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Recombinant adeno-associated virus (rAAV) vectors establish persistent transgene expression in the skeletal
muscle of mice. How dendritic cells acquire encoded antigens for CD8� T-cell priming is unknown. Here we
document CD8� T-cell priming after lethal irradiation and bone marrow reconstitution of mice treated with
an AAV vector several weeks earlier. Temporal separation of vector delivery and successful class I antigen
presentation indicated that T-cell priming does not necessarily require antigen synthesis in AAV-transduced
dendritic cells. An apparent cross-presentation of antigen acquired from muscle suggests that strategies to
limit transgene expression in dendritic cells will not prevent unwanted CD8� T-cell responses.

The delivery of recombinant adeno-associated virus (rAAV)
gene therapy vectors to muscle can result in long-term expres-
sion of transgenes that encode nonself proteins (12). CD8� T
cells targeting these proteins are maintained at low frequencies
in the spleens and draining lymph nodes of mice (8, 9) but
continuously infiltrate transduced muscle, where they undergo
programmed death (14). Stable CD8� T-cell frequencies can
be maintained only if those that infiltrate and die in the muscle
are replaced. Little is known, however, about mechanisms of
class I antigen presentation and CD8� T-cell priming after
persistent transgene expression is established. Vector trans-
duction and antigen synthesis by dendritic cells is thought to be
required for CD8� T-cell priming (2, 6, 10, 15–17). Because
transduced dendritic cells have a limited life span and rAAV
gene therapy vectors do not replicate or spread to new cells,
this mechanism cannot satisfy an apparent requirement for
ongoing antigen presentation to CD8� T cells. Here we dem-
onstrate that vector-transduced dendritic cells were not in-
volved in CD8� T-cell priming. Instead, CD8� T cells were
primed by dendritic cells that acquired antigen from rAAV-
transduced muscle cells, suggesting that strategies to restrict
transgene expression to nonprofessional antigen-presenting
cells will not prevent T-cell immunity.

Evidence that dendritic cells cross-present antigens encoded
by recombinant DNA or viral vaccine vectors was first obtained
by examining patterns of CD8� T-cell priming in mice trans-
planted with bone marrow that was partially mismatched at
H-2 class I loci (1, 3–5). We adapted this approach to deter-
mine if dendritic cells acquire antigen from rAAV-transduced
muscle to continuously prime CD8� T cells. As shown in Fig.
1A, DNase-resistant particles (5 � 1010) of serotype 1 or 2

rAAV vectors that encode �-galactosidase (�-Gal) (rAAV1�-Gal

and rAAV2�-Gal, respectively) were delivered to the quadri-
ceps muscles of CB6F1 mice. Three weeks later, the mice were
irradiated (two doses of 6 Gy separated by a 4-hour interval)
and reconstituted with parental (H-2b or H-2d) bone marrow
that was depleted of T lymphocytes to prevent graft-versus-
host disease (Fig. 1B). Transduced myocytes of CB6F1 recip-
ient mice express H-2b and H-2d class I molecules, but bone
marrow-derived mononuclear cells, including dendritic cells,
should express only parental (H-2b or H-2d) class I molecules
after successful bone marrow reconstitution. Chimerism was
confirmed days after the transfer of BALB/c or C57BL/6 bone
marrow, when greater than 98% of mononuclear cells stained
with monoclonal antibodies directed against H-2d or H-2b class
I molecules, respectively (Fig. 1C, left or middle panel, respec-
tively). Costaining with both antibodies was observed after the
transfer of CB6F1 bone marrow (Fig. 1C, right panel). Very
importantly, �-Gal expression persisted in muscle through le-
thal irradiation and bone marrow reconstitution. As an exam-
ple, similar levels of �-Gal protein were detected in the mus-
cles of CB6F1 mice 21 and 63 days after vector delivery (Fig.
1D). The later time point was 42 days after reconstitution with
H-2b bone marrow, so there was no substantial loss of trans-
duced myocytes due to lethal irradiation that might facilitate
the cross-presentation of antigen.

