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ABSTRACT Intracellular expression of gene products
that inhibit viral replication have the potential to complement
current antiviral approaches to the treatment of AIDS. We
previously have shown that a mutant inhibitory form of an
essential viral protein, Rev M10, prolongs the survival of T
cells transduced with a nonviral vector in HIV-infected indi-
viduals. Because these gene-modified cells were not observed
in patients beyond 8 weeks, efforts were made to improve the
duration of engraftment. In this study, we used retroviral
vector delivery of Rev M10 to CD41 cells and analyzed relevant
immune responses in a pilot study of three HIV-seropositive
patients. DNA and RNA PCR analyses revealed that cells
transduced with Rev M10 retroviral vectors survived and
expressed the recombinant gene for significantly longer time
periods than those transduced with a negative control vector
in all three patients. Immune responses were not detected
either to Rev M10 or to Moloney murine leukemia virus gp70
envelope protein. Rev M10-transduced cells were detected for
an average of 6 months after retroviral gene transfer com-
pared with '3 weeks for the previously reported nonviral
vector delivery. These findings suggest that retroviral delivery
of an antiviral gene may potentially contribute to immune
reconstitution in AIDS and could provide a more effective
vector to prolong survival of CD41 cells in HIV infection.

The inhibition of HIV replication by interference with essen-
tial structural or regulatory viral genes has been investigated
to understand the molecular pathogenesis of HIV infection
and to explore its potential clinical applications (1–15). Among
viral products that may be targeted genetically, Rev is a
regulatory protein required for productive viral replication.
Rev represents a 118-aa protein encoded by a fully spliced
mRNA synthesized early after viral infection of host cells,
which facilitates the accumulation of unspliced and partially
spliced viral mRNAs in the cytoplasm (1, 16–18) through its
interaction with host cell factors (19–21) and plays an impor-
tant role in the activation of virus in infected cells (22).
Introduction of two point mutations in a highly conserved
region of Rev gives rise to a defective protein, Rev M10, which
acts as a potent inhibitor of virus replication that does not
adversely affect a variety of normal T cell functions (1–3,
23–25). We previously have evaluated the potential of Rev
M10 gene delivery to inhibit the replication of both cloned and
clinical isolates of HIV in primary T cells transduced with
plasmid or retroviral vectors expressing Rev M10 protein (4).
A human clinical study also has examined the potential of Rev
M10 to prolong the survival of transduced CD41 T cells in vivo

after ex vivo transduction, expansion, and reinfusion into
HIV-seropositive patients. By using plasmid vectors with gold
particle-mediated gene delivery, a 4- to 5-fold survival advan-
tage was found in cells that expressed Rev M10 compared with
negative control transduced cells (26); however, the duration
of engraftment was limited. Although genetically modified
cells were detected in one patient up to 2 months after gene
transfer, the recombinant gene was not detectable in two
patients after 2 weeks. To determine whether more durable
engraftment could be achieved, alternative gene transfer vec-
tors and protocols for T cell stimulation thus have been
developed (27). We now have analyzed lymphocyte survival in
HIV-seropositive individuals whose peripheral blood CD41

lymphocytes were stimulated with anti-CD3 and interleukin 2
and transduced with retroviral vectors that express Rev M10 or
a negative control frameshifted vector, which transcribes a
similar mRNA but encodes no functional Rev M10 protein.
We have found that genetically modified cells are detected for
longer time periods with these vectors.

MATERIALS AND METHODS

Isolation and Culture of Human Peripheral Blood Lympho-
cytes (PBLs). Blood for these studies was obtained from
normal or HIV-seropositive donors. PBLs were isolated by
using Ficoll-Hypaque separation (28). The cells were stimu-
lated in flasks coated with immobilized OKT3 mAb and
soluble interleukin 2 (50 unitsyml) for 48–72 hr. Cells were
recovered and resuspended at 5 3 105yml in X-Vivo-15
medium (BioWhittaker) containing 50 unitsyml of interleukin
2 and 5 mM delavirdine. Cells were maintained at 2 3 105 to
1.5 3 106yml throughout the experiments.

