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ABSTRACT

Rev M10 is a trans-dominant negative inhibitor of HIV replication. Hence, stable transduction of CD4* T
cells with Rev M10 represents a novel gene therapy aimed at inhibiting HIV replication within these cells,
thereby slowing the progression of AIDS. However, the immune system may recognize Rev M10 as foreign
and target transduced cells for elimination. In the current study, mice were genetically immunized with a
plasmid encoding Rev M10, to (1) identify immune parameters that may be induced by Rev M10 gene trans-
fer, (2) determine the impact of repeated introduction of the Rev M10-encoding plasmid on the immune re-
sponse to the transgene product, and (3) determine if cotransfection with a plasmid encoding TGF 1 would
suppress the response. Kinetic studies revealed that Rev-specific IL-2-producing helper T lymphocytes (HTLs)
appeared following the second genetic immunization, peaked after the third, and persisted at peak levels for
at least 6 weeks. Rev-specific HTLs were CD4%, and the development of these cells was ablated by cotrans-
fection with TGF 1. Other cytokines were not readily detectable when immune splenocytes were restimulated
with Rev in vitro, and Rev-specific IgG antibodies were not present in the sera of these mice. To our knowl-
edge, this represents the first report that genetic immunization with Rev M10 induces an immune response
that is dominated by IL-2-producing HTLs. Further, this study demonstrates the potential utility of intro-
ducing immunosuppressive genes as a means to control the immune response to foreign transgene products.

encoding the mutated HIV protein Rev M10. Further, we
assessed the ability to inhibit the transgene-induced HTL
response by cotransfer of a plasmid encoding the immuno-
suppressive cytokine TGF 1.

OVERVIEW SUMMARY

The immune system poses a major obstacle to the long-term
success of in vivo gene therapies. Inmune responses to for-
eign transgene products and/or the vectors that facilitate
gene transfer may neutralize the transgene product, elimi-
nate transfected cells, and culminate in inflammation within
transfected tissues. The majority of studies that address
these issues have focused on cytotoxic T lymphocyte (CTL)

INTRODUCTION

HE TRANSFER OF ANTIVIRAL GENES represents a novel strat-

and antibody responses induced by gene transfer. However,
the IL-2-producing helper T lymphocyte (HTL) represents
a critical regulatory cell that likely influences the inductive
phase of the immune response following gene transfer. The
current study employed limiting dilution analysis (LDA)
techniques to characterize the development of IL-2-pro-
ducing HTLs induced by genetic vaccination with a plasmid

egy aimed at inhibiting human immunodeficiency virus
(HIV) replication and the subsequent decay of the immune sys-
tem in HIV-infected individuals. The nuclear protein Rev serves
as a likely target for this gene transfer-based modality, in that
Rev is essential for viral replication. Rev acts in concert with
host cell factors to facilitate the export of unspliced viral
mRNAs into the cytoplasm, and is thought to be important in
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regulating virus latency (Cullen et al., 1988; Malim et al., 1991;
Liu et al., 1994). Introduction of two point mutations in a highly
conserved region of Rev gives rise to a defective protein, Rev
MI0, which acts as a trans-dominant negative inhibitor of wild-
type Rev (Sodroski ez al., 1986; Malim et al., 1989, 1992; Bevec
et al., 1992; Bahner et al., 1993). Importantly, transfection of
human T cells with Rev M10 inhibits viral replication follow-
ing challenge with HIV in vitro (Malim et al., 1992; Bevec et
al., 1992; Woffendin et al., 1994).

The immune system has an exquisite ability to discriminate
self from non-self and mount a variety of effector mechanisms
aimed at eliminating non-self. Since many gene transfer proto-
cols introduce foreign transgenes, this aspect of the immune
system may or may not be beneficial, depending on the intended
outcome of the therapy. For example, Tang et al. (1992) were
the first to demonstrate the utility of gene transfer for deliber-
ate immunization to a transgene product. This approach has
since proved useful in generating immune responses to infec-
tious disease agents and tumors (Robinson er al., 1993;
Yankauckas et al., 1993; Raz et al., 1994; Davis et al., 1995;
Michel et al., 1995; Mor et al., 1995; Huygen et al., 1996;
Schirmbeck et al., 1996). However, the success of gene trans-
fer strategies designed as replacement therapies to correct ge-
netic disorders may be compromised by the immune response
to the transgene product. Indeed, numerous reports have veri-
fied that the immune system represents a major obstacle to the
success of in vivo gene replacement therapies (Kay et al., 1994;
Blaese et al., 1995; Dwarki et al., 1995; Fang et al., 1995;
Kozarsky et al., 1996; Riddell ef al., 1996; Tripathy et al., 1996;
Hurwitz et al., 1997). Both conventional and experimental im-
munosuppressive protocols have been employed in an attempt
to control gene transfer-induced immune responses (Fang et al.,
1995; Kay er al., 1995; DeMatteo et al., 1996; Yang et al.,
1996).

