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Induced pluripotent stem cells (iPSCs) have radically 
advanced the field of regenerative medicine by making 
possible the production of patient-specific pluripotent 
stem cells from adult individuals. By developing iPSCs 
to treat HIV, there is the potential for generating a con-
tinuous supply of therapeutic cells for transplantation 
into HIV-infected patients. In this study, we have used 
human hematopoietic stem cells (HSCs) to generate anti-
HIV gene expressing iPSCs for HIV gene therapy. HSCs 
were dedifferentiated into continuously growing iPSC 
lines with four reprogramming factors and a combination 
anti-HIV lentiviral vector containing a CCR5 short hair-
pin RNA (shRNA) and a human/rhesus chimeric TRIM5α 
gene. Upon directed differentiation of the anti-HIV iPSCs 
toward the hematopoietic lineage, a robust quantity of 
colony-forming CD133+ HSCs were obtained. These cells 
were further differentiated into functional end-stage mac-
rophages which displayed a normal phenotypic profile. 
Upon viral challenge, the anti-HIV iPSC-derived mac-
rophages exhibited strong protection from HIV-1 infec-
tion. Here, we demonstrate the ability of iPSCs to develop 
into HIV-1 resistant immune cells and highlight the poten-
tial use of iPSCs for HIV gene and cellular therapies.
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IntroductIon
HIV gene and cellular therapies hold enormous potential for 
not only treating HIV-infected individuals but also providing a 
functional cure. As HIV continues to be a global health problem, 
novel therapies need to be developed. Current antiretroviral drugs 
provide control of HIV replication, however, after prolonged use, 
these drugs can become toxic, escape mutants can arise, and they 
do not provide a cure.1–4 Advantages of HIV gene therapy using 
hematopoietic stem cells (HSCs) include the possibility of a one-
time treatment, controlled or constitutive anti-HIV gene expres-
sion, and long-term viral inhibition upon HSC transplantation.5 
Such HSCs have the capacity for self-renewal and the proliferation 

potential to differentiate into HIV-resistant target cells including 
CD4 T cells, macrophages, and dendritic cells.6 By engineering 
a sufficient quantity of HSCs to express anti-HIV genes, these 
cells may completely reconstitute the immune system with HIV-
resistant immune cells after ablation of the host HSCs.

Clinical trials using retroviral and lentiviral vectors transfer-
ring anti-HIV genes into HSCs have demonstrated the feasibil-
ity of this approach.7–11 These strategies involve apheresis of the 
patient’s mobilized peripheral stem cells followed by ex vivo gene 
transduction and transplantation back into the patient. Numerous 
anti-HIV genes have been employed in HIV gene therapy stud-
ies including siRNAs, RNA decoys, ribozymes, antisense mol-
ecules, and anti-HIV proteins.12–20 Pre-entry/preintegration 
inhibition of HIV infection is an ideal method to confer viral 
resistance. Therapies aimed at blocking HIV integration includ-
ing CCR5 inhibitors (siRNAs, zinc-finger nucleases, ribozymes, 
and intrabodies), HIV fusion inhibitors, and TRIM5α prevent 
the generation of HIV provirus and the further establishment of 
viral reservoirs which are reasons for the failure to cure infected 
individuals.10,12,14,16,17,21–23

Recently, long-term control of HIV replication was observed 
in an infected individual who received an allogeneic bone marrow 
transplant from a donor who is homozygous for the CCR5 Δ32-bp 
deletion.24 The recipient has remained free from HIV replication 
for over 3 years post-transplantation. The results provided from 
this study, highlight the importance for developing anti-HIV gene 
and cellular therapies capable of generating HIV-resistant immune 
system cells in a similar way.

With current advancements in induced pluripotent stem cell 
(iPSC) technology, it is now possible to produce patient-specific 
pluripotent stem cells from adult individuals.25,26 Somatic cells, 
whether fibroblasts, T cells, amnion derived stem cells, HSCs, 
or many others, can be used as “starter cells” and be induced to 
pluripotency by the introduction of specific reprogramming fac-
tors including octamer-binding transcription factor 4 (OCT4), 
sex determining region Y-box 2 (SOX2), Kruppel-like factor 
4 (KLF4), and cytoplasmic Myc (c-MYC).25–29 These iPSCs are 
similar to human embryonic stem cells (hESCs) in their capacity 
to differentiate into cells of all three germ layers, the ectoderm, 
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mesoderm, and endoderm.26 Various cell types have been derived 
from iPSCs including cardiomyocytes, mesenchymal stem cells, 
hepatic endoderm, and hematopoietic cells.30–34 iPSCs, like 
hESCs, are also capable of indefinite growth and self-renewal with 
detected telomere elongation.35 They have enormous potential as 
a source of autologous cells for experimental and therapeutic use. 
If engineered to express anti-HIV genes, iPSCs have the poten-
tial to generate a continuous supply of anti-HIV HSCs. Thus, cells 
differentiated from iPSCs not only provide a source for cellular 
therapies but also hold the potential to correct genetic defects and 
inhibit infectious diseases such as HIV.

In our current studies, we have generated anti-HIV gene 
expressing iPSCs from cord blood (CB) CD34+ “starter cells”. We 
have used a combination of anti-HIV genes including a CCR5 short 
hairpin RNA (shRNA) and a chimeric human/rhesus TRIM5α 
molecule based on our previous work which demonstrated potent 
preintegration inhibition of HIV-1 infection.12 The iPSC lines 
were continually growing and did not contain any HSCs. Upon 
directed differentiation, the anti-HIV iPSCs generated a robust 
quantity of colony-forming hematopoietic progenitors which sub-
sequently developed into phenotypically and functionally normal 
macrophages which were resistant to HIV-1 infection. The results 
presented here are the first to generate HIV-1 resistant immune 
cells from iPSCs and highlight the potential use of iPSC technol-
ogy for HIV gene and cellular therapies.