Retroviral Transduction. Freshly isolated human PBLs
from donors were purified by centrifugation on Ficoll gradi-
ents. Retroviral vectors were derived from the pLJ plasmid
(29). After stimulation, cells were infected for 6–12 hr with
c-Crip supernatants containing pLJ-Rev M10 or frameshift
pLJ-DRev M10 retroviruses (1). Cells (1 3 106yml) were
inoculated in medium consisting of equal volumes of c-Crip
supernatant and X-Vivo medium in the presence of 5 mgyml
protamine sulfate (28). After infection, cells were washed once
by centrifugation and resuspended at 5 3 105 cellsyml in
conditioned X-Vivo-15 medium 1 50 unitsyml of interleu-
kin 2.

HIV Challenge and Reverse Transcriptase (RT) Assays.
After retroviral transduction, cells were selected in 300 mgyml
of G418 (active) for 7 days before HIV challenge. Cells (1 3

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



106 cellsyml) were incubated with HIV-1 at a multiplicity of
infection of 0.05 for 2–4 hr at 37°C. After incubation, cells were
centrifuged with a 203 volume of fresh medium to remove the
virus and resuspended at 5 3 105 cellsyml in medium without
G-418. Cells were maintained at a density of 0.2 to 1.5 3 106

cellsyml throughout the infection. Culture supernatants were
assayed for RT activity as described previously (30).

Cell Proliferation Assays. PBL cells were resuspended in
X-Vivo-15 medium (BioWhittaker, 106 cellsyml) in 96-well f lat
bottom cell culture plates (200 mlywell). Cells were cultured for
6 days at 37°C, 5% CO2 either in the presence (2 mgyml) or
absence of purified HIV-1 Rev protein. In parallel, irradiated
(2,000 rads) PBLs from normal volunteers were added at a 1:1
ratio as a positive control. After 6 days of incubation, 0.5 mCi
of 3H-thymidine was added to each well and incubation
continued for an additional day. Cells were harvested and
washed twice with PBS, and the radioactive counts were
determined by using a scintillation counter.

Quantitative DNA PCR analysis. To analyze gene transfer
frequencies, limiting dilution PCR was performed. Briefly,
cells carrying Rev M10 or DRev M10 were diluted into CEM
cells at progressively lower cell numbers. Genomic DNA was
prepared from a total of 105 or 106 cells by using a quick lysis
method described previously (28). The cell pellet was sus-
pended in 10 mM KCly1 mM TriszHCl, pH 8.3y0.25 mM
MgCl2 (50 ml) and an equal volume of solution B (1 mM
TriszHCl, pH 8.3y0.25 mM MgCl2y0.1% Tween-20y0.1% Non-
idet P-40y50 mg/ml proteinase-K). The reaction mixture was
incubated at 56°C for 1 hr and at 95°C for 20 min. Cell lysate
(5 ml) was used in the PCR without additional purification of
the DNA, to minimize the risk of false positive results. Cell
lysate (5 ml) equivalent to 1,000, 100, 10, 5, 2, or 0.1 cells was
analyzed with the target DNA in a background of DNA
derived from 25,000 CEM cells. The PCR mixture was com-
prised of 50 mM KCl, 10 mM TriszHCl (pH 8.8), 0.01% gelatin,
250 nM primers, 200 mM dNTPs, 1.5 mM MgCl2, and 1.25 units
of Taq polymerase (Promega) in a final volume of 50 ml. The
amplification was performed in a thermal cycler (Perkin–
Elmer Cetus) for a total of 36 cycles, each cycle consisting of
melting at 91°C for 1 min, annealing at 68°C for 10 sec, and
extension at 72°C for 20 sec. The nucleotide sequences of the
primers and the probe that are common for both Rev M10 and
DRev M10 vectors are as follows: the forward primer 59-GG-
AGGGATATGTGGTTCTGGTAGGAGACGAG-39, the re-
verse primer 59-CGGGATTGGGAGGTGGGTTGCTTTG-
ATAG-39, and the probe 59-ACCTAAAACAGTTCCCGC-
CTCCGTCTGAATT-39. The primers, which are common for
both vectors, amplify fragments that differ in size. The ex-
pected fragment sizes were 218 and 331 bp for pLJ-Rev M10
and pLJ-DRev M10, respectively. The PCR products were
resolved on an 8% polyacrylamide gel supplemented with 8 M
urea and 30% formamide and probed as previously described
(28). The intensity of the PCR bands was quantitated with the
help of the Image Quantitation software (Molecular Dynam-
ics).

