
ORIGINAL ARTICLE

Differential effects of Tat proteins derived from HIV-1 subtypes
B and recombinant CRF02_AG on human brain microvascular
endothelial cells: implications for blood–brain barrier
dysfunction
Shawna M Woollard1, Biju Bhargavan1, Fang Yu2 and Georgette D Kanmogne1

HIV-1 genetic differences influence viral replication and progression to AIDS. HIV-1 circulating recombinant form (CRF)02_AG is the
predominant viral subtype infecting humans in West and Central Africa, but its effects on HIV neuropathogenesis are not known. In
the present study, we investigated the effects of Tat proteins from HIV-1 subtype B (Tat.B) and HIV-1 CRF02_AG (Tat.AG) on primary
human brain microvascular endothelial cells (HBMEC), the major component of the blood–brain barrier (BBB). Using Affymetrix
GeneChip Human Gene 1.0.ST arrays, we showed that Tat.AG had minimal effects while Tat.B induced transcriptional upregulation
of 90 genes in HBMEC, including proinflammatory chemokines, complement components C3, C7, and complement factor B, matrix
metalloproteinases (MMP)-3, MMP-10, and MMP-12. These results were confirmed by real-time PCR. Compared with Tat.AG, Tat.B
significantly increased MMP-3, MMP-10, and MMP-12 activities in HBMEC, and the MMPs tissue inhibitor of metalloproteinase-2
blocked Tat-induced increase in MMPs activity. Western blot analyses also showed that Tat increased the expression of C3 and its
cleaved fragment C3b in HBMEC. These data suggest that genetic differences between HIV-1 subtypes B and CRF02_AG influence
the effects of Tat proteins from these two clades on HBMEC, including molecular and cellular functions, and canonical pathways,
which would affect BBB dysfunction and viral neuropathogenesis.
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INTRODUCTION
Despite the successes of antiretroviral therapy, the brain remains a
major target for HIV infection and a major viral reservoir. This viral
infection of the central nervous system (CNS) commonly results in
behavioral, motor, and cognitive impairments termed as HIV-1-
associated neurocognitive disorders.1Brain microvascular endo-
thelial cells form continuous capillaries and constitute the major
component of the blood–brain barrier (BBB).2,3 One of the main
features that form the structural and anatomic basis of the BBB is
the presence of tight or occluding junctions between endothelial
cells, which prevent paracellular diffusion of solutes via inter-
cellular route and restrict BBB permeability.2,3 HIV infection of the
CNS occurs as a result of the BBB breakdown, which enables HIV-1
and infected mononuclear phagocytes to enter the brain and
spread infection to resident brain cells.3,4 This BBB breakdown can
be caused by HIV and secreted viral factors such as HIV proteins. In
fact, there is in vitro and in vivo evidence that HIV-1 virions and
secreted viral proteins alter the BBB integrity and function, and
increase monocyte entry into the CNS.3

One such viral protein is the HIV-1 transactivator of transcription
(Tat) protein. Tat is released by HIV-infected cells and can be

detected in the serum of infected patients,5 can cross the BBB,6 and
is present in the CNS of HIV-infected humans.7 It has been shown
that HIV-1 Tat proteins can alter the function of many cells
including brain endothelial cells and other cells of the neuro-
vascular unit.8,9 HIV-1 Tat induces disruption of tight junction
proteins in brain endothelial cells,8 increases the adhesion of
monocytes and T cells to the endothelium in vivo and in vitro, and
alters T-cell interaction with endothelial extracellular matrix (ECM)
proteins.10 However, most of those studies were performed using
Tat proteins from HIV-1 subtype B, the predominant clade circu-
lating in the United States and Europe; whereas, over two-thirds of
the 33.4 million people living with HIV/AIDS are in sub-Saharan
Africa and are infected with non-B HIV subtypes, including the
circulating recombinant form (CRF)02_AG.11

HIV-1 currently has four defined groups (M, N, O, and P).12 The
major (M) group has 11 different subtypes (A1, A2, B, C, D, F1, F2,
G, H, J, and K) and 55 CRFs.12 One such CRF is the HIV-1 CRF02_AG,
a recombinant of subtypes A and G, circulating in West and
Central Africa;13 with 52% to 84% of HIV-infected humans in that
region infected with HIV-1 CRF02_AG.14,15 This Central and West
Africa region includes 26 countries with over 456 million

1Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical Center, Omaha, Nebraska, USA and 2Department of Biostatistics, University of
Nebraska Medical Center, Omaha, Nebraska, USA. Correspondence: Dr GD Kanmogne, Associate Professor, Department of Pharmacology and Experimental Neuroscience,
University of Nebraska Medical Center, Omaha, NE 68198-5800, USA.
E-mail: gkanmogne@unmc.edu
This work was supported by grants from the National Institute of Health, the Fogarty International Center and National Institute of Mental Health, to GDK (MH081780 and
MH094160).
Received 13 November 2013; revised 17 February 2014; accepted 5 March 2014; published online 26 March 2014

Journal of Cerebral Blood Flow & Metabolism (2014) 34, 1047–1059
& 2014 ISCBFM All rights reserved 0271-678X/14 $32.00

www.jcbfm.com

http://dx.doi.org/10.1038/jcbfm.2014.54
mailto:gkanmogne@unmc.edu
http://www.jcbfm.com


inhabitants.16 It has been shown that subtype differences can
affect the efficiency of long-terminal repeat transactivation, can
influence Tat-induced cytokine and chemotactic activities,17,18 and
can affect the progression to AIDS.19,20 In the current study, we
showed differential effects of Tat proteins derived from HIV-1
subtypes B (Tat.B) and CRF02_AG (Tat.AG) on primary human brain
microvascular endothelial cells (HBMEC), including a significant
transcriptional upregulation of chemokines, complement factors
and matrix metalloproteinases (MMPs), complement activation
and increased MMP-3, MMP-10, and MMP-12 activity with
Tat.B compared with Tat.AG. Ingenuity pathway analysis further
suggests that these differential effects of Tat.B and Tat.AG are
associated with differences in pathways, molecular and cellular
functions.

MATERIALS AND METHODS
Brain Endothelial Cell Culture
Primary HBMEC were isolated from brain tissue obtained during surgical
removal of epileptogenic cerebral cortex in adult patients, under an
Institutional Review Board-approved protocol at the University of Arizona as
described previously.21 Routine evaluation by immunostaining for von-
Willebrand factor, Ulex europaeus lectin and CD31 showed that cells were
499% pure. Freshly isolated cells were cultured in collagen-coated flasks or
6-well culture plates using DMEM/F12 media (Life Technologies, Grand
Island, NY, USA) containing 10% fetal bovine serum (Atlanta Biologicals,
Flowery Branch, GA, USA), supplemented with 10 mmol/l L-glutamine (Life
Technologies), 1% heparin (Thermo Fisher Scientific, Pittsburgh, PA, USA),
1% endothelial cell growth supplement (ECGS; BD Bioscience, San Jose, CA,
USA), 1% penicillin-streptomycin (Life Technologies), 1% fungizone (MP
Biomedicals, Solon, OH, USA). Cells at passage 2 to 4 were used in this study.

Tat Treatment of Human Brain Microvascular Endothelial Cells and
RNA Extraction
Recombinant Tat proteins from a subtype B HIV-1 isolate (Tat.B) (amino
acids 1 to 86; accession number: P69697) were purchased from Diatheva
(Viale Piceno, Fano, Italy). Recombinant Tat proteins from HIV-1 CRF02_AG
(Tat.AG) (amino acids 1 to 86; accession number: AY371128) were made by
Diatheva under a custom-order agreement with our laboratory, using
similar procedures as for Tat.B.

