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Recombinant adeno-associated virus vectors
induce functionally impaired transgene
product—specific CD8* T cells in mice
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Recombinant adeno-associated virus (rAAV) vectors were used in human trials as carriers of vaccines for HIV-1
after encouraging preclinical results. However, the clinical trials yielded disappointing results. Here we dem-
onstrated that in mice, rAAV vectors expressing the gene encoding HIV-1 gag stimulated gag-specific CD8* T
cells, but these T cells failed to expand after a booster immunization with a replication-defective adenoviral
(Ad) vector also expressing gag. We tested rAAV vectors of different serotypes expressing HIV-1 gag for induc-
tion of transgene product-specific CD8* T cells and found that the immunoinhibitory effect of rAAV prim-
ing observed with different AAV serotypes was transgene product specific, was independent of the interval
between prime and boost, and extended to boosts with vaccine modalities other than Ad vectors. rAAV vec-
tor-induced CD8* T cells proliferated poorly, produced low levels of IFN-y in response to gag stimulation,
and upregulated immunoinhibitory molecules. These T cells did not protect efficiently against challenge with
a surrogate pathogen. Finally, we showed that the impaired proliferative capacity of the T cells was caused
by persistence of the antigen-encoding rAAV vectors and could be reversed by placing the CD8* T cells in an
antigen-free environment. Our data suggest that rAAV vectors induce functionally impaired T cells and could

dampen the immune response to a natural infection.

Introduction

Vectors derived from adeno-associated viruses (AAVs) were initially
developed for gene replacement therapy (1-3). They were shown to
achieve sustained expression of the therapeutic protein in target
tissues of experimental animals (4). This may be in part linked to
the inability of recombinant AAV (rAAV) vectors to induce strong
inflammatory responses or adaptive immune responses to the
viral capsid antigens or the transgene product (5-7). Paradoxically,
although rAAV vectors performed well in experimental animals as
gene replacement vehicles, they were also shown to have merit as
vaccine carriers (8-10).

AAVs are single-stranded DNA parvoviruses that infect both
dividing and nondividing cells (11). AAVs do not cause disease.
They are dependoviruses and rely on other viruses such as adenovi-
ruses (Ads) or herpesviruses to complete their life cycle. AAV’s sin-
gle-strand DNA genome of 4,700 nucleotides is flanked by 145 base
palindromic inverted terminal repeat (ITR) elements (12, 13). The
ITRs are minimally required in cis to generate rAAV vectors in which
all other viral sequences are supplied in trans (14, 15). rAAV vectors
thus do not introduce any of their viral genes into host cells.

Several AAV serotypes have been isolated from primates (16,
17), as well as other animals, and have been vectored and tested
as gene delivery vehicles (18). The various AAV serotypes display
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adenoviral; AdC68, adenovirus chimpanzee serotype 68; AdHuS, adenovirus human
serotype 5; BTLA, B and T lymphocyte attenuator; CTLA-4, CTL-associated
protein-4; gc, genome copy; GITR, glucocorticoid-induced TNF receptor; ICS,
intracellular cytokine staining; i.m., intramuscular; MVA, modified vaccinia ankara;
PD-1, program death-1; PD-L1, program death-ligand 1; rAAV, recombinant AAV;
tet, tetramer; Vac, vaccinia; vp, viral particle.
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different tissue and cell tropism in vivo and in vitro, and vectors
based on AAV1 and AAV7, which efficiently transduce skeletal
muscle (19), may have advantages over others that favor different
target tissues (20-22).

Aside from efficient gene delivery for permanent gene replace-
ment therapy, some of their characteristics make AAVs potentially
attractive candidates as vaccine carriers. rAAV vectors used in clin-
ical gene therapy trials were well tolerated (2, 23). There are sev-
eral serotypes that could allow for heterologous prime/boosting.
Also, because rAAV vectors fail to encode viral antigens, induc-
tion of CD8" T cell-mediated responses against the vaccine carrier
should be minimal.

In this study, we tested rAAV vectors expressing a codon-opti-
mized truncated gag (gag37; ref. 24) of HIV-1 in prime/boost regi-
mens with other vaccine vectors, such as replication-defective Ad
vectors, carrying the same transgene. The gag-specific CD8* T cells
primed with the rAAV vaccines failed to efficiently expand upon
subsequent restimulation with their cognate antigen supplied by
different types of vaccines. Our data indicate that the CD8* T cells
induced in response to the transgene products of rAAV vectors are
impaired and may thus potentially harm rather than benefit the
recipients of rAAV vaccines.