Similarly, the success of Rev M10-based gene therapies
aimed at protecting T cells from HIV replication is dependent
on the in vivo persistence of Rev M10-transduced cells. How-
ever, Rev M10 represents a foreign protein that may be targeted
by the immune system, possibly leading to the elimination of
transduced cells. While sequential administrations of Rev M10-
transduced cells may temporarily replace those cells eliminated
by the immune system, repeated introduction of the foreign
transgene would likely amplify the anti-Rev M10 immune re-
sponse. The current study was designed to elucidate parame-
ters of the immune response that may be induced by Rev M10
gene transfer, and to assess quantitatively the effects of repeated
gene transfer on the antj-Rev immune response. We have pre-
viously reported that the emergence of antigen-specific inter-
leukin 2 (IL-2)-producing helper T lymphocytes (HTLs) reflects
in vivo immune responses that culminate in inflammation and
tissue damage (Bishop et al., 1992; DeBruyne et al., 1993,
1995). Hence, we employed limiting dilution analysis (LDA)
techniques to quantify Rev-specific HTLs, and assessed the de-
velopment of Rev-specific antibodies following multiple intra-
muscular injections with a plasmid encoding Rev M10. In ad-
dition, cotransfer of a plasmid encoding transforming growth
factor 1 (TGFB1) was employed as an immunosuppressive
modality aimed at ablating the anti-Rev HTL response. The data
reveal that HTLs, but not antibodies, are induced by genetic
vaccination with Rev M10. Further, these data suggest that
coadministration of an immunosuppressive gene may enhance
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the efficacy of in vivo gene transfer by inhibiting the HTL re-
sponse to the transgene product.

MATERIALS AND METHODS

Mice

Female BALB/c and C57BL/6 mice between 6 and 12 weeks
of age were obtained from Charles River Laboratories (Raleigh,
NO).

Medium

The culture medium used in these studies was Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 1.6 mM
L-glutamine, 0.27 mM L-asparagine, 1.4 mM L-arginine-HCl,
14 mM folic acid, 10 mM HEPES buffer, 1.0 mM sodium pyru-
vate, penicillin/streptomycin (100 units/ml), 2% heat-inacti-
vated fetal calf serum (FCS) (all obtained from Life Technolo-
gies, Grand Island, NY), and 5 X 10~3 M 2-mercaptoethanol
(2-ME; Sigma Chemicals, St. Louis, MO).

Rev M10 genetic vaccination

The Rev M10 expression plasmid pCMV Rev M10 was con-
structed by inserting the Rev M10 ¢cDNA into the Xbal and
Pstl sites of pVR1332 Tp. This backbone contains the cy-
tomegalovirus (CMV) enhancer, promoter, and first intron to
increase expression, the rabbit S-globin polyadenylation se-
quence, and the kanamycin resistance gene. BALB/c or
C57BL/6 mice were genetically vaccinated by multiple intra-
muscular injections with pCMV Rev M10. Plasmid injections
(100 g of DNA total, 50 ug/hind limb) were administered 2
weeks apart, and splenocytes were harvested 10 days follow-
ing the last plasmid injection. Where indicated, pCMV Rev
M10 was admixed with an equal concentration of VR1012
TGFB, which encodes the active form of human TGFB1. The
VR1012 backbone contains the CMV enhancer, promoter, and
first intron to increase expression, the bovine growth hormone
polyadenylation sequence, and the kanamycin resistance gene.
Where indicated, mice were immunized with the control plas-
mid VR1012 B-gal, which encodes B-galactosidase.

Proliferative responses to Rev

Splenocytes (2 X 10°) obtained from naive or pCMV Rev
M10-immunized mice were added to microtiter plates with vary-
ing concentrations of recombinant Rev protein (kindly provided
by . Lee, University of Texas Medical Branch, Galveston, TX).
Microcultures were incubated for 7 days including a terminal 16-
hr pulse with [*H]thymidine. Cultures were harvested onto fiber
filter mats and [*H]thymidine incorporation was determined us-
ing a Wallac (Gaithersburg, MD) 1205 Betaplate scintillation
counter. Data are represented as the stimulation index, which is
calculated as counts per minute (cpm) of responder cells + re-
combinant Rev protein/cpm of responder cells only.

Limiting dilution analysis for IL-2-producing
helper T lymphocytes

A conventional LDA technique (Bishop and Orosz, 1989)
was employed to enumerate Rev-reactive IL-2-producing
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HTLs. Appropriate dilutions of cell suspensions were added as
responder cells to microtiter wells along with irradiated (5000
rad) syngeneic splenocytes as a source of antigen-presenting
cells and recombinant Rev protein (0.1 wg/ml). After a 16-hr
incubation, 1 X 10®> CTLL-20 cells (an IL-2-dependent cell
line) were added. Microcultures were incubated an additional
24 hr, including a 16-hr terminal pulse with [*H]thymidine be-
fore harvesting by aspiration. [3H]Thymidine incorporation was
determined on a Wallac 1205 Betaplate scintillation counter.
Individual microcultures were considered positive for IL-2 pro-
duction if [*H]thymidine incorporation exceeded the mean plus
3 SD of [*H]thymidine incorporation in microcultures lacking
responder cells.