Confluent HBMEC in 6-well plates were treated with Tat.B or Tat.AG at
100 ng/mL for 48 hours. Controls consisted of untreated cells and cells
treated with heat-inactivated Tat (100 ng/mL). Each treatment condition
was performed in triplicate, using HBMEC from three different human
donors. For time-dependent experiments, HBMEC from a fourth human
donor were treated with Tat.B at 100 ng/mL for 2, 4, 12, 24, and 48 hours.
For dose-dependent experiments, HBMEC from a fifth donor were treated
with Tat.B at 1, 10, and 100 ng/mL for 48 hours. After Tat treatment, cells
were harvested; and total RNA was extracted using the RNeasy mini-kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. RNA
yield and quality were checked using a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and for all samples, the
260/280 absorbance ratio was X2. 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, USA) according to
the manufacturer’s instructions.

Microarray Data Generation
Microarray analysis of samples was performed using the Affymetrix
GeneChip Human Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA, USA).
Briefly, 200 ng total RNA was reverse transcribed using the Affymetrix
labeling kit and protocol as per the manufacturer’s instructions. Probes
were then hybridized to the Affymetrix GeneChip Human Gene 1.0 ST
arrays, which include 764,885 probe sets and profiles the expression of
436,079 unique transcripts. After washing and staining, the chips were
scanned using the Affymetrix GeneChip 3000 scanner in the University of
Nebraska Medical Center (UNMC) microarray core facility. Images were
analyzed using the Affymetrix GeneChip Operating Software and quality
metric parameters including noise level, background, and efficiency of
reverse transcription ascertained for all hybridizations. Data sets passing
the stringent quality recommendations were further analyzed to identify
differentially expressed genes. With false discovery rate (FDR) being

controlled at a 0.05 level, only genes with a minimum average differential
expression of 1.9-fold were considered.

Analysis of Microarray Data
The twelve cel files collecting gene expression profile of samples from
three subjects under four treatment conditions (HBMC treated with Tat.B,
Tat.AG, heat-inactivated Tat.AG, and untreated cells) were normalized
using the Robust Multi-array Analysis method and summarized at the gene
level using the Affymetrix Expression console software. The control
(untreated cells) condition was considered as a reference. The Linear
Models for Microarray Data method was used to assess the differential
expression after Tat.AG treatment when compared with the other three
conditions (Tat.B, heat-inactivated Tat.AG, and untreated control), and to
assess differential expression between Tat.B and control. The Linear Models
for Microarray Data method was considered to account for the
confounding effects of subjects to the gene expression values. The FDR
was estimated by the Benjamini Hochberg method to adjust for multiple
comparisons. Genes with at least 1.9-fold change and the Benjamini
Hochberg-adjusted P value of o0.05 (controlling the FDR at 0.05) were
identified to be differentially expressed. Heatmap was drawn on the log2-
fold change values in the Tat.AG, heat-Tat.AG, and Tat.B treatment
conditions versus untreated control for each subject. The genes were
clustered using hierarchical clustering based on Euclidean distance and
average linkage. Differentially expressed genes were further analyzed
using the Ingenuity Pathways Analysis 3.0 (IPA) software (Ingenuity
Systems Inc, Redwood City, CA, USA).

Real-Time PCR
For each sample, cDNA was generated from 1mg RNA using High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA),
according to the manufacturer’s instructions. Reverse transcription was
performed for 2 hours at 421C. The cDNA obtained was used for quantitative
real-time PCR using StepOnePlus Real-Time PCR Systems (Applied
Biosystems). StepOne software v2.0 detection system (Applied Biosystems)
was used, and gene quantification was performed using the Ct method as
described in the software user manual. All PCR reagents and primers were
obtained from Applied Biosystems; and primer IDs were as follows: MMP-3
(Hs00968305_m1), MMP-10 (Hs00233987_m1) MMP-12 (Hs00899662_m1),
chemokine (C-C motif) ligand 5 (CCL5) (Hs00174575_m1), chemokine (C-X-C
motif) ligand 6 (CXCL6) (Hs00605742_g1), chitinase-3-like protein 2 (CHI3L2)
(Hs00970220_m1), transglutaminase-2 (TGM2) (Hs00190278_m1), and C3
(Hs00163811_m1). For endogenous control, each gene expression was
normalized to GAPDH (Hs99999905_m1).

Quantification of Matrix Metalloproteinase-3, Matrix
Metalloproteinase-10, and Matrix Metalloproteinase-12 Activities
Human brain microvascular endothelial cells from three different donors
were cultured in collagen-coated 6-well plates in DMEM/F12 media
containing 10% fetal bovine serum supplemented with 10 mmol/l
L-glutamine, 1% heparin, 1% ECGS, 1% penicillin-streptomycin, and 1%
Fungizone (complete media). At 70% to 80% confluency, complete media
was replaced by media without ECGS; 48 hours later, cells were washed,
placed in media containing no ECGS or fetal bovine serum and treated
with Tat.B or Tat.AG at 1, 10, 100, and 1000 ng/mL for 48 hours. Negative
controls consisted of untreated cells, cells treated with heat-inactivated Tat
proteins, and positive controls consisted of cells treated with lipopoly-
saccharide (LPS) (50mg/mL). Additional controls included cells treated with
Tat in the presence of the MMPs inhibitor tissue inhibitor of metallopro-
teinase-2 (TIMP2) (100 ng/mL). After Tat treatment, culture supernatant
was collected for MMP activity assays and cells harvested for western blot
analyses. The MMP-3, MMP-10, and MMP-12 activity in culture supernatant
was quantified by fluorometric analyses using the MMP-3 Activity
Fluorometric Assay Kit (BioVision, Milpitas, CA, USA), the SensoLyte520
MMP-10 Assay Kit, and the SensoLyte490 MMP-12 Assay Kit (AnaSpec Inc.,
Fremont, CA, USA), according to the manufacturers’ instructions.

Protein Extraction and Western Blot Analyses
Protein extraction, quantification, and western blot analyses were
performed as previously described.21 Briefly, cells were lysed using the
mammalian cell lysis buffer CelLytic M (Sigma, St Louis, MO, USA), and
protein quantified using the bicinchoninic acid assay as we previously
described.21 Twenty-five micrograms of proteins were fractionated in a
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10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes. Membranes were blocked for
1 hour with SuperBlock T-20 (Pierce, Rockford, IL, USA), blotted 2 hours or
overnight with monoclonal antibodies to complement C3 or its cleaved
proteins C3a and C3b (Abcam, Cambridge, MA, USA) at 1:5,000 dilution,
then washed and visualized using the enhanced chemiluminescence
system (Pierce) and gel doc system (Syngene, Frederick, MD, USA). After
each western blot experiment, membranes were stripped using Restore
Western Blot Stripping Buffer (Pierce) and reblotted with b-actin antibody
to confirm equal loading. To confirm the presence of Tat proteins in Tat.AG
preparations, we analyzed 4 mg to 1 ng proteins by western blotting using
Tat monoclonal antibodies #1974 and #413822 from the NIH AIDS Reagent
Program.

All experiments were approved by the UNMC Institutional Biosafety
Committee, and performed in accordance with the UNMC protocol for
research involving biohazardous materials.

Statistical Analysis
Data were analyzed by one- or two-way ANOVA followed by Tukey’s
multiple-comparisons tests using GraphPad Prism 5.0b (GraphPad Soft-
ware, La Jolla, CA, USA). Threshold of significance level was 0.05.

RESULTS
Assessment of Microarray Data Quality
To examine the full spectrum of HIV-1 Tat protein-induced effects
on the HBMEC genome, we used an Affymetrix system with the
Affymetrix GeneChip Human Gene 1.0 ST arrays. After generating

microarray data, we validated data quality among all donors’
samples at the probe level. All arrays were consistent with respect
to the probe intensity and showed a similar level of distribution
between replicates. We further evaluated data quality at the
probe-set level by conducting a Robust Multi-array Analysis with
quantile normalization. Figure 1 shows the variability of the data
(M) as a function of the mean (A) (MvA plot) for all samples. Data
quality, probe intensity, and probe-set signals were consistent
across arrays and across replicate samples.