Results
Vectors based on different serotypes of AAV elicit transgene product—specific
CD8" T cells. rAAV2 vectors pseudotyped with viral capsids from
AAV serotypes 1,2, 5,7, 8, and 9 and carrying a truncated gag
gene of HIV-1 clade B were tested for induction of transgene prod-
uct-specific CD8" T cells in mice. Groups of BALB/c mice were
intramuscularly (i.m.) immunized in the lower leg with 10°, 1010,
or 10! genome copies (gc) of each vector. Splenocytes were then
harvested at different time points and analyzed by intracellular
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Number 12 December 2007



-AAV2/1ga rAAV2ga AAV2/5
r 929 9ag r 929 Vector dose
4 4 4 m10°gc
3 3 3 410" ge
2 2 2 2 v 10" gc
]
o1 1 1
*o O 0 0
=]
A 0 25 5 75 100 0 25 50 75 100 0 25 50 75 100
Q Days after immunization
h
8 rAAV2/7gag rAAV2/8gag rAAV2/9gag
@]
A
> 4 4 4
E 3 3 3
X 2 2 2
1 1 1
0 [ 0

0 25 5 75 10 0 25 5 75 100 0 25 50 75 100
Days after immunization

cytokine staining (ICS) to determine the frequency of gag-specific
IEN-y-producing CD8* T cells (Figure 1). T cell frequencies were
highest on days 20-21 for most of the vectors at the highest dose
(tAAV2/1, rAAV2/S, rAAV2/7, tAAV2/8, and rAAV2/9), while the
responses were better at around day 14 for the poorly immunogen-
ic rAAV2 vectors or the other vectors given at lower doses. For most
vectors, responses were sustained and still detectable 3 months
after immunization. The highest frequencies of gag-specific CD8"
T cells were obtained with rAAV2/7 vectors, and we therefore
focused on this construct for most of the experiments, although
key experiments were confirmed with other serotypes.

CD8* T cells induced by rAAV vectors fail to expand upon reencounter of
antigen. Because rAAV vectors induced only modest frequencies of
gag-specific CD8* T cells, we attempted to increase responses by a
second immunization with a different vaccine carrier expressing
the same antigen (Figure 2). rAAV2/7gag-primed mice were boost-
ed with a chimpanzee-derived Ad vector, Ad chimpanzee serotype
68 (AdC68) (25, 26), that also expressed a codon-optimized trun-
cated gag (AdC68gag). The first group of mice was primed with
rAAV2/7gag at 10! gc and not boosted. The second group received
no priming with rAAV but a single immunization with 101 viral
particles (vp) AdC68gag vector. The third group was primed with
rAAV2/7gag at 10! gc and 1 month later boosted with AdC68gag
at 101%vp (Figure 2A). At 10 days (Figure 2B) and 2 months (Figure
2C) after AdC68 boost, lymphocytes from spleens were analyzed by
ICS for gag-specific IFN-y- and TNF-a-producing CD8* T cells as
well as gag-tetramer-binding (gag-tet-binding) CD8* T cells. The
mice receiving a single rAAV2/7gag immunization had only low
levels of gag-specific IFN-y-producing CD8" T cells (0.9% at day 10

Figure 2

Transgene product—specific CD8* T cells fail to expand in response
to a booster immunization. (A) BALB/c mice were primed i.m. with
10" gc AAV2/7gag, and then 1 month later boosted i.m. with 1010 vp
AdC68gag. Control mice were immunized with only the rAAV vaccine
or only the AdC68 vaccine. (B and C) At 10 days (B) and 2 months (C)
after the AdC68 immunization, splenocytes were stained with an anti-
body to CD8 and a gag-specific tet. Splenocytes were also stimulated
with the AMQMLKET]I peptide and analyzed by ICS for frequencies of
gag-specific IFN-y— and TNF-a—producing CD8+ T cells. (D and E) The
order of immunizations was switched (D), and gag-tet—specific CD8* T
cell frequencies were determined by flow cytometry (E). Background
frequencies (less than 0.1%) were subtracted prior to plotting. Fre-
quencies shown are representative of at least 3 independent experi-
ments. Error bars represent SD for 5 mice per group.
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Figure 1

Vectors based on different AAV serotypes induce gag-specific
CD8+ T cell responses. Groups of BALB/c mice were immu-
nized with rAAV2 vectors carrying HIV-1 gag and pseudotyped
with viral capsids from AAV1, AAV2, AAV5, AAV7, AAVS, and
AAV9 at 3 different doses: 109, 10'°, and 10'" gc. At various
time points (days 10, 14, 21, and 80 shown here), splenocytes
were stimulated with the AMQMLKET!I peptide and analyzed for
gag-specific IFN-y—producing CD8* T cells by ICS. Frequen-
cies shown are representative of 3 experiments. Background
frequencies (less than 0.1%) were subtracted prior to plotting.
Error bars represent SD for 3 mice per group.

