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Lentiviral-mediated gene transfer into human lymphocytes:
role of HIV-1 accessory proteins

Dhanalakshmi Chinnasamy, Nachimuthu Chinnasamy, Melissa J. Enriquez, Makoto Otsu, Richard A. Morgan, and Fabio Candotti

Resting lymphocytes are refractory to
gene transfer using Moloney murine leu-
kemia virus (MMLV)-based retroviral vec-
tors because of their quiescent status.
Recently, it has been shown that lentiviral
vectors are capable of transferring genes
into nondividing and terminally differenti-
ated cells. We used human immunodefi-
ciency virus type-1 (HIV-1)-based vectors
expressing enhanced green fluorescent
protein (EGFP) driven by different promot-
ers (CMV, MPSV, or PGK) and investi-
gated their ability to transduce human
T- and B-cell lines, as well as resting or
activated primary peripheral and umbili-
cal cord blood lymphocytes. The effects

of the presence or the absence of HIV-1
accessory proteins (Vif, Vpr, Vpu, and
Nef) in the vector system were also as-
sessed. Flow cytometry analysis showed
no differences in the ability of these vec-
tors of transferring the reporter gene into
lymphocytic lines and mitogen-stimu-
lated primary lymphocytes in the pres-
ence or the absence of HIV-1 accessory
proteins (APs). Similarly, viral superna-
tants generated in the presence of acces-
sory genes could efficiently transduce
various subsets of resting lymphocytes
and provide long-term expression of the
transgene. No significant transduction-
induced changes in cell activation or cy-

cling status were observed and Alu-HIV-1
long terminal repeat polymerase chain
reaction (LTR PCR) analysis demonstrated
integration of the vector sequences at the
molecular level. In contrast, in the ab-
sence of HIV-1 APs, lentiviral vectors failed
to integrate and express the transgene in
resting lymphocytes. These results show
that transduction of primary resting lym-

phocytes with HIV-1-based vectors re-
quires the presence of viral accessory
proteins. (Blood. 2000;96:1309-1316)
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Introduction
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Genetic alteration of peripheral blood T lymphocytes has beegtes remains controversial. Several in vitro reports have demor&
shown to have potential therapeutic applications for inherited astrated that HIV-1 can readily enter quiescent T cells in culture ang
acquired immunodeficiencids. Similar strategies have also beersubsequently be induced to replicate after stimulation througl
proposed to deliver immunomodulatory cytokines for cancemtigenic or costimulatory processésd3On the other hand, some @
therapy* Although Moloney murine leukemia virus (MMLV)- investigators have shown that HIV-1 infection of quiescent T cellsz
based retroviral vectors have been used successfully to transduncetro results in only partially reverse transcribed viral DNA that %
cells from various tissues, including cells of hematopoietic origiris labile and rapidly degradéd®whereas others have reported the &
transduction of primary lymphocytes has been limited primarily bgstablishment of a complete infectious cycle with detectable
the requirement that the cells be proliferating for stable retrovirpkoduction of early mRNA transcriptiof.In support of these last
integration. Potent induction of cell proliferation in vitro has beefindings, Ostrowski et &t have recently demonstrated the presenc
used to overcome this problef.In vitro culture, however, is of integrated HIV-1 provirus within rise CD45RA"/CD62L"/
known to alter the CD4/CD8" ratios and T-cell receptor (TCR) CD4* T cells isolated from patients who are infected with HIV-1. S
repertoire composition of T lymphocytes and may induce changks addition, replication-competent HIV-1 was isolated from theg
of their cytokine secretion profile®” Therefore, to preserve the same cells after in vitro stimulation, suggesting thave@D4" T
functional integrity of the target lymphocytes, it would be deeells may be a reservoir for HIV-1. Similarly, Zhang et’atave
sirable to avoid inducing cell division during the gene transferalso recently shown productive infection and replication of SIV andg
procedures. HIV in resting T cells in rhesus monkeys and HIV-l—infected‘é
As an alternative approach to retroviral-mediated gene transfegman subjects, respectively. Taken together, these studies sugg8st
we explored the use of human immunodeficiency virus typethat, after HIV-1 entry, additional host factors must be provided
(HIV-1)-based lentiviral vectors. These vectors are attractive @oncomitant with T-cell activation to permit productive replication
that either proliferating or quiescent cells can be transduced and el integration of HIV-1 DNA into the host genorfe'Part of the
sustained expression of the transgene can be achieved by the staekganation for this complex virus-host interaction probably lies in
integration of vector into the host cell genof€.These important the organization of the HIV-1 viral genome that encodes 6 regulatory
advantages of lentiviral vectors derive from partial retention giroteins that are not found in other classes of retroviruses. Some of these
wild-type HIV-1 biologic characteristics. However, whether HIV-1products (Tat and Rev) are essential for Higplication, whereas
is able to establish stable infection in primary quiescent lympheothers (Vif, Vpr, Vpu, and Nef) appear to modulate the infection
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and replication processes in some nondividing cell types and haWator production and transductions

therefore been associated with HIV-1 virulerieé? o . - ) )
Alth h wild HIV-1 infecti f . . d Replication-defective lentiviral particles pseudotyped with VSV-G enve-
though wild-type -1 infection of resting or activate lope were produced by 3-plasmid transient transfection of 293T cells as

primary lymphocytes has been studied extensively, the ability Beviously describeétwith 15 wg of one of the gene transfer constructs

replication-defective HIV-1-based gene transfer vectors to infe%—,_'RfCMV_EGFP’ PHRPGK-EGFP, or pHRMPSV-EGFP), 10ug of
ing these cell types has not been studied in detail. In this study, Wger pCMVARS.2 or pPCMVARS.91, and fug of pMD.G, using a calcium
have attempted to elucidate the importance of viral access@jiyosphate transfection kit (Gibco-BRL). The transfection medium was
proteins in HIV-1-based vector-mediated gene transfer into lympheplaced after 12 hours with fresh culture medium. Viral supernatants were
cytic cells. As targets, we used immortalized T- and B-lymphoitlarvested at 65 hours after transfection and filtered throughy0m8lters
cell lines, as well as well-characterized, highly purified resting antlalgene, Rochester, NY). Supernatants were either used immediately for
mitogen-stimulated human lymphocytes obtained from adult peripiransductions or were aliquoted and stored frozen&Q°C until use. Titers
eral blood and umbilical cord blood samples. We have alg viral supernatants were determined by quantification of pag by
examined the relative efficiencies of different promoters in drivingnzyme-linked immunosorbent assay (ELISA) (Coulter Diagnostics, Hi-
|0ng_term transgene expression in these cell types_ aleah, FL), and also by transducing 293T cells with serial dilutions of viral
supernatants, followed by flow cytometry analysis of EGFP-positive cells,
48 hours after transduction. It was assumed that 1 ng of p24 is approxi-
mately equivalent to 1000 to 5000 transducing ufiitall lentiviral vector 9
Materials and methods preparations were tested for the presence of replication-competent Ienti\é-
rus (RCL) by transducing 293T cells and assaying culture medium for thg
presence of p2dagafter at least 5 cell passages. No RCL was detectable irf;

