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If foreign genes are ubiquitously expressed in mice using a viral vector, expression is abrogated by CD81

cells in 2 to 4 weeks. However, if the expression of the genes is confined to skeletal muscle cells, the CD81 T-cell
response is much weaker and expression is maintained for more than 6 weeks. These data show that restricting
the expression of foreign genes to skeletal muscle cells and presumably to other cells that are inefficient at
antigen presentation can prolong the expression of a foreign gene product.

A major limitation in gene therapy is the rapid loss of cells
expressing the foreign gene. This loss of cells is mediated by
CD81 T cells (TCD81) specific for vector proteins or the trans-
gene product (31, 35, 36). Although vectors have been devel-
oped that produce little or no vector gene products (4, 15, 24),
the transgene product itself is often highly immunogenic, if it is
absent from the host. For example, there are, in patients with
Duchenne’s or Becker’s muscular dystrophy, large deletions in
the coding region of the dystrophin gene that cause frameshifts
(13). In such patients, if the normal protein is expressed using
gene therapy, it may be recognized as foreign and provoke the
immune system. Immune responses to factor VIII have been a
major problem in patients undergoing replacement therapy for
hemophilia (1, 5, 38). Similar problems would be encountered
in treating Tay-Sachs disease, Sandhoff disease, certain types
of cystic fibrosis, and other genetic diseases caused by muta-
tions that abrogate gene expression (14, 25, 34). For gene
therapy to be successful in situations like these in the absence
of immunosuppressive drugs, it is vital to develop the means to
deliver foreign proteins that do not provoke the recipient’s
immune system. In the present study we have examined the
persistence of the expression of genes delivered to mice by
recombinant avian retroviruses. Our findings point to a strat-
egy that prolongs the expression of foreign genes by avoiding a
powerful immune response.

We used the avian sarcoma leukosis virus (ASLV)-derived
vector RCASBP(A) to express the alkaline phosphatase (AP)
gene or a strongly immunogenic peptide SIINFEKL, corre-
sponding to residues 257 to 264 of chicken ovalbumin, which is
recognized in association with H-2Kb by TCD81 (7). The DNA

constructs used to express the vectors and the corresponding
mRNAs encoding AP and OvaM257–264 (the Met is needed for
initiation and may be removed by Met-aminopeptidase) the
vectors give rise to are diagrammed in Fig. 1. The expression of
the mRNAs for AP and OvaM257–264 are controlled either by
the retroviral long terminal repeat (LTR) or the MC1 or
chicken a-skeletal-muscle (ask)-actin internal promoters. The
MC1 promoter is active in virtually all cell types (30); the
chicken ask-actin promoter is expressed primarily in striated
muscle cells (26). The mice used for the avian retrovirus-
mediated gene transfer are transgenic and express the gene for
the receptor for subgroup A ASLV (tva) under the control of
the ubiquitously expressed b-actin promoter (bAKE trans-
genic mice) (9). The subgroup A receptor is expressed in es-
sentially all cells and/or tissues in these mice, and the virus can
infect any dividing cell (12, 19, 33) it comes in contact with
following intramuscular (i.m.) injection. The ability of the virus
to infect the striated muscle cells of newborn mice drops pre-
cipitously after day 5 (8), when the myocytes cease rapid divi-
sion. Consequently, all i.m. injections were performed on
1-day-old bAKE neonates.

In the initial experiments, DF-1 tissue culture cells produc-
ing RCASBP/AP (A) were injected i.m. into the hind legs of
bAKE neonates. DF-1 cells (16, 29) were grown in Dulbecco’s
modified Eagle medium (Life Technologies, Rockville, Md.)
supplemented with 10% tryptose phosphate broth (Life Tech-
nologies), 5% fetal bovine serum (HyClone), 5% newborn calf
serum (Advanced Biotechnologies, Columbia, Md.), 100 U of
penicillin per ml, and 100 mg of streptomycin per ml. Virus
production was initiated by transfection of plasmid DNA that
contained the retroviral vector in proviral form, using the cal-
cium phosphate precipitation method. DF-1 producer cells
were harvested from four confluent 100-mm plates by trypsin,
collected by centrifugation, and resuspended in 1 ml of cell
supernatant. Each day-old neonatal mouse received an i.m.
injection of 50 ml of this suspension. Hind legs were analyzed
14, 28, and 42 days later for the presence of AP (Fig. 2); four
pups were used for each time point.