and 0.2% at month 2). The percentages of gag-specific TNF-o-pro-
ducing CD8" T cells and gag-tet CD8"* T cells in spleens from this
group of mice were similar. Frequencies of gag-specific CD8" T cells
in mice immunized with AdC68gag were 6.5% at day 10 and 2.7%
at month 2. Whereas a prime/boost regimen is supposed to elicit
increased frequencies of antigen-specific CD8" T cells that exceed
those from a single immunization, mice primed with rAAV2/7gag
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nocytes of BALB/c mice immunized with 10! gc
AAV2/7gag or AAV2/7GFP and boosted 2 months
later with 10" vp AdC68gag were analyzed by
ICS at 10 days after AdC68gag boost. (B) Thy1.2+
BALB/c mice were immunized with 10'" gc AAV2/
7gag or 10'° vp AdC68gag; 1 month later splenic
CD8+ cells were stained with 5 uM CFSE and
transferred to Thy1.1+ mice that had been immu-
nized i.p. with Vacgag (open histogram) or VacG-
FP (filled histogram). Three days later, splenocytes
were stained with antibodies to CD8 and Thy1.2
and the gag-specific tet and analyzed for levels
of CFSE in gag-tet*CD8+Thy1.2* T cells. (C) Mice
were primed with 10'" gc AAV2/7gag, followed 2
months later by 101 vp AdC68gag or 200 ug gag
DNA vaccine and additionally boosted 2 months
later with 107° vp AdHu5gag or 10 PFU MVAgag;
controls received no rAAV. Ten days after the sec-
ond boost, splenocytes were analyzed by ICS. (D)
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and then boosted with AdC68gag had lower responses than did
mice immunized with the AdC68gag vaccine alone. Mice receiv-
ing the 2 vaccines in a prime/boost regimen analyzed 2 months
after the AdC68 immunization exhibited a similar pattern of lower
responses. This lack of expansion of gag-specific CD8" T cells upon
booster immunization was also observed upon priming with vec-
tors based on other AAV serotypes, i.e.,, AAV2, AAV2/5, and AAV2/8
(data not shown). Furthermore, rAAV2/7gag-induced CD8" T cells
produced significantly less IFN-y per cell upon in vitro stimula-
tion with their cognate antigen than did AdC68gag-induced CD8*
T cells (P < 0.01; data not shown). When we reversed the sequence
of the vectors (i.e., immunized with 10° vp AdC68gag first, then
with 10! gc rAAV2/7gag; Figure 2D), frequencies of IFN-y-pro-
ducing gag-specific CD8" T cells increased following the boost
(Figure 2E), although any Ad boost given after the rAAV vaccine
failed to further increase frequencies (data not shown). The lat-
ter results suggested that antigen presented by rAAV vectors not
only elicited an impaired primary CD8* T cell response, but also
impaired a recall response of memory CD8* T cells. It should be
noted that in all experiments, overall numbers of gag-specific
CD8* T cells correlated to frequencies because neither rAAVs nor
Ad vectors caused splenomegaly or a significant shift in the ratio
of different lymphocyte populations.
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boosted 2, 4, 7, 24, and 28 weeks later with 10'° vp
AdC68gag; controls received no rAAV. At 10 days
after the boost, splenocytes were analyzed by
ICS. (E) Mice were immunized with different doses
of AAV2/7gag and 1 month later boosted with 100
vp AdC68gag; controls received no rAAV. At 10
days after the boost, splenocytes were analyzed
by ICS. In A and C-E, the frequency of gag-spe-
cific CD8* T cells that produced IFN-y in response
to the gag peptide is shown. Background frequen-
cies (less than 0.1%) were subtracted before plot-
ting. Error bars represent SD for 5 mice.

Lack of expansion of rAAV vector—induced CD8" T cells is transgene
product specific. To determine whether the lack of expansion
of CD8"* T cells in rAAV-immunized mice is restricted to those
responding to the transgene product of the vector, mice were
immunized with 10! gc rAAV2/7gag or rAAV2/7 expressing GFP
(rAAV2/7GFP). Two months later, a subset of mice was boosted
with 10! vp AdC68gag. Control mice were only immunized with
AdC68gag. At 10 days after the AdC68gag boost, splenocytes were
analyzed by ICS for gag-specific CD8"* T cells producing IFN-y
(Figure 3A). The mice that were immunized with both rAAV2/
7gag and AdC68gag had lower frequencies of gag-specific CD8*
T cells than did those immunized with AdC68gag only. In con-
trast, mice that were first injected with AAV2/7GFP and then with
AdC68gag showed CD8" T cell frequencies that were comparable
to those of mice that only received AdC68gag.

