IFN-inducible genes.33 To correlate these results with in vivo
situation, we performed qRT-PCR with: (1) HBMECs cocultured
with infected or noninfected MDMs; and (2) brain MVs from HIV
� no HIVE, HAD with HIVE, and seronegative control patients.
Data showed similar patterns of HIV-1–induced transcriptional
up-regulation of CXCL1, TNFAIP3, TNFSP15, SOD2, UBD,
ISG15, and RelB in endothelial cell cultures and brain MVs from
HIV-1–infected humans (Figure 6A). Both MVs from HIV � no
HIVE and HAD HIVE patients showed transcriptional up-
regulation of CXCL1, TNFAIP3, SOD2, UBD, ISG15, and RelB,
compared with MVs from seronegative patients, with levels of
SOD2 and UBD mRNA higher in HAD HIVE than in HIV � no
HIVE (Figure 6A). HAD HIVE patients showed increased levels of
TNFSP15 mRNA, while levels in HIV � no HIVE were similar to
that of control seronegatives (Figure 6A). Our data also demon-

strated similar patterns of HIV-1–induced transcriptional up-
regulation of STAT1 and IL-6 in endothelial cell cultures and in
MVs of infected humans (Figure 6B-E).

We used Western blotting and confocal microscopy to further
analyze STAT1 expression in human brain MVs. Significantly, both
Western blot (Figure 7A) and confocal microscopy (Figure 7B)
showed overexpression of STAT1 and phospho-STAT1 (S727) in
brain MVs of HIV-infected individuals compared with MVs
obtained from seronegative control subjects. The highest expres-
sion and activation of STAT1 were observed in MVs of HAD
patients. Semiquantitative analysis of immunostained MVs
showed a 4- and 4.8-fold increase in phospho-STAT1 in MVs of
HIV-1–seropositive subjects with and without HAD compared
with controls (P � .001; Figure 7C). Similarly, there was a 2.4-
and 2.6-fold increase in STAT1 in MVs of HIV-1–seropositive and
HAD patients, respectively, compared with MVs from HIV-1,2–
seronegative controls (P � .01; Figure 7D). Again STAT1 phosphoryla-
tion at tyrosine residues was not detected in MV samples. These
observations confirmed that HIV-1 activates STAT1 specifically at
serine residues.

Figure 5. Expression of TJ proteins in HBMECs and microvessels from autopsied brains of seronegative controls and HIV-1–infected humans. (A) All MV samples
stained positive for claudin-5. MVs from seronegative control donors (eg, patients N1 and N2) show prominent and continuous strands of tight junction (TJ, arrows); TJ strands
in MVs from HIV-1–seropositive patients without HIVE (eg, P1 and P2), and HAD HIVE patients (eg, HAD2 and HAD5) were fewer and had more gaps (arrowheads). Patient
HAD5 shows very few TJ strands. (B) Computer-assisted semiquantitative analyses of all MV samples show a significant decrease in claudin-5 expression in MVs from HAD
patients, compared with MVs from HIV-1–seropositive patients without HIVE (HIV-POS), or seronegative controls (HIV-NEG). MVs from HIV-1–seropositive patients without
HIVE also showed a small (nonstatistically significant) decrease in claudin-5 expression compared with seronegative controls. (C) Double immunostaining of MVs for human
CD163 (green) and VWF (red) showed that the isolated MVs did not have macrophage contamination. (D-F) Exposure of HBMECs to HIV-1 (MOI: 0.01) for 24 hours decreased
the expression of claudin-5, ZO-1 and ZO-2. Densitometry analysis showed that FLUD significantly diminished HIV-induced down-regulation of claudin-5 (E) and ZO-1 (F).
Original magnification of images in panels A and C: �400.
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Discussion