RNA PCR Analysis. The RT-based PCR analysis was per-
formed as described previously (26) with modifications.
Briefly, previously frozen patient samples of PBLs were acti-
vated by incubation of cells with Dynal beads coated with
antibodies against CD28 and CD3, which selectively promotes
the growth of naive and memory CD41 cells (31). Although
gene-modified cells can be selected in the presence of G418,
the nonspecific toxic effects of this drug make the process less
efficient, and it was more difficult to propagate these cells.
Therefore, the rescue procedure was routinely performed in
the absence of G418. After activation for 4 days, RNA was
extracted, and the RNA was reverse-transcribed with a spe-
cially designed primer (RTP, Fig. 1) and the cDNA was
amplified with a combination of forward primer and RTP.
After RT, the conditions used for amplification were dena-

turation at 91°C for 1 min, annealing at 68°C for 10 sec, and
extension at 72°C for 50 sec for a total of 40 cycles. The
amplified products, 384 and 497 bp for pLJ Rev M10 and pLJ
DRev M10, respectively, were visualized as described above.

Western Blot for the Detection of Antibodies to Murine
Amphotropic Retroviruses. Western blot analysis was per-
formed by Microbiological Associates (Gaithersburg, MD).
Briefly, serum from patients or retroviral particles were mixed
with SDS loading buffer, resolved on a 8–16% acrylamide gel
(Novex), and transferred to a nitrocellulose for probing with
relevant anti-gp70 control antibodies, followed by secondary
goat anti-human H 1 L antibodies diluted from 1023 to 1024

(Kirkegaard & Perry Laboratories) and appropriate develop-
ing reagents.

RESULTS

Three patients, with CD4 counts between 400 and 500 cellsy
mm3 on enrollment, satisfied the entry criteria of the study (27)
and were treated in the General Clinical Research Center at
the University of Michigan Medical Center. These patients
were designated 5, 6, and 7 as four patients had been studied
in a previous nonviral gene transfer study of Rev M10 (26).
They were asymptomatic, HIV-seropositive, and maintained
on azidothymidine (AZT), but with low viral burdens. Each
patient tolerated the treatments well, with no complications or
adverse events.

CD41 cells were enriched by depletion of CD81 cells and
infected separately with either a Rev M10 or a control murine
amphotropic retroviral vector. The viral vector pLJ-Rev M10
expressed Rev M10, the inhibitory mutant form of Rev, whose
expression was regulated by the enhancer of the long terminal
repeat. The negative control vector, pLJ-DRev M10, was
nearly identical to pLJ-Rev M10 but differed in two respects
(Fig. 1 A). First, the control vector contained a 2-bp deletion
in the translation start codon of the Rev M10 and hence
produces no protein. Second, there was additional sequence of
113 bp at the 39 end of the packagingyencapsidation region.
These differences in sequence were used to distinguish be-
tween these vectors by using a PCR detection assay, which used
limited cell dilution and quantitation of different-sized frag-

FIG. 1. Schematic diagrams of the retroviral vectors and PCR
analysis of DNA in genetically modified cells. (A) Structures of the
pLJ-Rev M10 expression vector and a nearly identical negative control
vector pLJ-DRev M10, which contained a 2-bp deletion in the trans-
lation initiation codon and an additional 113 bp at the 39 end of the
packagingyencapsidation region. The maps are not drawn to scale.
Arrows denote the sites of primers and their orientation. A combi-
nation of the forward primer (FP) and the reverse primer (RP) was
used to amplify 218-bp (pLJ-Rev M10) and 331-bp (pLJ-DRev M10)
fragments in DNA PCR. The primer used to reverse-transcribe RNA
has been described previously (26). This primer in combination with
the FP was used in RT-PCR, to amplify 384- and 497-bp fragments
with pLJ-Rev M10 and pLJ-DRev M10, respectively. P 5 probe. (B)
DNA PCR standards. CEM cells at the indicated numbers (0–1000),
stably transduced with pLJ-Rev M10 or pLJ-DRev M10, were mixed
with 105 untransduced CEM cells. DNA-PCR was performed, and the
products were visualized as described in Materials and Methods.
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ments as described previously (26), to confirm differences
between samples (Fig. 1B).