To further demonstrate that rAAV-induced CD8* T cells have
impaired proliferative capacity, we conducted an in vivo CFSE
proliferation assay (Figure 3B). CD8" T cells were isolated from
rAAV2/7gag- or AdC68gag-immunized BALB/c (Thy1.2) mice,
labeled with CFSE, and transferred into naive Thy1 congenic recip-
ient mice. Recipients (Thy1.1) had been immunized with a vaccinia
virus vector expressing gag (Vacgag) 24 hours prior to the adoptive
transfer. Control recipients were immunized with a vaccinia vector
December 2007
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Figure 4

Spleen

rAAV-induced CD8* T cells are lytic. (A) In an in vivo
killing assay, splenocytes harvested from naive BALB/c
mice were either pulsed with the gag AMQMLKETI
peptide and stained with 0.5 uM CFSE or pulsed with
an irrelevant peptide and stained with 5 uM CFSE, then
adoptively transferred via tail vein injection into BALB/c
mice that were nonimmunized or immunized with 10! gc

Blood

I

rAAV2/7gag or 10" vp AdC68gag 2 months prior to the
transfer. At 24 hours after the transfer, splenocytes and
peripheral blood lymphocytes were harvested from recipi-
ent mice and analyzed by flow cytometry. Levels of CFSE
expression are shown. (B) In the muscle imaging study,
mice were immunized with 10" gc rAAV2/7GFP in the left
leg and 27 days later immunized with 10'" vp AdC68GFP
in the right leg; control mice received either rAAV2/7GFP
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Day -28
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expressing GFP (VacGFP). Three days later, splenocytes from all
recipients were harvested and stained for the donor Thy1.2 phe-
notype and CD8 and with the gag-tet and analyzed for decrease
in CFSE intensity as a parameter for cell division. rAAV-induced
gag-specific CD8" T cells, unlike those induced by AdC68, prolif-
erated poorly upon encountering gag antigen in Vacgag-injected
recipient mice (Figure 3B).

rAAV-induced CD8* T cells fail to expand upon repeated booster immuni-
zations with different vaccine modalities. To test whether the inability of
rAAV-induced CD8" T cells to expand in vivo to antigenic stimula-
tion is restricted to antigens presented by Ad vectors, other vaccine
modalities were tested. Mice primed with the rAAV2/7gag vector
either were boosted with a DNA vaccine expressing gag (DNAgag)
and then again with a modified vaccinia ankara vector express-
ing gag (MVAgag), or received sequentially in 2-month intervals
AdC68gag and then an Ad vector of human serotype 5 expressing
gag (AdHuSgag). Animals were primed with 10! gc rAAV2/7gag,
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only or AAC68GFP only (n = 3—4 per group). At 24 hours
and 47 days after the AJC68GFP immunization, mice
were killed and legs were removed for imaging.

boosted with either 200 ug DNAgag followed by
106 PFU MVAgag or 10! vp AdC68gag followed by
101 vp AdHuSgag. Ten days after the last immuniza-
tion, splenocytes were tested by ICS for gag-specific
IFN-y-producing CD8* T cells (Figure 3C). While the
groups of mice that did not receive the initial prim-
ing with the rAAV2/7gag vector exhibited high fre-
quencies (20%-30%) of gag-specific IFN-y-producing
CD8* T cells upon either of the booster immunization
protocols, mice that were primed with rAAV2/7gag,
independent of the type of the subsequent boost, had
significantly lower CD8" T cell responses (P < 0.05).
These data show that the poor proliferative capacity
of rAAV-induced CD8" T cells was not rescued by dif-
ferent types of immunogens and raises the possibility
that upon natural infection, rAAV-induced CD8* T
cells may expand very poorly.

Lengthening the time interval between priming with rAAV
and boosting with an Ad vector does not rescue the prolifera-
tive capacity of rAAV-induced CD8" T cells. While the CD8*
T cell response to gag delivered by AdC68 peaked
around days 10-14, the responses to the rAAV-deliv-
ered gag transgene product peaked later. This could
be due to the relatively longer time required for the
rAAV vectors’ single-stranded DNA to convert into double-
stranded DNA before transcription commences. To test whether
the kinetics of the response affected antigen-driven T cell expan-
sion, we explored different time intervals between priming and
boosting. Groups of mice were primed as described above with
10! gc rAAV2/7gag and then boosted 2-28 weeks later with 10'°
vp AdC68gag. Ten days after boosting, splenocytes were analyzed
for gag-specific IFN-y-producing CD8* T cells by ICS (Figure 3D).
Lengthening the interval between vaccinations had no effect on
the CD8" T cell response, which was significantly lower in rAAV2/
7gag-primed mice than in recipients of a single immunization of
AdC68gag at all time points.