Microarray Analysis of Human Brain Microvascular Endothelial
Cells Treated with Tat.B and Tat.AG
Using a stringent data filter as described in Materials and methods
with a 1.9-fold cutoff, control of FDR at 0.05, and linear modeling,
we identified 108 probe sets that were differentially expressed in
HBMEC exposed to Tat.B, compared with HBMC exposed to
Tat.AG, untreated cells, or cells treated with heat-inactivated Tat
proteins (Figure 2). These 108 differentially expressed probe sets
corresponded to 106 differentially expressed genes, of which 90
were upregulated and 16 were downregulated in Tat.B-treated
cells, compared with Tat.AG-treated cells or untreated controls
(Table 1; Figure 2). Human brain microvascular endothelial cells
exposed to Tat.AG showed no significant differential transcription,
and mRNA levels were overall similar to levels in untreated
controls (Table 1; Figures 2–4).

Upregulated genes in HBMEC exposed to Tat.B, compared with
HBMEC exposed to Tat.AG or controls, included MMP-3 (463-fold),

Figure 1. Assessment of microarray data quality. MvA plots of the probe-set signal estimates after Robust Multi-array Analysis model fit (GC
Robust Multi-array Average background correction plus quantile normalization). None of the samples reveal any special pattern; data quality,
probe intensity, and probe-set signals were consistent across arrays and across donor replicate samples. Y axis (M value)¼ log2 geometric
mean intensity for condition 2� log2 geometric mean intensity for condition 1; X axis (A value)¼ (log2 geometric mean intensity for condition
2þ log2 geometric mean intensity for condition 1)/2. Lines are drawn after the Loess fitting of M values and correspond to the zero level
of M values. Sample IDs are as follows: Controls: untreated human brain microvascular endothelial cells (HBMEC), TAT.AG: HBMEC treated with
HIV-1 Tat.AG; TAT.B: HBMEC treated with HIV-1 Tat.B; Heat.TAT.AG: HBMEC treated with heat-inactivated Tat.AG. All Tat proteins were used at
100 ng/mL, and all cells were treated for 48 hours. Each analysis was performed using replicate data from all three donors.
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MMP-12 (427-fold), and MMP-10 (42.7-fold) (Table 1; Figure 2); all
of which are endopeptidases associated with ECM, cellular matrix
processing, and stability. Other upregulated genes and enzymes

known to be associated with ECM included CHI3L2 (410-fold),
TGM2 (6.3-fold); tumor necrosis factor alpha-inducible protein-6
(4- to 5-fold), TNC (3.7- to 4.8-fold), serpin peptidase inhibitor A3
(4.5-fold), the metalloreductase six-transmembrane epithelial anti-
gen of prostate 4 (1.6- to 3.4-fold), peptidases cathepsin S (3.8- to
4-fold), cathepsin C (2.4- to 2.5-fold), dipeptidyl peptidase 4 (3-fold),
protein convertase PCSK5 (3-fold), superoxide dismutase 2 (3-fold)
(Table 1; Figure 2). Chemokine upregulated included the CCL5
(9-fold), CCL2 (2-fold), interleukin-8 (3-fold), the CXCL1 (4.7- to 5-fold),
CXCL14 (2-fold), CXCL12 (2-fold), and CXCL2 (1.6- to 2-fold). Other
upregulated genes included intercellular adhesion molecule-1
(2-fold) and genes associated with the complement pathway:
complement component 3 (C3, 410-fold), C7 (4- to 5-fold),
complement factor B (CFB, 3.5-fold), transferrin (44-fold), and
ceruloplasmin (4.8-fold) (Table 1; Figure 2). Genes downregulated
in HBMEC exposed to Tat.B, compared with HBMEC exposed to
Tat.AG or controls included kinase insert domain receptor (5.8- to 8-
fold), and a disintegrin and metalloproteinase with thrombospondin
motifs 12 (2.2- to 2.7-fold) (Table 1; Figure 2).

Canonical Pathways and Functions Associated with Genes
Differentially Expressed in Tat.B-treated Human Brain Microvascular
Endothelial Cells Compared with Tat.AG-Treated Cells
Ingenuity pathways analysis showed that specific pathways likely
to be activated by genes differentially expressed in Tat.B exposed
HBMEC included acute phase response signaling, leukocyte
extravasation signaling, chemokine signaling, IL-8, IL-6, and IL-17
signaling, immune cells communication, clathrin-mediated endo-
cytosis signaling, and actin cytoskeleton signaling (Supplementary
Figure 1). Further analysis showed that these differentially
expressed genes were associated with cellular movement, cell-
to-cell signaling and interaction, cellular growth and proliferation,
cellular function and maintenance, and antigen presentation
(Supplementary Table 1).

Validation of Differential Molecular Alterations Induced by Tat.B
and Tat.AG in Human Brain Microvascular Endothelial Cells
To validate the results of our genomic experiments, we performed
real-time quantitative PCR with the same RNA samples used for
microarray analysis. Data for three different human donors
confirmed our microarray results and showed a significant
upregulation of mRNA for MMPs (MMP-3, MMP-10, and MMP-12),
TGM2, and CHI32 (Figure 3), as well as complement C3 and
proinflammatory chemokines (CCL5 and CXCL6) (Figure 4) in
HBMEC exposed to Tat.B, compared with cells exposed to Tat.AG
or untreated controls. Additional independent experiments using
primary HBMEC from another (fourth) human donor confirmed
these findings and showed that Tat.B significantly increased mRNA
for C3, CCL5, CXCL6, CHI32, TGM2, and MMPs (MMP-3, MMP-10, and
MMP-12), while Tat.AG had no effect (Supplementary Figure 2).
Untreated controls, cells treated with heat-inactivated Tat.B, and
cells treated with heat-inactivated Tat.AG also showed no effect
(Supplementary Figure 2).

Figure 2. Hierarchical clustering of differentially expressed genes.
Cluster images show the expression profiles of transcripts with at
least 1.9-fold change and control of false discovery rate (FDR) at 0.05
when comparing human brain microvascular endothelial cells
(HBMEC) treated with Tat-AG with all other treatment conditions:
cells treated with Tat-B, heat-inactivated Tat-AG (TAT.AG-HI), and
untreated control. All gene expression was estimated using
untreated controls as a reference, and differential expression
analysis was performed using the linear model for microarray data.
Hierarchical analysis performed as described in Materials and
methods. Expression levels are represented on a continuum from
green (low abundance) to red (high abundance). Sample donors’ IDs
are as follows: D1: donor 1; D2: donor 2; D3: donor 3.
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Table 1. Differentially expressed genes in Tat-exposed HBMEC

Probe
set ID

Gene
symbol

Gene name Fold change: ECþ Tat.B versus Control Fold change: ECþ Tat.B versus ECþ Tat.AG

Donor 1 Donor 2 Donor 3 Average Adj. P value Donor 1 Donor 2 Donor 3 Average Adj. P value