The CTLL-20 cells used in this assay are maintained on re-
combinant human IL-2 (200 U/ml; provided by C. Reynolds,
NCI, Rockville, MD) and do not respond to IL-4. Further, ad-
dition of anti-IL-2 monoclonal antibody (MAb) S4B6.31 elim-
inates CTLL-20 proliferation in the HTL LDA. Thus, this HTL
LDA is specific for IL-2-producing HTLs and does not detect
IL-4-producing HTLs.

Limiting dilution analysis for Rev-reactive
proliferating T lymphocytes

The LDA was employed to quantify cells capable of prolif-
erating in response to recombinant Rev in the presence of IL-
2. Dilutions of responder cells were added to microtiter plates
with 2 X 10° irradiated syngeneic splenocytes plus 10% FCS,
recombinant human IL-2 (10 U/ml), and recombinant Rev pro-
tein (0.1 wg/ml). Microcultures were incubated for 7 days in-
cluding a 16-hr terminal pulse with [3H]thymidine before har-
vesting by aspiration onto fiber filter mats. [*H]Thymidine
incorporation was assessed on a Wallac 1205 Betaplate scintil-
lation counter. Microcultures were considered positive for pro-
liferation if [*H]thymidine incorporation exceeded the mean
plus 3 SD of [*H]thymidine incorporation in microcultures lack-
ing recombinant Rev.

Data analysis

Minimal estimates of Rev-specific HTLs and proliferating T
lymphocytes (PTLs) frequencies were obtained according to the
Poisson distribution equation as the slope of a line relating the
number of responder cells per microwell (plotted on a linear x
axis) and the percentage of microwells that failed to produce
IL-2 or proliferate (plotted on a logarithmic y axis). The slope
of this regression line was determined by computer, using chi-
square minimization analysis as described by Taswell (1981).
This analysis yields the minimal frequency estimate, the 95%
confidence interval of the frequency estimate, and a chi-square
estimate of probability. Frequency estimates with nonoverlap-
ping 95% confidence intervals are statistically significant.

ELISA for Rev-reactive antibodies

Dilutions of sera (100 ul) were added in triplicate to plates
coated with recombinant Rev protein (1 ug/ml). Anti-Rev 1gG,
monoclonal antibody (Advanced Biotechnologies, Columbia,
MD) served as a positive control. After a 2-hr incubation at
37°C, plates were washed three times with phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA). One
hundred microliters of biotin-conjugated isotype-specific sec-
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ondary antibodies (1 ug/ml) was added and plates were incu-
bated at 37°C for 1 hr. These secondary rat anti-mouse IgM and
IgG antibodies were obtained from The Binding Site (San
Diego, CA). Plates were washed three times and 100 ul of
avidin—peroxidase (1.7 pg/ml) (Sigma Chemicals) were added.
After a 30-min incubation at room temperature, plates were
washed three times and 100 wl of ABTS [2,2'-azino-bis(3-eth-
ylbenzthiazoline-6-sulfonic acid)] substrate (Sigma Chemicals)
was added to each well. After 30 min, absorbance was deter-
mined at 405 nm with an EL 312e microplate reader (Bio-Tek
Instruments, Winooski, VT).

Cytokine ELISA

Splenocytes obtained from mice immunized with pCMV Rev
M10 were stimulated in vitro at a concentration of 106/ml with
recombinant Rev (0.1 pg/ml). Supernatants (SNs) were har-
vested at 24 and 72 hr. In some experiments, splenocytes were
stimulated with Rev for 5 days, then restimulated with Rev in
fresh medium for an additional 72 hr prior to harvesting SN.
SN (100 ul) was added in triplicate to plates coated with rat
anti-mouse interferon y(IFN-vy), IL-4, or IL-10 capture anti-
bodies (5 ug/ml; PharMingen, San Diego, CA). Standards were
employed by preparing twofold dilutions of murine recombi-
nant [FN-v, IL-4, and IL-10 (PharMingen), with starting con-
centrations of 25, 2.5, and 10 ng/ml, respectively. After a 1-hr
incubation at room temperature, plates were washed three times
with 0.05% Tween in PBS. One hundred microliters of rat anti-
mouse secondary biotinylated antibodies (1 ug/mi; PharMin-
gen) were then added, and plates were incubated at room tem-
perature for 45 min. Plates were then washed three times with
0.05% Tween in PBS, and 100 u! of avidin—peroxidase (Sigma
Chemicals) were added. After a 30-min incubation at room tem-
perature, plates were washed three times with 0.05% Tween in
PBS, and 100 ul of ABTS substrate (Sigma Chemicals) were
then added to each well. After 30 min, absorbance was deter-
mined at 405 nm with an EL 312e microplate reader (Bio-Tek
Instruments). Sample cytokine concentrations were calculated
from a standard curve. The sensitivity of this assay is approx-
imately 300 pg/ml for IFN-v, 100 pg/ml for IL-4, and 150 pg/ml
for IL-10.