High doses of the rAAV vector are required to impair the proliferative
capacity of the rAAV-induced CD8" T cells. We tested whether the lack
of proliferative capacity of rAAV-induced transgene product-spe-
cific CD8" T cells depended on the dose of the rAAV vector. Mice
were primed with 10° gc, 101° gc, and 10! gc rAAV2/7gag and then
December 2007 3961
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1-2 months later boosted with 101° vp AdC68gag. Ten days after
the last immunization, splenocytes were analyzed to determine
the frequency of gag-specific IFN-y-producing CD8* T cells by
ICS (Figure 3E). The CD8" T cell frequency in mice primed with
the lowest rAAV dose (10° gc) was similar to that in mice receiv-
ing only AdC68gag immunization (P > 0.05). Frequencies in mice
primed with 101° gc and 10! gc rAAV2/7gag and then boosted with
AdC68gag were significantly lower than those in mice receiving the
single AdC68gag immunization (P < 0.05). A second experiment
using 106-, 107-, and 108-gc doses of rAAV in a similar prime/boost
regimen also showed that lower doses of rAAV failed to reduce the
CD8" T cell response to the AdC68gag vector (data not shown). At
none of the doses tested did priming with the rAAV2/7gag vector
enhance the response to the AdC68gag vector.

rAAV-induced CD8" T cells are lytic but only provide partial protection in
a challenge model. Further characterization of rAAV-induced CD8*
T cells revealed that they were partially functional: an in vivo kill-
ing assay showed that cells pulsed with the gag peptide were lysed
when adoptively transferred into recipient mice that had been
immunized prior with rAAV2/7gag (Figure 4A). The relative level
of killing was lower in the rAAV2/7gag-immunized mice than in
the AdC68gag-immunized mice. This may have been due to the
higher frequencies of gag-specific CD8" T cells in AdC68gag-
immunized mice. Although rAAV-induced CD8" T cells lysed
gag peptide-pulsed splenocytes in vivo, they failed to eliminate
rAAV-transduced muscle cells (Figure 4B). This was shown upon
injection of mice with rAAV2/7GEFP into the left leg, followed 4
weeks later by injection of AAC68GFP into the right leg. It should
be noted that GFP carries an epitope that is recognized by CD8*
T cells of the H-2¢ haplotype (27). Muscle imaging 24 hours after
the last immunization (i.e., 29 days after injection of the rAAV vec-

Figure 6

rAAV priming increases the transgene product—specific antibody
response to subsequent booster immunizations. Sera collected from
the same mice described in Figure 3C were tested for gag-specific
antibodies by ELISA.
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tor) revealed that both legs expressed GFP, although expression
was markedly higher in the leg injected with the rAAV2/7GFP vec-
tor. When tested 47 days later, the leg that was immunized with
AdC68GFP was no longer fluorescent, while the leg immunized
with the rAAV2/7GFP vector expressed GFP at apparently undi-
minished levels. The experimental design does not allow for dis-
tinguishing whether the AdC68GFP-transduced cells had been
eliminated by GFP-specific CD8" T cells or by CD8" T cells directed
to antigens of Ad. Nevertheless, these results clearly show lack of
clearance of the rAAV2/7GFP-transduced muscle cells.

The functionality of rAAV-induced CD8" T cells was fur-
ther tested in challenge experiments in which rAAV2/7gag- or
AdC68gag-immunized mice were injected i.p. with Vacgag to allow
for its replication in the animals’ ovaries (28). A relatively low dose
of AdC68gag was used for these experiments to ensure that fre-
quencies of gag-specific CD8" T cells induced by either vaccine
were comparable. Naive mice were used as negative controls. Mice
were bled before challenge to determine frequencies of gag-spe-
cific CD8" T cells (Figure 5B). At S days after challenge the mice
were sacrificed, and Vacgag titers in ovaries were determined (Fig-
ure SA). In addition, at the same time, frequencies of gag-specific
CD8* T cells were measured from blood and spleens to determine
whether the challenge caused their expansion (Figure 5B). Immu-
nization with AdC68gag induced complete protection in 8 of 10
vaccinated mice, which had no detectable titers of Vacgag. The
remaining 2 mice, which had the lowest frequencies of gag-spe-
cific CD8" T cells in their blood before challenge, had low titers;
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E 2 by a 10'° vp AdC68gag boost. At 10 days after
o 8 the boost, splenocytes were analyzed by ICS.
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+z> 2 ting. Error bars represent SD for 5 mice.
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protection compared with naive mice was statistically significant
(P <0.0001; Figure 5B). Upon challenge, frequencies of AdC68gag-
induced CD8* T cells did not increase in blood, while frequencies
in the spleen were high. This probably reflects that T cell frequen-
cies were measured fairly early, i.e., 5 days after the challenge,
before the reactivated T cells circulated through the blood. In the
rAAV2/7gag-primed group of 9 mice, 3 animals eliminated Vac-
gag to levels below detection, 4 animals were partially protected
and had lower titers than did the control animals, and 2 animals
had titers that were comparable to those in unvaccinated animals;
protection compared with naive mice was statistically significant
(P < 0.01). Overall, the level of clearance of vaccinia virus corre-
lated with CD8" T cell frequencies before challenge. Nevertheless,
several of the rAAV2/7gag-vaccinated mice that had prechallenge
frequencies of circulating gag-specific CD8" T cells similar to
those in AdC68gag-immunized mice cleared the infection less effi-
ciently. The frequency of gag-specific CD8" T cells in the blood of
rAAV-immunized mice tested 5 days after challenge was below that
seen before challenge. In the AdC68gag-vaccinated group, the fre-
quency in spleen was higher than that in blood. In some animals
in the rAAV-immunized group, the frequency in spleen exceeded
that in blood before challenge, indicating some expansion, while
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in other animals frequencies were similar to or below those prior
to challenge. None of the rAAV2/7gag-vaccinated mice developed
the high frequencies of splenic gag-specific CD8" T cells seen in all
the AdC68gag-vaccinated mice.