7951284 MMP-3 Matrix metalloproteinase-3 46.56535267 58.49826778 92.9324798 63.25931374 1.13E–05 44.60773529 83.0018162 83.67054922 67.66386428 1.10E–05
7951297 MMP-12 Matrix metalloproteinase-12 16.83721943 63.29984229 20.12038492 27.78240011 0.000799144 17.77937864 80.7395701 20.76110029 31.0040046 0.000780068
7903920 CHI3L2 Chitinase-3-like protein 2 9.836888161 15.41133569 7.819313765 10.58332708 8.21E–05 9.36111254 16.09629783 9.096420833 11.10813979 5.74E–05
8033257 C3 Complement Component 3 10.41664657 16.27711376 6.290671385 10.21725209 0.000744913 14.39316535 14.15636539 5.473747933 10.37045053 0.000780068
8014316 CCL5 Chemokine (C-C motif ) ligand 5 5.89888384 19.83691812 6.842359947 9.285742878 0.000983303 7.263581085 13.19807851 8.543871802 9.356327319 0.001128062
8066214 TGM2 Transglutaminase 2 5.577776009 7.684039845 5.928667961 6.333871799 1.13E–05 6.090872902 7.594973863 6.053871279 6.542539215 1.10E–05
8095688 CXCL6 Chemokine (C-X-C motif ) ligand 6 5.762792205 5.803358285 8.027723908 6.451117079 1.13E–05 5.943777043 5.333571784 6.608546515 5.939212561 1.10E–05
7924987 AGT Angiotensinogen 8.920490253 4.718256989 3.604609561 5.333465806 0.001810118 9.011829383 4.170981751 3.846741809 5.248655834 0.002169497
8095697 CXCL1 Chemokine (C-X-C motif ) ligand 1 7.387002163 4.072602474 4.753189763 5.229278837 0.000983303 7.832511593 3.04301617 4.308695066 4.682923055 0.001538371
8045688 TNFAIP6 Tumor Necrosis Factor, Alpha-Induced

Protein 6
7.631068093 4.215024451 4.114593765 5.096094392 0.000544214 5.730575378 3.334099131 3.625673467 4.106972631 0.000895206

8163637 TNC Tenascin C 8.594424279 3.683238963 3.578418197 4.838520586 0.003612756 6.671083041 2.590709045 3.087028923 3.764597611 0.008632666
8091385 CP Ceruloplasmin (Ferroxidase) 8.513698499 3.002782541 4.187154058 4.748105529 0.007313025 8.81910957 3.011286551 4.272380086 4.841154041 0.00706932
8082797 TF Transferrin 5.161791973 5.230670892 3.315151955 4.47322192 0.000855149 5.512206745 4.471280332 2.854468219 4.128201334 0.001325632
7976496 SERPINA3 Serpin Peptidase Inhibitor, Clade A

(Alpha-1 Antiproteinase, Antitrypsin),
Member 3

3.571217495 5.406751312 4.349606834 4.379261701 0.000559495 3.162461683 5.581643568 5.24386302 4.523551825 0.000550555

8140840 STEAP4 Six-Transmembrane Epithelial Antigen
Of Prostate 4

1.771980835 9.874344642 5.487419992 4.579082845 0.027279407 1.627846878 7.377009022 3.453753215 3.46147917 0.063728884

8105084 C7 Complement Component 7 7.318647194 3.278120756 3.705363296 4.463020191 0.004855917 8.226318899 3.71163283 4.404084043 5.123208713 0.003386527
8062461 LBP Lipopolysaccharide Binding Protein 5.14822105 3.091026451 3.722946799 3.898362726 0.000416129 4.648795618 3.438859086 3.456248622 3.80878627 0.000481423
7919800 CTSS Cathepsin S 4.737378688 3.734005364 3.056161959 3.781201327 0.000642549 5.524159594 4.215994544 3.038733174 4.136372176 0.000550555
8178115 CFB Complement Factor B 4.307378194 3.315186424 3.053936363 3.519872896 0.000383846 4.793734474 3.193746932 3.159902403 3.64375679 0.000332713
8179351 CFB Complement Factor B 4.387593896 3.421265344 3.050826212 3.577751866 0.000239964 4.576389988 3.427127819 3.173027445 3.678259674 0.000199747
8118345 CFB Complement Factor B 4.29277334 3.174479365 2.984977382 3.439145135 0.00055197 4.738892716 3.032862306 3.040207935 3.522175183 0.000543239
8155898 PCSK5 Proprotein Convertase Subtilisin/Kexin

Type 5
4.952287256 2.467256999 2.59950873 3.166920533 0.002867788 4.723554814 2.496190432 2.806663296 3.210546736 0.003280395

7951259 MMP-10 Matrix metalloproteinase-10 2.16523558 4.621698027 2.87349791 3.063650377 0.005760374 1.928628136 4.063365103 2.595725814 2.729801409 0.010169193
8026971 IFI30 Interferon, Gamma-Inducible Protein 30 3.900553875 2.973124752 2.442578621 3.048334736 0.001008945 3.745813315 2.646260337 2.416819953 2.88275454 0.001538371
8095680 IL8 Interleukin 8 3.598805169 3.651463982 2.195448968 3.067017362 0.002867788 4.094397013 3.516845606 2.057727582 3.094404218 0.003301379
8130556 SOD2 Superoxide dismutase 2 3.040365987 3.017688726 2.981904389 3.01322346 1.13E–05 3.177960075 3.078853027 3.193616324 3.14973037 1.10E–05
8006433 CCL2 Chemokine (C-C Motif ) Ligand 2 3.92212088 2.469162866 2.474529086 2.88306494 0.004855917 3.072125174 1.523849051 1.993612473 2.105428671 0.025905838
8042788 ACTG2 Actin, gamma 2, smooth muscle, enteric 5.631897198 1.773830306 2.37475388 2.873393677 0.030686358 3.238624038 1.130750003 1.891105697 1.906108619 0.16557026
8056222 DPP4 Dipeptidyl-Peptidase 4 4.062362549 2.264175832 2.387379638 2.800292766 0.011778223 5.462339559 2.265535347 2.696714889 3.219547645 0.006972599
7922598 ANGPTL1 Angiopoietin-Like 1 2.916245144 2.409842735 2.759490655 2.686667279 0.000383846 2.437192152 2.434929497 2.715820257 2.525955693 0.00052991
7932254 ITGA8 Integrin, Alpha 8 2.22410978 2.561993828 3.022266749 2.582393168 0.000855149 2.138981493 2.97708002 2.909168782 2.645993773 0.000835647
7909446 HSD11B1 Hydroxysteroid (11-Beta)

Dehydrogenase 1
2.745359348 3.084648283 1.986724738 2.562403487 0.001716858 2.619461032 2.353576913 2.196611907 2.383588183 0.002824563

8155864 RORB RAR-Related Orphan Receptor B 3.024815191 2.608860856 1.905014528 2.468023845 0.002980732 2.609486612 3.233713803 2.058246824 2.589711403 0.002824563
7924029 LAMB3 Laminin, Beta 3 2.000285597 3.234810053 2.461681306 2.516078615 0.004753617 1.753206582 3.336373952 2.235757941 2.356012184 0.006868841
8045539 KYNU Kynureninase 4.461908721 1.679005551 2.124446481 2.515395055 0.029663035 3.669412257 1.766859106 2.171257752 2.414552222 0.040287788
7943998 NNMT Nicotinamide N-Methyltransferase 1.645292399 3.736521957 2.245684103 2.398942093 0.015055955 1.629593352 2.786665814 1.958452313 2.071853508 0.038038789
7950906 CTSC Cathepsin C 2.1224933 2.936443746 2.212979367 2.398180088 0.000642549 2.397033381 2.910647239 2.336193867 2.535464368 0.000550555
8059345 SCG2 Secretogranin II 2.67380453 2.113058926 2.281339249 2.344644725 0.000762443 2.292867521 1.574441332 1.93669531 1.91215128 0.00309064
8101881 ADH1B Alcohol Dehydrogenase 1B (Class I), Beta

Polypeptide
2.355282318 2.557265586 2.093479804 2.327533071 0.004479516 3.372683642 2.636777798 2.400538376 2.774081808 0.001996297

8127646 FILIP1 Filamin A Interacting Protein 1 2.570006485 2.688048186 1.896021074 2.357245469 0.00113421 1.882141377 2.467513538 1.879058523 2.058815192 0.003166478
8132694 IGFBP1 Insulin-Like Growth Factor Binding

Protein 1
2.268536701 2.590251172 2.059868157 2.296020198 0.008909166 2.330988683 1.686756826 1.463642284 1.792018668 0.046581282