The mouse legs were stained for AP according to the
method described by Fields-Berry et al. (10) with minor mod-
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ifications (8). Whole-leg mounts were fixed in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) overnight at 4°C.
Tissues were washed three times in PBS for 1 h for each wash
and were heat treated (in PBS) at 65°C for 45 min to inactivate
the endogenous AP activity. They were then washed twice for

10 min in AP detection buffer (100 mM Tris-Cl, pH 9.5; 100
mM NaCl; 50 mM MgCl2) and exposed to the AP chromo-
genic substrate nitroblue tetrolium and 5-bromo-4-chloro-3-
indolylphosphate (Life Technologies). Enzymatically active
AP produces an insoluble purple precipitate.

FIG. 1. Schematic representation of the ASLV proviral DNAs and mRNAs coding for the reporter genes, AP and OVAM257–264. The viral genes gag, pol, and env
are shown (not to scale), as are the genes AP and OVAM257–264. Internal promoters are shown as arrowheads. The positions of splice donors (SD) and splice acceptors
(SA) are also shown. The retroviral vectors RCASBP(A) and RCANBP(A) and the Cla12 adapter plasmid have been described elsewhere (18, 27), as has
RCASBP/AP(A) (10). The ask-actin promoter was cloned into the ClaI-EcoRI site of the Cla12 adapter plasmid, and the AP cDNA was cloned into the EcoRI-SalI
site of the same adapter plasmid. The ClaI fragment containing the ask-actin AP fragment was excised from the Cla12 adapter and cloned into the ClaI site of
RCANBP(A) to produce RCANBP/ask-actin AP(A). The MC1 promoter, kindly provided by Mario Capecchi, contains a polyomavirus enhancer and a minimal TK
promoter. The two oligonucleotides 59-CCCGCCTCTAGACTCGAGCAGTGTGGTTTTCAAGAGG-39 and 59-CCCGCCGTCGACTCAGAGCTTCTCGAAGTT
GATGATCGACATGGTTGCAGGGTCGCTCGG-39 were used to produce the MC1 OvaM257–264 PCR product. This product was cloned into the XbaI-SalI site of
Cla12 that contained AP in the EcoRI site. The ClaI fragment that contained the AP-MC1-OvaM257–264 was excised from the Cla12 adapter and cloned into the ClaI
site of RCASBP(A) to produce RCASBP/AP-MC1-OvaM257–264(A). The ask-actin promoter was cloned into the SmaI-EcoRI site of pBluescript SK(1). The two
oligonucleotides 59-AATTCACCATGTCGATCATCAACTTCGAGAAGCTCTGAG-39 and 59-TCGACTCAGAGCTTCTCGAAGTTGATGATCGACATGGT
G-39 that code for the peptide were cloned into the EcoRI-SalI site of pBluescript SK(1) that contained the ask-actin promoter. The XbaI-SalI fragment that con-
tained the ask-actin promoter linked to OvaM257–264 was cloned into the XbaI-Sa1I site of Cla12 that contained AP in the EcoRI site. The ClaI fragment that con-
tained the AP–ask-actin–OvaM257–264 segment was excised from the Cla12 adapter and cloned into the ClaI site of RCASBP(A) to produce RCASBP/AP–ask-actin–
OvaM257–264(A).

FIG. 2. bAKE mice infected with RCASBP/AP(A). The mice were sacrificed on days 14, 28, and 42, and their legs were stained for AP (see the text). Muscle fibers
that express AP can be seen as purple streaks.
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As expected, the virus successfully infected the striated mus-
cle, as judged by clearly positive AP staining of individual
muscle fibers of all four mice tested on day 14. However, AP was
not detected in any in any of the pups tested 2 or 4 weeks later.
One possible explanation for these results is that the infected
tissues were destroyed by TCD81 specific for either viral gene
products or AP. Technical issues prevented us from directly
measuring TCD81 responses to either the viral proteins or AP.
To monitor TCD81 responses, we injected bAKE neonates
with DF-1 cells producing RCASBP/AP-MC1 OvaM257–264(A).
In this virus (see Fig. 1), OvaM257–264 is produced under the
control of the ubiquitously active MC1 promoter. In a parallel
set of control experiments, a recombinant vaccinia virus (rVV)
was used to express OvaM257–264 in bAKE mice (2).

