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Vectors derived from the adeno-associated virus (AAV) have been successfully used for the long-term
expression of therapeutic genes in animal models and patients. One of the major advantages of these vectors
is the absence of deleterious immune responses following gene transfer. However, AAV vectors, when used in
vaccination studies, can result in efficient humoral and cellular responses against the transgene product. It is
therefore important to understand the factors which influence the establishment of these immune responses in
order to design safe and efficient procedures for AAV-based gene therapies. We have compared T-cell activation
against a strongly immunogenic protein, the influenza virus hemagglutinin (HA), which is synthesized in
skeletal muscle following gene transfer with an adenovirus (Ad) or an AAV vector. In both cases, cellular
immune responses resulted in the elimination of transduced muscle fibers within 4 weeks. However, the
kinetics of CD41 T-cell activation were markedly delayed when AAV vectors were used. Upon recombinant Ad
(rAd) gene transfer, T cells were activated both by direct transduction of dendritic cells and by cross-
presentation of the transgene product, while upon rAAV gene transfer T cells were only activated by the latter
mechanism. These results suggested that activation of the immune system by the transgene product following
rAAV-mediated gene transfer might be easier to control than that following rAd-mediated gene transfer.
Therefore, we tested protocols aimed at interfering with either antigen presentation by blocking the CD40/
CD40L pathway or with the T-cell response by inducing transgene-specific tolerance. Long-term expression of
the AAV-HA was achieved in both cases, whereas immune responses against Ad-HA could not be prevented.
These data clearly underline the importance of understanding the mechanisms by which vector-encoded
proteins are recognized by the immune system in order to specifically interfere with them and to achieve safe
and stable gene transfer in clinical trials.

In animal models and clinical trials, long-term transgene
expression has been described following gene transfer utilizing
recombinant adeno-associated virus vectors (rAAV) (11, 14,
15, 20, 30, 35). In these studies no immunological response to
the transgene product has been described. This stands in stark
contrast to studies using recombinant adenovirus (rAd) vec-
tors, which elicit strong cellular immune responses to the vec-
tor as well as to the vector-encoded proteins (16, 33, 40). rAAV
vectors do not contain any viral open reading frames, leaving
the transgene product and the virus capsid as the only source
of non-self antigen. In particular, the observation that the
Escherichia coli b-galactosidase (b-Gal) protein, which was
immunogenic in the context of an rAd infection, appeared not
to cause any immune reaction when introduced via an rAAV
vector raised the question as to whether rAAV vectors avoided
immunity by delivering the non-self proteins in such a way that
they are either ignored or induce tolerance by deletion, by
anergy, or by activating suppressive cells (17). In other studies,
however, rAAV vectors have been demonstrated to elicit cel-
lular and humoral immune responses to the encoded transgene
product and have been used successfully for vaccination pur-
poses (2, 8, 26, 27). In order to use rAAV vectors in a safe
manner in gene transfer protocols, one needs to precisely un-

derstand the factors influencing the activation of cellular im-
mune responses to proteins encoded by these vectors. This is
difficult to study in a normal mouse, where the fraction of cells
responsive to one particular protein is very low and therefore
difficult to physically track. To circumvent this problem, we
have taken advantage of T-cell-receptor (TCR) transgenic an-
imals, which have an increased precursor frequency of antigen-
specific T cells that can be followed by a monoclonal antibody
(MAb) directed toward the receptor (23). This enabled us to
study in detail the activation status of the T cells after they
encountered the antigen in the context of different virus vec-
tors. We chose influenza virus hemagglutinin (HA) as our
model antigen because its antigenic structure is well defined
and in BALB/c mice there is one major class II-restricted
epitope (amino acids 111 to 119), presented by major histo-
compatibility complex class II molecule I-Ed (6, 10).