In HIV-1–infected individuals, BBB damage impairs its ability to
protect the CNS, enabling infected cells and toxins from the
peripheral blood to reach the brain and elicit neuronal injury.
Elucidating the mechanisms by which HIV invades the nervous
system and induces neurologic deficits and the signaling pathways
responsible for BBB compromise are keys to better understand
HIV neuropathogenesis and offer opportunities to improve thera-
pies to combat disease. The foundation for the work contained in
this report comes from observations made by microarray analysis,
which showed a prominent relationship between IL-6, STAT1, and

other proinflammatory genes activated in HIV-1–exposed
HBMECs.33 In the present study, we demonstrate that HIV-1
induces expression of IL-6 and IL-6R in HBMECs, and STAT1
mediates HIV-induced IL-6 expression and BBB dysfunction.
Previous studies suggested that HIV-1 infection dysregulates the
expression of IL-6 and IL-6R. HIV-infected individuals showed
increased expression of IL-6 and IL-6R in monocytes, and B and
T cells.46 Monocytic cell lines expressing IL-6R secreted more
IL-6, which up-regulated HIV-1 expression, and antibodies to
IL-6R inhibited IL-6–induced HIV-1 expression.47 This suggests
that increased expression of IL-6 and IL-6R can potentiate
viral-induced effects on the brain endothelium and contribute to

Figure 6. Quantitative RT-PCR of patients’ brain MVs and HIV-1–exposed HBMECs. (A) Data showed similar pattern of HIV-1–induced up-regulation of mRNA for
inflammatory cytokines, oxidative stress enzymes, ubiquitin-related genes, and the transcription factor RelB in tissue culture and patients’ brain MVs. Both coculture of
HBMECs with infected MDMs (B) and direct exposure of HBMECs to infectious viral particles (C) induced transcriptional up-regulation of STAT1. Data demonstrated similar
pattern of HIV-1–induced transcriptional up-regulation of STAT1 and IL-6 in endothelial cell cultures and in brain MVs of infected humans (B-E). For coculture experiments,
controls are untreated endothelial cells. Each group (control, NI, and HIV) had 3 replicate samples; each sample was tested in triplicate and normalized to its GAPDH.
(*P � .05; **P � .01; ***P � .001.) NI indicates HBMECs cocultured with noninfected MDMs; HIV, HBMECs coculture with HIV-infected MDMs; HIV-neg, MVs from
HIV-seronegative donors [donors N1 to N5]; HIV-pos, MVs from HIV � no HIVE donors [donors P1 to P4]; and HAD, MVs from HAD patients [donors HAD1 to HAD5]).

Figure 7. Increased expression and activation of
STAT1 in brain MVs of HIV-1–infected humans.
(A) Western blot analysis showed increased expres-
sion of STAT1 and phospho-STAT1 (S727) in brain
MVs of some HIV-1–seropositive patients and patients
with HAD and HIVE. No phosphorylation of STAT1 at
tyrosine residues was detected. (B-D) Confocal micros-
copy showed increased expression of STAT1 and
phospho-STAT1 (S727) in brain MVs of HIV-1–
seropositive and HAD HIVE patients, compared with
MVs from HIV-seronegative controls. Computer-
assisted semiquantitative analyses of all MV samples
showed a significant increase in phospho-STAT1
(C) and STAT1 (D) in brain MVs of both HIV � no HIVE
and HAD patients. (**P � .01; ***P � .001.) Original
magnification of images in panel B, �400.