The temporal separation of rAAV vector delivery to muscle
and immune system reconstitution by bone marrow transfer
(Fig. 1A) was an important feature of the experimental design.
The process permitted a direct test of the hypothesis that
CD8� T-cell priming occurs continuously in animals with per-
sistent transgene expression and does not depend on antigen
presentation by vector-transduced dendritic cells. CD8� T-cell
priming was assessed by a gamma interferon (IFN-�) enzyme-
linked immunosorbent spot (ELISpot) assay after stimulation
of mononuclear cells with H-2Ld- or H-2Kb-restricted �-Gal
epitopes. In this model, the H-2Ld epitope (�-Gal876–884, con-
sisting of residues 876 to 884 of �-Gal) was consistently more
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dominant than the H-2Kb epitope (�-Gal96-103) (Fig. 2A), but
patterns of CD8� T-cell priming and class I restriction could
nonetheless be mapped in CB6F1 mice reconstituted with H-2d

or H-2b bone marrow. Our observations in mice treated with
the rAAV1�-Gal and rAAV2�-Gal vectors were consistent with
CD8� T-cell priming by parental dendritic cells but not by
transduced F1 cells, such as myocytes. For instance, a response
was detected against the H-2Ld-restricted �-Gal epitope, but
not the H-2Kb-restricted epitope, in F1 mice reconstituted with
H-2d bone marrow (Fig. 2A). The opposite pattern of epitope
recognition was observed in animals that received the H-2b

bone marrow (Fig. 2A). Mice that received autologous (H-
2bxd) bone marrow responded to both epitopes, as expected
(data not shown). It is unlikely that the absence of a response

restricted by the mismatched parental class I molecule was due
to the skewing of the T-cell repertoire, as the same pattern of
responsiveness was observed in both recipient mouse strains
after a reciprocal bone marrow transplantation. Moreover, T-
cell repertoires appeared normal in chimeric mice used in
studies of plasmid DNA vaccines (5).

These results indicate that CD8� T cells are primed after
persistent antigen production is established with an rAAV
vector, providing an explanation for how the response is main-
tained despite the programmed death of effector populations
that infiltrate transduced muscle (14). Our failure to detect
responses against both �-Gal epitopes in mice reconstituted
with H-2b or H-2d bone marrow excluded the possibility that
transduced F1 (H-2bxd) myocytes presented antigen directly to

FIG. 1. Vector treatment and immune reconstitution. (A) Experimental timeline for vector treatment, bone marrow reconstitution, and analysis
of cellular immunity. D, day. (B) Flow cytometric analysis of parental bone marrow cells before (top panels) and after (bottom panels) T-cell
depletion using a cocktail of anti-CD90.2, -CD4, and -CD8 antibodies with rabbit complement. Numbers are the percentages of CD3-positive cells
that coexpressed CD4 or CD8. Plots were gated on live (propidium iodide-negative) cells. (C) Flow cytometric analysis of peripheral mononuclear
cells from CB6F1 mice that were reconstituted with bone marrow cells from C57BL/6 (left panel), BALB/c (middle panel), or CB6F1 (right panel)
mice at day 49 (as shown on the experimental timeline in panel A), 4 weeks after lethal irradiation and bone marrow reconstitution. The cells were
stained with anti-mouse H-2d and H-2b antibodies. Numbers are the percentages of cells of donor origin. (D) �-Galactosidase was quantified in
muscle by an antigen-capture enzyme-linked immunosorbent assay (ELISA) before (21 days after rAAV1�-Gal vector delivery) and after (63 days
after rAAV1�-Gal vector delivery) bone marrow reconstitution. The asterisk indicates that the expression level was below the detection limit. The
statistical difference was calculated using Student’s t test. NS, not reaching statistical significance (P � 0.458). Data are results from at least 3
independent experiments.

12084 NOTES J. VIROL.



CD8� T cells. For this reason, antigen presentation by myo-
cytes that lack the capacity for costimulatory signaling cannot
explain a defective CD8� T-cell response that failed to elimi-
nate transduced myocytes. CD8� T cells were primed even
when vector delivery to muscle preceded reconstitution of the
immune system by 3 weeks. It is very unlikely that parental
dendritic cells were transduced with vector particles intro-
duced into muscle 3 weeks earlier. In support of this argument,
capsid-specific antibodies present at high titers in serum after
vector delivery declined substantially following irradiation and
immune reconstitution, suggesting that capsid antigens were
not available to regenerate the response (Fig. 2B, left panel).
Antibodies to �-Gal were maintained before and after immune