results
Generation of anti-HIV iPscs
A third generation self-inactivating lentiviral vector CCLc-
MNDU3-x-PGK-EGFP, was used to construct the combination 

anti-HIV vector. This vector contains a human/rhesus macaque 
TRIM5α isoform under the control of the modified retroviral 
MNDU3 promoter directly followed by a CCR5 shRNA under 
the control of a U6 pol-III promoter. The chimeric TRIM5α mol-
ecule was generated by replacing an 11-amino acid patch in the 
human isoform (#330–#340) with a 13-amino acid patch from the 
rhesus macaque isoform (#332–#344). By replacing amino acids 
in the human isoform with those essential for HIV restriction in 
the rhesus macaque isoform, immunogenicity of the chimeric 
protein is likely to be avoided compared to using the wild-type 
rhesus macaque TRIM5α. Another self-inactivating lentiviral 
vector, CCLc-TRE-Tight-PGK-rtTA (TRE-Tight, tetracycline-
responsive promoter element; PGK, phosphoglycerate kinase 
promoter; rtTA, reverse tetracycline transcriptional activator) 
which is doxycycline-inducible, was used to construct the iPSC 
reprogramming vectors OCT4, SOX2, KLF4, and c-MYC. These 
four reprogramming vectors alone (wild-type (WT)), or together 
with the enhanced green fluorescent protein-alone (EGFP) 
or combination anti-HIV vector (anti-HIV), were transduced 
into CB CD34+ cells at a ratio of 1:1:1:1:1. Transduced CD34+ 
HSCs were plated on mouse embryonic fibroblasts with media 
containing doxycycline to induce expression of the four iPSC 
reprogramming factors. After 9 days of culture, “embryonic-like” 
colonies resembling hESCs had formed in the WT, EGFP, and 
anti-HIV iPSC cultures. These iPSC colonies were tightly packed 
and circular with defined edges similar to the control H9 hESCs 
(Figure 1a). In the cultures transduced with the four reprogram-
ming factors in addition to either the EGFP-alone control vec-
tor or the anti-HIV vector, iPSC colonies were generated which 
expressed EGFP demonstrating successful transduction with 
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Figure 1 Generation of anti-HIV induced pluripotent stem cells (iPscs) and end-stage macrophages. (a) iPSCs were generated by transduc-
ing cord blood (CB) CD34+ human hematopoietic stem cells (HSCs) with four lentiviral vectors expressing the pluripotency factors octamer-binding 
transcription factor 4, sex determining region Y-box 2, Kruppel-like factor 4, and cytoplasmic Myc either alone [wild-type (WT)] or with an enhanced 
green fluorescent protein control vector (EGFP) or a combination anti-HIV vector (anti-HIV). iPSCs were further cocultured on OP9 stromal cells where 
cystic bodies developed. CD133+ HSCs were isolated from the cystic bodies and grown in semisolid methylcellulose media to form myeloid colony-
forming units (CFUs). The CFUs were further cultured in media specific for macrophage development. EGFP and anti-HIV iPSCs and their differentiated 
progeny were visualized by both phase and EGFP fluorescence. H9 human embryonic stem cells (hESCs) and their differentiated progeny were used 
as controls. (b) CB CD34+ cells were used as a positive control and cultured in semisolid methylcellulose media and macrophage-specific media to 
derive myeloid CFUs and end-stage macrophages. (c) Representative fluorescence-activated cell sorting (FACS) plots displaying the EGFP percent of the 
EGFP and anti-HIV iPSCs at passage 21. WT iPSCs (EGFP negative) are displayed as the unshaded histogram. FACS analysis was performed in triplicate. 
(d) Representative karyotyping analyses of the WT and anti-HIV iPSCs derived from CB CD34+ HSCs. Karyotyping was performed in duplicate.
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either the EGFP-alone or anti-HIV vector (Figure 1). The trans-
duction and expression of the anti-HIV genes did not adversely 
affect either iPSC generation or the morphology of the anti-HIV 
iPSC colonies as the colonies formed at the same time (9 days) 
as the control cells and also displayed similar morphology. The 
newly generated iPSC lines have retained their pluripotent and 
“embryonic-like” morphology beyond 21 passages as observed 
by visualization. The EGFP and anti-HIV iPSCs have remained 
EGFP positive beyond 21 passages indicating a lack of gene 
silencing of the EGFP transgenes (Figure 1c). Expression of the 
anti-HIV transgenes was also detected in the anti-HIV iPSCs 
beyond passage 21 as determined using a QuantiMir quantitative 
reverse transcriptase–PCR detection kit (data not shown). Levels 
of expression were comparable to those obtained in our previ-
ous experiments after transduction of CB CD34+ cells utilizing a 
similar combination anti-HIV vector.12

With the induction of pluripotency in CB CD34+ cells, it is 
possible that chromosomal and genetic abnormalities could arise. 
Therefore, karyotyping analyses were performed on the anti-HIV 
iPSCs. As displayed in Figure 1d, the anti-HIV iPSCs retained 
a normal chromosomal profile. Normal banding was observed 
and no translocations or chromosomal abnormalities could be 
detected. This was observed in comparison to WT iPSCs which 
also did not display any abnormalities.

Anti-HIV iPscs express pluripotency markers
To determine whether the anti-HIV iPSCs were fully repro-
grammed and expressed pluripotency markers, immunofluo-
rescence was performed. iPSCs were stained with antibodies 
specific for various pluripotency markers including OCT4, SOX2, 
NANOG, and stage-specific embryonic antigen-4 (SSEA4). As 
displayed in Figure 2, all iPSC lines, WT, EGFP, and anti-HIV 
expressed all pluripotency markers analyzed as compared to con-
trol H9 hESCs. Reverse transcriptase-PCR (RT-PCR) was also 
performed to detect the gene expression of various pluripotency 
genes including OCT4, SOX2, c-MYC, NANOG, teratocarcino-
ma-derived growth factor 1 (TDGF1), and Zinc finger protein 
42 (REX1). As displayed in Figure 3a, all iPSCs expressed the 
pluripotency genes as compared to control H9 hESCs. CB CD34+ 
cells, used as a negative control, expressed lower levels of the 
pluripotency markers as compared to the iPSCs or the H9 hESCs. 
GAPDH was used as an internal control.