Splenocytes from mice injected with either OVAM257–264VV21

or RCASBP/MC1-OVAM257–264(A) virus-producing DF-1 cells
were restimulated with 0.1 mM Ova257–264 (SIINFEKL) for 60
min at 37°C, washed, resuspended in 20 ml of Iscove modified
Dulbecco’s medium IMDM (Life Technologies) and cultured
for 6 days. Subsequently, the effector cytotoxic T lymphocytes
(CTLs) were centrifuged over Ficoll to remove dead cells. The
live cells were harvested from the medium-Ficoll interface,
washed, resuspended in IMDM, and plated in 96-well, round-
bottom microtiter plates according to the effector/target (E:T)
ratios indicated in the figures. Target cells (RMA) expressing
H-2Kb were incubated with 0.1 mM SIINFEKL for 60 min at
37°C, washed, and labeled with Na51CrO4 (10 mCi) for 60 min
at 37°C. The RMA target cells were then extensively washed

and resuspended in IMDM, and incubated for an additional 15
min to allow the release of loosely incorporated 51Cr. Cells
were collected by centrifugation and resuspended at 105/ml in
IMDM, and 100 ml was plated into each well containing CTLs.
RMA cells were also incubated without CTLs for the sponta-
neous release control or with cetrimide for the total release
control. After a 4-h incubation, 100 ml of the supernatant was
removed from each well, and the amount of 51Cr released was
determined by gamma counting. Percent specific release was
measured as follows: % specific release 5 (total release 2
spontaneous release)/total release 3 100. Mice infected as
day-old neonates with retrovirus-encoded OvaM257–264 had an
easily detected TCD81 response (Fig. 3).

This finding is consistent with the idea that TCD81 are in-
volved in the time-dependent loss of AP expression following
retrovirus infection. We tested this idea by generating mice
that lack the transporter associated with antigen processing
(TAP1) and that express the Tva receptor under the control of
the b-actin promoter (TAP12/2/bAKE mice). To produce
TAP12/2 mice carrying the Tva receptor, the TAP12/2 mice
were mated with the bAKE mice. The F1 progeny were inter-
crossed and their progeny were analyzed first for the TAP12/2

knockout by PCR as described by van Kaer et al. (32). Subse-
quently, the mice that had the TAP12/2 genotype were ana-
lyzed for the presence of the receptor as described by Feder-
spiel et al. (9). TAP1 is resident in the endoplasmic reticulum
and delivers cytosolic peptides to nascent class I molecules (6).
TAP12/2 mice are doubly deficient in TCD81-mediated immu-
nosurveillance (32): they have a greatly reduced TCD81 reper-
toire due to limited expression of self peptides with class I
molecules in the thymus, and their antigen-presenting cells
(APCs) demonstrate a greatly diminished capacity to present
peptides derived from the cytosolic substrates. Six-day-old
TAP12/2/bAKE mice were injected with DF-1 cells producing
RCASBP/AP(A); AP expression persisted for at least 49 days
(Fig. 4). There was no AP expression in TAP12/2 mice that do
not carry the tva receptor gene. This implies that the TCD81

response is required for the elimination of transgene expres-
sion in the infected mice.

Ideally, gene therapy should not require immunosuppression.
Since muscle cells are poor APCs (11, 17, 20, 22), we examined
the consequences of placing AP and OvaM257–264 under the
control of the chicken ask-actin promoter, which we have al-
ready shown is largely specific for striated muscle in transgenic
mice (26). bAKE neonates were injected with DF-1 cells pro-
ducing either RCASBP/AP-MC1 OvaM257–264(A) virus or
RCASBP/AP–ask-actin OvaM257–264(A). Spleens analyzed 14
days later for an OvaM257–264-specific TCD81 response. As

FIG. 3. Splenocytes from adult C57BL/6 mice infected with OVAM257–264
VV (a) or 2-week-old bAKE mice injected on day 1 with RCASBP/AP-MC1
OVAM257–264(A) (b) virus-producing DF-1 cells were restimulated in vitro with
0.1 mM SIINFEKL and subsequently assayed for cytolytic activity against control
(open boxes) or peptide-pulsed (closed boxes) targets at various E:T ratios (see
the text).

FIG. 4. TAP12/2 mice carrying the Tva receptor infected with RCASBP/AP(A). The mice were sacrificed on days 14, 28, and 49, and their legs were stained for
AP (see the text). Two of the legs (14 and 49 days) are negative for AP staining. These legs are from mice that do not have the subgroup A receptor.
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shown in Fig. 5, use of the ask-actin promoter to express MSI-
INFEKL greatly reduced OvaM257–264-specific responses.

We did detect a weak response to OvaM257–264 following
infection with RCASBP/AP-ask-actin OvaM257–264(A). This re-
sponse might have been induced by infection of nonmuscle
cells that could have expressed low amounts of OvaM257–264
due to leakiness of the ask-actin promoter. Due to its prepro-
cessed nature, the efficiency of generating major histocompat-
ibility complexes with the OvaM257–264 peptide is at least 10-
fold higher on a molar basis than from ovalbumin itself (28),
which increases the probability of such complexes being
formed and provoking the immune system. The fact that
OvaM257–264 is preprocessed could also be a critical factor for
an alternative, if less likely, explanation, i.e., that the response
is due to presentation by the infected skeletal muscle cells.
Even though muscle cells are believed to be relatively poor
APCs, the preprocessed OvaM257–264 can be presented more
efficiently than peptides derived from an intact protein. There
is also the possibility that the OvaM257–264-specific response
involves cross-priming, a phenomenon in which peptides or
proteins expressed by nonprofessional APCs are acquired and
presented by professional APCs (3).