Using mice transgenic for an HA-specific TCR (21), we
report here that rAAV-mediated gene transfer of the HA gene
into the muscle triggered the activation of HA-specific CD41

T cells and target cell destruction. Although immune responses
also occurred with E1-deleted Ad vectors, the mechanisms of
immune activation differed for the two vector types. rAd vec-
tors were able to directly transduce dendritic cells (DCs) in
vivo following intramuscular (i.m.) gene transfer, leading to
expression of the transgene within the antigen-presenting cells
(APCs). In contrast, APCs in rAAV-injected animals exclu-
sively took up antigenic material released from transduced
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cells and activated T cells through cross-presentation. In ac-
cordance with these results, protocols aimed at interfering with
the immune response by blocking antigen presentation or by
inducing transgene-specific T-cell tolerance were successful
with rAAV but not with rAd vectors.

MATERIALS AND METHODS

Mice. TCR-HA mice, described previously (21), are on a BALB/c background
and express an a/b TCR specific for peptide 111-119 from influenza virus HA,
presented by I-Ed. For the experimental protocols, heterozygous TCR transgenic
mice at between 6 and 10 weeks of age were used. BALB/c mice were obtained
from IFFA CREDO.

Plasmid constructions. For HAwt-SMD2, a 1.8-kb fragment of HAwt-pCMV
(HindIII/BamHI, kindly provided by Drew Pardoll) was cloned into SMD2
(PmlI/BglII) (34). For HAwt-SCII, a 1.8-kb fragment of HAwt-pCMV (KpnI/
NotI) was cloned into the KpnI/NotI sites of pSCII (16). For HAwt-pTG6600, the
plasmid HAwt-pCMV was cut with HindIII/BamHI and cloned into the EcoRI
site of pTG6600 (7) via blunt-end ligation.

Generation of recombinant virus vectors. rAAV vector was produced by triple
transfection into 293 cells as described in Xiao et al. (39). The E1-deleted rAd
expressing HA was generated as described by Chartier et al. (7).

i.m. injections. Mice were anesthetized, and rAAV-HA (1011 particles) or
rAd-HA (1011 particles) was injected in a 25-ml volume into the tibialis anterior
muscle, after a small incision was made to lay open the muscle. Incisions were
closed with a Vicryl suture. The muscles were harvested at various time points
after injection and snap frozen.

HA staining. Frozen muscle sections were fixed in acetone and incubated with
biotinylated H37/38 MAb (directed against HA; kindly provided by Walther
Gerhard, Wistar Institute, Philadelphia, Pa.) in phosphate-buffered saline–2%
goat serum, washed, and incubated in ABC (avidin-biotin-chromagen) solution
(Vector Laboratories). The slides were revealed in diaminobenzidine (DAB
Fast; Sigma) and counterstained with methyl green or hematoxylin.

X-Gal staining. Muscle sections were fixed in 0.5% glutaraldehyde and incu-
bated with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) (as de-
scribed in reference 17) for 6 h at 37°C. Tissue was counterstained with hema-
toxylin-eosine.

Antibodies and fluorescence-activated cell sorter (FACS) analysis. MAb 6.5
was labeled using fluorescein succinyl ester (FLUOS; Boehringer Mannheim),
and H37/38 was biotinylated using Biotin-X-NHS (Calbiochem, La Jolla, Calif.).
The following antibodies were used: a-CD4-PE (Becton Dickinson, Mountain
View, Calif.); biotin-conjugated a-CD25, a-CD45Rb, and a-CD62L (Pharmin-
gen, San Diego, Calif.); and SA-PE (Southern Biotechnology Associates, Inc.,
Birmingham, Ala.). Flow cytometry was performed on a FACScan, and data
were analyzed using the Cellquest software (Becton Dickinson).

B-cell and DC separation. Draining lymph nodes, lymph nodes, and spleens
were digested in Collagenase D (Worthington, Freehold, N.J.). For this, tissue
was minced in 100 U of collagenase per ml and further digested in 400 U of
collagenase per ml for 30 min at 37°C. For magnetic sorting, cells were incubated
with CD11c or CD19 magnetic beads (Miltenyi Biotec, Inc.). For flow cytometry
sorting, cells were centrifuged on a bovine serum albumin gradient (Sigma, St.
Louis, Mo.), and low-density cells recovered from the interphase were stained
with CD11c-fluorescein isothiocyanate (FITC) and CD19-phycoerythrin (PE)
antibodies. Sorting of CD11c1 and CD191 populations was performed on a
FACSVantage machine (Becton Dickinson). The purity of the DCs was higher
than 75% after magnetic sorting and higher than 95% after fluorescence sorting.