STAT1 MODULATES HIV-1–INDUCED BBB DYSFUNCTION 2069BLOOD, 15 FEBRUARY 2008 � VOLUME 111, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/4/2062/1221810/zh800408002062.pdf by guest on 02 June 2024



HIV-induced BBB dysfunction. In fact, HIV-1 and IL-6 synergisti-
cally increase monocyte migration across in vitro BBB models.
Higher serum IL-6 in HIV-1–infected humans correlates with
increased progression to AIDS and neuroAIDS.48-50 High levels of
IL-6 are found in the CSF and blood cells of HAD patients and are
associated with worse cognitive and motor performance.51-54

The JAK/STAT pathway plays a prominent role in cytokine-
mediated inflammatory responses, and STAT1 has been implicated
in the pathogenesis of HIV-1 infection and disease progression.29,30

There is enhanced activation of STAT1 in T cells from HIV-1–
infected individuals29 and increased expression of STAT1 in brain
tissues of HIV-1–infected mice55 and simian immunodeficiency
virus (SIV)–infected monkeys.56 Infection with HIV-1 or HTLV-1
induces STAT1 activation in human lymphocytes.30 The present
study demonstrates that IL-6 is involved in HIV-induced endothe-
lial cell dysfunction, and STAT1 mediates these effects. FLUD is an
anti-inflammatory compound57 that is clinically approved and
currently used in humans for the treatment of hematologic malig-
nancies,58,59 and also shows antiviral effects in SIV-infected
monkeys.42 FLUD has been shown to specifically induce loss of
STAT1 mRNA and proteins, as well as loss of STAT1-mediated
gene activation in vivo and in vitro.41 However, the precise
mechanism of FLUD-mediated inhibition of STAT1 has not been
elucidated. There is evidence that deletion of DNA methyltrans-
ferase in brain precursor cells results in DNA hypomethylation,
enhanced phosphorylation of STAT1 and STAT3, and cell differen-
tiation.60 Thus, if HIV-induced up-regulation/activation of STAT1
involves demethylation of STAT1 gene, FLUD could prevent
STAT1 activation by inhibiting viral-induced demethylation. There
is also evidence that FLUD down-regulates DNA synthesis by
inhibiting the primase activity associated with DNA polymerase-
alpha, thereby inhibiting RNA-primed DNA synthesis.61 Our
future studies will further test these hypotheses to investigate
the mechanisms of FLUD-mediated STAT1 inhibition in HIV-
induced BBB dysfunction.

HBMEC and MV data presented in this study are significant;
and to our knowledge, this is the first demonstration of STAT1
involvement in HIV-1–induced endothelial dysfunction and BBB
injury. STAT1 and IL-6 mRNA were higher in MVs from HIV � no
HIVE patients, compared with MVs from HAD HIVE patients,
while expression of STAT1 and phospho-STAT1 were higher in
MVs of HAD HIVE patients. This may suggest that during HIV-1
infection, transcriptional up-regulation of proinflammatory cyto-
kines and STAT1 precedes cytokine expression, STAT1 activation,
inflammation, and neuroAIDS. SOD2 and UBD mRNA increased
in HIV-1–seropositive MVs, but the levels were much higher in
MVs from HAD patients, suggesting increased oxidative stress
and impairment of the ubiquitin-proteasome system in HIVE.
TNFSF15 is a potent inhibitor of endothelial cell proliferation that
induces expression of proinflammatory cytokines, apoptosis, and
senescence in endothelial cells.62 Increased levels of TNFSF15 in
HIV-exposed HBMECs and HAD HIVE MVs further demonstrate
vascular damage in HIVE.

In the JAK/STAT pathway, phosphorylated STATs form
dimers and associate with the IFN-stimulated gene factor
3 gamma (ISGF3G) to form a complex transcription factor
(ISGF3) that translocates to the nucleus and binds to the
IFN-stimulated response element (ISRE) to activate the transcrip-
tion of interferon- or cytokine-stimulated genes.25 We previ-
ously showed that HIV-1 induces transcriptional up-regulation
of ISGF3G and IRF7, both downstream effectors of STAT1.33