Another characteristic of true pluripotent stem cells is their 
ability to differentiate into cells and tissues of all three germ 
layers, the ectoderm, mesoderm, and endoderm. To determine 
whether the anti-HIV iPSCs were capable of such differen-
tiation, RT-PCR was performed to detect expression of specific 
genes from all three germ layers including α-fetoprotein (AFP), 
cytokeratin 8 (CK8), brachyury (BRACHY), Msh homeobox 1 
(MSX1), and paired box gene 6 (PAX6). Cells were allowed to 
differentiate on mouse OP9 stromal cells followed by analysis by 
RT-PCR. As displayed in Figure 3b, upon differentiation (D), all 
iPSC lines expressed similar expression levels of each gene ana-
lyzed as compared to the positive control H9 hESC differentiated 
cells. Expression of the differentiated genes was not detected in 
undifferentiated (U) iPSCs or H9 hESCs. GAPDH was used as an 
internal control.

directed differentiation of anti-HIV iPscs to Hscs
To directly differentiate the anti-HIV iPSCs into HSCs, cells were 
cocultured on mouse OP9 stromal cells with the addition of bone 
morphogenetic protein-4. This culture method has been previ-
ously used to promote hematopoietic differentiation of pluripo-
tent stem cells.36,37 Upon coculturing the iPSCs on OP9 cells, dark 
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Figure 2 expression of pluripotency markers by immunofluores-
cence. Induced pluripotent stem cells (iPSCs), wild-type (WT), enhanced 
green fluorescent protein (EGFP), and anti-HIV were stained with anti-
bodies specific for the pluripotency markers octamer-binding transcrip-
tion factor 4 (OCT4), sex determining region Y-box 2 (SOX2), NANOG, 
and stage-specific embryonic antigen-4 (SSEA4). Cells were visualized 
for fluorescence. H9 human embryonic stem cells (hESCs) were used 
as pluripotency positive controls. Pictures are representative of triplicate 
experiments.
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Figure 3 expression of pluripotency and differentiation genes by 
reverse transcriptase-Pcr. (a) Total RNA from undifferentiated induced 
pluripotent stem cells (iPSCs) was extracted and analyzed by reverse 
transcriptase-PCR for the expression of the pluripotency genes octamer-
binding transcription factor 4 (OCT4), sex determining region Y-box 2 
(SOX2), cytoplasmic Myc (c-MYC), NANOG, teratocarcinoma-derived 
growth factor 1 (TDGF1), and REX1. CB CD34+ human hematopoietic 
stem cells (HSCs) were used as a control to detect expression in the 
“starter cells.” H9 human embryonic stem cells (hESCs) were used as a 
pluripotency positive control. (b) Total RNA was extracted from differ-
entiated (D) cells from the cystic bodies which formed in the iPSC/OP9 
cocultures and analyzed by RT-PCR for the expression of genes from all 
three germ layers including α-fetoprotein (AFP), cytokeratin 8 (CK8), 
brachyury (BRACHY), Msh homeobox 1 (MSX1), and paired box gene 
6 (PAX6). Undifferentiated (U) cells were used as negative controls for 
expression. Undifferentiated and differentiated H9 hESCs were used as 
negative and positive controls, respectively. GAPDH was used as an inter-
nal loading control. Experiments were performed in duplicate. CB, cord 
blood; EGFP, enhanced green fluorescent protein; WT, wild type.
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cystic bodies formed which were similar to cystic bodies formed 
in H9 hESC/OP9 cocultures demonstrating differentiation of the 
iPSCs (Figure 1a). Cystic bodies formed in the EGFP and anti-HIV 
cocultures remained EGFP positive (Figure 1a). Single-cell sus-
pensions of the cocultures were made and fluorescence- activated 
cell sorting (FACS) analysis was performed to determine the lev-
els of HSC generation by staining for CD133. In previous experi-
ments using this specific coculture method, we obtained a greater 
number of CD133+ HSCs than CD34+ HSCs (data not shown) 
and, therefore, used this hematopoietic stem and progenitor cell 
marker for HSC purification. As demonstrated by FACS analysis, 
the iPSC cocultures contained significant numbers of CD133+ 
HSCs, WT = 37.8%, EGFP = 40.9%, and anti-HIV = 38.4%. This 
was in comparison to H9 hESC cocultures which only contained 
27.1% cells expressing CD133 (Figure 4a). To determine whether 
the iPSCs derived from CB CD34+ cells retained expression of 
CD34 or CD133 upon induction to pluripotency, FACS analysis 
was performed. As displayed in Figure 4a (top right panel), the 
CD34+ cell-derived iPSCs did not express CD34 or CD133 upon 
reprogramming. This was in comparison to CB CD34+ cells 

which expressed 94.1% CD34 and 65.9% CD133 upon immuno-
magnetic bead purification (Figure 4a, top middle panel).

To determine whether the CD133+ HSCs purified from 
the iPSC/OP9 cocultures were functional and could generate 
 colony-forming units, the cells were cultured in Methocult meth-
ylcellulose media specific for the generation of myeloid colonies. 
The iPSC-derived CD133+ cells formed morphologically normal 
myeloid colony-forming units as compared to H9 hESC derived 
CD133+ HSCs and CB CD34+ HSCs (Figure 1a,b). EGFP and 
anti-HIV iPSC-derived colony-forming units were EGFP posi-
tive confirming continued expression of the EGFP and anti-
HIV transgenes upon differentiation of the iPSCs into HSCs 
(Figure 1a). The iPSC-derived CD133+ HSCs were also evalu-
ated to determine whether their proliferation potential was com-
parable to CB CD34+ cells. After 9 days of culture in Methocult 
media, total cell numbers were counted and compared to the ini-
tial cell input. As displayed in Figure 4b, iPSC-derived CD133+ 
HSCs, whether WT, EGFP, or anti-HIV, increased ~40-fold in 
total cell numbers. This was in comparison to H9 hESC derived 
CD133+ HSCs which only increased fivefold in cell numbers 
and CB CD34+ cells which increased 127-fold. The differences 
between iPSC-derived HSC cell counts were significant from 
CB derived HSC cell counts, however, when we compared anti-
HIV HSC cell counts to WT and EGFP control HSC cell counts, 
there was no significant difference. These results demonstrate 
that the anti-HIV iPSCs were capable of directed differentiation 
toward the hematopoietic lineage in a robust quantity and that 
no significant differences were observed in the differentiation or 
growth characteristics possibly caused by the expression of the 
anti-HIV genes.

A major safety concern with utilizing cells for therapeutic 
purposes which were derived from pluripotent cells is the pos-
sible retention of pluripotency and the formation of teratomas. 
Therefore, to determine whether the CD133+ HSCs derived from 
the iPSCs retained any pluripotent capabilities, one to two mil-
lion cells were injected into immunodeficient NOD/SCID−/−γ−/− 
knockout mice. After 2 months of daily monitoring, no teratomas 
were observed. This was in comparison to mice injected with a 
single-cell suspension of the WT or anti-HIV iPSCs (106 cells/
mouse) which formed teratomas within 1 month of injection. 
The teratomas from the WT and anti-HIV iPSC injected mice 
contained tissues from all three germ layers, the ectoderm, meso-
derm, and endoderm (data not shown).