The lentiviral vector plasmid pHREMV-LacZ8 was used as a gene transfer@ny of the vector preparations tested.

vector with the following modifications. The cytomegalovirus (CMV) early ~ Transductions of lymphoid cells were performed on fibronectin-coate
promoter was replaced with either the human phosphoglycerate kin&swell plates (Becton Dickinson, San Jose, CA) in the presencqugfiBL
(PGK) promoter or the myeloproliferative sarcoma virus (MPSV)otig ~ Polybrene (Sigma Chemical Co), at an multiplicity of infection (MOI) of
terminal repeat (LTR) sequences isolated from the pMND-X-IRES-EGF®pproximately 5 to 10. Cells were exposed to viral supernatant at a densigy
vecto?! (gift of Dr D. B. Kohn) by polymerase chain reaction (PCR)-base@f 10° cells per well in 3 mL final volume. After 30 minutes of
amplification. The 3.1-kilobase (kb) LacZ complementary DNA (cDNAXxentrifugation at 80§ at 32°C, transductions were allowed to proceed for%
was replaced with the cDNA of enhanced green fluorescent protein (EGFRR)ditional 48 hours. After transduction, cells were washed 3 times wittg
(Clonetech Laboratories, Palo Alto, CA). The packaging plasmidshosphate-buffered saline (PBS), trypsinized for 5 minutes to remové
pCMVARS.2 (carrying all the HIV-1 accessory gened, vpu, vpr,and potential unadsorbed viral particles, and reincubated in fresh cultur§
nef® and pCMVARS.91 (devoid of all HIV-1 accessory gersyere used medium. In the case of resting lymphocytes, after transduction, cells werg
to express the HIV-Igag, pol, tat,and rev genes and thereby produce cultured either in the absence of stimulation for 10 days or stimulated witt
lentiviral structural and regulatory proteins. The plasmid pMD.G carryingHA (5 ug/mL) and rhiL-2 (100 U/mL) for 3 days, then cultured in the
the vesicular stomatitis virus envelope G protein (VSV-G) coding sequengesence of rhiL-2 (100 U/mL) and stimulated with PHA every 2 weeks.8
driven by the CMV promoter and followed by tieglobin polyadenylation - ce|| samples were harvested periodically for flow cytometry analysis oé
sité® was used to pseudotype the vector particles. The plasmids@HR EGFP expression.
Lacz, pPCMVARS8.2, and pMD.G were kindly provided by Dr I. M. Verma

of the Salk Institute, San Diego, CA, and the plasmid pCAR8.91 was a

gift from Dr D. Trono, Department of Genetics and Microbiology, CMU,Flow cytometry
Geneva, Switzerland.

Plasmid construction
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To assess the purity and activation status of the target lymphocyte
population, 5X 1P adherent cells-depleted, resting or mitogen-stimulateds
lymphocytes were stained with fluorescein isothiocyanate (FITC)- and/o§
The lymphoid cell lines (SupT1, Jurkat, and EBV-immortalized lymphoblaghycoerythrin (PE)-conjugated monoclonal antibodies (mAbs) (all from&
toid B cells) and the human embryonic kidney cell line, 293T were culturdglecton Dickinson) for the lineage specific human markers CD3, CD4, CD8§
at 37°C, 5% CQin RPMI 1640 and Dulbecco Modified Eagle’s MediumCD19, CD13, CD14, and CD56, and the cell activation markers CD69
(Gibco-BRL, Gaithershurg, MD), respectively, in the presence of 10% fet@iD25, and CD71. Cells transduced under different conditions were stained
bovine serum (FBS) (Gemini-Bioproducts, Inc, Calabasas, CA). Freglith mAbs to the same cell surface markers on day 5 after transduction.
peripheral blood (PB) samples were obtained from healthy, HIMsotype FITC- and/or PE-conjugated control antibodies were used to assess
seronegative donors. Cord blood (CB) samples were obtained frajpecificity of immunostaining procedures and to set quadrant regions. After
placental and umbilical samples scheduled for discard at the Montgomegyining and washing, cells were fixed in 4% paraformaldehyde and 5000 to

General Hospital. Mononuclear cells (MNCs) were obtained from bloogh 000 events were acquired with a FACSCalibur and analyzed using the
samples by Ficoll gradient centrifugation (Organon Teknika Co, Durhar@ellQuest software (Becton Dickinson).

NC). Peripheral blood lymphocytes (PBLs) or cord blood lymphocytes

(CBLs) were enriched from MNC fractions by a 2-step plastic adherence to

remove contaminating adherent cells. Briefly, the MNCs were resuspendeell cycle analysis

in RPMI 1640 containing 1% heat inactivated FBS, incubated on 30-mm ) )

diameter plastic dishes (Falcon, Becton Dickinson Labware, Frankifn€!l cycle status was monitored by measuring cellular DNA content
Lakes, NJ) at 37°C for 3 hours. The nonadherent cells were then collecksind Propidium iodide (PI) staining and flow cytometry analyéBriefly,

and again incubated at 37°C for 12 to 20 hours to completely eliminatg!l samples were obtained before and after transduction, washed in
adherent cells. Purity of the isolated lymphocytes was more than 98%728S, and resuspended in ice cold 80% ethanol. After additional
determined by immunophenotyping and flow cytometry. To obtain mitogeMashes with PBS, cells were treated with 1 mL of PBS containing
activated lymphocytes, PBLs or CBLs were cultured in the presence ofl§0 units of RNase A at 37°C for 30 minutes and subsequently stained with
pg/mL of phytohemagglutinin (PHA) (Sigma Chemical Co, St Louis, MOPBS containing 3Qug/mL of PI (Sigma Chemical). The cellular DNA
and 100 U/mL of recombinant human interleukin (rhiL)-2 (PeproTecttontent was then analyzed using a FACSCalibur. Data acquisition and
Norwood, MA) for 3 days and thereafter maintained in RPMI containingnalysis were performed with the CellQuest and ModHit softwares,
10% FBS and 100 U/mL of rhiL-2. respectively.