We demonstrate that STAT1 and STAT3 are the STAT family

members activated by HIV-1, which suggests that in HIV-
induced BBB dysfunction, the STAT dimers that translocate to
the nucleus consist of STAT1-STAT3 heterodimers. The exact
mechanism through which HIV-1 activates STAT1 and STAT3
remains to be elucidated. It is possible that HIV-1 up-regulates
STAT expression by down-regulating DNA methyltransferase,
since hypomethylation enhanced expression and phosphoryla-
tion of STAT1 and STAT3.60 STAT1 transactivating domain
resides in the C-terminus.63 Phosphorylation of S727 increases
the transcriptional activity of STAT1 dimers and greatly in-
creases the ability of STAT1 to interact with ISGF3G.64,65

Mutation of the C-terminal S727 to alanine decreases the
transcriptional activity of STAT1,66 and severely reduces STAT1
ability to induce antiproliferative or viability effects.67,68 Further-
more, STAT1 transactivating domain and its phosphorylation at
S727 are necessary for the complete induction of gene expres-
sion and establishment of antiviral response to type I IFN.26

The main feature of the brain endothelium is the presence of
TJs between endothelial cells, which restrict BBB permeabil-
ity.37 HIV-1 and viral proteins disrupt HBMEC TJ proteins.19,38

In HIV and SIV encephalitis, there is evidence that BBB
perturbation is associated with disruption of TJs and increased
trafficking of HIV-infected MDMs into the CNS.16,69,70 We now
provide new insights into this seemingly complex process.
Indeed, the evidence provided shows significant decrease in
claudin-5 and TJ strands in MVs from autopsied brains of HAD
patients, and clearly demonstrate that STAT1 plays a major role
in HIV-induced inflammation and BBB damage. We further
demonstrate decreased claudin-5, ZO-1, and ZO-2 expression in
HIV-1–exposed HBMECs and show that FLUD diminished
viral-induced down-regulation of TJ proteins. Perhaps most
importantly, our data suggest that inhibiting STAT1 activation
could provide a unique therapeutic strategy to prevent HIV-1–
induced BBB dysfunction and as such improve clinical out-
comes in infected humans.

Acknowledgments

We thank the NNTC and the CNND brain bank for providing
human brain tissues specimens. We thank Debbie Baer and Robin
Taylor for excellent editorial support and critical reading of the
paper, and Dr Servio Ramirez for help with the migration
procedure.

This work was supported in part by National Institutes of Health
grants MH068214 (G.D.K.), NS36126 and NS43985 (H.E.G.), and
MH65151 (Y.P.).

Authorship

Contribution: C.A. and B.Y. performed research; H.E.G. and Y.P.
provided assistance in data analysis and edited the paper; G.D.K.
designed and performed research, collected and analyzed data, and
wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Georgette D. Kanmogne, Department of Phar-
macology and Experimental Neuroscience, Center for Neurovirol-
ogy and Neurodegenerative Disorders, University of Nebraska
Medical Center 985215 NE Medical Center, Omaha, NE 68198-
5215; e-mail: gkanmogne@unmc.edu.

2070 CHAUDHURI et al BLOOD, 15 FEBRUARY 2008 � VOLUME 111, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/4/2062/1221810/zh800408002062.pdf by guest on 02 June 2024



References

1. McArthur JC. HIV dementia: an evolving disease.
J Neuroimmunol. 2004;157:3-10.

2. Grant I, Sacktor N, McArthur J. HIV neurocogni-
tive disorders. In: Gendelman HE, Grant I, Everall
IP, Lipton SA, Swindells S, eds. The Neurology of
AIDS. 2nd ed. New York, NY: Oxford University
Press; 2005:357-373.

3. Ghafouri M, Amini S, Khalili K, Sawaya BE. HIV-1
associated dementia: symptoms and causes.
Retrovirology. 2006;28:1-11.

4. Masliah E, DeTeresa RM, Mallory ME, Hansen
LA. Changes in pathological findings at autopsy
in AIDS cases for the last 15 years. AIDS. 2000;
14:69-74.

5. Jellinger KA, Setinek U, Drlicek M, Bohm G,
Steurer A, Lintner F. Neuropathology and general
autopsy findings in AIDS during the last 15 years.
Acta Neuropathol (Berl). 2000;100:213-220.