Anti-HIV iPsc-derived phenotypically  
and functionally normal macrophages
To evaluate the capacity of anti-HIV iPSC-derived HSCs to develop 
into phenotypically and functionally normal macrophages, 
 colony-forming units were further cultured in a macrophage-
 specific differentiation media containing granulocyte-macrophage 
colony-stimulating factor and macrophage colony-stimulating 
factor. After 4 days, morphologically distinct macrophages had 
attached to the culture plates in the WT, EGFP, and anti-HIV 
iPSC-derived macrophage cultures (Figure 1a). This was similar 
to CB CD34+ cell-derived macrophage cultures which also dis-
played macrophage development in 4 days (Figure 1b). However, 
in the H9 hESC cultures, macrophages did not appear until day 
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Figure 4 detection and proliferation of induced pluripotent stem 
cells (iPscs) derived cd133+ human hematopoietic stem cells 
(Hscs). (a) iPSCs, wild-type (WT), enhanced green fluorescent protein 
(EGFP), and anti-HIV were differentiated toward the hematopoietic lin-
eage by OP9 cocultures. On day 9, the cells were analyzed for their 
expression of CD133 by FACS. Isotype control stained coculture cells 
are displayed in the top-left panel. CB CD34+ HSCs were used as a 
positive control for CD34 and CD133 expression (top-middle panel). 
Undifferentiated iPSCs were used as a negative control for CD34 and 
CD133 expression (top-right panel). Representative fluorescence-acti-
vated cell sorting plots are displayed from duplicate experiments. (b) 
Total cell counts were performed from methylcellulose cultured colony-
forming units and analyzed for fold expansion of the input CD133+ cells. 
CB CD34+ HSCs were used as a positive comparative control. Asterisks 
above the bars indicate statistically significant values as compared to 
cord blood (CB) HSCs. Experiments were performed in triplicate. hESCs; 
human embryonic stem cells.
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10 (Figure 1a). To determine whether the macrophages derived 
from the anti-HIV iPSCs were phenotypically normal, FACS 
analysis was performed to detect expression of the normal mac-
rophage markers, CD14, CD4, CD68 (lipopolysaccharide (LPS)-
stimulated), and CCR5. Upon stimulation of macrophages with 
LPS, CD68 cell surface expression is upregulated.38 As displayed 
in Figure 5a, normal cell surface expression of CD14, CD4, and 
CD68 (LPS-stimulated) was detected in all of the iPSC-derived 
macrophage cultures and was similar to CB CD34+ cell-derived 
macrophages, CD14 >99%, CD4 >99%, and CD68 >53%. However, 
CCR5 cell surface expression was dramatically decreased (6.7% 
positive) in the anti-HIV iPSC-derived macrophages compared to 
CB (68.2% positive), WT iPSC (63.0% positive), and EGFP iPSC 
(62.3% positive) derived macrophages (Figure 5a). The decrease 
in CCR5 expression was due to the presence of the CCR5 shRNA 
anti-HIV gene and demonstrated the constitutive expression of 
this transgene upon differentiation from iPSC to end-stage mac-
rophages. EGFP (99.9%) and anti-HIV (99.8%) iPSC-derived 
cells also remained EGFP positive throughout the differentiation 
process as determined by visualization (Figure 1a) and by FACS 
(Figure 5b).

To determine whether the anti-HIV iPSC-derived mac-
rophages were functionally normal, the levels of secretion of 
specific cytokines were measured. The iPSC and CB CD34+ 
 HSC-derived macrophages were stimulated with LPS and the 

levels of interleukin-6 (IL-6), IL-10, and tumor necrosis factor-α 
(TNFα) were analyzed by a cytometric bead array. As displayed 
in Figure 6, the iPSC-derived macrophages were functional 
and secreted substantial amounts of IL-6 (Figure 6a), IL-10 
(Figure 6b), and TNFα (Figure 6c) upon stimulation compared 
to nonstimulated (NS) macrophages. The secretion of IL-2, IL-4, 
and interferon-γ were not detected and were used as negative 
controls (data not shown). Cytokine secretion from the iPSC-
derived macrophages were directly compared to CB derived 
macrophages. The levels of IL-6 secretion from the iPSC-derived 
macrophages were similar to CB derived macrophages and the 
differences, overall, were not statistically significant. The differ-
ence in levels of IL-10 and TNFα were statistically different on 
days 2 and 4 poststimulation from iPSC-derived macrophages 
compared to CB derived macrophages. However, when we com-
pared the levels of cytokine secretion among the three iPSC 
lines, WT, EGFP, and anti-HIV, no significant differences were 
observed. The results obtained from these experiments demon-
strated that the anti-HIV iPSC-derived macrophages are phe-
notypically normal and are functional upon stimulation with 
antigen.
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Figure 5 Phenotypic analysis of induced pluripotent stem cells 
(iPscs) derived macrophages. (a) Macrophages derived from the 
wild-type (WT), enhanced green fluorescent protein (EGFP), and anti-
HIV iPSCs were stained with antibodies specific for human CD14, CD4, 
CD68, and CCR5 and analyzed by fluorescence-activated cell sorting 
(FACS). Cord blood (CB) CD34+ HSC-derived macrophages were used 
as positive controls. Isotype controls are displayed as unshaded histo-
grams. (b) EGFP and anti-HIV iPSC-derived macrophages were analyzed 
by FACS for EGFP expression. WT (EGFP−) cells were used as negative 
controls and are displayed as unshaded histograms.
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Figure 6 cytokine secretion of induced pluripotent stem cells (iPscs)-
derived macrophages. Macrophages derived from the wild-type (WT), 
enhanced green fluorescent protein (EGFP), and anti-HIV iPSCs were 
stimulated with lipopolysaccharide. On days 2, 4, and 7, cell culture 
supernatants were analyzed for levels of secretion of (a) interleukin-6 
(IL-6), (b) IL-10, and (c) tumor necrosis factor-α (TNFα). Cord blood 
(CB) CD34+ hematopoietic stem cells (HSC) derived macrophages were 
used as positive comparative controls. Asterisks above the bars indicate 
statistically significant values as compared to CB HSCs. Experiments were 
performed in triplicate. NS, nonstimulated.
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Inhibition of HIV-1 infection by anti-HIV  
iPsc-derived macrophages
The ultimate goal of our study was to derive end-stage mac-
rophages from iPSCs which were resistant to HIV infection. 
Therefore, to determine whether the anti-HIV iPSC derived mac-
rophages were capable of blocking HIV-1 infection, the cells were 
challenged with either an R5-tropic BaL-1 or a dual-tropic 89.6 
strain of HIV-1 at a multiplicity of infection of 0.05. On various 
days postinfection, culture supernatants were sampled and ana-
lyzed by p24 antigen enzyme-linked immunosorbent assay. As 
displayed in Figure 7a,b, potent inhibition of HIV-1 infection 
was observed. By day 15 postinfection, over a 2-log reduction in 
p24 antigen was detected in the anti-HIV macrophage cultures as 
compared to the WT and EGFP macrophage cultures. To confirm 
the results observed with the p24 antigen enzyme-linked immu-
nosorbent assay, RT-PCR was performed to detect the expression 
of spliced (tat) and unspliced (pol) HIV transcripts in the chal-
lenged macrophages on day 21 postinfection. As displayed in 
Figure 7c, both tat and pol transcripts were detected in the WT 