7960757 C1RL Complement component 1, r
subcomponent-like

2.558001305 2.163796765 2.172406372 2.290970159 0.000136212 2.269639242 2.137761637 2.169399871 2.191552642 0.000199747

8044225 SULT1C4 Sulfotransferase Family, Cytosolic, 1C,
Member 4

2.445017854 2.086329464 2.375672556 2.296944503 0.000273369 2.863677442 2.820416059 2.895816127 2.859802797 5.74E–05

8025601 ICAM1 Intercellular Adhesion Molecule 1 2.714405014 2.017581567 2.181564305 2.286079117 0.007290761 2.972391193 1.731500735 2.467624713 2.333113782 0.006868841
8051583 CYP1B1 Cytochrome P450, Family 1, Subfamily B,

Polypeptide 1
2.425462711 2.601511347 1.853690005 2.269964916 0.001221629 2.492217534 2.553188403 1.780200823 2.245842361 0.001538371

7969986 TNFSF13B Tumor Necrosis Factor (Ligand)
Superfamily, Member 13b

2.543554488 2.638178169 2.154286309 2.436031294 0.000883886 2.969557566 2.728053618 2.391341216 2.685728245 0.000623721

8123920 ELOVL2 ELOVL fatty acid elongase 2 3.495374411 1.630100598 2.052636266 2.269899883 0.032027716 3.050657042 1.564502539 2.386511023 2.249975045 0.038380276
8092169 TNFSF10 Tumor Necrosis Factor (Ligand)

Superfamily, Member 10
3.115252279 2.649718318 1.40038256 2.261065836 0.034048109 3.18829031 2.458179044 2.059372773 2.527175752 0.022676466

8081386 NFKBIZ Nuclear Factor Of Kappa Light
Polypeptide Gene Enhancer In B-Cells

Inhibitor, Zeta

3.063438736 1.936190627 1.924527118 2.251613183 0.004616075 3.267834682 1.938841677 2.276830669 2.43432029 0.003298374
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Table 1. (Continued)

Probe
set ID

Gene
symbol

Gene name Fold change: ECþ Tat.B versus Control Fold change: ECþ Tat.B versus ECþ Tat.AG

Donor 1 Donor 2 Donor 3 Average Adj. P value Donor 1 Donor 2 Donor 3 Average Adj. P value

8059538 SLC19A3 Solute carrier family 19 member 3 3.347581083 1.873963691 1.796847536 2.242166374 0.014184176 2.557306355 2.201913813 1.98283276 2.235062746 0.015881653
8114249 CXCL14 Chemokine (C-X-C motif ) ligand 14 2.490937805 1.85994763 2.566558243 2.282469107 0.001774851 2.414328523 1.536922054 2.212703278 2.017392781 0.004191906
7961440 PLBD1 Phospholipase B Domain Containing 1 2.447578277 1.911750167 2.258526748 2.194476772 0.000799144 2.268319716 1.847400931 2.491302141 2.185566083 0.000852699
8081890 PLA1A Phospholipase A1 Member A 2.073143527 2.771488459 1.809133661 2.182416817 0.014229124 2.809216862 2.828621223 1.590537074 2.329349305 0.010848872
8074991 GGT5 Gamma-Glutamyltransferase 5 2.05933566 2.18744539 2.266820257 2.169504131 9.34E–05 1.818341279 1.919930384 1.95905785 1.898174115 0.000293288
7983630 FGF7 Fibroblast Growth Factor 7 2.834049585 2.156814349 1.668561659 2.168640128 0.00605257 2.867894593 2.333570413 1.817071262 2.299598508 0.004553498
7984517 GLCE Glucuronic Acid Epimerase 2.322164218 1.948643261 2.155540994 2.136619487 0.001819429 2.886297479 2.0915174 2.235705251 2.380888403 0.001128062
8129573 MOXD1 Monooxygenase, DBH-Like 1 3.004454347 1.646860095 2.022161188 2.154828423 0.007714762 2.611797418 2.031924786 2.220105138 2.275482777 0.00611047
8005048 MYOCD Myocardin 2.504471163 1.809521187 2.126593076 2.128080413 0.007498947 2.195337881 1.404541254 1.708014236 1.73983923 0.034224028
8056113 LY75 Lymphocyte Antigen 75 2.649760561 1.757921928 2.041632217 2.118659876 0.002929221 2.961922721 2.278624186 2.228773485 2.468524562 0.001538371
8112045 ESM1 Endothelial Cell-Specific Molecule 1 2.196302846 2.101953858 1.989122325 2.094075319 0.00176711 2.394253648 2.191193665 1.641436569 2.049706486 0.002284645
8150592 CEBPD CCAAT/Enhancer Binding Protein (C/

EBP), Delta
1.84806436 2.523351175 1.968750104 2.093928238 0.00104913 1.66271396 2.220132837 1.72029979 1.851826153 0.00309064

8099721 SEL1L3 Sel-1 Suppressor Of Lin-12-Like 3 2.716974452 1.785684248 1.881900041 2.090076865 0.002427119 2.451916757 1.708380102 1.830327738 1.971846161 0.004191906
7975390 SMOC1 SPARC Related Modular Calcium Binding

1
3.103512593 1.731973672 1.58022501 2.040349549 0.031781737 2.957095835 1.524969089 1.444396671 1.86754456 0.056293989

7933194 CXCL12 Chemokine (C-X-C Motif ) Ligand 12 1.860008224 2.180190198 2.034677298 2.020698856 0.00055197 1.822042991 2.093411603 1.808157062 1.903486494 0.00081321
8092134 PLD1 Phospholipase D1, Phosphatidylcholine-

Specific
2.031337558 2.411082472 1.947414515 2.120724184 0.00104913 2.465704651 3.179570725 2.386841887 2.654876958 0.000460569

7933672 PCDH15 Protocadherin-Related 15 2.247800505 1.563488925 2.196120171 1.976224253 0.023798921 2.590506135 1.6389729 2.729795733 2.263057122 0.012080812
7934916 CH25H Cholesterol 25-Hydroxylase 1.565610135 2.357325533 2.19703827 2.009001535 0.007114109 2.280893365 2.535467883 2.535694605 2.447672719 0.002381971
7976560 BDKRB2 Bradykinin Receptor B2 1.778100661 2.626114828 1.693762977 1.992389436 0.019848835 2.679379621 2.186828374 1.649000687 2.129887161 0.014855198
7989501 CA12 Carbonic Anhydrase XII 2.199389317 2.463827069 1.597051682 2.053101568 0.004421885 2.201747458 2.669497134 1.709170119 2.15771502 0.003386527
8099633 PPARGC1A Peroxisome Proliferator-Activated

Receptor Gamma, Coactivator 1 Alpha
2.466838042 1.889560878 1.715717468 1.999780977 0.006398068 2.865843842 1.737083374 1.899293679 2.114568554 0.004642603

8111993 FGF10 Fibroblast growth factor 10 1.764170502 2.410008108 1.655639989 1.916497788 0.031781737 2.235466614 3.791103911 2.562373885 2.78992241 0.00450264
8140650 SEMA3E Sema Domain, Immunoglobulin Domain

(Ig), Short Basic Domain,
Secreted,(Semaphorin) 3E

2.211924281 1.86721881 1.840994096 1.966403425 0.000855149 2.503450622 2.619136047 2.229615597 2.445169822 0.000293288

8142424 GPR85 G Protein-Coupled Receptor 85 2.331345784 2.035886311 1.967822372 2.105953138 0.007777824 2.411374956 2.560717318 1.994310438 2.309261149 0.004984725
8171105 CRLF2 Cytokine Receptor-Like Factor 2 2.808340758 1.779727053 1.574554834 1.989086477 0.03842395 1.636010491 2.187982198 1.771622224 1.850974047 0.063081293
8151532 FABP4 Fatty Acid Binding Protein 4, Adipocyte 2.567277061 1.455752403 1.969321969 1.945176409 0.019848835 1.825235982 1.100173456 1.81600478 1.539214185 0.107221776
8145122 SLC39A14 Solute Carrier Family 39 (Zinc