To determine whether the pLJ-Rev M10 retroviral vector
conferred protection to CD41 cells from HIV-infected indi-
viduals, we first performed viral challenge studies in vitro.
CD41 enriched peripheral blood mononuclear cells (PBMCs)
from two of the patients were stimulated in vitro, infected with
either of the vectors, maintained under selection separately,
and challenged with HIV-1LAI. Cell supernatants were col-
lected for up to 10–15 days, and RT levels were determined.
The time course of infection in two patients revealed a
significant reduction in RT levels in cells transduced with the
Rev M10 retroviral vector compared with the control (Fig. 2).
Although not all cells were gene-modified at the time of
exposure to virus ('30–50%), a 2- to 3-fold reduction in RT
levels indicated that expression of Rev M10 in the PBLs of
these patients could inhibit HIV replication in vitro, as dem-
onstrated previously in T cells from normal, uninfected indi-
viduals (4). These cells had been maintained in the presence
of delavirdine before infection, and no endogenous was de-
tected before HIV challenge, indicating that Rev M10 pro-
tected against infection by exogenous HIV.

To analyze whether such inhibition might confer protective
effects in vivo, these autologous gene-modified cell popula-
tions were mixed and infused into each patient, and the
presence of the retroviral DNA in the cells was quantitated by
limiting dilution PCR with a common pair of primers (Fig. 1B).
With this method, retroviral vector DNA was readily detected,
confirming that reverse transcription occurred in vector-
transduced cells after infection by the retroviral vectors. Gene
transfer efficiencies ranged from 1% to 10% in vitro, and G418
selection was not used for cells that subsequently were rein-
fused into patients. PBMC were isolated from patients at
various times after reinfusion, and different cell numbers were
used as the source of template DNA for PCR. Vector DNA was
detected when 106 and 105 cells were analyzed but not lower
cell numbers, as expected based on the dilution of these cells
into a large pool of T cells in vivo. In all three patients, the
DNA form of both vectors was readily detected at earlier time
points (Figs. 3A, 4A, and 5A). With time, the Rev M10
retroviral vector DNA was detected either at higher frequen-
cies or exclusively in comparison to the control vector. In
patient 5, both vectors were detected at comparable frequen-
cies up to day 84 when 106 cells were analyzed (Fig. 3A, Left).
After this time period, Rev M10 was detected at higher
frequencies, and by day 224, only the Rev M10 vector DNA was
detected (Fig. 3A). As expected, selective persistence of Rev
M10-transduced cells was more apparent when fewer cells, 105,

were analyzed (Fig. 3A, Right). No signal was detected in
patient 5 after day 252. Interestingly, this patient initially was
infused with one order of magnitude more cells transduced
with the control vector than the Rev M10-transduced cells
(Fig. 3A, Inset), caused by an unintentional failure to account
for the higher titer of the control retroviral vector preparation.
Subsequently, in patients 6 and 7, the number of cells trans-
duced with each vector were equalized before reinfusion (Figs.
4A and 5A, Insets). The pattern of DNA persistence in these
two patients was similar to patient 5. In these patients, the
frequency of each vector was similar on the day of infusion.
With time, the control vector still could be detected, though at
lower levels than Rev M10 in patient 6 (Fig. 4A, Left, days 14,
28, 56, and 112), and when 105 cells were analyzed, only the Rev
M10 retroviral vector was detected (Fig. 4A, Right). Similarly,
only the Rev M10 vector was detected at later times in patient

FIG. 2. Antiviral effect of Rev M10 in patient cells in vitro. CD41

cells were activated and retrovirally transduced with pLJ-Rev M10 or
pLJ-DRev M10 as described in Materials and Methods. After trans-
duction and selection in G418 for 7 days, cells were challenged with
HIVLAI at a multiplicity of infection of 0.05. After infection, RT
activity was assayed in triplicate from culture supernatants at the
indicated times.

FIG. 3. Prolonged survival and kinetics of Rev M10-transduced
cells in patient 5. (A) After infusion of genetically modified CD41

cells, peripheral blood samples were collected, PBMCs were isolated,
106 (Left) or 105 (Right) cells were lysed, and DNA analysis was
performed for detection of Rev M10 or DRev M10 cells. Multiple
limiting dilution and competitive DNA PCR analyses were performed
at each time point. The bars represent the average of these analyses.
(Inset) The relative percentage of the genetically modified cells in the
PBMCs at the time of infusion, determined by DNA PCR. For the Rev
M10 vector, 1% of 2.2 3 1010 cells were transduced, and for DRev M10,
10% of 2.2 3 1010 cells were genetically modified and infused. (B) A
time course of RNA expression in patient 5 of cells stimulated with
anti-CD3 and anti-CD28 antibodies by RT-PCR analysis is shown.
Total RNA was extracted from 106 and 105 PBLs and used in
the RT-PCR.