TcH assay. A total of 105 APCs (B cells or DCs) in 200 ml of Iscove modified
Dulbecco medium (IMDM) were incubated for 18 h together with 105 HT-1080
cells transduced with either rAd-HA (multiplicity of infection of 100) or
rAAV-HA (105 particles/cell) before the addition of 105 HA-specific T-cell
hybridoma (TcH) cells (described by Weber et al. [36]). At 24 h after the addition
of the TcH cells, the cells were centrifuged, and the pellets were taken up in 100
ml of IMDM and 100 ml of 2 mM fluorescein di-b-D-galactopyranoside (Molec-
ular Probes) in distilled water and incubated for 1 min at 37°C and for 30 min in
ice. The percentage of b-Gal1 TcH cells was determined by cytofluorometry.

CTL assay and generation of recombinant vaccinia virus. The cytotoxic-T-
lymphocyte (CTL) assay and the generation of recombinant vaccinia virus were
done as previously described by Jooss et al. (16).

RT-PCR. Total RNA was isolated from sorted B cells or DCs by using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was carried
out using Superscript II reverse transcriptase (RT; Gibco-BRL, Gaithersburg,
Md.). RT-PCR was performed with primers specific for HA, giving rise to a

fragment of 440 bp or, for b2-microglobulin, giving rise to a fragment of 230 bp.
cDNA isolated from rAd-HA-transduced HT-1080 cells was included in each
PCR. H2O samples served as negative controls.

MR1 or YTA3.1.2-IgHA treatment. A total of 2.5 3 107 lymph node cells were
adoptively transferred into BALB/c animals at day 26. Mice were injected (day
0 for the MR1 study and day 8 for YTA3.1.2-IgHA study) into the tibialis
anterior muscle with rAAV-HA (1011 particles) or rAd-HA (1011 particles).
Some of the animals received, in addition, a neutralizing CD40L antibody (MR1
[28], 100 mg/injection, i.v. [intravenous]) at days 22, 0, 2, 4, and 12 or a semi-
depleting CD4 antibody (YTA3.1.2 [29], 50 mg/injection, i.v.) at days 22 and 0
in combination with a chimeric immunoglobulin containing the HA peptide,
termed IgHA (43) (100 mg/injection, i.v.), at days 0, 7, 10, and 13. The muscles
were harvested for immunohistochemistry (day 22 for the MR1 study and day 28
for the YTA3.1.2-IgHA study), and the lymph nodes were harvested for FACS
analysis as well as for the proliferation assays.

Proliferation assay. Lymph node cells were isolated and cultured (2 3 105

cells/well) with irradiated BALB/c splenocytes (5 3 105 cells/well) in the pres-
ence of HA peptide (10, 1, and 0.1 mg/ml) or with medium alone. 3H incorpo-
ration was measured over the last 18 h of a 90-h culture.