Cell culture
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Assays for integrated HIV-1 vector in primary A pHR'CMV-EGFP
human lymphocytes
sD SA
To demonstrate the integration of the HIV-1 vector in the transduced :
lymphocytes, genomic DNA was purified from both activated and resting PHR'PGK-EGFP
o ’ . ; T S I W S e
primary lymphocytes 5 days after transduction and subjected to Alu-HIV-1 Ak Ak

LTR PCR as described previougiyBriefly, the first PCR was carried out

using a sense oligomer specific for the conserved sequences of human A PHR'MPSV-EGFP
(5'-GGCACTTTGGGAGGCCAAGG-3 and an antisense oligomer spe- SN core |
cific for the long terminal sequences (LTR) of HIV-1'{6TTTCGC- i kit
GAGCGGCCGCTGCTAGAGATTTTCCACACTG-3. In all amplifica-

tions, 50pL of reaction mixture containing 250 ng of genomic DNA, 10 B  EBv-Bcells SupT1 Jurkat Activated PBLs
mmol/L Tris-HCI, 50 mmol/L KCI, 0.2 mmol/L dNTPs, 1.5 mmol/L Mgg&l ¥ g 85%
25 pmol of each of the primers, and 2 units of platinum Tag DNA
polymerase (Gibco-BRL) were used. After the first DNA denaturation and
activation of the enzyme at 94°C for 3 minutes, 35 amplification cycles
were performed consisting of denaturation for 1 minute at 94°C, annealing-E
for 1 minute at 60°C, and extension for 2.5 minutes at 72°C. One aliquoi 3
(one-fiftieth) of the first PCR products was subjected to a second PCF:
amplification using the previously published nested primers, NI-2 5 §&
(5'-CACACACAAGGCTACTTCCCT-3) and NI-2 3 (5-GCCACTC-
CCCAGTCCCGCCC-3, resulting in the amplification of a 317-base pair
(bp) portion of the HIV-1 LTR region. Twenty-nine amplification cycles
were performed (30 seconds at 95°C, 30 seconds at 63°C, and 1 minute
72°C) in a 50pL PCR containing 10 mmol/L Tris-HCI, 50 mmol/L KCI,

0.2 mmol/L dNTPs, 1.25 mmol/L Mg@l 25 pmol of each of the nested EGFP fluorescence intensity

primers, and 2 units of Gold Tag DNA polymerase (Gibco-BRL). In control

reactions, genomic DNA that had not been subjected to the first rOl‘",“.jF('ﬁure 1. Schematic representation of HIV-1-based EGFP expression vectors.

o . . HR'CMV-EGFP, pHR'PGK-EGFP, and pHR'MPSV-EGFP are HIV-1-based
PCR was also amplified using the second PCR primers to exclude% P P P

. X 2 e transfer vectors generated from pHR'CMV-LacZ,8 in which the CMV promoter
presence oplasmid and/or residual nonintegrated vector DNA. PCR producf:s replaced with either PGK or MPSV promoters, and the transgene LacZ was

were analyzed by gel electrophoresis, followed by Southern blot and hybridizeplaced with EGFP, as described in “Materials and methods.” (B) Efficacy of different
tion by using3%P end-labeled oligonucleotide probes-@GATGGTGCTF  promoters in driving long-term transgene expression in lymphoid cell lines and
TCAAGTTAGTACC-3). To further confirm the specificity of tremplification activated primary PBLs after HIV-1 vector-mediated gene transfer. Cells were
product, direct automated sequencing of the PCR fragment was performed ugar duced with VSV-G peudotyped, accessory proteins deleted pHR' vectors

X . , . ing EGFP driven by 3 different promoters (CMV, PGK, and MPSV) at an MOl of 5
the dideoxynucleotide method and the NI-26d NI-2 3 primers. to 10. Transduced lymphoid cell lines and primary activated human PBLs were

cultured in vitro for 4 months and 2 weeks, respectively, before FACS analysis.
Fluorescence of untransduced cells is represented by open histograms, whereas the
shaded gray areas represent EGFP fluorescence derived from transduced cells. Data
Results shown are representative of similar results obtained from 2 independent experiments.

83% | | B2%

cmMv

B8% B80% 78%

PGK

B85% 74%

MPSV

io0 101 102 103 134 100 101 162 103 104 100 1a) 162 103 104 100 101 102 103 104

Multiply attenuated HIV-1 vectors efficiently transduce

and stably express the transgene in lymphoid cell lines for transduction of actively proliferating T- arig-cell lines, and that

all 3 promoters studied were similarly active in these cells.
To investigate the role of HIV-1 accessory proteins (APS) in

lentiviral-mediated gene transfer into actively proliferating transransduction of mitogen-stimulated primary lymphocytes does
formed lymphoid cell lines, VSV-G pseudotyped lentiviral superndl°t réquire the presence of accessory proteins

tants were generated using 2 different packaging constru
pCMVARS.2 (providing expression of all APgnd pCMVARS8.91 t
(lacking all accessory gene®)and different gene transfer vectors
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1% determine the relative efficiency of the HIV-1—-vector pseudotypeé
0 infect and stably express the transgene in mitogen-activate@
primary human lymphocytes in the presence or absence of APs,

carrying EG_FP under the .transcr@ptiona_l control of 3 diﬁere%mphocytes were prepared from 5 different PB and 2 CB samples
promoters (Figure 1A). Consistent with earlier repbfspseudotyp obtained from healthy donors and stimulated with PHA and rhiL-2

ing of the pHR-based vector was highly efficient, even in thg,. 3 days.

absence of accessory genes, with titers of the unconcentrated VBH'?ained from 3 PB samples and showed that 957%8%

measured on 293T cells reaching 5 toX AP transducing units (mean= SE) of the cells were CD30f which 65.0%:= 2.9% and
per milliliter. We used FACS analysis to test in parallelti@sduction

efficiency of these vectors on rapidly proliferating T-cell lines
SupT1 and Jurkat, as well as EBV-lymphoblastoid B cells. The stabili
of reporter gene expression in the transduced cellSolasved for at
least 6 months after transduction in in vitro culture. As shown in
Table 1, lentiviral particles generated using the pCARB.91
packaging construct transduced lymphoid cell lines as efficiently &4Ps 87.0 - 4.3 817+ 23 90.3 £ 3.2

virus stocks that had been prepared using the p@GRE¥.2 2APs 826 > 44 762+ 40 89.0x42

construct. EGFP expression was very stable, as determined by theceiis were transduced with VSV-G pseudotyped pHR'GK-EGFP vector gener-
high percentage (more than or equal to 70%) of cells showingd in the presence (+) or the absence (4) of HIV-1 accessory proteins and at an

sustained expression of EGFP for 4 months after transductiUH' of 5 to 10. Stable transgene expression was determined by FACS analysis of
EGFP positivity in cells cultured for at least 6 months. Data shown are mean + SE

(Figure 1B) regardless of the pror_not_ers used (CMV’ '_DGK’ Qbtained from 5 independent experiments for SupT-1 and EBV-B cells, and replicate
MPSYV). Taken together, these results indicate that APs are dispensabieys using Jurkat cells.