FIG. 4. Detection of pLJ Rev-M10 and pLJ-DRev M10 DNA or
RNA in patient 6. (A) DNA PCR of 106 (Left) or 105 (Right) cells is
shown with relative ratios at the time of infusion presented (Inset). For
the Rev M10 vector, 2% of 4 3 109 cells were transduced and for DRev
M10, 10% of 1 3 109 cells were gene-modified. Equal numbers of cells,
genetically modified with each vector, were infused (8 3 108). (B)
RT-PCR analysis of RNA from PBMCs stimulated with anti-CD3 and
anti-CD28 is shown at the indicated times after reinfusion.
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7 (Fig. 5A, Right, days 112 and 140). Some variation was
detected in signals at higher cell concentrations. This variation
may have been caused by several factors, including differences
in cell trafficking, variation in the viability of cells isolated
from the patients, or the variability in the time required to
preserve these cells for additional analyses. In general, the
lower cell number (105) was considered a more sensitive
indicator of the selective persistence of each cell type, because
at lower dilutions, the less frequent cell could be titrated out,
and only the predominant cell would be detected.

Detection of DNA in transduced cells confirmed the pres-
ence of the relevant gene-modified cells at different times after
gene transfer of autologous cells in these patients. To deter-
mine whether these cells could transcribe Rev M10, RT-PCR
analysis was performed. Because these cells were largely
quiescent, RNA was not readily detected unless cells were
activated in vitro (data not shown; see also ref. 26). After
stimulation with antibodies to CD3 and CD28 in vitro, which
promotes the selective growth of CD41 cells (31), RNA was
detected for extended time periods, although not as long as
those observed by using DNA PCR. By RT-PCR analysis, cells
transduced with either vector were detected at the early time
points (Figs. 3B, 4B, and 5B). At later time points, Rev M10
was preferentially detected. In patient 5, Rev M10 was de-
tected up to day 28 but was undetectable at later times (Fig.
3B). In patient 6, only Rev M10 DNA was detected on day 56
(Fig. 4B), and Rev M10 RNA persisted as long as day 84 in
patient 7, at which time no control vector RNA was detected
(Fig. 5B). Thus, in all patients, the ability of genetically
modified cells to synthesize vector mRNA after cell transfer in
vivo was confirmed.

In addition to molecular genetic analyses, patients were
evaluated for a variety of serum biochemical, hematological,
and immune parameters. In all patients, no change in a variety
of biochemical parameters were observed, including markers
of major organ function or inflammation responses (data not
shown). During the protocol, viral load was monitored by using
the branched DNA protocol (Chiron). Though the patients
displayed different levels at the time of entry and changes in
viral load were observed when antiviral drug regimens were
changed (Fig. 6A), no consistent changes were observed in
association with the cell infusions. The increase in viral load
observed on day 14 in patient 5 was related temporally to the
discontinuation of AZT treatment. Because this patient had
been on this medication for a short period of time, AZT likely
exerted antiretroviral effects up to this time, and AZT with-
drawal presumably allowed increased virus replication in vivo.

Immunologic analysis revealed that CD4 counts remained
relatively stable throughout the study period (Fig. 6A). An-
other important issue regarding retroviral gene transfer is the
potential immune response either to the vector or to the
recombinant gene product. To detect immune responses to the
murine retroviral vector, a Western blot analysis was per-
formed by using patient sera from different times after cell
transfer to detect reactivity to Moloney murine leukemia
virus-derived gp70. This analysis revealed no serum antibodies
reactive to gp70 by this method (Fig. 6B), indicating that the
retroviral vector was not immunogenic as administered in this
protocol. The potential of retroviral gene transfer of Rev M10
to induce immunity to Rev protein was determined by using a
lymphocyte proliferation assay (32). This assay was chosen
because it has proven to be the most sensitive and reliable
indicator of T cell responses in mice immunized with Rev M10

FIG. 5. Detection of pLJ-Rev M10 and pLJ-DRev M10 DNA or
RNA in patient 7. (A) DNA PCR of 106 (Left) or 105 (Right) cells is
shown with relative ratios at the time of infusion presented (Inset). For
the Rev M10 vector, 1% of 9 3 109 cells were transduced and for DRev
M10, 10% of 109 cells were gene-modified. Equal numbers of cells
modified with each vector were reinfused (9 3 107). (B) RT-PCR
analysis of RNA from PBMCs stimulated with anti-CD3 and anti-
CD28 is shown at the indicated times after reinfusion.