6. Vago L, Bonetto S, Nebuloni M, et al. Pathologi-
cal findings in the central nervous system of AIDS
patients on assumed antiretroviral therapeutic
regimens: retrospective study of 1597 autopsies.
AIDS. 2002;16:1925-1928.

7. Ketzler S, Weis S, Haug H, Budka H. Loss of
neurons in the frontal cortex in AIDS brains. Acta
Neuropathol (Berl). 1990;80:92-94.

8. Price RW, Brew B, Sidtis J, Rosenblum M,
Scheck AC, Cleary P. The brain in AIDS: central
nervous system HIV-1 infection and AIDS demen-
tia complex. Science. 1988;239:586-592.

9. Anderson E, Zink W, Xiong H, Gendelman HE.
HIV-1-associated dementia: a metabolic en-
cephalopathy perpetrated by virus-infected and
immune-competent mononuclear phagocytes. J
Acquir Immune Defic Syndr. 2002;31(suppl 2):
S43-S54.

10. Persidsky Y, Zheng J, Miller D, Gendelman HE.
Mononuclear phagocytes mediate blood-brain
barrier compromise and neuronal injury during
HIV-1-associated dementia. J Leukoc Biol. 2000;
68:413-422.

11. Eugenin EA, Berman JW. Mechanisms of viral
entry through the blood-brain barrier. In: Gendel-
man HE, Grant I, Everall IP, Lipton SA, Swindells
S, eds. The Neurology of AIDS. New York, NY:
Oxford University Press; 2005:147-154.

12. Banks WA, Ercal N, Price TO. The blood-brain
barrier in neuroAIDS. Curr HIV Res. 2006;4:259-
266.

13. Hawkins BT, Davis TP. The blood-brain barrier/
neurovascular unit in health and disease. Phar-
macol Rev. 2005;57:173-185.

14. Toborek M, Lee YW, Flora G, et al. Mechanisms
of the blood-brain barrier disruption in HIV-1 in-
fection. Cell Mol Neurobiol. 2005;25:181-199.

15. Hurwitz AA, Berman JW, Lyman WD. The role of
the blood-brain barrier in HIV infection of the cen-
tral nervous system. Adv Neuroimmunol. 1994;4:
249-256.

16. Dallasta LM, Pisarov LA, Esplen JE, et al. Blood-
brain barrier tight junction disruption in human
immunodeficiency virus-1 encephalitis. Am J
Pathol. 1999;155:1915-1927.

17. Burger DM, Boucher CA, Meenhorst PL, et al.
HIV-1 RNA levels in the cerebrospinal fluid may
increase owing to damage to the blood-brain bar-
rier. Antivir Ther. 1997;2:113-117.

18. Kanmogne GD, Kennedy RC, Grammas P. HIV-1
gp120 proteins and gp160 peptides are toxic to
brain endothelial cells and neurons: possible
pathway for HIV entry into the brain and HIV-
associated dementia. J Neuropathol Exp Neurol.
2002;61:992-1000.

19. Kanmogne GD, Primeaux C, Grammas P. HIV-1
gp120 proteins alter tight junction protein expres-
sion and brain endothelial cell permeability: impli-
cations for the pathogenesis of HIV-associated

dementia. J Neuropathol Exp Neurol. 2005;64:
498-505.

20. Kanmogne GD, Schall K, Leibhart J, Knipe B,
Gendelman HE, Persidsky Y. HIV-1 gp120 com-
promises blood-brain barrier integrity and en-
hances monocyte migration across blood-brain
barrier: implication for viral neuropathogenesis.
J Cereb Blood Flow Metab. 2007;27:123-134.

21. Nottet HS. Interactions between macrophages
and brain microvascular endothelial cells: role in
pathogenesis of HIV-1 infection and blood-brain
barrier function. J Neurovirol. 1999;5:659-669.