RESULTS

Antigen-specific T-cell activation and target cell destruction
following rAAV-mediated gene transfer. An AAV vector con-
taining the HA gene was constructed (rAAV-HA; see Mate-
rials and Methods) and injected into the tibialis anterior mus-
cle of immunocompetent BALB/c mice. The expression of the
HA transgene was monitored by immunohistochemistry on
muscle sections from injected animals sacrificed at different
time points and compared to that of animals injected with an
E1-deleted Ad vector carrying HA (rAd-HA). As expected, the
rAd-HA control showed a strong infiltration after 5 days, with
destruction of the transduced tissue (data not shown). Mice
receiving the rAAV-HA vector showed HA expression as early
as 5 days after gene transfer (Fig. 1a). Infiltrating cells were
recruited into the area of HA-expressing muscle fibers by day
12, and most fibers expressing the transgene had disappeared
by day 26 (Fig. 1a). This transient expression profile stands in
stark contrast to the stability of transgene expression observed
after administration of rAAV vectors expressing various other
transgenes (9, 11, 14, 15, 35, 37) and is exemplified in Fig. 1b
(upper panel), which shows stable lacZ expression in immuno-
competent BALB/c animals 28 days after i.m. injection of an
rAAV-LacZ vector. Muscle sections from immunodeficient
RAG2/2 mice injected with rAAV-HA showed stable HA
expression 28 days after transduction (Fig. 1b, lower panel),
indicating that the destruction of target cells in immunocom-
petent BALB/c animals was dependent on an adaptive immune
response.

The transgene-specific T-cell response was then monitored
in greater detail. For this, we injected rAAV-HA or rAd-HA
into the muscle of transgenic mice (TCR-HA) expressing an
antigen receptor which recognizes the HA epitope 111-119 on
10 to 15% of their CD41 T cells. Due to the increased pre-
cursor frequency of HA-specific CD41 T cells in these mice,
the kinetics of muscle infiltration after administration of either
vector were accelerated (already significantly by day 7) com-
pared to that observed with BALB/c mice (data not shown).
The draining (aortic, inguinal, and popliteal) lymph nodes of
mice injected with either vector were significantly enlarged
compared to nodes draining the noninjected leg, suggesting
that the immune response was localized. In accordance with
this, HA-specific CD41 T cells isolated from the draining
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lymph nodes, but not from the other lymph nodes, had signif-
icantly upregulated levels of CD69, an early marker of T-cell
activation, 7 days after transduction (Fig. 2). This activation
had disappeared by day 54. Interestingly, both vectors resulted
in upregulation of the CD69 activation marker but with differ-
ent kinetics. CD69 expression after rAd gene transfer peaked
at day 7 and declined rapidly thereafter, whereas after
rAAV-HA injection it reached a peak at 2 weeks and declined
slowly thereafter. HA-specific T cells isolated from TCR-HA
animals injected with either vector expressing the lacZ trans-
gene did not upregulate CD69 above background levels, con-
firming the antigen specificity of T-cell activation (Fig. 2, d14
and d54). This was further confirmed in a more physiological
setting by performing adoptive transfer of limiting numbers of
HA-specific CD41 T cells (2.5 3 106 cells) from TCR-HA
animals into BALB/c mice and injecting the recipients 5 days
later with either virus vector. Again, a significant enrichment
and activation of TCR-HA-positive CD41 T cells in the drain-
ing lymph nodes but not in the other lymph nodes was found
using both vectors (data not shown).

Different mechanisms of T-cell activation following rAAV-
and rAd-mediated gene transfer. The difference observed in
the kinetics of T-cell activation (Fig. 2) could be due to differ-
ences in timing of the onset of transgene expression and/or to
different mechanisms of T-cell activation. Since muscle cells do

not express major histocompatibility complex (MHC) class II
molecules, the HA-specific CD41 T cells must become acti-
vated by the presentation of antigen by APCs. After vector
administration, APCs can acquire antigen for presentation ei-
ther by being directly transduced and expressing the antigenic
proteins themselves or by taking up antigen from transduced
cells in the vicinity, a mechanism termed cross-presentation (1,
4, 13). In order to determine whether direct transduction of
DCs was taking place in vivo, we looked at the presence of HA
transcript in B cells (CD191) and DCs (CD11c1) sorted from
the draining lymph nodes of TCR-HA animals injected with
either vector (Fig. 3). DCs, but not B cells, from rAd-HA-
injected animals were found to be positive for the HA tran-
script by RT-PCR. No HA-specific signal could be detected in
either B cells or DCs isolated from rAAV-HA-transduced an-
imals. These data indicate that DCs are directly transduced in
vivo after i.m. administration of rAd-HA but not after admin-
istration of rAAV-HA. In order to determine how nontrans-
duced APCs can present the HA antigen, we used a TcH which
expresses the transgenic, class II-restricted TCR-HA. Al-
though it is well understood that this system has its limita-
tions—TcH cells are more easily activated than are naive T
cells—it is nevertheless an elegant tool for studying cross-
presentation in vitro. Activation of these T cells can be mon-
itored by measuring the expression of a lacZ gene placed under