FIG. 6. Immune and virologic analyses. (A) Viral load and CD4
counts in experimental subjects before and after gene transfer. Viral
load, detected by branched DNA analysis (Chiron), and CD4 counts,
determined by FACS analysis, were monitored in the patients at
specified times relative to infusion of gene-modified cells. At the time
of infusion, patient 5, a 38-year-old male, was receiving AZT antiviral
treatment, which was stopped on day 14 (p, arrow); patient 6, a
39-year-old male, was maintained on AZT, which was begun ' 1 week
before cell transfer (pp, arrow), followed by AZT and lamivudine
(3TC), which was begun on day 112 (ppp, arrow); and patient 7, a
48-year-old male was receiving AZT long term, dideoxyinosine (dDI),
which was begun '1 month before the treatment, and acyclovir, which
was begun '2 months before the treatment. (B) Western blot for the
presence of Moloney murine leukemia virus (MoMuLV) reactive
antibodies in the sera of the patients. Purified MoMuLV envelope
glycoproteins gp70 and gp85 were separated by SDS electrophoresis
and transferred to multiple nitrocellulose strips. Sera isolated from
patient blood samples at intervals postinfusion were incubated with the
protein-coated strips to detect the presence of gp70 and gp85 reactive
antibodies. Neg, negative control sera obtained from an untreated
donor. Pos, positive control sera. Pre, sera collected before infusion
(pretreatment). (C) Lack of T cell response to Rev M10 after
retroviral transduction. After infusion, PBLs were isolated from
peripheral blood by Ficoll density gradient centrifugation and were
seeded in flat-bottom 96-well plates in RPMI 1640 medium (0.2 3 106

cellsy200 ml medium per well). The cells were cultured for 6 days in
the absence or presence of the Rev protein (2 mgyml) and analyzed by
3H-thymidine incorporation (48). Results obtained from two subjects,
patients 5 and 6, are presented. There were not sufficient numbers of
cells available from patient 7 to perform this analysis conclusively. In
parallel, PBMCs derived from normal donors were irradiated (2,000
rads) and added to wells containing the PBMC of the HIV-
seropositive patients in equal numbers, instead of the Rev protein, to
serve as the positive control mixed lymphocyte reaction (MLR).
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(data not shown) and has been used to detect reactivity to Rev
in HIV-infected individuals (33). In protocol subjects, how-
ever, minimal responses were detected to Rev, either before or
after gene transfer, in contrast to their ability to respond to an
allogeneic stimulus in the mixed lymphocyte proliferation
assay (Fig. 6C).

DISCUSSION

Recent improvements in antiretroviral drug treatments have
resulted in remarkable reductions of viral loads in HIV-
seropositive patients. Unless virus can be completely elimi-
nated, however, the concern remains that low levels of viral
replication will lead to continued depletion and damage to the
immune system. In fact, the selective pressure of chemotherapy
may generate drug-resistant strains of virus that retain the
pathogenic virulence of wild-type strains (34). Additional
therapeutic approaches to enhance immune function therefore
are likely to be beneficial. Gene transfer approaches may
complement antiretroviral therapy and facilitate reconstitu-
tion of the immune system, and such combinations potentially
could provide greater protection against HIV replication and
delay disease progression.

Among recombinant genes explored in gene transfer studies,
Rev M10 has been shown by several laboratories to protect
human T cells from productive HIV replication after HIV-1
challenge in vitro (1–3, 15, 25). Cells that express Rev M10
inhibit productive viral replication of both laboratory and
clinical HIV isolates without affecting several normal T cell
functions (4, 25). We also recently have demonstrated that
transduction of human primary PBMCs with Rev M10 using
gold microparticle-mediated DNA transfer can lead to stable
Rev M10 gene expression in these cells (4). Despite promising
results in preclinical and early clinical studies, it remains
important to determine whether Rev M10 protects CD41 T
cells in vivo and to promote prolonged engraftment of func-
tional lymphocytes resistant to HIV infection.