Transporter), Member 14
2.179708181 1.8004693 1.87288329 1.944307403 0.000544214 1.730829962 1.534786521 1.56747127 1.608794811 0.002291369

8100994 CXCL2 Chemokine (C-X-C Motif ) Ligand 2 1.914622542 2.167322734 1.744175243 1.934337675 0.002860039 1.969982754 1.690286733 1.397351527 1.669460547 0.010432223
8142270 NRCAM Neuronal Cell Adhesion Molecule 1.92081956 1.776451129 2.117325391 1.933195668 0.000559495 1.760088535 1.85539068 2.115650034 1.904603471 0.000623721
7981142 CLMN Calmin (Calponin-Like, Transmembrane) 2.298059258 1.847432944 1.676054428 1.923413567 0.002645976 1.933976145 2.073596229 1.986898259 1.99733224 0.002381971
8105040 OSMR Oncostatin M Receptor 2.163039483 1.690699193 1.907178662 1.910618846 0.001810118 1.912634229 1.47885438 1.507961923 1.62174501 0.007478599
8094240 CD38 CD38 Molecule 1.486627293 2.420431055 1.848280858 1.880561733 0.014840461 1.714542897 2.572230625 2.160423281 2.119982957 0.00706932
8151816 GEM GTP Binding Protein Overexpressed In

Skeletal Muscle
2.170285739 1.903467583 1.48842136 1.832016715 0.009744742 2.439428165 1.815432135 1.661588343 1.945048775 0.006868841

7922219 SELL Selectin L 1.60140032 2.034800001 1.761743633 1.790556861 0.001706347 1.996310319 2.095826078 1.824765404 1.969080373 0.000852699
7917532 GBP2 Guanylate Binding Protein 2, Interferon-

Inducible
1.937966994 1.97140474 1.535053566 1.8033578 0.010693725 1.841919486 1.976282243 1.884922229 1.900222031 0.007616738

7908351 PLA2G4A Phospholipase A2, Group IVA (Cytosolic,
Calcium-dependent)

2.012888138 1.882128331 1.508759652 1.787981323 0.048788191 1.941411577 2.050891259 1.801084664 1.928404454 0.036825268

7979269 GCH1 GTP Cyclohydrolase 1 2.199361876 1.41696979 1.69666766 1.742146563 0.007313025 2.461111466 1.822787017 2.019923983 2.084814467 0.002227936
7980891 TC2N Tandem C2 Domains, Nuclear 2.225596413 1.50473246 1.569565244 1.738714831 0.038517512 1.953605274 2.454751526 1.763015306 2.037199121 0.015077501
7917561 GBP4 Guanylate Binding Protein 4 1.753967481 1.774466084 1.401765478 1.63401059 0.014677535 2.064248991 2.204720848 1.6602103 1.962273767 0.003859278
8066757 SLC13A3 Solute Carrier Family 13 (Sodium-

dependent Dicarboxylate
Transporter),Member 3

2.108746977 1.377779483 1.472976078 1.623553584 0.092237506 2.598123482 1.475304751 1.895751678 1.936902053 0.038380276

8102587 C4orf31 chromosome 4 open reading frame 31 2.190455643 1.252039432 1.422883949 1.574371853 0.188403476 2.559091976 1.962414774 2.16439528 2.215156559 0.044399005
8120300 C6orf142 Chromosome 6 Open Reading Frame

141
1.312079376 2.287695441 1.229628919 1.545411458 0.089949468 1.650419761 2.678065042 1.754965902 1.979526892 0.02005319

7964834 CPM Carboxypeptidase M 1.334831835 2.030747685 1.211122672 1.486244358 0.164987253 1.431931024 2.717978417 1.817423955 1.9195884 0.044820641

8100393 KDR Kinase Insert Domain Receptor (A Type
III Receptor Tyrosine Kinase)

0.180752437 0.063016612 0.171276604 0.124952731 0.002334263 0.205115298 0.102352695 0.244129747 0.17241406 0.005621853

8111387 ADAMTS12 ADAM Metallopeptidase With
Thrombospondin Type 1 Motif, 12

0.3457514 0.400246031 0.36019099 0.368022701 0.000544214 0.37125362 0.520017832 0.470208981 0.449427819 0.001402588

8059776 KCNJ13 Potassium Inwardly Rectifying Channel,
Subfamily J, Member 13

0.47531769 0.457390086 0.279520694 0.393152972 0.002316571 0.687547837 0.676089431 0.5020267 0.61566523 0.047301042

7971077 POSTN Periostin, Osteoblast Specific Factor 0.343183001 0.572111798 0.452683303 0.446272764 0.010897257 0.35059565 0.633711016 0.658723078 0.526987385 0.034864935
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Time-course experiments showed that Tat.B increased C3 and
chemokines (CCL5 and CXCL6) mRNA from 2 hours after
treatment, with maximum levels between 12 and 48 hours
(Supplementary Figures 3A–C). Tat.B also increased TGM2 and
CHI32 mRNA from 12 hours, with maximal levels at 48 hours after
treatment (Supplementary Figures 3D and E). Tat.B increased
MMP-3, MMP-10, and MMP-12 mRNA levels in HBMEC from 2 to
4 hours after treatment, with maximal levels at 12, 4, and 24 hours
after treatment respectively for MMP-3, MMP-10, and MMP-12
(Supplementary Figures 3F–H). Matrix metalloproteinase levels
at 48 hours were lower than levels at earlier time points, but
higher than MMP levels in untreated controls (Supplementary
Figures 3F–H).

Dose-dependent experiments using primary HBMEC from a fifth
donor confirmed Tat.B-induced transcriptional upregulation of C3,
CXCL6, TGM2, MMP-3, MMP-10, and MMP-12, with highest mRNA
levels observed with cells treated with 100 ng/mL Tat.B (Supple-
mentary Figures 4A–F). No significant gene expression was
observed in cells treated with 1 or 10 ng/mL Tat.B, and gene
expression levels in those cells were similar to levels in untreated
controls (Supplementary Figures 4A–F).

Tat.B Increases Matrix Metalloproteinase-3, Matrix
Metalloproteinase-10, and Matrix Metalloproteinase-12 activities
in Human Brain Microvascular Endothelial Cells, Compared with
Tat.AG
It is known that MMPs degrade ECM components, and MMPs
activation is associated with tissue remodeling and disease
pathobiology.23 To determine whether differential regulation of
MMP-3, MMP-10, and MMP-12 mRNA by Tat.B, compared with
Tat.AG, correlates with the activity of these MMPs, we used
fluorometric assays to quantify MMP-3, MMP-10, and MMP-12
activities in Tat-treated HBMEC. Experiments using HBMEC from
different donors showed that Tat.B significantly increased MMP-3
activity in HBMEC (by 6.6- to 10-fold, Figures 5A–C). Tat.AG also
increased MMP-3 activity in HBMEC but to much lower levels than
Tat.B (by 2.2- to 2.5-fold, Figure 5), even though no increase in
MMP3 mRNA levels was observed in Tat.AG-treated cells. To
further show the specificity of Tat-induced MMPs activity, we
quantified MMPs activity in the presence of Tat and the MMPs
inhibitor TIMP2. Tissue inhibitor of metalloproteinase-2 signifi-
cantly reduced Tat.B (Figure 5D, Po0.001) and Tat.AG (Figure 5D,
Po0.05) induced increase in MMP-3 activity. Tat.B increased MMP-
10 activity in HBMEC from all three donors in a dose-dependent
manner (Figures 5E–G, Po0.001) while Tat.AG had minimal effects
on MMP-10 activity (Figures 5E–G). Tissue inhibitor of metallopro-
teinase-2 reduced Tat-induced increase in MMP-10 activity, but
the difference was not statistically significant due to large
variations among replicate samples (Figure 5H).