FIG. 1. rAAV gene transfer to muscle. (a) rAAV-HA (1011 particles) was injected into the tibialis anterior muscle of immunocompetent
BALB/c mice. Muscles were isolated and stained for HA at various time points. (b) The same rAAV-HA vector was injected into immunodeficient
RAG2/2 mice (lower panel) or rAAV-LacZ (1011 particles) was injected into immunocompetent BALB/c animals (upper panel), and the muscles
were stained for HA or lacZ expression 28 days later. Magnification, 3150.
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the control of the interleukin-2 promoter (5). In agreement
with our in vivo data, BALB/c splenic DCs transduced with
rAd-HA but not those transduced with rAAV-HA were able to
activate the TcH cells and induced a fivefold lacZ expression
(Fig. 4a and d). We observed a 15- to 20-fold increase in lacZ
activity when the TcH cells were incubated with BALB/c DCs

that had been in contact with HT-1080 cells transduced with
either vector (Fig. 4b and e). As expected, no lacZ activity was
detected when the TcH cells were incubated with transduced
HT-1080 cells alone (Fig. 4c and f), since they do not express
the appropriate MHC. These results indicate that the HA
protein, or parts of it, is released from transduced cells, taken
up, and efficiently presented by surrounding DCs.

Interference with the cellular immune response by blocking
the CD40/CD40L pathway or by inducing HA-specific toler-
ance. The fact that the viral backbone of rAd, but not of rAAV,
is immunogenic (16), together with the observation that rAd,
but not rAAV, was capable of directly transducing DCs, sug-
gested that successful interference with cellular immune re-
sponses generated toward transgenes encoded by rAAV vec-
tors would be easier to achieve. We tested two approaches that
interfered with the immune response at different levels: one
approach was to block the T-cell–APC interaction with an
anti-CD40L MAb (MR1), which has been successfully used in
many studies for transiently preventing transplantation reac-
tions (3, 24), delaying the onset of autoimmune disease (12, 32)
and enhancing the persistence of rAd-mediated gene transfer
(41). The second approach was to induce transgene-specific
T-cell tolerance by using a protocol, previously described,
which combines systemic administration of a semidepleting
CD4 MAb (YTA3.1.2) and repeated doses of a chimeric im-
munoglobulin containing the HA peptide 110-119 (IgHA).
This regimen can induce long-lasting tolerance in TCR-HA

FIG. 2. Activation of HA-specific T cells following i.m. gene transfer. TCR-HA animals were injected i.m. with 2.5 3 1010 particles of rAd-HA,
rAAV-HA, rAd-LacZ, or rAAV-LacZ or were mock injected. Single-cell suspensions from lymph nodes draining the injected muscle were
prepared at different time points after gene transfer, and three-color staining was performed using CD4, 6.5 (transgenic TCR), and CD69
antibodies. The histograms show CD69 expression gated for CD41 and 6.51 T cells. For animals injected with rAd-HA or rAAV-HA, two mice
for each vector are shown.

FIG. 3. RT-PCR of sorted B cells (B) and DCs (DC) following
gene transfer. B cells and DCs were sorted from lymph nodes draining
the muscle of TCR-HA mice which had been injected 12 days before
with rAAV-HA (1011 particles, AAV) or rAd-HA (1011 particles, Ad).
RNA was isolated, cDNA was generated, and RT-PCR was performed
using primer pairs specific for HA or b2-microglobulin (b2-Micro). A
100-bp marker (M) was used for size estimation.
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animals (23). In order to be able to determine the effect of
these protocols on the activation and proliferative capacity of
transgene-specific T cells upon vector administration, we per-
formed adoptive transfer of TCR-HA T cells into BALB/c
mice (described above). Recipients were sacrificed at different
time points following vector administration, and HA staining
on muscle fibers, as well as FACS analysis and proliferation
assays of cells recovered from the lymph nodes, was per-
formed.