In the present study, survival of cells transduced using
retroviral vectors was determined. The persistence of gene-
modified cells was established by PCR of DNA extracted from
PBMCs. After a single infusion of transduced cells, the Rev
M10 retroviral vector DNA was detected for over 4 months in
all three patients and was detected for 9 months in one patient.
Rev M10-transduced cells thus have now been shown to
prolong survival compared with DRev M10 negative controls
using either nonviral or viral vectors. In comparison to the
previous study with nonviral gene delivery, engraftment with
retroviral vector transduction appeared more persistent. In
addition, RNA expression from cells recovered from patients
was detected for longer times. This finding may be caused, in
part, by the enhanced efficiency of stable gene transfer. In
addition, the cell activation signals used in vitro in this study are
more effective in stimulating CD4 cell growth and less likely to
induce apoptosis (31, 35), which may have provided a more
effective method to propagate and activate cells to transcribe
vector RNA. DNA was more readily detected than RNA by
PCR, suggesting that the majority of cells introduced into the
patient were quiescent. The DNA signal reflected the total
number of cells that received the vector and/or had undergone
cell division subsequent to this event, whereas the RNA
expression was detected only in a subset of these cells that were
activated to transcribe the gene in vitro. These data demon-
strated that inducible transcription of Rev M10 mRNA was
detectable for considerable time periods after reinfusion of
gene-modified T cells.

A potential obstacle to the persistence of cells expressing
foreign proteins in vivo is the development of host immune
responses to recombinant proteins. Although Rev M10 RNA
was induced in cells after extended periods postinfusion, it is
likely that Rev M10 expression was not maintained at high

levels constitutively in quiescent T cells. In addition, this study,
as well as those reported previously (36), suggest that Rev is
not highly antigenic. Multiple administrations of gene-
modified cells may induce such immunity, as reported for a
distinct gene product, a thymidine kinaseyhygromycin-
resistance fusion protein in a different T cell subset, CD81 cells
(37). Based on the prolonged persistence, as well as our
inability to demonstrate active immunity in patients 5 and 6, it
appeared that the protocol described here did not induce a
significant immune response to Rev M10 in CD41 cells.

Other studies have documented a lack of host immunity to
gene-modified cells modified by retroviral vectors encoding
selectable markers or other potentially therapeutic genes
(38–42). In contrast, increased immune reactivity has been
observed after infusion of gene-modified HIV-specific cyto-
toxic T lymphocytes in HIV-infected patients (37). Alternative
viral vectors, such as adenovirus, have been limited by the
immunogenicity of recombinant proteins eliciting a strong host
immune response against genetically modified cells (43–46).
Immune responses to fetal calf serum also have been described
that can considerably diminish the half-life of cells grown in the
presence of heterologous sera. Thus, although it cannot be
assumed that such responses will be uniformly induced and
limit the efficiency of gene therapy, it is important to monitor
these potential responses and to develop strategies to modulate
them if necessary.

From this study, the mode of gene delivery appears likely to
influence the persistence of genetically modified cells. The
survival time of retrovirally transduced Rev M10 T cells
generally was longer than was observed with particle-mediated
transduced cells reported in the previous trial (168 6 74 vs.
23 6 28 days; P 5 .0017 by Student’s t test). Because this
difference was apparently not caused by the immune response,
it is likely that the increased persistence of genetically modified
cells using retroviral vectors reflected the ability of retrovi-
ruses to integrate more efficiently, perhaps in transcriptionally
active regions (47), in contrast to the first-generation plasmid
vectors used in the previous study (26).

This protocol was aimed primarily at assessing molecular
markers of T cell survival after gene transfer and to gather data
from pilot studies on the safety and toxicity of the transduction,
expansion, and infusion procedures. No toxicity from these
procedures was observed in these patients, and there were no
major changes in viral load that correlated with the gene or
adoptive cell transfer protocols. In addition, patient sera
displayed no reactivity to gp70, the envelope protein of
Moloney murine leukemia virus, indicating that the persis-
tence of murine retrovirus was unlikely. As expected with the
low number of genetically modified cells, no change in CD4
counts or viral load was observed in any patient associated with
the cell and gene transfer procedure. Although the results
showed enhanced persistence of Rev M10-transduced cells and
toxicities that would limit further studies were not evident,
additional studies will be required to define the potential
clinical efficacy of gene transfer approaches. In addition, it will
be important to develop strategies that use immune stimula-
tion procedures to facilitate the engraftment of larger numbers
of genetically protected cells in vivo. This combination of
treatments, together with antiretroviral agents, may be re-
quired to reconstitute immune function needed to eliminate
the virus in vivo. The data reported here suggest that T
cell-based gene transfer protocols may facilitate efforts to
develop such combinational approaches to the treatment
of AIDS.
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