Tat.B significantly increased MMP-12 activity in HBMEC (Figures
5I–K). Tat.AG had minimal effects on MMP-12 activity in cells from
two donors (Figures 5I and J) and increased MMP-12 activity in
HBMEC from a third donor but to much lower levels than Tat.B
(Figure 5K). The MMPs inhibitor TIMP2 significantly reduced Tat.B-
induced increase in MMP-12 activity (Po0.05, Figure 5L). Human
brain microvascular endothelial cells treated with heat-inactivated
Tat.B or heat-inactivated Tat.AG showed no MMP-3, no MMP-10,
and no MMP-12 activity (Figure 5), with MMP activity levels similar
to levels in untreated controls. For all experiments, LPS was used
as a positive control and all LPS-treated cells showed high MMP-3,
MMP-10, and MMP-12 activity (Figure 5).

Tat Proteins Increased Complement Component C3 and C3b in
Human Brain Microvascular Endothelial Cells
Our microarray data showed that Tat.B treatment of HBMEC
significantly increased mRNA for C3, C7, and CFB, all of which are
involved in the alternative activation pathway of the complement
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Figure 3. Real-time PCR validation of differentially expressed enzymes. Data confirmed that compared with Tat.AG, Tat.B upregulates zinc
endopeptidases matrix metalloproteinase (MMP)-3 (A), MMP-10 (B), MMP-12 (C), the enzymes transglutaminase-2 (TGM2) (D), and chitinase-3-
like protein 2 (CHI3L2) (E) in human brain microvascular endothelial cells (HBMEC). Controls are untreated HBMEC; Tat.AG represents HBMEC
treated with Tat.AG; Tat.B represents HBMEC treated with Tat.B; Tat.AG-HI represents HBMEC treated with heat-inactivated Tat.AG. All Tat
proteins were used at 100 ng/mL, and all cells were treated for 48 hours. Data using HBMEC from three different human donors are shown,
and each donor was tested in triplicate. (***Po0.001, compared with cells treated with Tat.AG, cells treated with heat-inactivated Tat, or
untreated controls). Full names of genes are provided in Table 1.
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system.24 To determine whether C3 transcription data correlate
with its expression, we analyzed C3 levels in Tat-treated HBMEC by
western blotting. Analyses of HBMEC from three human donors
showed that both Tat.B and Tat.AG increased C3 expression in
HBMEC, compared with untreated controls (Figure 6A). Further
analyses showed that treatment of HBMEC with Tat.B and Tat.AG
also increased the expression of C3b (Figure 6A), a fragment
resulting from the proteolytic cleavage of C3 during complement
activation. For donor 1 and donor 2, some increase in C3 and C3b
expression was observed in cells treated with heat-inactivated Tat
proteins but to a lesser extent than Tat-treated cells. Lipopoly-
saccharide treatment did not increase C3 levels but increased C3b
levels in donor 1 and donor 2 (Figure 6A). We could not detect C3a
in cell lysates by western blot analyses (data not shown).
Additional western blot analyses confirmed the presence of Tat
proteins in Tat.AG preparations, with HIV-1 Tat monoclonal
antibody #1974 able to detect 400 ng of Tat.AG (Figure 6B), while
HIV-1 Tat monoclonal antibody #4138 was able to detect 100 ng of
Tat.AG (Figure 6C).

DISCUSSION
The HIV-1 Tat protein is a transcriptional regulator that has a critical
role in the viral life cycle. It acts as an RNA viral transcription factor

by interacting with the trans-activating response element to
initiate the long-terminal repeat transcription.22 Tat proteins are
released by HIV-infected cells, can be detected in the serum and
CNS of infected patients, and can also be taken up by noninfected
cells.5,7 It has been shown that Tat can induce inflammation,
toxicity, and injury to many cells types, including neurons,9,25,26

astrocytes,9,27 monocytes, and brain endothelial cells.6,8

HIV-1 clade diversity can influence Tat-mediated effects,
including long-terminal repeat transactivation, toxicity, and
chemotactic activities.17,18 Most of the studies of Tat-mediated
effects have been performed using Tat from HIV-1 subtype
B,5–9,22,25,27 with few others of clade C Tat.17,18 Over two-thirds of
individuals currently living with HIV/AIDS reside in sub-Saharan
Africa and are infected with non-B HIV subtypes, including the
HIV-1 CRF02_AG, the predominant subtype circulating in West and
Central Africa.13–15 In the present study, we compare the effects of
Tat proteins from HIV-1 subtypes B and CRF02_AG on primary
HBMEC. Both microarray analyses and real-time PCR showed that
compared with Tat.AG, Tat.B induced transcriptional upregulation
of chemokines, complement factors, and MMP-3, MMP-10, MMP-
12 in HBMEC, as well as other proteases and peptidases known to
be involved in ECM processing and cleavage. Contrary to a previous
study by Xu et al28 showing that subtype B Tat increases MMP-9
levels in HBMEC, our current study did not show Tat-induced

Figure 4. Real-time PCR validation of differentially expressed complement and chemokines. Data confirmed that compared with Tat.AG, Tat.B
upregulates C3 (A) and chemokines (C-C motif ) ligand 5 (CCL5) (B) and (C-X-C motif ) ligand 6 (CXCL6) (C) in human brain microvascular
endothelial cells (HBMEC). Controls are untreated HBMEC; Tat.AG represents HBMEC treated with Tat.AG; Tat.B represents HBMEC treated with
Tat.B; Tat.AG-HI represents HBMEC treated with heat-inactivated Tat.AG. All Tat proteins were used at 100 ng/mL, and all cells were treated for
48 hours. Data using HBMEC from three different human donors are shown, and each donor was tested in triplicate (***Po0.001, compared
with cells treated with Tat.AG, cells treated with heat-inactivated Tat, or untreated controls). Full names of genes are provided in Table 1.
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increase in MMP-9. This variation could be due to differences in
experimental approaches, because we used Tat at 100 ng/mL and
a 48-hour treatment time point, while Xu and collaborators28 used
Tat at 200 ng/mL and 30 minutes to 24 hours treatment time
points.

As enzymes that degrade components of the ECM, MMPs have
a major role in tissue remodeling during normal physiologic

processes, as well as in disease immunopathology, including tissue
damage and pathogen dissemination in infectious diseases.23,29

Matrix metalloproteinase-10 and MMP-3 belong to the
stromelysins group while MMP-12 belongs to the meta-
lloelastase group of MMPs.29,30 MMP-3 can degrade multiple
components of the ECM, including collagen, proteoglycans,
fibronectin, laminin, and elastin,30 and can also activate other

Figure 5. Increased matrix metalloproteinase (MMP)-3, MMP-10, and MMP-12 activities in human brain microvascular endothelial cells
(HBMEC) treated with Tat.B compared with cells treated with Tat.AG. HBMEC were treated with Tat.B or Tat.AG at 1 to 1,000 ng/mL for 48 hours
and MMPs activity in culture supernatants quantified by fluorometric assay as described in Materials and methods. Controls are untreated
HBMEC, Tat.AG represents HBMEC treated with Tat.AG; Tat.B represents HBMEC treated with Tat.B; Tat.B-HI represents HBMEC treated for
48 hours with heat-inactivated Tat.B. HBMEC treated for 48 hours with lipopolysaccharide (LPS) (50 mg/mL) were used as positive controls. Data
using HBMEC from human donor 1 (A, E, and I), donor 2 (B, F, and J), and donor 3 (C, G, and K) are shown; and for each donor all experimental
conditions were tested in triplicate. Tat.B treatment significantly increased MMP-3 (A–D), MMP-10 (E–H), and MMP-12 (I–L) activities, in
comparison with cells treated with Tat.AG, cells treated with heat-inactivated Tat.B, or untreated controls (*Po0.05, **Po0.01, ***Po0.001).
P values for Tat.AG-treated cells are in comparison with untreated controls or cells treated with heat-inactivated Tat.B. P value for LPS-treated
cells is in comparison with untreated controls, cells treated with Tat.AG, or cells treated with heat-inactivated Tat.B. The MMPs inhibitor tissue
inhibitor of metalloproteinase-2 (TIMP2) diminished Tat-induced MMP-3 (D), MMP-10 (H), and MMP-12 (L) activities.