T cell subset depletion

Splenocytes were depleted of CD4* or CD8* T cells prior
to addition to HTL LDA microcultures by complement-medi-
ated cytolysis. Briefly, 1 X 10° splenocytes/ml were incubated
for 1 hr on ice with a 1:100 dilution of either anti-CD4 (GK1.5)
or anti-CD8 (2.43) MADb purified from ascites. Splenocytes
were then pelleted, resuspended in Low-Tox-M rabbit comple-
ment (Accurate Chemicals, Westbury, NY) diluted 1:10, and
incubated for 1 hr at 37°C. Cells were washed three times and
resuspended to the appropriate viable cell number for use as re-
sponder cells in LDA. Depletion of T cell subsets was verified
by flow cytometry (FACScan; Becton Dickinson, Mountain
View, CA) using fluorescein isothiocyanate (FITC)-conjugated
anti-CD3, -CD4, and -CD8 MAbs (PharMingen), which re-
vealed that the targeted subset represented <2% of the resid-
ual splenocyte population. T cell subset depletion versus MAb
coating was verified by staining with FITC-conjugated goat
anti-rat IgG (Jackson ImmunoResearch Laboratories, West-
grove, PA).
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RESULTS

Experimental system

To identify immune parameters induced by genetic vaccina-
tion with Rev M10, BALB/c mice were given intramuscular in-
jections with the Rev M10-encoding plasmid pCMV Rev M10.
Multiple plasmid injections were administered 2 weeks apart in
an attempt to induce a vigorous anti-Rev immune response.
Splenocytes were harvested 10 days following the last plasmid
injection and assessed for responsiveness to recombinant Rev
protein in a variety of immunologic assays. Hence, while mice
were genetically immunized with Rev M10, in vitro assays em-
ployed Rev as the antigen.

Rev-driven proliferative responses

As shown in Table 1, splenocytes obtained from mice given
three genetic immunizations with pCMV Rev M 10, but not from
naive animals, proliferated vigorously in response to recombi-
nant Rev protein. A kinetic study revealed that Rev-driven pro-
liferative responses were detectable following the second in-
tramuscular injection with pCMV Rev MI10, and peaked
following the third (data not shown). Dose-response studies
(Table 1) demonstrated that in vitro concentrations of recom-
binant Rev as low as 0.05 ug/ml were sufficient to drive im-
mune T cell proliferation (simulation index [SI] of 15.2), but
did not induce proliferation of naive cells (SI of 1.8). Given
these observations, recombinant Rev was used at 0.1 ug/ml for
subsequent in vitro assays.

Rev-reactive helper T lymphocytes responses

The Rev-driven proliferative responses illustrated in Table 1
were detected without the addition of exogenous IL-2 to the
culture system. This suggested that Rev-reactive helper T lym-
phocytes (HTLs) developed after immunization with pCMV
Rev M10, which in turn provided the necessary growth factors
for clonal expansion of Rev-reactive T cells. We have previ-
ously demonstrated that the presence of IL-2-producing HTLs

TABLE 1. PROLIFERATIVE RESPONSES FOLLOWING
Rev M10 GENETIC IMMUNIZATION?

Stimulation index

Rev (ugiml)

10 05 0.05
Naive splenocytes 2.5 39 1.8
Rev M10 immune splenocytes 25.8 154 15.2

“BALB/c mice received three biweekly intramuscular
injections of 100 ug of plasmid encoding Rev M10. Ten days
after the third injection, splenocytes were processed and
cultured at 1 X 108 cells/ml in 200-ul volumes for 5 days with
varying concentrations of recombinant Rev protein. Cultures
received a terminal 18-hr pulse with 0.5uCi of [*H] thymidine
prior to harvesting for scintillation counting. Data are reported
as the stimulation index, which is calculated as the mean counts
per minute of cultures stimulated with Rev divided by the mean
counts per minute of cultures without Rev stimulation.
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TABLE 2. APPEARANCE OF Rev-REACTIVE
HTLs FoLLOWING GENETIC IMMUNIZATION?

No. of plasmid HTL frequency PTL frequency
injections (95% CI) (95% CI)
None 1/189,907 1/20,009
(1/84,383-1/757,970)  (1/13,304-1/40,336)
1 <1/268,750 1/17,343
(1/11,949-1/31,611)
2 1/14,446 1/14,628
(1/10,168-1/24,939)  (1/10,466-1/24,283)
3 1/10,562 1/9,014
(1/8,073-1/15,270) (1/6,182-1/16,633)
4 1/14,421 1/12,685
(1/10,198-1/24,614)  (1/9,183-1/20,503)
4 1/8,000 1/5,493
(6 weeks (1/5,561-1/14,259) (1/4,227-1/7,842)
post)®
4 (B-Gal 1/75,565 Not determined
control)® (1/43,186-1/301,954)

aBALB/c mice were given varying numbers of biweekly
intramuscular injections of 100 ug of plasmid encoding
Rev M10. Ten days after the indicated number of injections,
splenocytes were processed for use as responder cells in
Rev-reactive HTL and PTL LDAs.

bSplenocytes were harvested 6 weeks after the fourth Rev
M10 plasmid immunization.