22. Darnell JE Jr. STATs and gene regulation. Sci-
ence. 1997;277:1630-1635.

23. Heinrich PC, Behrmann I, Muller-Newen G,
Schaper F, Graeve L. Interleukin-6-type cytokine
signalling through the gp130/Jak/STAT pathway.
Biochem J. 1998;334(pt 2):297-314.

24. Weissenbach M, Clahsen T, Weber C, et al. Inter-
leukin-6 is a direct mediator of T cell migration.
Eur J Immunol. 2004;34:2895-2906.

25. Schindler C, Brutsaert S. Interferons as a para-
digm for cytokine signal transduction. Cell Mol
Life Sci. 1999;55:1509-1522.

26. Pilz A, Ramsauer K, Heidari H, Leitges M, Ko-
varik P, Decker T. Phosphorylation of the Stat1
transactivating domain is required for the re-
sponse to type I interferons. EMBO Rep. 2003;4:
368-373.

27. Decker T. Introduction: STATs as essential intra-
cellular mediators of cytokine responses. Cell Mol
Life Sci. 1999;55:1505-1508.

28. Mui AL. The role of STATs in proliferation, differ-
entiation, and apoptosis. Cell Mol Life Sci. 1999;
55:1547-1558.

29. Bovolenta C, Camorali L, Lorini AL, et al. Consti-
tutive activation of STATs upon in vivo human im-
munodeficiency virus infection. Blood. 1999;94:
4202-4209.

30. Bovolenta C, Pilotti E, Mauri M, et al. Retroviral
interference on STAT activation in individuals
coinfected with human T cell leukemia virus type
2 and HIV-1. J Immunol. 2002;169:4443-4449.

31. Shrikant P, Benos DJ, Tang LP, Benveniste EN.
HIV glycoprotein 120 enhances intercellular ad-
hesion molecule-1 gene expression in glial cells:
involvement of Janus kinase/signal transducer
and activator of transcription and protein kinase C
signaling pathways. J Immunol. 1996;156:1307-
1314.

32. Magnani M, Balestra E, Fraternale A, et al. Drug-
loaded red blood cell-mediated clearance of
HIV-1 macrophage reservoir by selective inhibi-
tion of STAT1 expression. J Leukoc Biol. 2003;74:
764-771.

33. Chaudhuri A, Duan F, Morsey B, Persidsky Y,
Kanmogne GD. HIV-1 activates proinflammatory
and interferon-inducible genes in human brain
microvascular endothelial cells: putative mecha-
nisms of blood-brain barrier dysfunction. J Cereb
Blood Flow Metab. Prepublished online October
17, 2007. DOI 10.1038/sj.jcbfm.9600567.

34. Miller DA, Andus KL, Borchardt RT. Application of
cultured endothelial cells of the brain microvascu-
lature in the study of the blood-brain barrier. J Tis-
sue Culture Methods. 1992;14:217-224.

35. Gendelman HE, Orenstein JM, Martin MA, et al.
Efficient isolation and propagation of human im-
munodeficiency virus on recombinant colony-
stimulating factor 1-treated monocytes. J Exp
Med. 1988;167:1428-1441.

36. Brooks TA, Hawkins BT, Huber JD, Egleton RD,
Davis TP. Chronic inflammatory pain leads to in-
creased blood-brain barrier permeability and tight
junction protein alterations. Am J Physiol Heart
Circ Physiol. 2005;289:H738-H743.

37. Nag S. Morphology and molecular properties of

cellular components of normal cerebral vessels.
Methods Mol Med. 2003;89:3-36.

38. Persidsky Y, Ramirez SR, Haorah J, Kanmogne
GD. Blood-brain barrier: Structural components
and function under physiologic and pathologic
conditions. J Neuroimmune Pharmacol. 2006;1:
223-236.