HIV genetics influence Tat effects on the BBB
SM Woollard et al

1056

Journal of Cerebral Blood Flow & Metabolism (2014), 1047 – 1059 & 2014 ISCBFM



MMPs such as MMP-1, MMP-7, MMP-8, MMP-9, and MMP-13,30

which are known to be involved in HIV-1-associated neuro-
cognitive disorders pathogenesis (reviewed in Mastroianni et al29).
Matrix metalloproteinase-10 degrades proteoglycans and
fibronectin and can also activate MMP-1, MMP-7, MMP-8, and
MMP-9.30 There is also evidence that infection with other viruses
such as the West Nile virus increases MMP-3 levels, and this is
associated with decreased expression of tight junction proteins on
the brain endothelium and increased infiltration of leukocytes into
the brain.31 Cytokines upregulated MMP-3 mRNA and proteins,
and increased vascular cell adhesion molecule-1 expression in
human cerebral endothelial cells; MMP inhibitor prevented these
effects.32 Matrix metalloproteinases can disrupt endothelial
basement membranes, damage endothelial tight junction,33 and
cause BBB leakage.29 It has also been shown that during acute
ischemia, MMPs disrupt tight junction proteins, cause BBB
breakdown and increased vascular permeability; early inhibition
of MMP activity prevented these effects.33

Matrix metalloproteinases can also modulate inflammation;
cytokines can induce MMPs expression and activation; and IL-6
can regulate MMP-10 expression via the JAK/STAT pathway.34

MMP-12 also induces dose-dependent expression of IL-8 in
epithelial cells, and this could be prevented by synthetic MMP
inhibitors.35 MMP-12 degrades elastin, the structural component
of elastic fibers that are responsible for elasticity in various cells/
tissues, including blood vessels. Matrix metalloproteinase-12 has
also been associated with other CNS diseases; stroke is associated
with macrophage activation and increased MMP mRNA levels,
including MMP-3 and MMP-12.36 Infection with mouse hepatitis B
virus increases MMP-3 and MMP-12, and this increase was
associated with higher viral virulence in the CNS.37

Complement factors with significantly upregulated mRNA in
HBMEC exposed to Tat.B compared with cells exposed to Tat.AG
or untreated controls included C3, CFB, and C7, all of which are
involved in the alternative pathway of the complement cascade
and have a major role in immune system regulation and
function.24 During complement activation via the alternative
pathway, C3 is proteolytically activated and cleaved by the C3
convertase to generate C3a and C3b fragments.24 C3b remains
covalently bounded to the cell surface, binds to CFB and produces
a complex that recruit other factors to form C5. C5 is then cleaved
by C5 convertase to generate C5a and C5b fragments, and C5b
associates with C6, C7, C8, and C9 to form a membrane attack
complex that lyses/damages the cells.24 Our data show that only
Tat.B significantly increased C3 mRNA, but both Tat.B and Tat.AG
increased C3 and C3b protein levels in HBMEC, suggesting that Tat
may differentially regulate C3 transcription and expression in
HBMEC. We could not detect C3a in cell lysates by western blot
analyses, which is not surprising since it is known that after C3
cleavage, C3a is released/secreted while C3b remains attached to
the cell membrane.24 Our results are in agreement with the
literature showing that the complement system has a critical role
in HIV infection, including CNS infection.38–40 HIV-infected cells
activate the complement and cleave C3;38 HIV-1 also increased C3
and C4 in human astrocytes,39 and C3 levels are increased in the
cerebrospinal fluid of infected patients with neurologic
complications.40 Our present study suggests that clade diversity
may differentially affect Tat-induced complement transcription
and activation, as well as acute phase response, endocytosis,
chemokine, and cytoskeletal signaling on the brain endothelium.

Our current data are also in agreement with the literature
showing that MMPs are involved in HIV-induced brain injury,
including BBB breakdown, myelin degradation, and neuronal
injury.29 Data presented in this study are significant and to our
knowledge, this is the first demonstration of Tat-induced
complement activation, Tat.B-induced transcriptional upregu-
lation of factors of the alternative pathway of the comple-
ment cascade in HBMEC, and Tat.B-induced transcriptional
upregulation and activation of MMP-3, MMP-10, and MMP-12 in
HBMEC, as well as chemokines and enzymes known to be involved
in ECM processing and cleavage; while Tat.AG had no major
effects on HBMEC. This increased upregulation and activation of
MMP-3, MMP-10, and MMP-12 could result in increased ECM
cleavage and BBB injury in individuals infected with HIV-1 subtype B.
It is well known that the ECM is essential for maintaining the
organization of vascular endothelial cells and maintaining a stable
blood vessels structure.41 The ECM supports endothelium function
and property, including cellular integrity, morphology and
contractility, and proliferation.41 Dysregulation of MMP
expression and increased MMP activity could further induce
damage/remodeling of endothelial ECM. Disruption of the ECM
in HIV/AIDS can contribute to transmigration of mononuclear
phagocytes and dendritic cells through the vascular endothelium,
to CNS trafficking of mononuclear phagocytes, and viral
dissemination in the brain. Our current study shows that HIV-1
clade diversity can influence these Tat-mediated effects on HBMEC,

Figure 6. HIV-1 Tat proteins increases C3 and C3b expression in
human brain microvascular endothelial cells (HBMEC). (A) Analysis of
primary cells from three different human donors showed that both
Tat.B and Tat.AG increased C3 and C3b protein levels in HBMEC,
compared with untreated controls. Treatment with heat-inactivated
Tat.B (Tat.B-HI) or Tat.AG (Tat.AG-HI) at 100 ng/mL also increased C3
and C3b expression but to a lesser extent than cells treated with
similar concentrations of Tat.B or Tat.AG. Lipopolysaccharide (LPS)
did not have much effect on C3 or C3b levels. (B, C) Western blot
analyses using HIV-1 Tat monoclonal antibody #1974 (B), and HIV-1
Tat monoclonal antibody #4138 (C) confirmed the presence of Tat
proteins in purified Tat.AG solutions. M1 and M2 are molecular
weight markers.
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and specifically affect cellular movement, cell-to-cell signaling and
interaction, cellular proliferation and antigen presentation.

In summary, compared with Tat.AG, Tat.B induced transcrip-
tional upregulation of proinflammatory chemokines, complement
components factors, MMP-3, MMP-10, MMP-12, and other
enzymes associated with ECM processing and cleavage in HBMEC.
Compared with Tat.AG, Tat.B also significantly increased MMP-3,
MMP-10, and MMP-12 activities in HBMEC; and TIMP2 blocked Tat-
induced increase in MMPs activity. It is known that HIV-1 and viral
proteins can induce neurocognitive impairment.1,3,4,7–10 However,
most of these studies were performed with subtype B HIV-1
or in humans predominantly infected with subtype B virus, and
there are currently no data on the incidence or prevalence of
neurocognitive impairment in individuals infected with HIV-1
CRF02_AG. Our findings are important and show that genetic
differences between HIV-1 subtypes B and CRF02_AG can
influence the effects of Tat proteins derived from these two viral
subtypes on the brain endothelium and viral neuropathogenesis.
We comprehensively delineate putative underlying pathways
of the observed differential effects of Tat.B and Tat.AG on
HBMEC, and data will guide in-depth studies of the molecular
mechanisms underlying these differential Tat effects on the brain
endothelium.
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