As seen in Fig. 5, MR1-treated animals injected with
rAAV-HA showed stable expression of HA and no tissue in-
filtration 22 days after vector administration. In contrast, mice
that had not received MR1 treatment did not exhibit any HA
expression at that point in time. MR1 treatment did not sig-
nificantly protect mice receiving rAd-HA. The protective effect
of MR1 in rAAV-HA-transduced mice did not last since, by
day 50, the muscles showed signs of infiltration and regener-
ating fibers, even though HA-positive fibers were still detect-
able (not shown). In order to determine whether the cells with
the transgenic HA-specific TCR in MR1-treated mice had
been rendered tolerant, we determined their capacity to pro-
liferate in vitro in response to antigenic stimulation. T cells
from MR1-treated mice proliferated less well in response to
HA peptide than cells from untreated mice, but they still re-
sponded, especially at high concentrations of peptide (see Fig.
7A).

In mice that received the anti-CD4 (YTA3.1.2)-IgHA treat-
ment, rAAV-HA was stably expressed in the muscle and no
infiltration was detected 28 days after vector administration. In
contrast, muscles from nontreated mice that had received
rAAV-HA or from treated mice that had received rAd-HA
contained few to no HA-positive fibers and were significantly
infiltrated (Fig. 6). Nevertheless, TCR-HA T cells isolated
from the lymph nodes of YTA3.1.2-IgHA-treated mice were

incapable of responding to HA upon in vitro stimulation with
different doses of peptide, indicating that they had been effi-
ciently tolerized (Fig. 7B). Also, gamma interferon secretion by
the TCR-HA T cells in response to peptide was significantly
reduced in mice that had received YTA3.1.2-IgHA (not
shown). By day 50, muscles from YTA3.1.2-IgHA-treated mice
transduced with rAAV-HA also showed signs of infiltration, in
spite of the fact that the proliferative response of the TCR-HA
T cells was still completely suppressed at this point in time (not
shown). This suggests that the infiltration at day 50 could be
due to recent thymic emigrants from the BALB/c recipient,
which were generated after tolerization. This finding needs to
be verified by thymectomy. It is interesting that TCR-HA T
cells from treated and rAd-HA-transduced mice were also
unresponsive at all time points, indicating that the muscle
infiltration and target cell destruction observed in these mice
was due to an immune response directed against the viral
backbone rather than against the HA. A previous study, iden-
tifying highly immunogenic proteins within the adenoviral
backbone, strongly supports this hypothesis (16). This is also
supported by experiments using mice expressing HA under the
control of the immunoglobulin k promoter (18), which drives
transgene expression in circulating hemopoietic cells. These
mice, which are tolerant for HA, tolerate rAAV-HA but not
rAd-HA, indicating that the tissue destruction in the case of
rAd-HA is due to an immune response directed against the
viral backbone and that rAAV vectors do not break tolerance
toward the transgene they encode (data not shown).

DISCUSSION

It has been demonstrated in many cases that foreign proteins
can be produced following gene transfer with rAAV vectors
without triggering an obvious immune response (9, 11, 14, 15,