and EGFP BaL-1 and 89.6 challenged macrophages. This was in 
comparison to the anti-HIV macrophages which displayed simi-
lar background levels as uninfected (UI) cells. These results dem-
onstrate that HIV-resistant macrophages can be developed from 
anti-HIV gene expressing iPSCs.

dIscussIon
As a first step toward utilizing iPSCs for HIV gene and cellular 
therapies, for the first time, we have developed HIV-1 resistant 
macrophages from HSC-derived iPSCs which we could demon-
strate to be both functional and phenotypically normal. Anti-HIV 
gene expressing iPSCs were also capable of generating a robust 
quantity of anti-HIV HSCs which were further differentiated 
into macrophages which inhibited HIV-1 infection. Current HIV 
stem cell gene therapy protocols rely on the apheresis of a patient’s 
mobilized peripheral blood stem cells, ex vivo manipulation of 
these cells, and transplantation of the gene transduced cells back 
into the patient.7–11 However, a major disadvantage with this strat-
egy is that the quantity of cells obtained for ex vivo manipulation 
is limited. By introducing anti-HIV genes into iPSCs, it is possible 
to generate a continuous supply and a large quantity of patient-
specific anti-HIV HSCs for use as a cellular therapy. Additionally, 
this would allow for the production of a larger quantity of anti-
HIV HSCs from banked stocks if subsequent transplantations 
were required.

Numerous “starter cells” have been used to generate iPSC 
lines including fibroblasts, lymphocytes, and HSCs.26–27,29 Our ini-
tial hypothesis for utilizing HSCs as “starter cells” to derive the 
anti-HIV iPSCs stemmed from our final goal of deriving anti-HIV 
HSCs from the reprogrammed cells. We hypothesized that CB 
CD34+ cells had already undergone normal hematopoietic differ-
entiation and, therefore, iPSCs derived from these cells would be 
more efficient in generating functional HSCs upon directed dif-
ferentiation. This hypothesis was recently confirmed by another 
laboratory demonstrating that derivation of a desired cell type 
(HSCs) from iPSCs is more efficiently achieved when using iPSCs 
generated from that same “starter cell” due to epigenetic mem-
ory.39 Indeed, our iPSCs derived from CB CD34+ cells were highly 
effective at generating hematopoietic colony-forming progenitors 
and macrophages upon directed differentiation.

In this study, we have demonstrated successful generation 
of anti-HIV iPSCs using CB CD34+ HSCs transduced with four 
reprogramming factors and a combination anti-HIV lentiviral 
vector containing two preintegration anti-HIV genes, a human/
rhesus chimeric TRIM5α and a CCR5 shRNA. We used this com-
bination anti-HIV vector based on our previous studies which 
demonstrated potent preintegration inhibition of HIV-1 infec-
tion.12 The expression of the anti-HIV transgenes did not show 
any adverse effect on iPSC generation or on the morphology of the 
iPSCs as displayed in Figure 1a. The anti-HIV iPSCs had similar 
morphology as compared to H9 hESCs displaying defined round 
colonies and tight edges. Also, expression of the anti-HIV genes in 
the iPSCs also did not have an effect on the expression of pluripo-
tency markers as measured by immunofluorescence and RT-PCR. 
Upon reprogramming of the CB CD34+ cells, the anti-HIV iPSCs 
displayed normal expression of the various pluripotency mark-
ers analyzed. Another major concern with the transduction of 
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Figure 7 HIV-1 challenge of induced pluripotent stem cells (iPscs) 
derived macrophages. Macrophages derived from the wild type (WT) 
(diamonds), enhanced green fluorescent protein (EGFP) (squares), and 
anti-HIV (triangles) iPSCs were challenged with (a) an R5-tropic BaL-1 
or (b) a dual-tropic 89.6 strain of HIV-1 at an multiplicity of infection of 
0.05. On various days postinfection, cell culture supernatants were sam-
pled and analyzed for p24 antigen by enzyme-linked immunosorbent 
assay. Experiments were performed in triplicate. (c) On day 21 postinfec-
tion, total RNA from uninfected (UI) and HIV-1 challenged macrophages 
were analyzed by reverse transcriptase-PCR for the expression of spliced 
(tat) and unspliced (pol) HIV-1 transcripts.



590 www.moleculartherapy.org  vol. 19 no. 3 mar. 2011    

© The American Society of Gene & Cell Therapy
HIV-1 Resistant iPSC-derived Macrophages

therapeutic genes in pluripotent stem cells is the possibility for 
gene silencing, mutagenesis, and toxicity associated with the 
expression of foreign genes. As we observed in our experiments, 
no gene silencing had occurred with the EGFP or anti-HIV 
transgenes introduced by lentiviral vectors. This was confirmed 
by FACS analysis for EGFP expression in the anti-HIV iPSCs 
beyond passage 21 (Figure 1c). The cells also remained EGFP 
positive throughout their directed differentiation into end-stage 
macrophages (Figure 5b). Expression of the anti-HIV genes was 
also detected in the anti-HIV iPSCs and their differentiation mac-
rophage progeny (data not shown). The anti-HIV iPSCs displayed 
similar growth kinetics compared to control iPSCs as determined 
by visualization after every passage. These data confirmed that the 
anti-HIV genes introduced into CB CD34+ cells at the same time 
as the reprogramming factors was feasible, did not produce tox-
icity, and did not have a negative effect on development, growth 
kinetics, or directed differentiation into HSCs and macrophages.