39. Relative Quantification Getting Started Guide for
7000 v1.1 ABI PRISM® 7000 Sequence Detec-
tion System. Part Number 4346727 Rev. A. Fos-
ter City, CA. Applied Biosystems, 2003. www.
appliedbiosystems.com.

40. Klockars AJ, Gilbert S. Multiple comparisons:
quantitative applications in the social sciences
series no. 61. Thousand Oaks, CA: Sage Publica-
tions; 1986.

41. Frank DA, Mahajan S, Ritz J. Fludarabine-
induced immunosuppression is associated with
inhibition of STAT1 signaling. Nat Med. 1999;5:
444-447.

42. Cervasi B, Paiardini M, Serafini S, et al. Adminis-
tration of fludarabine-loaded autologous red
blood cells in simian immunodeficiency virus-
infected sooty mangabeys depletes pSTAT-1-
expressing macrophages and delays the rebound
of viremia after suspension of antiretroviral
therapy. J Virol. 2006;80:10335-10345.

43. Torella D, Curcio A, Gasparri C, et al. Fludarabine
prevents smooth muscle proliferation in vitro and
neointimal hyperplasia in vivo through specific
inhibition of STAT-1 activation. Am J Physiol
Heart Circ Physiol. 2007;292:H2935-H2943.

44. Morgello S, Gelman BB, Kozlowski PB, et al. The
National NeuroAIDS Tissue Consortium: a new
paradigm in brain banking with an emphasis on
infectious disease. Neuropathol Appl Neurobiol.
2001;27:326-335.

45. Ghorpade A, Bruch L, Persidsky Y, et al. Develop-
ment of a rapid autopsy program for studies of
brain immunity. J Neuroimmunol. 2005;163:135-
144.

46. van der Meijden M, Gage J, Breen EC, Taga T,
Kishimoto T, Martinez-Maza O. IL-6 receptor
(CD126�IL-6R’) expression is increased on mono-
cytes and B lymphocytes in HIV infection. Cell
Immunol. 1998;190:156-166.

47. Okamoto M, Yasukawa K, Katsuura K, Baba M.
Inhibition of interleukin-6-induced human immu-
nodeficiency virus type 1 expression by anti-
gp130 monoclonal antibody. Biochem Mol Biol
Int. 1997;43:733-740.

48. Navikas V, Link J, Persson C, et al. Increased
mRNA expression of IL-6, IL-10, TNF-alpha, and
perforin in blood mononuclear cells in human HIV
infection. J Acquir Immune Defic Syndr Hum Ret-
rovirol. 1995;9:484-489.

49. Breen EC, Rezai AR, Nakajima K, et al. Infection
with HIV is associated with elevated IL-6 levels
and production. J Immunol. 1990;144:480-484.

50. Honda M, Kitamura K, Mizutani Y, et al. Quantita-
tive analysis of serum IL-6 and its correlation with
increased levels of serum IL-2R in HIV-induced
diseases. J Immunol. 1990;145:4059-4064.

51. Perrella O, Carrieri PB, Guarnaccia D, Soscia M.
Cerebrospinal fluid cytokines in AIDS dementia
complex. J Neurol. 1992;239:387-388.

52. Laverda AM, Gallo P, De Rossi A, et al. Cerebro-
spinal fluid analysis in HIV-1-infected children:
immunological and virological findings before and
after AZT therapy. Acta Paediatr. 1994;83:1038-
1042.

53. Torre D, Zeroli C, Ferraro G, et al. Cerebrospinal
fluid levels of IL-6 in patients with acute infections
of the central nervous system. Scand J Infect Dis.
1992;24:787-791.

54. Pulliam L, Clarke JA, McGrath MS, Moore D,
McGuire D. Monokine products as predictors of
AIDS dementia. AIDS. 1996;10:1495-1500.