FIG. 4. Mechanisms of CD41 T-cell activation following gene transfer. Activation of the MHC class II-restricted HA-specific TcH cells was
measured by determining lacZ expression. The TcH cells were incubated with BALB/c splenic DCs directly transduced with rAd-HA (a), directly
transduced with rAAV-HA (d), coincubated with rAd-HA-transduced HT-1080 cells (b), or coincubated with rAAV-HA-transduced HT-1080 cells
(e). No activation was observed when the TcH cells were incubated only with the rAd-HA- or rAAV-HA-transduced HT-1080 cells in the absence
of DCs (c and f).
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35). However, certain combinations of rAAV-borne transgene
products and target tissues do result in the stimulation of
immunity, implying that there is no general mechanism by
which AAV blunts the immune system (2, 8, 26, 27). Here we
have studied the nature of the cellular immune response
against the strongly immunogenic HA protein following
rAAV-mediated gene transfer and have tested whether such a
response could be efficiently prevented. Using a system in
which the number and activation status of antigen-specific
CD41 T cells could be precisely monitored, we observed that,
in the context of rAAV vectors and, not surprisingly, of rAd
vectors, HA elicited an immune response which resulted in
destruction of the transduced muscle cells. With both viral
vectors, the priming of antigen-specific T cells occurred only in
the lymph nodes draining the injected muscle. We show that, in
the case of rAd vectors, priming was due to direct transduction
of DCs in vivo, as well as to cross-presentation of HA epitopes
by DCs in the draining lymph nodes. In contrast, rAAV-me-
diated gene transfer activated T cells exclusively through cross-
presentation. Whether cross-presentation is a phenomena oc-

curring for all transgenes in the context of rAAV vectors is not
clear. In some studies using rAAV vectors, the transgene has
been reported to lead to the activation of the immune system,
suggesting cross-presentation of the transgene product by
APCs. For example, in a study by Manning et al., an rAAV
vector expressing secreted herpes simplex virus glycoprotein B
(gB), led to the activation of gB-specific CTLs, which were
most likely activated via cross-presentation of the secreted
protein by DCs. In other studies, however, stable expression of
transgenes following rAAV-mediated transfer has been ob-
served; for example, the d-sarcoglycan gene in a hamster model
of limb-girdle muscular dystrophy (11, 25, 38). One could
imagine that this protein, although localized at the cell mem-
brane, much like the HA in our study, does not lead to the
activation of antigen-specific CTLs via cross-presentation be-
cause it is part of the dystrophin-associated protein complex,
which may reduce its extracellular shedding and hinder effi-
cient cross-presentation. Ongoing studies, aimed at the iden-
tification of the nature of the DC cross-presented material
following rAAV- or rAd-mediated gene transfer (e.g., apopto-

FIG. 5. Interference with APC–T-cell interaction upon gene transfer. TCR-HA T cells (2.5 3 107 cells) were adoptively transferred into
BALB/c animals (day 26). rAAV-HA (1011 particles, right panels) or rAd-HA (1011 particles, left panels) was injected into the tibialis anterior
muscles of the recipients on day 0. Some of the animals received a-CD40L MAb (MR-1, 100 mg/injection, i.v.) on days 22, 0, 2, 4, and 12 (lower
panels), whereas others remained untreated (upper panels). Muscle tissues were isolated on day 22 following gene transfer, and frozen sections
were stained for HA. Original magnification, 3200.
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tic bodies, exosomes, etc.), should address this point. Interest-
ingly, we could demonstrate, by retargeting lacZ from the
cytoplasm to the cell surface, that the cellular localization of
the transgene product following rAAV-mediated gene transfer
has an impact on subsequent immune responses. LacZ protein
expressed on the cell surface—but not in the cytoplasm—
activated antigen-specific CTLs, leading to efficient target cell
destruction, most likely by being more accessible to APCs
(manuscript in preparation).

The amount of transgene product synthesized by the trans-
duced cells will likely influence the priming of the immune
system. The expression of antigens in peripheral tissues must
be relatively high to facilitate priming of naive CD81 T cells by
cross-presentation (22). Thus, the strength of promoters used
in rAAV vectors will have an impact on T-cell activation, and
low activity and regulatable promoters may facilitate escape
from immune recognition. However, it has been shown that
antigens which are weakly expressed in peripheral tissues do
activate naive CD81 T cells via cross-presentation if the target
tissue is destroyed (22). This should be kept in mind, especially
in cases where the tissue targeted by gene transfer is inflamed

as, for instance, in muscular dystrophies, where even intracel-
lular or nuclear transgene products may become cross-pre-
sented due to excessive cell death (31).