able 1. HIV-1 vectors do not require accessory proteins for efficient
nsduction of lymphoid cell lines

Percentage of EGFP-positive cells

SupT-1 Jurkat EBV-B cells

Immunophenotyping and FACS analysis data were
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Table 2. Relative gene transfer efficiencies and long-term transgene expression in mitogen-stimulated and resting primary human lymphocytes
transduced with HIV-1-based vectors

Percentage of EGFP-positive cells after culture

Cell sample APs 3 days 2wk 4wk 8 wk 16 wk
PBLs* Stimulated + 96.4 = 1.0 70.6 = 1.8 53.8 = 1.8 38824 26.7 £ 2.9t
A 93.0+13 712+ 06 45.6 + 2.0 33.0*+17 253 £ 2.7t
Resting + 902 = 1.1 69.0 = 3.2 49.8 + 1.3 346 =19 223 £ 0.7t
A 48 +0.7 3.6 +0.7 32+04 25*+04 2.3 +0.3ft

CBLs? Stimulated + 89.0 = 2.0 71.0 = 3.0 53.0 =45 350+ 0.1 29.08

A 89.0+15 71.0 =05 43.0 5.0 26.0 =15 23.08

Resting + 86.0 = 6.5 65.0 = 4.0 43.0+7.0 33.0 = 6.0 18.08

A 50+20 40%20 35*+15 25+15 ND

Primary human lymphocytes isolated from PB and CB samples were either left unstimulated or stimulated with PHA and rhIL-2 for 3 days and then transduced with VSV-G
pseudotyped pHR'PGK-EGFP viral supernatants generated in the presence (+) or the absence (A) of HIV-1 accessory proteins (APs) at an MOI of 5 to 10. After transduction,
the resting lymphocytes were stimulated with mitogens and cultured in vitro in medium containing rhiIL-2 and periodically stimulated with PHA. The number of EGFP-positive
cells (mean = SE) was determined at indicated time points by FACS analysis.

*Values obtained from 5 samples unless otherwise noted.

TValues obtained from 3 samples.

$Values obtained from 2 samples, unless otherwise noted.

§Data obtained from one sample.

ND = not done.

woJj papeojumoq

35.0%=* 2.9% were CD4 and CD8 cells, respectively. The unstimulated, adherent cells-depleted PBLs were assessed _'igy
majority of cells were positive for the expression of cellular activatiormmunostaining of 3 PB samples for the cell surface markers CD@Z
markers CD25 (96.8%: 1.4%) and CD71 (89.0%: 1.7%).Cell cycle CD4, CD8, CD19, CD56, CD13, and CD14. The resting status of
analysis by P! staining showed that 30.694.9% of the cells was isolated cells was determined by analyzing the expression o
in S-phase, demonstrating active proliferation, as expected. Thegerent cell surface activation markers (CD69, CD25, and CD71
cells were exposed to pHRGK-EGFP lentiviral vector produced and by PI staining. After 2 successive depletion steps by plas
in the presence or the absence of APs and analyzed for EGFP
expression by FACS 3 days after transduction and periodically Untransduced Transduced with HIV-1 vectors
thereafter for up to 4 months. Similarly to the lymphoid cell lines, control +APs AAPsS
we observed no differences between the promoters CMV, PGK, 1w
and MPSV in driving long-term transgene expression in activated .
primary lymphocytes (Figure 1B). On average, the percentage of .
EGFP-positive cells at 3 days after transduction was more tha®
90%, regardless of the presence or the absence of APs in the vector™ |
preparation (Table 2). The average number of EGFP-positive cells
decreased to approximately 70% during the following 2 weeks in .
culture (Table 2 and Figure 1B) and gradually declined to ‘
approximately 25% at 4 months after transduction. Similar resultsy -
were obtained with activated CBLs transduced with the saméd "
vectors (Table 2). ot
We next assessed the ability of the same vectors to transduce °
different subsets of mitogen-stimulated lymphocytes. Representa-
tive results with activated PBLs transduced with pRBK-EGFP
vectors are shown in Figure 2. Analysis of EGFP expression 5 dayg hs
after transduction consistently demonstrated more than or equal fg -
60% gene transfer efficiency in activated CDIgmphocytes, the 10148
majority of which were also highly positive for activation markers
CD25. Interestingly, the number of EGFP-positive COgmpho-

&
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0.1%
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cytes was reduced when cells were transduced by vectors lacking ** 1.7%

APs, whereas no clear differences were noted for Cibélls. o

Similar results were observed in a second independent experimep -}

with cells from different donors (data not shown). These result® ..

show that, with the possible exception of CD8 cells, vector ol : 0%
103 104

stocks produced using packaging constructs devoid of APs encod-
ing regions were as efficient as the corresponding stocks containing EGFP fluorescence intensity
APs in transducing activated lymphocytes.

Figure 2. Efficient gene transfer and transgene expression by HIV-1 vectors in
activated human lymphocyte subsets. Transduction of PHA/rhIL-2—stimulated
HIV-1 accessory proteins are required for lentiviral-mediated lymphocytes was carried out as described in “Materials and methods.” Relative gene
gene transfer into resting primary lymphocytes transfer efficiency in T-cell subsets in the presence (+) or the absence (A) of APs
were determined by analyzing the number of EGFP positive cells 5 days after
- sduction by FACS; cells were stained with the indicated PE-conjugated mAbs.
Purified Iymphocytes were prepared from 5 PB samples and 2 (ggla shown are representative of similar data obtained from 2 independent
samples from different healthy donors. The immunophenotypeseaperiments.
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adherence, the primary lymphocyte fraction (more than 99%  Untransduced Transduced with HIV-1 vectors
purity) contained approximately 90.0% 1.7% CD3 cells (which control +APs AAPs

included 59.0%*+ 4.9% CD4" and 28.3%+ 4.9% CD8 cells), "
2.4% =+ 0.5% CD56 natural killer (NK) cells, and 10.0% 3.3% IO By
CD19" B cells. Only very small numbers (less than 1%) of cells § _ e
expressing the CD13 and/or CD14 monocyte/macrophage speciffc?mh
molecules could be detected. Although very few cells showed weak |

96% 0.2% 1.2%

0% 0%
T T

staining for some cell activation markers CD69 (1.890.6%), ” - _
CD25 (2.9%: 0.9%), and CD71 (3.0% 1.0%), cell cycle analy- _|™ 4.~ ° ™ b
sis by Pl staining showed that the majority of the cellsg .