°As a plasmid control, mice were given four biweekly
immunizations with a plasmid encoding S-galactosidase.

Abbreviations: HTL, Helper T lymphocyte; PTL, proliferating
T lymphocyte.

best reflects the ability to mount a deleterious immune response
following cardiac transplantation in both mice (Bishop et al.,
1992) and humans (DeBruyne et al., 1993, 1995). Hence, we
adapted our previously described limiting dilution analysis
(LDA) technique (Bishop and Orosz, 1989) to quantify Rev-re-
active IL-2-producing HTLs.

Initial studies evaluated the kinetic appearance of Rev-reac-
tive HTLs in the spleens of BALB/c mice following multiple
biweekly injections with pCMV Rev M10. As shown in Table
2, Rev-reactive HTLs were rare or not detectable in the spleens
of naive mice (1/189,907). However, Rev-reactive HTLs ap-
peared following the second immunization with pCMV Rev
MI10 and leveled off over the third and fourth plasmid injec-
tions. This induction of Rev-reactive HTLs by pCMV Rev M10
immunization has been observed in more than 20 separate ex-
periments, with the frequency of Rev-reactive HTLs ranging
from approximately 1/1000-1/15,000. In addition, these Rev-
reactive HTLs persisted in the spleens of mice for at least 6
weeks following the fourth genetic immunization (Table 2). As
an additional negative control, mice received 4 intramuscular
injections with a plasmid encoding B-galactosidase. Immu-
nization with this B-galactosidase plasmid failed to induce a
significant frequency of Rev-reactive HTLs (Table 2). Finally,
it should be noted that the ability to mount a Rev-reactive HTL
response is not unique to the BALB/c mouse, in that C57BL/6
mice immunized with pCMV Rev M10 developed similar HTL
responses (data not shown).

Table 2 also illustrates the frequency of proliferating T lym-
phocytes (PTLs) in LDA microcultures that are supplemented
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TABLE 3. PrRESENCE OF Rev-ReAcTIVE IL-2-PRODUCING
HTLs 1N THE ABSENCE OF ADDITIONAL CYTOKINES?

IL-2 HTL frequency IFN-y IL-4 IL-10
Experiment (95% CI) (ng/ml) (ng/ml) (ng/ml)
1 1/13,792 0.87 NDP ND
(1/9,620-1/24,354)
2 1/8,577 ND ND ND
(1/6,466-1/12,732)
3 1/1,856 ND ND ND
(1/1,414-1/2,697)
ConA — 6.1 0.92 4.62

2BALB/c mice received three to four biweekly intramuscular injections of a
plasmid encoding Rev M10. Ten days after the last immunization, splenocytes
were harvested and used as responder cells in an Rev-reactive HTL LDA, or
cultured at 1X 10° cells/ml in the presence of 0.1 ug of Rev/ml. Supernatants
were harvested at 72 hr and IFN-+, IL-4, and IL-10 concentrations were BALB/c
splenocytes stimulated with 1 ug of ConA/ml for 72 hr.

PND, Not detectable.

with exogenous IL-2. This PTL LDA is designed to quantify
the number of cells capable of proliferating in response to a
given antigen when exogenous growth factors are provided. In
contrast to HTLs, PTLs were detectable in naive mice
(1/20,009), although they increased in number following pCMV
Rev M10 immunization. These data suggest that while precur-
sor cells with the potential to respond to Rev are present in
naive animals at appreciable frequencies, the limiting factor in
mounting an anti-Rev immune response is the IL-2-producing
HTL. Further, these data indicate that monitoring HTL fre-
quencies may be used as a sensitive indicator of an Rev M10-
induced response.

Failure to detect additional cytokine production by
Rev-reactive T cells

We also assessed the ability of splenocytes obtained from
pCMV Rev M10-immunized mice to produce IFN-v, IL-4, and
IL-10. Briefly, immune splenocytes were cultured at 1 X
10%/ml in the presence or absence of recombinant Rev (0.1
ug/ml). Culture supernatants were harvested at 24 and 72 hr
and assessed for cytokine content by standard enzyme-linked
immunosorbent assay (ELISA). The results of three separate
experiments are depicted in Table 3. Despite the presence of
IL-2-producing HTLs, IL-4 and IL-10 were not detectable by
ELISA, and IFN-vy concentrations were low or not detectable.
In additional experiments, immune splenocytes were cultured
with Rev for 5 days, then restimulated with Rev in fresh medium
for an additional 72 hr. Cytokine production in these secondary
cultures was also not detectable (data not shown). Hence, while
pCMV Rev M10 immunization induced IL-2-producing HTLs
that were readily detectable by LDA, ELISAs failed to detect
the production of additional cytokines by immune T cells.