STAT1 MODULATES HIV-1–INDUCED BBB DYSFUNCTION 2071BLOOD, 15 FEBRUARY 2008 � VOLUME 111, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/4/2062/1221810/zh800408002062.pdf by guest on 02 June 2024



55. Potash MJ, Chao W, Bentsman G, et al. A mouse
model for study of systemic HIV-1 infection, anti-
viral immune responses, and neuroinvasiveness.
Proc Natl Acad Sci U S A. 2005;102:3760-3765.

56. Roberts ES, Burudi EM, Flynn C, et al. Acute SIV
infection of the brain leads to upregulation of IL6
and interferon-regulated genes: expression pat-
terns throughout disease progression and impact
on neuroAIDS. J Neuroimmunol. 2004;157:81-92.

57. Plosker GL, Figgitt DP. Oral fludarabine. Drugs.
2003;63:2317-2323.

58. Montillo M, Ricci F, Tedeschi A. Role of fludara-
bine in hematological malignancies. Expert Rev
Anticancer Ther. 2006;6:1141-1161.

59. Elter T, Hallek M, Engert A. Fludarabine in chronic
lymphocytic leukaemia. Expert Opin Pharmaco-
ther. 2006;7:1641-1651.

60. Fan G, Martinowich K, Chin MH, et al. DNA meth-
ylation controls the timing of astrogliogenesis
through regulation of JAK-STAT signaling. Devel-
opment. 2005;132:3345-3356.

61. Catapano CV, Perrino FW, Fernandes DJ. Primer
RNA chain termination induced by 9-beta-D-ar-
abinofuranosyl-2-fluoroadenine 5�-triphosphate: a
mechanism of DNA synthesis inhibition. J Biol
Chem. 1993;268:7179-7185.

62. Yu J, Tian S, Metheny-Barlow L, et al. Modulation
of endothelial cell growth arrest and apoptosis by
vascular endothelial growth inhibitor. Circ Res.
2001;89:1161-1167.

63. Shuai K, Stark GR, Kerr IM, Darnell JE Jr. A
single phosphotyrosine residue of Stat91 re-
quired for gene activation by interferon-gamma.
Science. 1993;261:1744-1746.

64. Kovarik P, Mangold M, Ramsauer K, et al. Speci-
ficity of signaling by STAT1 depends on SH2 and
C-terminal domains that regulate Ser727 phos-
phorylation, differentially affecting specific target
gene expression. EMBO J. 2001;20:91-100.

65. Decker T, Kovarik P. Serine phosphorylation of
STATs. Oncogene. 2000;19:2628-2637.

66. Wen Z, Zhong Z, Darnell JE Jr. Maximal activa-

tion of transcription by Stat1 and Stat3 requires
both tyrosine and serine phosphorylation. Cell.
1995;82:241-250.

67. Bromberg JF, Horvath CM, Wen Z, Schreiber RD,
Darnell JE Jr. Transcriptionally active Stat1 is re-
quired for the antiproliferative effects of both inter-
feron alpha and interferon gamma. Proc Natl
Acad Sci U S A. 1996;93:7673-7678.

68. Horvath CM, Darnell JE Jr. The antiviral state in-
duced by alpha interferon and gamma interferon
requires transcriptionally active Stat1 protein.
J Virol. 1996;70:647-650.

69. Boven LA, Middel J, Verhoef J, De Groot CJ, Not-
tet HS. Monocyte infiltration is highly associated
with loss of the tight junction protein zonula occlu-
dens in HIV-1-associated dementia. Neuropathol
Appl Neurobiol. 2000;26:356-360.

70. Luabeya MK, Dallasta LM, Achim CL, Pauza
CD, Hamilton RL. Blood-brain barrier disruption
in simian immunodeficiency virus encephalitis.
Neuropathol Appl Neurobiol. 2000;26:
454-462.

2072 CHAUDHURI et al BLOOD, 15 FEBRUARY 2008 � VOLUME 111, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/4/2062/1221810/zh800408002062.pdf by guest on 02 June 2024