For use as a regenerative cellular therapy, anti-HIV HSCs dif-
ferentiated from the anti-HIV iPSCs need to harness the capac-
ity for cell proliferation and differentiation into phenotypically 
and functionally normal immune cells. As we have observed in 
our experiments, the anti-HIV HSCs derived from the anti-HIV 
iPSCs were capable of generating a robust quantity of CD133+ 
HSCs and hematopoietic progenitors as compared to H9 hESC 
derived CD133+ cells. Upon further differentiation, the anti-HIV 
iPSC-derived HSCs were capable of developing into normal mac-
rophages at a rate similar to CB CD34+ cells. Anti-HIV iPSC-
derived macrophages were phenotypically normal and expressed 
cell surface markers similar to CB CD34+ cell-derived mac-
rophages. Additionally, they also secreted normal macrophage 
cytokines upon stimulation with LPS.

In a recent phase I clinical trial which used a triple combi-
nation anti-HIV lentiviral vector in patients with AIDS-related 
lymphoma, results obtained included an ex vivo transduction 
efficiency of between 5 and 23% and an in vivo gene marking of 
0.02–0.32%.10 Anti-HIV gene expressing iPSCs have the potential 
to improve upon current HIV gene therapy protocols by provid-
ing HSCs which all contain anti-HIV activity thus alleviating the 
potential problem of low transduction efficiencies. Also, upon 
transplantation back into the patient, a higher percent of gene 
marking may be accomplished.

For HIV gene therapy to succeed, other aspects of HIV patho-
genesis need to be considered including bystander cell death. 
Previous work has demonstrated that the HIV proteins nega-
tive regulatory factor, viral protein R, and envelope protein are 
involved in CD4+ and non-CD4+ cell death and that the num-
bers of CD4+ T cell depletion far exceeds the levels of infected T 
cells.40–42 By transplanting a mixed population of protected and 
unprotected cells back into patients, there is the risk of provid-
ing unprotected immune cells to become new targets for HIV to 
infect which could contribute to continued immune system fail-
ure. However, as mentioned above, by utilizing clonal anti-HIV 
HSCs generated from iPSCs, a population of cells which all contain 
anti-HIV activity could diminish this problem. These anti-HIV 
iPSC-derived HSCs have the potential to bridge the gap between 
current HIV gene therapy protocols and the successful suppres-
sion of HIV replication in the HIV-infected patient who received 

an allogeneic bone marrow transplant from a donor homozygous 
for the CCR5 ∆32-bp deletion.24 Another advantage in utilizing 
anti-HIV iPSCs for HIV gene therapy is that each iPSC line can 
be fully characterized for its safety and analysis of the integration 
site of the therapeutic transgenes. For future use of iPSCs for cel-
lular therapies, the integration site of the therapeutic vector can be 
defined and the iPS lines with “safe harbor” sites can be selected, 
expanded, and further characterized for their anti-HIV efficacy. 
As demonstrated in Figure 7, potent inhibition (>2-logs) of 
HIV-1 infection was observed in the anti-HIV iPSC-derived mac-
rophages. The strong inhibition of infection observed was due to 
the expression of the anti-HIV genes in every macrophage derived 
from the anti-HIV iPSCs.

By reprogramming CB CD34+ HSCs to pluripotency, we were 
able to efficiently generate anti-HIV iPSCs and successfully dif-
ferentiate these cells in vitro into a robust quantity of functional 
HSCs with further differentiation to functional, HIV-resistant 
macrophages. Our results emphasize the advantages of utilizing 
anti-HIV iPSC-derived HSCs as therapeutic cells for HIV gene 
and cellular therapies.

MAterIAls And MetHods
Production of lentiviral vectors. Human OCT4, SOX2, KLF4, and c-MYC 
complementary DNA (cDNA) were cloned into the self-inactivating CCLc-
TRE-Tight-PGK-rtTA doxycycline-inducible lentiviral vector as separate 
constructs (TRE-Tight = tetracycline-responsive promoter element, PGK = 
phosphoglycerate kinase promoter, rtTA = reverse tetracycline transcrip-
tional activator). To generate the combination anti-HIV lentiviral vector, 
a self-inactivating lentiviral vector, CCLc-MNDU3-x-PGK-EGFP, was 
used. Briefly, human TRIM5α cDNA was cloned into pCR2.1 (Invitrogen, 
Carlsbad, CA). Site directed mutagenesis was performed to generate the 
chimeric human/rhesus macaque TRIM5α gene (HRH), as described pre-
viously,43 and subsequently inserted under the control of the MNDU3 pro-
moter in the CCLc-MNDU4-x-PGK-EGFP lentiviral vector. The U6-CCR5 
shRNA expression cassette was PCR amplified using a human genomic 
U6 promoter sequence and a long DNA oligo corresponding to the CCR5 
shRNA sequence, as described previously.12 The U6-CCR5 shRNA expres-
sion cassette was then cloned downstream of the MNDU3-HRH expression 
cassette. To package the lentiviral vectors, HEK-293 T cells were transfected 
by lipofection with 25 μg of the lentiviral transfer vectors [OCT4, SOX2, 
KLF4, c-MYC, EGFP-alone (control vector), or the combination anti-HIV], 
25 μg of pCMV-∆8.9 (packaging plasmid expressing gag and pol), and 5 
μg of pMDG-VSVG (vesicular stomatitis virus glycoprotein-pseudotyping 
envelope). Two days post-transfection, vector supernatants were collected, 
concentrated by ultrafiltration, and stored at −80 °C.

Isolation and transduction of human HSCs. Isolation of umbilical CB 
mononuclear cells was performed by Ficoll gradient centrifugation fol-
lowed by CD34+ cell selection using a direct CD34+ microbead isolation kit 
(Miltenyi Biotech, Auburn, CA). Cells were purified through two LS separa-
tion columns (routine purity was >92%). CD34+ cells were cultured for 2 
days in Iscove’s modified Dulbecco’s medium supplemented with 10% fetal 
bovine serum, and 50 ng/ml of (Flt3), (FMS-like tyrosine kinase 3), stem 
cell factor (SCF) and thrombopoietin (TPO). CD34+ cells were transduced 
with all four of the individual doxycycline-inducible lentivectors express-
ing human OCT4, SOX2, KLF4, and c-MYC alone or in addition to either 
the EGFP-alone (control vector) or the anti-HIV combination vector at a 
1:1:1:1:1 ratio at an multiplicity of infection of 16.