(98.8%= 0.4%) were in the @G, phase. In all our experiments, ©
the unstimulated cells could be maintained in a stable resting state "
(Gy/Gy, activation marker mostly negative) during cell culture for
up to 10 days. |
Unstimulated cells were transduced with VSV-G pseudotypedg';
vector particles generated in the presence or the absence of AP |4,
The results presented in Table 2 show thgGzlymphocytes were
successfully transduced with pHRGK-EGFP vector stocks carry-
ing all APs. The mean percentage of EGFP-expressing cells 3 days""
after transduction (90.2% 1.1%) was comparable to that ob- g_’“’“’
served in mitogen-activated lymphocytes transduced with simila§*=1"":
vector preparation. Further, stable expression of EGFP was ob- w‘@
served for up to 4 months in culture, in a considerable fraction of ™
the cells that were stimulated with PHA and rhiL-2 after transduc- T 0.1%
tion (Table 2). In contrast, vector stocks assembled from APsg*®1
negative packaging construct did not efficiently transduce restin e
lymphocytes as shown by the extremely low percentage of EGFP w £

0%

11% Be) 0.1%
T

0.5%

100

0.1%

3% @- ] 0.2%

58%

T 08%
‘

6.5% 0.4%

positive cells (4.8% *+ 0.7%) at 3 days after transduction. In o WL ;/ s A e e
addition, no significant change in EGFP expression could be >
observed with time after stimulation with PHA and rhIL-2 (Table EGFP fluorescence intensity

2). These results indicate that effective transduction of unstimeigure 3. HIV-1 vector-mediated gene transfer into various subsets of resting

lated lymphocytes requires lentiviral vector preparations producgnan lymphocytes.  Transduction of resting lymphocytes was carried out as

in th f AP Simil It btained . t escribed in “Materials and methods.” Relative gene transfer efficiencies of HIV-1

In thé preseénce o S. oimilar reésufts were o ame_ using tors generated in the presence (+) or the absence (A) of HIV-1 APs in lymphocyte

pHR' CMV-EGFP vector (data not shown). Cells kept in cultur@ubsets were determined by analyzing the number of EGFP positive cells 5 days after

without mitogen stimulation for 10 days after HIV-1—vectoitransduction and by staining with the indicated PE-conjugated mAbs. Data shown are
. . . frgm 1 of 2 independent iment: ting simil Its.

transduction showed approximately 65% of EGFP positive cells'if "+ ' = "éependent experiments generating simiar resuts

transduced with APs containing vectors, but only approximately

2% if APs negative vectors were used. successful transduction of resting lymphocytes by the lentivir

Finally, we examined the efficiency of these vectors in transdugector carrying APs.

ing and expressing EGFP in different subsets of unstimulated,

resting lymphocytes. The results of a representative experim&tfitection of integrated HIV-1 vector DNA in primary human

with PBLs transduced with pHRGK-EGFP vectors and analyzedYmphocytes transduced with HIV-1 vectors

at 5+days after transduction are presented in Figure 3."Canti Although long-term EGFP expression is most likely attributable to
CD8" subsets of T cells, CDS6NK celis, as well as CD19B vector integration, the transgene expression observed at 5 days
cells, could be successfully transduced using vector pseudotypgs, yransduction could be due to pseudotransduction. To demon-
containing APs, whereas the vector lacking APs failed to transdu&;ate vector integration at this early time points, genomic DNA
these cells. To further define whether the transduction procedugiracted from transduced lymphocytes was analyzed using a
induced cellular activation was responsible for effective 9€NSeviously described Alu-HIV-1 LTR PCR detection metr#6élu
transfer, combined analysis of EGFP expression and cell surfaggions are repetitive sequences scattered throughout the human
activation markers by immunostaining or cell cycle analysis by Rfenomic DNA and it is therefore likely that an integrated HIV-1
staining was performed in transduced resting lymphocytes atgctor sequence would lie in the proximity of one such a region.
days after transduction. The results presented in Figure 4A indicatgmers designed in the human Alu and HIV-1 LTR sequences
that a high-level expression of EGFP could be detected in majoriiiow amplification of the junctional fragments overlapping the

of the cells, which were negative for the expression of activatigftegration of the HIV-1 vector in the host genomic DNA. As
markers, CD69, CD25, or CD71. Although a small increas@IV-1 vectors can integrate in different sites within the same cell
(2%-4%) was observed in the number of cells expressing CD&ghd among different cells, these PCR products are expected to have
CD25, and CD71 among the transduced populations, irrespectixgiable sizes and therefore to generate a “diffused” (smeared)
of the vectors used (Figure 4A), no significant differences in thesignal after Southern blot and probing for HIV-1 LTR specific
cell cycle status could be detected (Figure 4B). These data suggesfuences. The second round of PCR using nested primers within
that the transduction procedure itself did not induce significatiie HIV-1 LTR results in the generation of a unique amplification
amount of cellular activation signals that could account for thgroduct only from cells containing the Alu-HIV-1 LTR junctional
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Figure 4. HIV-1 vector-mediated transduction does not alter the activation

status or cell cycle progression of resting human PBLs. (A) Relative gene
transfer efficiencies of HIV-1 vectors generated in the presence (+) or the absence
(A) of HIV-1 APs as determined by dual analysis of EGFP and activation marker
expression by FACS. Cells were analyzed 5 days after transduction. Data shown are
representative of 2 independent experiments. (B) Cell cycle status of adherent cells-
depleted primary human PBLs before and 5 days after transduction with HIV-1-based
vectors in the presence (+) or the absence (A) of HIV-1 APs by Pl staining and flow
cytometry. Percentages of cells residing in each phase of the cell cycle are indicated.
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desirable to induce cell proliferation. In contrast to onco-
retroviruses that have provided the basis for most gene transfer
vectors currently used for clinical applications, HIV-1 has the
capacity to infect nondividing cells. However, differences exist in
the relative ability of gene transfer vectors based on HIV-1 to
integrate into the host DNA of different types of nondividing cells.
In particular, some of the HIV-1 accessory genes appear to be
required for efficient lentiviral vector-mediated gene transfer into
specific tissues, as it is the case of hepatocytes where Vif and Vpr
seem to be necess@fy.The molecular details of the HIV-1
infection of primary resting lymphocytes is now fairly well
understood; however, little is known about the requirements for
efficient transduction of these cells by HIV-1-based recombinant
vector pseudotypes. Recently, Unutmaz &tlave reported that an
HIV-1 vector system pseudotyped with VSV-G similar to the APs
defective pseudotypes described here, failed to transduce restlrég
lymphocytes without cytokine prestimulatiéh.