Consistent with the weak CD81 response to OvaM257–264 in
these experiments, six mice were injected with the virus that
expresses AP from the ask-actin promoter. Expression of AP
persisted for at least 42 days (Fig. 6). Since retroviral proteins
could be expressed from the promoter in the viral LTR, the
persistence of AP expression suggests either that the ASLV
proteins are poorly expressed in nonmuscle cells or that they

are poorly immunogenic under these conditions (37). Which-
ever explanation is correct, the results indicate that limiting the
expression of AP and MSIINFEKL to skeletal muscle in-
creases the persistence of AP expression and provides a strat-
egy for enhancing gene therapy in humans.

The data presented here provide a simple explanation for
our prior findings with mice expressing the Tva receptor under
the control of the ask-actin promoter (8). In these mice, infec-
tion is confined to the skeletal muscle cells and foreign gene
expression persists for more than 12 weeks. We now attribute
the persistence of the expression of foreign gene products in
this system to the lack of a strong immune response and the
lack of an immune response to the fact that expression was
confined to the muscle cells.

The present findings are consistent with what is now known
about the induction of TCD81 responses following immuniza-
tion with DNA vaccines (37). Such vaccines usually involve the
cytomegalovirus promoter, which is ubiquitously expressed.
The ability to successfully transfect professional APCs has
been implicated in the induction of a TCD81 response to DNA
vaccines in some studies. In other studies, the TCD81 response
seems to stem from cross-priming. Cross-priming of TCD81

responses has been shown to occur following introduction of
foreign cells, most recently for Ova expressed in the proximal
tubules in kidneys of transgenic mice (23).

With the possible exception of MSIINFEKL, there does not
seem to be significant cross-priming in our system. An obvious
difference between retroviruses targeted to myocytes and DNA
vaccines is that the latter should direct gene expression in any
or all of the numerous nonprofessional APCs present in mus-
cles, such as endothelial cells or fibroblasts, which may be
better APCs than the myocytes and/or better sources of anti-
gens for cross-priming. There are three major differences be-
tween our system and Ova-expressing transgenic mice. First,
Ova-expressing mice were studied using adoptively transferred
Ova-specific TCD81 derived from T-cell receptor transgenic
mice, and it is possible that these cells were more easily trig-
gered than the (lower number of) naive normal Ova-specific
TCD81 in our study. Second, there may be differences between
myocytes and kidney cells either in terms of their ability to
release antigen or the ability of professional APCs to acquire
antigens from these different cell types. Third, different anti-
gens were studied, Ova versus AP/OvaM257–264 and, perhaps,
retrovirus proteins. Cross-priming may be dependent on spe-
cific properties of the antigen and on the quantities of antigens
synthesized by cells. The latter possibility points to the need to
determine the extent to which our findings depend on the
nature of the transgene and its level of expression.

Immunologically privileged sites such as the eye and the

FIG. 5. Splenocytes from 2-week-old bAKE mice injected on day 1 with
RCASBP/AP-MC1 OVAM257–264(A) virus-producing DF-1 cells (a) or 2-week-
old bAKE mice injected on day 1 with RCASBP/AP-ask OVAM257–264(A) virus-
producing DF-1 cells (b) were restimulated in vitro with 0.1 mM SIINFEKL and
subsequently assayed for cytolytic activity against control (open boxes) or pep-
tide-pulsed (closed boxes) targets at various E:T ratios (see the text).

FIG. 6. bAKE mice infected with RCANBP/askAP(A). The mice were sacrificed on days 14, 28, and 42, and their legs were stained for AP.
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central nervous system that do not constitutively express class
I molecules have traditionally been considered the best locales
for transgenic therapies. For technical reasons, these tissues
are generally poor targets for the current generation of vectors.
Skeletal muscle offers several advantages as a site for transgene
expression; skeletal muscle is readily accessible, abundant and,
best of all, redundant and replaceable should immune re-
sponses be accidentally triggered. Although the system we have
used here provides a useful model, the fact that simple retro-
viruses cannot successfully infect nondividing cells would limit
the usefulness of the current version of the RCAS vectors for
use in gene therapy. However, other viral vectors could be
used. It was previously shown that adenovirus-associated virus
is capable of inducing prolonged expression of foreign genes in
skeletal muscle due to the absence of TCD81 priming (21).
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