rAAV vectors efficiently prime transgene product—specific antibody responses.
To determine whether priming with rAAV vectors also impaired
transgene product-specific antibody responses, sera from animals
as described above (mice that did or did not receive rAAV2/7gag fol-
lowed by 2 sequential immunizations with DNAgag and MVAgag or
AdC68gag and AdHuSgag; see Figure 3C) were tested for antibodies
to gag by ELISA (Figure 6). Mice primed with rAAV2/7gag followed
by either of the 2 booster modalities produced more antibodies to
gag than did mice that were not primed with rAAV. Gag-specific
antibodies were mainly of IgG2a and IgG1 isotypes, suggesting that
the response was T helper cell dependent (data not shown).

Regulatory CD4* T cells are induced by rAAV but do not affect the prolif-
erative capacity of rAAV-induced CD8" T cells. The impairment of the
proliferative ability of the transgene product-specific CD8" T cells
induced by rAAV vectors may be attributed to an in vivo suppression
mechanism. Previous gene therapy studies have shown that regula-
tory CD4* T cells induce tolerance to the transgene product (29, 30).
To test for activation of regulatory cells, splenocytes of BALB/c mice
Volume 117 3963
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immunized with the rAAV2/7gag and AdC68gag vaccine regimens
were analyzed for changes in the CD4* population. Mice that were
immunized with rAAV2/7gag with and without a booster vaccine
showed a small increase in CD4*CD25" cells expressing the transcrip-
tion factor FoxP3, indicative of naturally occurring CD4* regulatory
T cells (Figure 7A). CD4* regulatory T cells constitutively express
CD25 and glucocorticoid-induced TNF receptor (GITR) on the cell
surface, and we found a correlating increase of CD4*CD25*GITR*
splenocytes in rAAV-immunized mice (Figure 7B).

We tested whether CD4*CD25" cells contribute to the impair-
ment of rAAV-induced CD8" T cells. rAAV2/7gag-immunized mice
were treated with PC61, an antibody to CD25, to functionally inac-
tivate the CD4*CD25" regulatory cells (31) prior to the AdC68gag
boost. Control mice were treated with HRPN, a control IgG1 anti-
body. The frequency of gag-specific IFN-y-producing CD8"* T cells,
as determined by ICS, in mice primed with rAAV2/7gag and then
treated with PC61 prior to AdC68gag boost was similar to that in
untreated mice and in mice with the same vaccine regimen treated
with the HRPN control antibody (Figure 7C). The proliferative
capacity of rAAV-induced CD8* T cells could thus not be rescued
by inactivation of CD25" T cells. To further confirm these results
we conducted a number of adoptive transfer experiments in which
CD4'CD25" T cells from mice immunized with rAAV2/7gag were
transferred into naive recipient mice, which were then immunized
with AdC68gag. Adoptive transfer did not negatively affect the
CD8"* T cell response to the AdC68gag vector (data not shown).

Other cell subsets may have played an inhibitory role. How-
ever, adoptive transfer of even high numbers (10® per recipient)
of unsorted splenocytes or subsets of cells, including B220" cells,
CD8* cells, CD4* cells, and all other cells from spleens of rAAV2/
7gag-immunized mice, did not impair the expansion of transgene
product-specific CD8* T cells in recipient mice upon subsequent
immunization with AdC68gag (Figure 7D). In addition, serum
from rAAV2/7gag-immunized mice transferred into recipient mice
also did not affect the recipients’ CD8* T cell responses to subse-
quent immunization with AdC68gag (Figure 7E).