Phenotype of Rev-reactive helper T lymphocytes

Since IL-2-producing HTLs are CD4* T cells in many (but
not all) systems, we depleted CD4* or CD8* cells following
the third immunization with pCMV Rev M10 and quantified
Rev-reactive HTLs in the selected populations by LDA. As

shown in Table 4, depletion of CD4* cells markedly reduced
the frequency of Rev-reactive HTLs (1/16,838 — 1/52,942), in-
dicating that the majority of HTLs were CD4*. Further, de-
pletion of CD8™ cells increased the frequency of Rev-reactive
HTLs (1/5728), likely reflecting the enrichment for CD47 cells
following removal of the CD8* population.

TGFPBI gene transfer inhibits Rev-reactive helper T
lymphocyte development

We next asked if the immune response induced by pCMV
Rev M10 immunization could be circumvented by cotransfec-
tion with plasmids encoding immunosuppressive agents. To this
end, BALB/c mice received three immunizations with either
pCMYV Rev M10 alone, or pPCMV Rev M10 plus a plasmid en-
coding the active form of human TGFf1. The frequencies of
Rev-reactive IL-2-producing HTLs in the spleens of these mice
are shown in Table 5. As described above, immunization with
pCMV Rev M10 alone resulted in the development of readily
detectable Rev-reactive HTLs (1/11,973). Interestingly, co-
transfection with a plasmid encoding the immunosuppressive

TABLE 4. PHENOTYPE OF Rev-REACTIVE
IL-2-Probpucing HTLs?

HTL frequency
In vitro depletion (95% CI)
None 1/16,838
(1/11,825-1/29,225)
Anti-CD4 1/52,942
(1/32,343-1/145,784)
Anti-CD38 1/5,728

(1/11,873-1/26,145)

2BALB/c mice received three biweekly intramuscular
injections of 100 ug of plasmid encoding Rev M10. Ten days
after the third immunization, splenocytes were harvested and
depleted of either CD4* or CD8* T cells, or left untreated. Re-
sulting populations were used as responder cells in an
Rev-reactive HTL LDA.
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TaBLE 5. TGFB1 GENE COTRANSFER INHIBITS
Rev-Reactive HTL DEVELOPMENT?

HTL frequency
Plasmid encoding: (95% ClI)
Rev M10 1/11,973
(1/8,537-1/20,037)
Rev M10 + TGFp1 1/130,389

(1/63,292-1/2,168,547)

2BALB/c mice received three biweekly intramuscular
injections of either 100 ug of plasmid encoding Rev M10 or a
mixture of 100 ug of plasmid encoding Rev M10 plus 100 g
of plasmid encoding the active form of human TFGS1. Ten
days after the third injection, splenocytes were isolated for use
as responder cells in an Rev-reactive HTL LDA.

cytokine TGFB1 markedly decreased the frequency of Rev-re-
active HTLs (1/130,389). Hence, while gene transfer strategies
may induce an immune response, these responses may be tem-
pered by cotransfer of genes encoding appropriate immuno-
suppressive agents.
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Rev MI0 gene transfer does not induce detectable 1gG
antibody production

Since a vigorous HTL response was induced following ge-
netic vaccination with Rev M10, we asked whether these HTLs
provided help for the production of anti-Rev antibodies. An
ELISA was employed to detect Rev-reactive IgG and IgM in
the sera of mice that had received three injections with pCMV
Rev M10 (Fig. 1). In more than 10 separate experiments, Rev-
reactive IgG antibodies were not detectable by ELISA. While
low levels of Rev-reactive IgM antibodies were detectable in
the sera of pPCMV Rev M10-immunized mice, similar levels of
these IgM antibodies were present in the sera of naive mice
(Fig. 1). One possible explanation for these negative results was
that the recombinant Rev protein used to coat the ELISA plate
did not adhere effectively to the plate. To test this possibility,
varying concentrations of an antj-Rev IgG; MAb were used as
the primary antibody in the ELISA. As shown in Fig. 1, reac-
tivity with the anti-Rev MAb was readily demonstrable, veri-
fying the utility of this Rev ELISA in detecting anti-Rev anti-
bodies. Finally, to demonstrate that BALB/c mice could mount
a detectable anti-Rev IgG response, we immunized animals in-
traperitoneally with recombinant Rev in Freund’s complete ad-

.o

0.0- =
50 5.0 0.5

Rev mAb
Hg/mL

1:10 1:20 1:40

Rev Plasmid No
Immunization

1:10

Rev Protein+ C.F.A
Immunization

1:10 1:20 1:40

Immunization

Mouse Serum Dilutions

FIG. 1. Rev MI10 genetic vaccination does not induce the production of IgG antibodi i
Rev antibodies in dilutions of sera obtained from BALB/c rr}:ice 10 days af%er the th?fc;eisr;t?arrlrlljgllsl?r zl?zc‘;isgg E)(; rtﬁzalslfe ICI?t(;-
encoding plasmid pCMV Rev M10 (see Materials and Methods). ELISA detection antibodies were specific for either mou‘;e I Ivi
or IgG. A Rev-specific 1gG| MAD served as a positive control. Results are compared with those obtained from the f ;
mice, and with the sera of mice 21 days following intraperitoneal immunization with 100 ug of recombinant Revsill;alg'elrlliiiv’fs:

complete adjuvant.
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juvant. As shown in Fig. 1, these mice mounted a strong anti-
Rev IgG response by day 21 postimmunization.