Our results demonstrate that replication-defective, VSV- Go
pseudotyped HIV-1 vectors could efficiently transfer and stablyg
express the EGFP transgene in lymphoid cell lines and variou?§
subsets of mitogen-stimulated and resting primary human lymphaog
cytes. By comparing the ability of vectors produced in the presenc%
or the absence of the 4 accessory genes, we found no significa%nt

fragment, which can be easily detected by Southern blotting. At
shown in Figure 5, the expression of EGFP correlated with &

detectable Alu-HIV-1 LTR PCR products, thus supporting the '
conclusion that EGFP expression detectable in transduced lymphaoobp —
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cytes was the result of vector integration. In contrast, no PCF.
product could be detected in resting lymphocytes transduced wiibure 5. Analysis of integrated HIV-1 vector DNA in primary human lympho-
HIV-1 vectors devoid of APs, |nd|cat|ng that in the absence of Angtes (A) FACS analysis of EGFP expression in mitogen-stimulated and resting

no vector integration had taken place in these cells.

Discussion

Introduction of genes into primary reStlng Iymphocytes may ha\f@solved in an agarose gel and bands were detected by Southern blot analysis by

primary human PBLs transduced with pHR'PGK-EGFP vector in the presence (+) or
the absence (A) of HIV-1 accessory proteins (APs) at 5 days after transduction. (B)
Detection of integrated HIV-1 provirus by using Alu-HIV-1 LTR PCR. Genomic DNA
isolated from mitogen-stimulated and resting primary human PBLs, untransduced
(UT) or transduced with pHR'PGK-EGFP vector in the presence (+) or the absence
(A) of HIV-1 accessory proteins (APs) at 5 days after transduction shown in Figure 5A
was subjected to Alu-HIV-1 LTR PCR procedure (PCR-1 + PCR-2) or only to the
second round of amplification (PCR-2 alone). The amplification products were

applications in clinical gene therapy approaches where it is n@tng an LTR-specific probe.
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differences in their ability to transduce T and B lymphoblastoichechanisms by which APs seem to be required for efficient
cells or actively proliferating primary lymphocytes. Howevertransduction of resting lymphocytes and the nature of APs-induced
when the same vector preparations were used to transduce ressiggals involved in this process remain to be elucidated.
lymphocytes (residing in G, phase of cell cycle and negative for  Although HIV-1-based vectors are likely to behave differently
activation markers), striking differences were observed. In lirfeom wild-type virus, some explanation for our findings may come
with the results of Unutmaz et &l,our data demonstrate thatfrom the knowledge of the roles played by different APs in the
lentiviral vectors generated in the absence of APs were severeliv-1 replicative cycle. It is now believed that several viral
impaired in their ability to transduce these cells and that stimulatiguoteins, including p17 matrix, RT, Vpand Nef, are important to
with PHA plus rhiL-2 after transduction did not increase the gertbe establishment of HIV-1 infection in nondividing celfsil-34
transfer efficiency (Table 2 and Figure 3). Interestingly, howeveGonsiderable evidence is also available to suggest that Vif is likely
viral supernatants packaged in the presence of all APs cotplay an essential role during infection in vi#3”and in vitro in
efficiently transduce resting T, NK, and B cells. EGFP expressidhe case of primary PBLs and some lymphoid cell li#feBurther,
was observed in significant proportions of cells up to 10 days afti¢thas been proposed that Vif might be essential for the stability of
transduction in the absence of stimulation, and up to 4 monthsoviral DNA complex343940n addition, Vpr has been implicated
when the same cells were maintained in culture by periodical nuclear localization of viral nucleic acids in nondividing cells
stimulation with PHA and rhiL-2. In addition to long-term and its absence could affect nuclear import of the HIV-1 preintegra)
expression, nested Alu-HIV-1 LTR PCR analysis of integratetion complex?! Information is also beginning to emerge on the £ g
HIV-1 proviral DNA indicated that the transgene expressiothird early protein, Nef, which is expressed at a much higher Ievei,?
observed in primary lympohocytes (both mitogen-stimulated artdan other proteins in infected cells. In a variety of experlmenta[-"t
resting) was derived from the integrated vector sequences (Figstadies, Nef was shown to down-regulate MHC class | moleculg
5). We also observed a gradual decrease in the percentage of E@Rpressiori?42enhance viral infectivity3-46and modulate cellular
positive cells in the primary lymphocyte population over the coursaetivation and signal transduction pathways, most probably througg
of several weeks of in vitro culture, from approximately 90% tassociation with cellular signaling molecuR8s%4” More impor
20%. This finding can be attributed to selective survival of a subdeintly, Swingler et &P have shown that resting T cells, which are 5
of lymphocytes or to extinction of viral gene expression. In vivmormally refractory to productive infection, became activated an@?
experiments in immunodeficient mice may help address this isspermissive to HIV-1 infection when exposed to supernatants frorr§
Experimental conditions were designed to ensure that ommacrophages that were engineered to express Nef by adenovir@-
model was representative of the quiescent status of lymphocytesrirdiated gene transfer. This effect was found to be mediate‘e’i
vivo. To eliminate in vitro variables known to contribute to celthrough chemokines (MIRL and MIPR) produced from the
activation, a negative selection by stringent adherent cell depletiengineered macrophages and suggested that Nef might affect t
rather than a positive selection was used for lymphocyte isolatiearly activation status of lymphocytésOn the basis of these
and low FBS concentration (1%) was used to supplement tfindings, it is conceivable therefore that APs may similarly play a
culture medium. Under these conditions, more than 98% of tlsggnificant role in the context of HIV-1-based vectors.
recovered cells were found ing®&; phase of the cell cycle. To ,
monitor whether the transduction procedure itself induced metaolecules expressed by the virus-producing 293T cells in concomg
bolic activation, expression of cell activation antigens and changesce with or in response to the viral accessory gene product(s) m@
in cycle status by Pl staining were analyzed in 2 differerte important players. It has been reported that HIV-1 can incorpog°
experiments after exposure to lentiviral vector supernatants. Kate a wide array of cell membrane molecules while budding frong
significant changes in the levels of expression were observed fbe infected cell$%-53 Of particular interest is the demonstration €
CD69, CD25, and CD71 activation molecules in the targeéhat increased incorporation of HLA-DR and ICAM molecules in £
population, and only 1% to 2% of #85; cells moved into the S HIV-1 virions resulted in enhanced viral infectivity on CD4 negativeé

[

phase during transduction. To the best of our analytical abilitiesll lines® In their recent work, Haase and coworkémuggested that £