Coimmunization with adjuvant does not restore proliferative capability.
rAAV vectors do not induce a strong inflammatory response in
vivo, and in vitro experiments have shown that they fail to drive
maturation of immature DCs (32), which in turn are viewed as
a prerequisite for induction of primary cell-mediated immune
responses (33). To bypass potential lack of DC maturation upon
rAAV vaccination, we immunized mice with rAAV2/7gag mixed
with adjuvants that can drive DC maturation, such as incomplete
Freund’s adjuvant (34) (Figure 8) or poly(I:C) (data not shown), a
TLR-3 ligand. Mice were then boosted with AdC68gag 1 month
3964
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Figure 8

Coimmunization with adjuvant does not restore proliferative
capability. Groups of BALB/c mice were immunized with 10
gc rAAV2/7gag mixed in a 1:1 ratio with incomplete Freund’s
adjuvant. Mice were then boosted with 1010 vp AdC68gag
1 month later, and blood was collected 2 and 4 weeks after
the boost. Shown are density plots of live cells stained with
an antibody to CD8 (x axis) and the gag-specific tet (y axis).
Numbers within plots denote tet*CD8+* cells as a percentage
of CD8* cells.

Wk 2

Wk 4

later, and blood lymphocytes were analyzed 2 and 4 weeks after
boost for frequencies of gag-tet*CD8" T cells. Although mice
receiving rAAV2/7gag with incomplete Freund’s adjuvant devel-
oped slightly higher frequencies than did mice that received
rAAV2/7gag alone, there was no detectable increase in frequencies
after the boost. Similar results were obtained with mice immu-
nized with rAAV2/7gag mixed with poly(I:C).

Transgene product—specific CD8" T cells induced by rAAV immuniza-
tion express markers indicative of exhaustion. It was shown previously
in the lymphocytic choriomeningitis virus (LCMV) mouse model
that continual stimulation of CD8" T cells may lead to their func-
tional exhaustion (35, 36). During chronic LCMV infection, CD8*
T cells cease to be Iytic and lose their ability to secrete cytokines
and proliferate upon antigenic stimulation (35). Although rAAV-
induced CD8* T cells did not show the same loss of functions as
do exhausted T cells that develop upon infection with persisting
strains of LCMYV, their inability to proliferate raises the possibility
of partial exhaustion.

To further explore whether rAAV-induced CD8" T cells express
markers indicative of exhaustion, gag-specific CD8" T cells from
mice immunized with rAAV2/7gag, AdC68gag, or both given
sequentially were stained with a tet specific for an epitope of gag
as well as antibodies to cell surface markers CD8, CD62L, CD27,
CD127,CD44, program death-1 (PD-1), Band T lymphocyte atten-
uator (BTLA), and CD244 and to intracellular markers CLTA-4,
Bcl-2, granzyme B, and Ki-67. Cells were analyzed both early after
immunization, to determine the phenotype of effector cells, and
later after immunization, to determine phenotypes at the memo-
ry stage. Expression of CD44, a cell surface glycoprotein involved
with lymphocyte activation (37, 38), on tet*CD8" T cells from the
different mice was indistinguishable (data not shown). Expression
of CD27 (T cell activation marker; ref. 39), CD127 (IL-7 receptor;
refs. 40, 41), Bcl-2 (a mitochondrial membrane antiapoptotic
protein), and Ki67 (proliferation marker) on or in the tet"CD8*
T cells was also not noticeably distinct between the groups (data
not shown). CD62L downregulated in effector or effector memory
cells (42) was high on rAAV2/7gag- and AdC68gag-induced CD8*
T cells even when tested months after immunization (data not
shown). CD62L that is rapidly upregulated on CD8* T cells stimu-
lated by an acute infection, such as with LCMV, emerge very slowly
on AdC68-induced CD8" T cells because Ad vectors persist at low
levels for prolonged times in lymphocytes, which delays progres-
sion of CD8" T cells into central memory (43).

BTLA, which is constitutively expressed on CD4* and CD8" T
cells and becomes upregulated upon activation (44-46), as well
as CTL-associated protein-4 (CTLA-4), a protein that inhibits
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Transgene product—specific CD8* T cells induced by rAAV immunization express markers indicative of exhaustion. Groups of BALB/c mice were
immunized with 10" gc rAAV2/7gag or 10'° vp AdC68gag; a third group of mice was immunized with rAAV2/7gag and 1 month later boosted
with AdC68gag. At days 10, 21, 37, 60, and 80 after the single immunization or after the booster immunization, splenocytes were stained with
antibodies to BTLA (A), CTLA-4 (B), granzyme B (C), or PD-1 (D). Histograms show the expression of these markers on gag-tet*CD8+CD44+
cells (open) and gag-tet-CD8+CD44- cells (filled). Differences in negative samples were caused by differences in machine settings.