DISCUSSION

The efficacy of in vivo gene transfer strategies is limited by
the relative immunogenicity of both the transgene product and
the vector employed to facilitate transfection. Gene transfer-in-
duced immune responses may eliminate transfected cells,
thereby limiting duration of transgene expression. Further, lo-
cal inflammation induced by the transgene product and/or vec-
tor within transfected tissues may compromise normal tissue
function, thereby exacerbating, rather than alleviating, the orig-
inal disease process. The current study focused on the immune
response induced by in vivo introduction of the anti-HIV gene,
Rev M10. Transfection of human T cells with Rev M10 ren-
ders these cells resistant to HIV replication in vitro (Bevec et
al., 1992; Malim et al., 1992; Woffendin et al., 1994), and cells
that have been retrovirally transduced with Rev M 10 may per-
sist for extended periods when reintroduced into HIV-infected
individuals in vivo (Ranga et al., 1998). Nonetheless, the ef-
fects of the immune response on the long-term survival and
function of Rev M10-transduced cells have not been estab-
lished, and may negatively influence the efficacy of this anti-
HIV gene therapy. Indeed, Riddell et al. (1996) reported that T
cells that expressed a foreign selection marker were eliminated
by the immune response to the transgene product when these
cells were introduced into HIV-infected individuals. To date,
the potential immunogenicity of Rev M10 gene transfer has not
been rigorously explored. Hence, mice were deliberately im-
munized by repeated intramuscular administrations of plasmid
encoding Rev M10 in an attempt to define immune parameters
that could be mobilized by Rev M10 gene transfer.

Studies that have assessed the cellular immune responses to
Rev are limited. Blazevic et al. (1995) attempted to identify im-
munogenic regions of Rev by evaluating the ability of poly-
clonal T cell lines obtained from HIV-infected individuals to
incorporate deoxyuridine when stimulated with synthetic Rev
peptides. Several peptides approximately 15 amino acids in
length had stimulatory activity for polyclonal T cell lines ob-
tained from some, but not ali, individuals. Weak cytotoxic T
lymphocyte (CTL) responses were also detectable when autol-
ogous Epstein—Barr virus (EBV)-transformed B cells were
pulsed with these peptides and used as CTL target cells. How-
ever, Tesponses were quite variable, and the majority of indi-
viduals failed to respond to any of the 13 peptides tested (Blaze-
vic et al., 1995). Similar to our study, Shiver et al. (1995)
reported that vaccination of mice with a Rev-encoding plasmid
generated cells that proliferated in response to recombinant Rev
protein in vitro. Further, Shiver et al. stated that IFN-v, but not
IL-4, was produced when splenocytes from plasmid-vaccinated
mice were stimulated with Rev in vitro. However, the amount
of TFN-v produced by these cells was not presented. In the cur-
rent study, we assessed Rev-induced production of IFN-v, IL-
4, and IL-10 by splenocytes obtained from mice following mul-
tiple immunizations with Rev M10-encoding plasmids (Table
3). IL-4 and IL-10 were not detectable by ELISA in the super-
natants of these Rev-stimulated splenocytes, and IFN-vy pro-
duction was limited or not detectable. It should be noted that

2193

plasmid pCMV Rev MI10 used in our study contains a
kanamycin resistance gene, while the Rev-encoding plasmid
employed by Shiver er al. was derived from pUC19, which con-
tains an ampicillin selection marker. Sato et al. (1996) reported
that the unmethylated CpG motifs present in the ampicillin, but
not the kanamycin, resistance gene promote the development
of IFN-y-producing helper T cell type 1 (Th1) celis following
DNA vaccination. Hence, differences in the Rev-induced IFN-
7 response observed in our study and that of Shiver et al. may
reflect differénces in the CpG content of the plasmids employed.
Alternatively, differences may be attributed in part to the use
of plasmids encoding wild-type Rev versus Rev M10. How-
ever, it should be noted that Rev M10 differs from wild-type
Rev by only two amino acid substitutions (Malim et al., 1991).
The impact of this difference on the immune response to Rev
has not been defined.

Like Shiver et al. (1995), we found that Rev M10 gene trans-
fer induced a vigorous proliferative response to Rev (Table 1).
This response was observed when splenocytes from immunized,
but not naive, mice were cultured at high cell concentration
(1 X 10%ml) in the presence of recombinant Rev. Proliferation
in these bulk cultures suggested that cells capable of producing
IL-2 or other T cells growth factors were induced by Rev M10
genetic immunization. In addition, PTL LDA revealed that cells
with the potential to proliferate to Rev were readily detectable
in both immunized and naive mice (Table 2). Since the PTL
LDA employed in this study is supplemented with exogenous
IL-2, this observation suggested that a limiting factor in the
ability of naive cells to respond to Rev was a requirement for
Rev-reactive IL-2 producing cells. Indeed, we (Bishop et al.,
1992; DeBruyne et al., 1993, 1995) and others (Theobald et al.,
1992) have reported that the presence of IL-2-producing HTL
reflects the ability of an individual to mount a clinically sig-
nificant immune response to alloantigens. As predicted, Rev-
reactive HTLs were not present in naive mice, but appeared fol-
lowing two genetic immunizations with pCMV Rev M 10 (Table
2).