Generation and culturing of iPSCs. On day 1 post-transduction, CD34+ 
HSCs were transferred onto irradiated mouse embryonic fibroblast feeder 
layers (Globalstem, Rockville, MD), with the culture medium switched 
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to complete knockout Dulbecco’s modified Eagle’s medium-F12 which 
included 20% knockout serum replacement, 1 mmol/l l-glutamine, 1% 
nonessential amino acids, 0.1 mmol/l β-mercaptoethanol, 20 ng/ml human 
basic fibroblast growth factor, and 2 µg/ml doxycycline (to induce the expres-
sion of the reprogramming factors). Fresh media changes were performed 
daily. By day 9, clearly recognizable, tightly packed colonies with morpholo-
gies similar to hESCs appeared. The newly generated iPSC colonies were 
mechanically lifted, passaged onto fresh mouse embryonic fibroblasts, 
and cultured in knockout complete Dulbecco’s modified Eagle’s medium-
F12/20% knockout serum replacement/10 ng/ml human basic fibroblast 
growth factor without doxycycline. H9 hESCs were cultured in knockout 
complete Dulbecco’s modified Eagle’s medium-F12/20% knockout serum 
replacement/10 ng/ml human basic fibroblast growth factor. Periodical pas-
saging of the iPSCs and H9 hESCs were performed to maintain their undif-
ferentiated and pluripotent state.

Karyotyping. To determine the chromosomal and genetic stability of the 
HSC-derived iPSCs, karyotyping was performed. The iPSCs were treated 
with colcemid, a mitotic inhibitor, for 30 minutes at 37 °C to arrest the cells 
in metaphase followed by treatment with cell stripper for 10 minutes at 37 
°C. The cell suspension was then treated with potassium chloride hypo-
tonic solution and subsequent 3:1 methanol:acetic acid fixative solutions. 
Karyotyping slides were made and Giemsa banded. Karyotyping was per-
formed on an Olympus Bx41 microscope ( Olympus, Center Valley, PA)with 
a DP20 camera. Analysis was performed with an Applied Imaging System.

Immunofluorescence. To determine whether the derived iPSCs displayed 
normal pluripotency and self-renewal markers, immunofluorescence was 
performed. iPSCs and hESCs were plated in 12-well plates, cultured for 2 
days, then rinsed with phosphate-buffered saline (PBS) and fixed with 2% 
paraformaldehyde in PBS for 10 minutes at room temperature. Cells were 
washed with PBS and blocked/permeabilized with 0.3% Triton-X100 and 
3% normal goat serum. Cells were incubated overnight with primary anti-
bodies specific for OCT4 (mouse antihuman; R&D Systems, Minneapolis, 
MN), SOX2 (mouse antihuman; R&D Systems), NANOG (mouse anti-
human; BD Biosciences, San Jose, CA), or SSEA4 (mouse antihuman; 
R&D Systems) at 4 °C. Cells were washed three times with PBS and incu-
bated with an Alexa 594 conjugated goat anti-mouse secondary antibody 
(Invitrogen) for 1 hour at room temperature. After washing with PBS, 50 µl 
of 4′,6-diamidino-2-phenylindole was added and the cells were incubated 
for 10 minutes at room temperature. Cells were imaged using an inverted 
Nikon fluorescent microscope. Experiments were performed in triplicate.

RT-PCR and quantitative RT-PCR. Total RNA was extracted from the 
undifferentiated iPSCs and hESCs, OP9 coculture differentiated iPSCs and 
hESCs, and the iPSC-derived macrophages using RNA-Stat-60 (Tel-Test, 
Friendswood, TX) according to the manufacturer’s protocol. cDNA was 
synthesized using an Applied Biosystems Taqman Reverse Transcription 
Reagents kit (Applied Biosystems, Carlsbad, CA). To determine the expres-
sion of the undifferentiated and differentiated genes, RT-PCR were per-
formed using 200 ng of cDNA for each reaction with primer sets specific 
for each gene of interest: OCT4(f) 5′-AAACCCTGGCACAAACTCC-3′ 
OCT4(r) 5′-GACCAGTGTCCTTTCCTCTG-3′ SOX2(f) 5′-CACATGTC 
CCAGCACTACC-3′ SOX2(r) 5′-CCATGCTGTTTCTTACTCTCCTC-3′ 
NANOG(f) 5′-CAGCCCCGATTCTTCCACCAGTCCC-3′ NANOG(r) 
5′-CGGAAGATTCCCAGTCGGGTTCACC-3′ cMYC(f) 5′-GCGTCCTG 
GGAAGGGAGATCCGGAGC-3′ cMYC(r) 5-TTGAGGGGCATCGTC 
GCGGGAGGCTG-3′ TDGF1(f) 5′-CTGCTGCCTGAATGGGGGAAC 
CTGC-3′ TDGF1(r) 5′-GCCACGAGGTGCTCATCCATCACAAGG-3′ 
REX1(f) 5′-CAGATCCTAAACAGCTCGCAGAAT-3′ REX1(r) 5′-GCG 
TACGCAAATTAAAGTCCAGA-3′ AFP(f) 5′-GAATGCTGCAAACTG 
ACCACGCTGGAAC-3′ AFP(r) 5′-TGGCATTCAAGAGGGTTTTCAGT 
CTGGA-3′ CK8(f) 5′-CCTGGAAGGGCTGACCGACGAGATCAA-3′ 
CK8(r) 5′-CTTCCCAGCCAGGCTCTGCAGCTCC-3′ BRACHY(f) 5′-GC 
CCTCTCCCTCCCCTCCACGCACAG-3′ BRACHY(r) 5′-CGGCGCCG 

TTGCTCACAGACCACAGG-3′ MSX1(f) 5′-CGAGAGGACCCCGTGG 
ATGCAGAG-3′ MSX1(r) 5′-GGCGGCCATCTTCAGCTTCTCCAG-3′ 
PAX6(f) 5′-ACCCATTATCCAGATGTGTTTGCCCGAG-3′ PAX6(r) 5′-AT 
GGTGAAGCTGGGCATAGGCGGCAG-3′ and GAPDH(f) 5′-ACAGTC 
AGCCGCATCTTC-3′ GAPDH(r) 5′-CTCCGACCTTCACCTTCC-3′. 
PCR were analyzed by UV light on a 0.8% agarose gel containing ethid-
ium bromide. Experiments were performed in duplicate.