In the present study we demonstrate that, even if cross-
presentation of the transgene in the context of gene therapy is
unavoidable, one might still be able to avoid harmful cellular
immune responses following gene transfer. The fact that rAd
vectors transduced DCs whereas rAAV vectors did not, to-
gether with the fact that rAd vectors contain an immunogenic
backbone, suggested that controlling immune responses might
be easier to achieve in the context of rAAV vectors. In effect,
here we show that stable gene transfer in the context of rAAV,
but not rAd, vectors was facilitated by two different approach-
es: blocking the T-cell–APC interaction by using an MAb di-
rected against the CD40L and inducing transgene-specific T-
cell tolerance by using a combination of semidepleting CD4
MAb and a chimeric immunoglobulin containing the immuno-
dominant HA epitope. While both prevented target cell de-
struction upon rAAV- but not rAd-mediated gene transfer, the
latter protocol but not the former abrogated transgene-specific
T-cell responses in an efficient and long-lasting manner even

FIG. 6. Induction of transgene-specific CD41 T-cell tolerance before gene transfer. TCR-HA T cells (2.5 3 107 cells) were adoptively
transferred into BALB/c animals (day 26). Some of the animals were treated with a semidepleting CD4 MAb (YTA3.1.2, 50 mg/injection, i.v.) on
days 22 and 0, along with repeated doses of a chimeric immunoglobulin containing the HA peptide 110-119 (IgHA, 100 mg/injection) on days 0,
7, 10, and 13 (lower panels). rAAV-HA (1011 particles, right panels) or rAd-HA (1011 particles, left panels) was injected into the tibialis anterior
muscles of the BALB/c animals at day 8. Muscles were isolated at day 28, and frozen sections were stained for HA. Original magnification, 3200.
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though it appeared to fail silencing newly produced antigen-
specific T cells that, because of their low frequency, could not
be detected in the proliferative assay but nevertheless caused
infiltration.

In our study, MR1 did not significantly enhance rAd-HA
stability, although target cell destruction was slightly delayed.
While anti-CD40L has been reported in other studies to delay
immune responses upon rAd-mediated gene transfer, it did not
completely block them since vector-specific CTLs could still be
detected (41, 42). Furthermore, even in CD40L2/2 mice where
transgene expression was reported to be stable 28 days after
vector administration, LacZ-specific CTLs and tissue destruc-
tion were evident at later time points (K.J., unpublished re-
sults). In another study, MR1 significantly enhanced persis-
tence of rAd-mediated gene transfer only when combined with
CTLA4-Ig (19). The fact that MR1 neither induced a long-
lasting effect nor induced a profound unresponsiveness of HA-

specific T cells suggests that the MAb is interfering with the
T-cell priming rather than changing T-cell function. Since, in
our study, the immunogenic transgene product is being con-
tinuously produced, activation of T cells by APCs cross-pre-
senting the transgene product is possible as soon as the anti-
body effect is gone, thus resulting in tissue destruction by day
50. This seems to be supported by our observation that two
doses of MR1 were less efficient than the five-dose treatment
in delaying the immune response. Thus, continuous adminis-
tration of the MR1 antibody would appear necessary to
achieve long-lasting rAAV-mediated gene transfer.

On the other hand, the fact that transgene-specific T cells
were still unresponsive at day 50 upon a-CD4–IgHA treatment
suggests effective tolerization of cells that exist at the time of
treatment. The tissue infiltration observed at day 50 could be
due to BALB/c thymic emigrants that were generated after the
treatment. To overcome this obstacle, maintaining CD4 anti-
body administration would likely be sufficient since the antigen
is continuously expressed by the vector.

Overall, these studies underline the importance of carefully
monitoring T-cell responses in the patients enrolled in cur-
rently ongoing clinical trials and provide important informa-
tion for designing new protocols aimed at interfering with the
immune response, either by targeting T-cell activation or by
inducing T-cell tolerance, in order to achieve long-term expres-
sion of therapeutic genes.
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