The observation that Rev-reactive HTLs were CD4 ™ (Table
4) is of interest. Rev is a DNA-binding protein and therefore
is not actively secreted. Hence, the Rev M10 transgene prod-
uct should not be readily available for presentation to CD4*
cells via the class II antigen presentation pathway (reviewed
by Braciale and Braciale, 1991). Given the cellular localiza-
tion of Rev, one might predict that gene transfer of Rev M10
would preferentially stimulate CD8* T cells via class T anti-
gen presentation. However, we were unable to detect Rev-re-
active CD8* CTLs, using established LDA techniques (Orosz
et al., 1989; Bishop er al., 1992; Nabel et al., 1996) with Rev
M10-transduced RENCA cells serving as CTL targets (data not
shown). Nonetheless, CD4* HTLs were reproducibly induced
by pCMV Rev M10 immunization, indicating that the trans-
gene product entered the class II antigen presentation pathway.
However, genetic vaccination did not stimulate an anti-Rev an-
tibody response (Fig. 1), indicating that the transgene product
was not available for recognition by B cells. Shiver et al. (1995)
also reported that genetic immunization with Rev failed to elicit
an antibody response. It should be noted that Rev may induce
an antibody response in both HIV-infected individuals (Devash
et al., 1990) and in mice immunized with Rev protein (Fig. 1
and Voll ez al., 1990). Hence, the mode of delivery of Rev ap-
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pears to influence the scope of the response that is elicited.
Others have reported that the nature of a transgene-induced re-
sponse may be influenced by the route of DNA administration
and by the tissue and cell types that are transfected. For ex-
ample, Raz er al. (1994) reported an antibody, rather than a
cellular response, was induced when the transgene was intro-
duced intradermally, as opposed to intramuscularly. Similarly,
Feltquate et al. (1997) reported that a Th1 response is prefer-
entially induced by a transgene product when plasmids are in-
troduced in saline. In contrast, gene gun delivery of the DNA
preferentially induces a Th2 response to the transgene prod-
uct. Aspects of the immune response induced by the introduc-
tion of Rev M10-transduced hematopoietic cells in humans
have not been defined, and are currently being explored in our
laboratory.

Several immunosuppressive strategies have been explored as
a means to inhibit the immune response to both transgene prod-
ucts and viral vectors. These include inhibitors of cytokine syn-
thesis such as cyclosporin A (Fang et al., 1995), blockade of
costimulatory pathways with either CTLA4Ig (Kay er al., 1995)
or anti-CD40 ligand MADb (Yang et al., 1996), and transient de-
pletion of CD4* T cells (DeMatteo et al., 1996). In addition,
coadministration of genes encoding immunosuppressive agents
shows promise as an alternate approach to control gene trans-
fer-induced responses. Examples of this strategy include the
transfer of genes encoding immunosuppressive proteins of the
E3 region of adenovirus (Lee er al., 1995; llan et al., 1997),
IL-1 receptor antagonist (McCoy et al., 1995), and the EBV
product virat IL-10 (Qin ez al., 1997). Our observation that co-
transfer of a plasmid encoding the active form of human TGFS1
ablates the HTL response induced by Rev M10 genetic vacci-
nation (Table 5) further supports the utility of “genetic im-
munosuppression” in the management of transgene-induced im-
mune responses. TGFf1 is a pleiotrophic cytokine that mediates
multiple antiinflammatory activities (Wahl, 1994), including in-
hibition of Th1 responses (Schmitt et al., 1994), E-selectin ex-
pression by endothelial cells (Gamble et al., 1993), and CTL
development (Inge ef al., 1992). However, excess production
or systemic administration of TGFS1 has been associated with
unresolved inflammation and fibrosis (Border and Ruoslahti,
1992; Wahl, 1994). It should be noted that no adverse effects
were observed when mice received intramuscular injections of
plasmid encoding TGFg1 in this study. Parameters assessed in-
cluded physical activity, weight loss, coat condition, and
splenomegaly. Hence, local delivery of TGFf1 via plasmid in-
oculation provided the desired immunosuppressive effect with-
out overt toxicity.

To our knowledge, this study represents the first to quantify
IL-2-producing HTLs as an indicator of the immune response
induced by a plasmid encoding Rev M10 in vivo. We suggest
that similar HTL responses may be mounted to other transgene
products, and that LDA may prove useful in monitoring the
evolution of gene transfer-induced immune responsiveness in
the setting of replacement gene therapy and of genetic vacci-
nation. Finally, data from this study support the feasibility of
combining genes that encode immunosuppressive cytokines
with the transgene of interest as a modification aimed at in-
hibiting the development of transgene-neutralizing immune re-
sponses.
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