To detect the expression of the anti-HIV genes in the anti-HIV iPSCs 
and macrophages, quantitative RT-PCR was performed. TRIM5α was 
detected using the SYBR Green PCR Master Mix Kit (Applied Biosystems) 
with a primer pair specific to the chimeric TRIM5α gene and not the native 
human TRIM5α gene: (f) 5′-CTGGGTTGATGTGACAGTGG-3′ and (r) 
5′-CGTGAGTGACGGAAACGTAA-3′. To detect the expression of the 
CCR5 shRNA, a QuantiMir RT kit (System Biosciences, Mountain View, 
CA) was used according to the manufacturer’s protocol. Total RNA was 
used from the RNA-STAT-60 extraction from the iPSCs and macrophages. 
The forward primer used for detection of the CCR5 shRNA was 5′-GT 
AGATGTCAGTCATGCTC-3′. These experiments were performed in 
triplicate.

Directed differentiation of iPS cells. For directed differentiation of iPSCs 
to the hematopoietic lineage, hESCs and iPSCs were cocultured on OP9 
mouse stromal cells. One day before coculture, 1.2 × 106 OP9 cells were 
plated onto gelatinized 10 cm dishes. Cells were added to OP9 cultures at a 
density of 1.6 × 106 cells/dish in 20 ml of differentiation medium: α-MEM 
supplemented with 10% fetal bovine serum and 50 ng/ml bone morpho-
genetic protein-4. Half media changes were performed every 3 days. Cells 
from the cystic bodies which formed in the cocultures were harvested at 
day 9 and single-cell suspensions were prepared by treatment of the cocul-
tures with Collagenase IV (BD Biosciences) (1 mg/ml in α MEM) for 10 
minutes at 37 °C followed by treatment with 0.05% trypsin-EDTA for 3 
minutes at 37 °C. Cells were washed twice with PBS, filtered through a cell 
strainer, and used for FACS analysis and HSC cell purification.

Single-cell suspensions from the hESC and iPSC OP9 cocultures were 
labeled with CD133 magnetic antibodies using a Direct CD133 microbead 
isolation kit (Miltenyi Biotech) and processed through two LS separation 
column. CD133+ cells (2 × 105–3× 105 cells/well) and CB CD34+ cells were 
cultured, separately, in 35 mm dishes with semisolid Methocult media 
containing a cocktail of cytokines specific for myeloid differentiation 
(Stem Cell Technologies, Vancouver, Canada). To derive macrophages, 
myelomonocytic colonies were harvested from the Methocult cultures 
and plated in complete Dulbecco’s modified Eagle’s medium containing 
10% fetal bovine serum and 10 ng/ml each of granulocyte-macrophage 
colony-stimulating factor and macrophage colony-stimulating factor. 
The macrophages were then used for phenotypic, functional, and HIV-1 
challenge experiments.

Teratoma assay. To determine whether the iPSCs were pluripotent and 
that their differentiated CD133+ HSCs lost their pluripotent capacity, tera-
toma assays were performed in NOD/SCID−/−γ−/− knockout mice. The 
iPSCs were dissociated into single-cell suspensions and were injected (106 
cells/mouse) into the flank of adult mice. One to two million iPSC-derived 
CD133+ HSCs were also injected into another cohort of mice. Mice were 
monitored daily for the formation of teratomas (>2 months). Upon obser-
vance of a teratoma, the mice were killed and the tissue was sectioned and 
analyzed for cells from the endoderm, mesoderm, and ectoderm.

Flow cytometry. To determine the levels of HSC generation in the hESC 
and iPSC OP9 cocultures, single-cell suspensions obtained from the OP9 
cocultures were labeled with a PE-conjugated antibody specific for human 
CD133 (Miltenyi Biotech). Control CB CD34+ HSCs were labeled with the 
CD133-PE antibody and also with an APC-conjugated antibody specific 
for human CD34 (BD Biosciences). The CD34+ HSC-derived iPSCs were 
labeled with the CD133-PE and CD34-APC antibodies to determine if 
they retained expression of HSC markers upon induction of pluripotency. 
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To determine whether the iPSC-derived macrophages expressed normal 
macrophage cell surface markers, iPSC and CB CD34+ derived mac-
rophages were labeled with PE-conjugated antibodies specific for human 
CD14, CCR5, and CD4 (BD Biosciences). LPS-stimulated macrophages 
were labeled with a PE-conjugated antibody specific for human CD68 
(BD Biosciences). FACS analyses were performed on a Beckman Coulter 
FC500 and analyzed on Expo32 software. Experiments were performed in 
triplicate.

Functional analyses of iPSC-derived macrophages. To determine whether 
the iPSC-derived macrophages were functionally normal, both iPSC and 
CB CD34+ cell-derived macrophages were stimulated with LPS (2 µg/
ml). On various days poststimulation, culture supernatants were sampled 
and analyzed for IL-2, IL-4, IL-6, IL-10, TNFα, and interferon-γ cytokine 
secretion using a BD Cytokine Array detection kit (BD Biosciences) 
according to the manufacturer’s protocol. Experiments were performed 
in triplicate.

HIV-1 challenge of iPSC-derived macrophages. To determine whether 
the expression of the anti-HIV genes in the anti-HIV iPSC-derived mac-
rophages conferred resistance to HIV-1 infection, cells were challenged 
with an R5-tropic (BaL-1) or a dual-tropic (89.6) strain of HIV-1 at an 
multiplicity of infection of 0.05. On various days postinfection, challenge 
supernatants were sampled and analyzed with an HIV-1 p24 antigen 
enzyme-linked immunosorbent assay kit (Zeptometrix Corp., Buffalo, 
NY). Experiments were performed in triplicate. To confirm the infection 
of the iPSC-derived macrophages, RT-PCR was performed, as previously 
described, to detect the expression of spliced and unspliced HIV transcripts.44 
On day 21 postinfection total RNA was extracted from the macrophages 
using RNA-Stat-60. cDNA was made using an Applied Biosystems Taqman 
Reverse Transcription Reagents kit using the primers SC52R (spliced) 
5′-TAAGTCTCTCAAGCGGTGGTAGCTGAA-3′ or SCApolR (unspliced) 
5′-CCTATTATGTTGACAGGTGTAGGTCCTA-3′. PCR was performed 
using 400 ng cDNA with primers specific for tat (forward) 5′-CCTGG 
AATCATCCAGGAAGTCAGCCTA-3′ (reverse) 5′-GGATCTGTCTCTG 
TCTCTCTCTCCA-3′ or pol (forward) 5′-AAGCTCTATTAGATACAGG 
AGCAGATGA-3′ (reverse) 5′-ACAGGTGTAGGTCCTACTAATACTG 
TA-3′. PCR were analyzed by UV light on a 1.0% agarose gel containing 
ethidium bromide.
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