=1
(O]

therefore, the lymphocyte population used in this study is compiateraction between resting T cells and major histocompatibilitys
rable to the quiescent lymphocytes found in the peripheral circuleemplex molecules may allow a low level of stimulation without *
tion in vivo. the apparent commitment of the cells to full activation and
In our hands, HIV-1 vector-mediated gene transfer and staljjeogression through the cell cycle, but with alteration of the status
integration into resting lymphocytes, irrespective of their sourcef the cells to an extent sufficient to support HIV-1 infection and
peripheral blood (adult) or umbilical cord blood (neonatal), did ngiropagation. In this regard, it is possible to speculate that 293T
require activation-induced cell proliferation, but was rather depenell-derived molecules may associate with pseudotyped lentiviral
dent on lentiviral vector preparations produced in the presencewvactors and play a role in the transduction process.
HIV-1 APs. Taking into account our results and data from the In conclusion, our studies indicate that the multiply attenuated,
literature, we envisage the following explanations for the apparevi6V-G pseudotyped HIV-1-based vectors are highly efficient in
need for APs for efficient lentiviral-mediated transduction ofransducing actively proliferating primary lymphocytes and estab-
resting lymphocytes; (a) the APs could induce early cell activatidished lymphoid cell lines. We have provided evidence, however,
signals for example, phosphorylation of p62/NAK kind&&yF- that the presence of HIV-1 APs is important for the establishment of
kB,%° or Vav?° thus allowing the establishment of the infection ofstable transduction in quiescent lymphocytes. These findings may
resting lymphocytes without driving cell proliferation or obvioudead to additional insights into the mechanism whereby the HIV
cell activation status; or (b) the activity of some cellular cofactor&Ps regulate T-cell activity and contribute to the pathogenesis of
produced from the virus producing 293T cells through theidIV infection.
interaction with the HIV-1 accessory gene(s) or gene product(s) HIV-1 vectors are currently being engineered to reduce the
could exert a positive environment for effective transduction tcomplement of genes needed for transduction of various cell types.
occur in permissible populations (see below). However, the preciée APs are associated with HIV-1 virulence, safe and efficient
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vector systems should exclude any nonessential viral proteins tgahe& and elucidation of their potential cellular partners that

CHINNASAMY et al

BLOOD, 15 AUGUST 2000 - VOLUME 96, NUMBER 4

may cause undesirable effects in the context of clinical applicaHow transduction of resting lymphocytes therefore warrant further
tions. Dissection of the importance and role of the various APs liyvestigation that will lead to the development of safe and efficient

using different packaging constructs devoid of individual accessdentivirus-based vectors for clinical gene transfer applications.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Blaese RM, Culver KW, Miller AD, et al. T lym-
phocyte-directed gene therapy for ADA- SCID:
initial trial results after 4 years. Science. 1995;
270:475-480.

Bordignon C, Notarangelo LD, Nobili N, et al.
Gene therapy in peripheral blood lymphocytes
and bone marrow for ADA- immunodeficient pa-
tients. Science. 1995;270:470-475.

Chinen J, Aguilar-Cordova E, Ng-Tang D, et al.
Protection of primary human T cells from HIV in-
fection by Trev: a transdominant fusion gene.
Hum Gene Ther. 1997;8:861-868.

. Treisman J, Hwu P, Minamoto S, et al. Interleu-

kin-2-transduced lymphocytes grow in an auto-
crine fashion and remain responsive to antigen.
Blood. 1995;85:139-145.

Mavilio F, Ferrari G, Rossini S, et al. Peripheral blood
lymphocytes as target cells of retroviral vector- medi-
ated gene transfer. Blood. 1994,83:1988-1997.

Dietrich PY, Walker PR, Schnuriger V, et al. TCR
analysis reveals significant repertoire selection
during in vitro lymphocyte culture. Int Immunol.
1997;9:1073-1083.

Seder RA. Acquisition of lymphokine-producing
phenotype by CD4* T cells. J Allergy Clin Immu-
nol. 1994;94:1195-1202.

Naldini L, Blomer U, Gallay P, et al. In vivo gene
delivery and stable transduction of nondividing
cells by a lentiviral vector. Science. 1996;272:
263-267.

Naldini L, Blomer U, Gage FH, et al. Efficient
transfer, integration, and sustained long-term ex-
pression of the transgene in adult rat brains in-
jected with a lentiviral vector. Proc Natl Acad Sci
U SA. 1996;93:11382-11388.

Reiser J, Harmison G, Kluepfel-Stahl S, et al.
Transduction of nondividing cells using pseudotyped
defective high- titer HIV type 1 particles. Proc Natl
Acad Sci U S A. 1996;93:15266-15271.

Miyoshi H, Takahashi M, Gage FH, et al. Stable
and efficient gene transfer into the retina using an
HIV-based lentiviral vector. Proc Natl Acad Sci

U SA. 1997;94:10319-10323.

Stevenson M, Stanwick TL, Dempsey MP, et al.
HIV-1 replication is controlled at the level of T cell
activation and proviral integration. EMBO J. 1990;
9:1551-1560.

Spina CA, Guatelli JC, Richman DD. Establish-
ment of a stable, inducible form of human immu-
nodeficiency virus type 1 DNA in quiescent CD4
lymphocytes in vitro. J Virol. 1995;69:2977-2988.
Zagury D, Bernard J, Leonard R, et al. Long-term
cultures of HTLV-Il-infected T cells: a model of
cytopathology of T-cell depletion in AIDS. Sci-
ence. 1986;231:850-853.

Zack JA, Arrigo SJ, Weitsman SR, et al. HIV-1
entry into quiescent primary lymphocytes: mo-
lecular analysis reveals a labile, latent viral struc-
ture. Cell. 1990;61:213-222.

Ostrowski MA, Chun TW, Justement SJ, et al.
Both memory and CD45RA+/CD62L+ naive
CD4(+) T cells are infected in human immunode-
ficiency virus type 1-infected individuals. J Virol.
1999;73:6430-6435.

Zhang Z, Schuler T, Zupancic M, et al. Sexual
transmission and propagation of SIV and HIV in
resting and activated CD4(+) T cells. Science.
1999;286:1353-1357.

von Schwedler U, Kornbluth RS, Trono D. The
nuclear localization signal of the matrix protein of
human immunodeficiency virus type 1 allows the

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

establishment of infection in macrophages and
quiescent T lymphocytes. Proc Natl Acad Sci
U S A. 1994;91:6992-6996.

Emerman M, Malim MH. HIV-1 regulatory/acces-
sory genes: keys to unraveling viral and host cell
biology. Science. 1998;280:1880-1884.

Cullen BR. HIV-1 auxiliary proteins: making con-
nections in a dying cell. Cell. 1998;93:685-692.

Halene S, Wang L, Cooper RM, et al. Improved
expression in hematopoietic and lymphoid cells in
mice after transplantation of bone marrow trans-
duced with a modified retroviral vector. Blood.
1999;94:3349-3357.

Zufferey R, Nagy D, Mandel RJ, et al. Multiply
attenuated lentiviral vector achieves efficient
gene delivery in vivo. Nat Biotechnol. 1997;15:
871-875.