reconstitution, reflecting the persistence of antigen expression
in muscle (Fig. 2B, right panel). Moreover, T-cell responses
against two well-defined AAV capsid epitopes presented by
H-2Kb (capsid with amino acids 702 to 710 [cap702-710]) and
H-2Ld (cap372-380) class I molecules were not detected in F1
mice after reconstitution with H-2b or H-2d bone marrow (Fig.
2C). Capsid-specific CD8� T-cell responses were readily gen-
erated when an H-2d immune system was transferred to F1
mice before vector delivery (Fig. 2 D and E). CD8� T-cell
responses were detected against the H-2d- but not the H-2b-
restricted �-Gal (Fig. 2E, left panel) and capsid (Fig. 2E, right
panel) epitopes. The opposite pattern of capsid-specific CD8�

T-cell reactivity was observed after H-2b bone marrow recon-

FIG. 2. Cellular and humoral immune responses in bone marrow-chimeric CB6F1 mice. (A) IFN-� ELISpot analysis of mononuclear cells
(MNC) isolated from draining lymph nodes of bone marrow-chimeric CB6F1 mice immunized previously with the rAAV1�-Gal (left panel) or
rAAV2�-Gal (right panel) vector. Cells isolated from mice reconstituted with H-2b or H-2d bone marrow were stimulated in parallel with �-Gal96–103
(H-2Kb-restricted) (black bars) and �-Gal876–884 (H-2Ld-restricted) (gray bars) peptides. Asterisks indicate levels below the detection limit. SFU,
spot-forming units. (B) Antibody (Ab) capture ELISA measuring serum levels of anti-capsid (left panel) and anti-�-Gal (right panel) antibodies
in rAAV2�-Gal-immunized CB6F1 mice before and after bone marrow reconstitution. Open bars, prior to bone marrow reconstitution at D21;
hatched bars, after bone marrow reconstitution at D63. Error bars represent standard errors of the means. Statistical difference was calculated
using Student’s t test. *, P � 0.001; NS, not reaching statistical significance (P � 0.706); OD450nm, optical density at 450 nm. (C) IFN-� ELISpot
analysis of mononuclear cells isolated from draining lymph nodes of bone marrow-chimeric CB6F1 mice previously immunized with rAAV2�-Gal
vectors. Cells isolated from H-2b and H-2d bone marrow chimeras were stimulated with epitopic peptides derived from rAAV2 capsid, including
rAAV2 cap702–710 (H-2Kb restricted) and rAAV2 cap372–380 (H-2Ld restricted). Asterisks indicate levels below the detection limit. (D) Experi-
mental timeline for testing capsid responses in animals reconstituted with bone marrow before vector treatment. (E) IFN-� ELISpot analysis of
mononuclear cells isolated from draining lymph nodes of H-2d bone marrow-chimeric CB6F1 mice that were subsequently immunized with
rAAV2�-Gal vectors. Cells were stimulated with 4 epitopic peptides in parallel, including �-Gal96–103 (H-2Kb restricted), �-Gal876–884 (H-2Ld

restricted) (gray bar), rAAV2cap702–710 (H-2Kb restricted) (open bar), and rAAV2cap372–380 (H-2Ld restricted) (hatched bar). The asterisk
indicates levels below the detection limit. Data are results from at least 3 independent experiments, each with cells pooled from 6 mice.

VOL. 85, 2011 NOTES 12085



stitution (data not shown). These results are consistent with a
requirement for dendritic cells to generate a response to par-
ticle-associated capsid proteins (11, 13).

Intramuscular delivery of rAAV1�-Gal and rAAV2�-Gal in-
duced CD8� T-cell responses, even though the latter vector is
thought to transduce dendritic cells inefficiently (7, 13). In-
deed, direct transduction of dendritic cells by rAAV vectors
was not required for T-cell priming once persistent antigen
expression was established in this model. The pattern of CD8�

T-cell priming in bone marrow-reconstituted F1 mice is best
explained by dendritic cell cross-presentation of antigen ac-
quired from rAAV1�-Gal- and rAAV2�-Gal-transduced myo-
cytes. Our observations also indicate that the use of cell-type-
specific promoters that permit transgene expression in
myocytes, but not dendritic cells, is unlikely to prevent CD8�

T-cell priming, as was previously proposed (2). Finally, the
model described here may be generally useful to identify the
defects in antigen presentation that reinforce priming of an
ineffective CD8� T-cell response and may be important for
successful gene therapy.
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