Zufferey R, Dull T, Mandel RJ, et al. Self-inactivat-
ing lentivirus vector for safe and efficient in vivo
gene delivery. J Virol. 1998;72:9873-9880.

Telford WG, King LE, Fraker PJ. Comparative
evaluation of several DNA binding dyes in the de-
tection of apoptosis-associated chromatin degra-
dation by flow cytometry. Cytometry. 1992;13:
137-143.

Chun TW, Stuyver L, Mizell SB, et al. Presence of
an inducible HIV-1 latent reservoir during highly
active antiretroviral therapy. Proc Natl Acad Sci

U SA. 1997;94:13193-13197.

Kafri T, Blomer U, Peterson DA, et al. Sustained
expression of genes delivered directly into liver
and muscle by lentiviral vectors. Nat Genet.
1997;17:314-317.

Unutmaz D, KewalRamani VN, Marmon S, et al.
Cytokine signals are sufficient for HIV-1 infection
of resting human T lymphocytes. J Exp Med.
1999;189:1735-1746.

Xu XN, Laffert B, Screaton GR, et al. Induction of
Fas ligand expression by HIV involves the inter-
action of Nef with the T cell receptor zeta chain. J
Exp Med. 1999;189:1489-1496.

Baur AS, Sawai ET, Dazin P, et al. HIV-1 Nef
leads to inhibition or activation of T cells depend-
ing on its intracellular localization. Immunity.
1994;1:373-384.

Fackler OT, Luo W, Geyer M, et al. Activation of
Vav by Nef induces cytoskeletal rearrangements
and downstream effector functions. Mol Cell.
1999;3:729-739.

Simon JH, Malim MH. The human immunodefi-
ciency virus type 1 Vif protein modulates the post-
penetration stability of viral nucleoprotein com-
plexes. J Virol. 1996;70:5297-5305.

Trono D. HIV accessory proteins: leading roles
for the supporting cast. Cell. 1995;82:189-192.

Volsky DJ, Potash MJ, Simm M, et al. The human
immunodeficiency virus type 1 vif gene: the road
from an accessory to an essential role in human
immunodeficiency virus type 1 replication. Curr
Top Microbiol Immunol. 1995;193:157-168.

von Schwedler U, Song J, Aiken C, et al. Vifis
crucial for human immunodeficiency virus type 1
proviral DNA synthesis in infected cells. J Virol.
1993;67:4945-4955.

Akari H, Sakuragi J, Takebe Y, et al. Biological
characterization of human immunodeficiency vi-
rus type 1 and type 2 mutants in human periph-
eral blood mononuclear cells. Arch Virol. 1992;
123:157-167.

Fisher AG, Ensoli B, Ivanoff L, et al. The sor gene

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

of HIV-1 is required for efficient virus transmission
in vitro. Science. 1987;237:888-893.

Luciw PA, Cheng-Mayer C, Levy JA. Mutational
analysis of the human immunodeficiency virus:
the orf-B region down-regulates virus replication.
Proc Natl Acad Sci U S A. 1987;84:1434-1438.
Gabuzda DH, Lawrence K, Langhoff E, et al. Role
of vif in replication of human immunodeficiency
virus type 1 in CD4+ T lymphocytes. J Virol.
1992;66:6489-6495.

Collins KL, Chen BK, Kalams SA, et al. HIV-1 Nef
protein protects infected primary cells against kill-
ing by cytotoxic T lymphocytes. Nature. 1998;
391:397-401.

Courcoul M, Patience C, Rey F, et al. Peripheral
blood mononuclear cells produce normal
amounts of defective Vif-human immunodefi-
ciency virus type 1 particles which are restricted
for the preretrotranscription steps. J Virol. 1995;
69:2068-2074.

Heinzinger NK, Bukinsky MI, Haggerty SA, et al.
The Vpr protein of human immunodeficiency virus
type 1 influences nuclear localization of viral
nucleic acids in nondividing host cells. Proc Natl
Acad Sci U SA. 1994;91:7311-7315.

Schwartz O, Marechal V, Le Gall S, et al. Endocy-
tosis of major histocompatibility complex class |
molecules is induced by the HIV-1 Nef protein.
Nat Med. 1996;2:338-342.

Aiken C, Trono D. Nef stimulates human immuno-
deficiency virus type 1 proviral DNA synthesis.

J Virol. 1995;69:5048-5056.

Wiskerchen M, Cheng-Mayer C. HIV-1 Nef asso-
ciation with cellular serine kinase correlates with
enhanced virion infectivity and efficient proviral
DNA synthesis. Virology. 1996;224:292-301.
Sawai ET, Khan IH, Montbriand PM, et al. Activa-
tion of PAK by HIV and SIV Nef: importance for
AIDS in rhesus macaques. Curr Biol. 1996;6:
1519-1527.

Saksela K, Cheng G, Baltimore D. Proline-rich
(PxxP) motifs in HIV-1 Nef bind to SH3 domains
of a subset of Src kinases and are required for
the enhanced growth of Nef+ viruses but not for
down-regulation of CD4. EMBO J. 1995;14:484-491.
Stevenson M. Pathway to understanding AIDS.
Nat Struct Biol. 1996;3:303-306.

Swingler S, Mann A, Jacque J, et al. HIV-1 Nef
mediates lymphocyte chemotaxis and activation
by infected macrophages. Nat Med. 1999;5:997-
103.

Cantin R, Fortin JF, Tremblay M. The amount of
host HLA-DR proteins acquired by HIV-1 is virus
strain- and cell type-specific. Virology. 1996;218:
372-381.

Castilletti C, Capobianchi MR, Fais S, et al. HIV
type 1 grown on interferon gamma-treated U937
cells shows selective increase in virion-associ-
ated intercellular adhesion molecule 1 and HLA-
DR and enhanced infectivity for CD4-negative cells.
AIDS Res Hum Retroviruses. 1995;11:547-553.
Saifuddin M, Parker CJ, Peeples ME, et al. Role
of virion-associated glycosylphosphatidylinositol-
linked proteins CD55 and CD59 in complement
resistance of cell line-derived and primary iso-
lates of HIV-1. J Exp Med. 1995;182:501-509.
Guo MM, Hildreth JE. HIV acquires functional
adhesion receptors from host cells. AIDS Res
Hum Retroviruses. 1995;11:1007-1013.

Hoxie JA, Fitzharris TP, Youngbar PR, et al. Non-
random association of cellular antigens with
HTLV-IlI virions. Hum Immunol. 1987;18:39-52.

20z dunf g0 uo 3sanb Aq Jpd'60€ 1/0989991/60€ |/7/96/4Pd-Bl01E/PO0IqABU"SUOHEDIIGNYSE//:d}RY WOy papeojumog