costimulation and modulates clonal expansion and differentia-
tion (47-49), were markedly higher on all (BTLA; Figure 9A) or a
portion (CTLA-4; Figure 9B) of rAAV-induced CD8* T cells com-
pared with AdC68gag-induced CD8" T cells. Boosting of rAAV2/
7gag-induced CD8" T cells with the AdC68gag vector reduced
expression of BTLA on some but not all gag-specific CD8* T cells
and over time caused downregulation of CTLA-4. Granzyme B, a
serine protease released by cytotoxic T cells to induce apoptosis
in target cells, was upregulated early in transgene product-spe-
cific CD8" T cells induced by both the rAAV and AdC68 vaccines;
AdC68gag-induced CD8" T cells then downregulated expression of
granzyme B, which remained high in rAAV2/7gag-induced CD8*
T cells (Figure 9C). Gag-specific CD8" T cells from mice primed
with AAV2/7gag and then boosted with AdC68gag initially
expressed granzyme B, but this expression was significantly
decreased 60 days after vaccination. Late after immunization, the
rAAV vaccine-induced transgene product-specific CD8" T cells
upregulated PD-1 (Figure 9D), the hallmark indicator of T cell
exhaustion (50-52). Upregulation of PD-1 was also seen on a frac-
tion of gag-specific CD8" T cells from mice that were primed with
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rAAV2/7gag and then boosted with AdC68gag. In addition, at some
late time points tested, CD244 (2B4), an NK cell marker found on
some T cell populations (53, 54), was upregulated on a subset of
rAAV2/7-induced CD8* T cells as well as on gag-specific CD8" T
cells from mice that had received the prime/boost regimen (data not
shown). Overall, these data showed that rAAV-induced transgene
product-specific CD8" T cells resembled effector cells (CD62L and
granzymeM) and expressed markers indicative of T cell exhaustion
(PD-1 and CD244). A booster immunization only partially reverted
this phenotype toward that seen on memory CD8* T cells.

Blockage of PD-1 does not rescue the proliferative capability of rAAV-
induced transgene product—specific CD8" T cells. It was shown in the
chronic LCMV infection model that blockade of the PD-1/pro-
gram death-ligand 1 (PD-1/PD-L1) pathway reinstates function-
ality to exhausted CD8 T cells (36, 52). To test whether we could
restore the proliferative capacity of rAAV2/7-induced CD8" T
cells, we immunized mice with rAAV2/7gag, treated them with an
anti-PD-1 antibody as described previously (36, 50, 51), and then
immunized them with AdC68gag. Control mice were treated with
an IgG2a preparation. After 2 and 5 weeks, lymphocytes were har-
Volume 117 Number 12
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Figure 10

Blockage of PD-1 does not rescue the proliferative capability of rAAV-induced transgene prod-
uct—specific CD8* T cells. Groups of mice were immunized with 10" gc rAAV2/7gag and then
treated with 200 ug anti-PD-1 antibody, twice prior to boost and 3 times after boost, 3 days apart,
as described previously (36, 50, 51). Control mice were treated with 200 ug IgG2a. Mice were
then immunized with 10° vp AdC68gag, and 2 and 5 weeks later, lymphocytes were harvested
from blood. Shown are density plots of live cells stained with an antibody to CD8 (x axis) and the
tet (y axis). Numbers within plots denote tet*CD8* cells as a percentage of CD8* cells.

the gag-specific CD8" T cell response, mice
were immunized with 10! gc AAV2/7gag or
10'%vp AdHuSgag as a control. Three weeks
later, splenic lymphocytes were transferred
intravenously into RAG7/~ mice (108 lym-
phocytes/mouse). The RAG /- recipient mice
were bled 1 and 7 days later to determine
frequencies of gag-specific donor CD8" T
cells. AAV2/7gag-induced CD8" T cells were
detected at both time points. Frequencies
were slightly lower on day 7 than on day 1,
suggesting that these cells apparently failed
to undergo preferential homeostatic pro-
liferation in T cell-deficient mice. At 1 or 7
days after the adoptive transfer, groups of
RAG/- mice that had received naive lym-
phocytes or lymphocytes from AAV2/7gag
or AdHuSgag immune-competent donors
were immunized with 10'° vp AdC68gag,
and frequencies of gag-specific CD8" T cells

vested from blood and analyzed for frequencies of gag-tet'CD8" T
cells (Figure 10). Although mice immunized with the rAAV vaccine
upregulated PD-1, treatment with the anti-PD-1 antibody or an
antibody to PD-L1 (data not shown) did not restore the prolifera-
tive capacity of the rAAV2/7-induced CD8" T cells.

Transfer of rAAV vector-induced CD8* T cells into antigen-free mice
rescues their ability to proliferate upon reencounter of antigen.
rAAV vectors used as gene therapy vehicles persist (53,

were determined 14 days later. RAG /- recip-

ients that received rAAV2/7gag-immune
cells developed high frequencies of gag-specific CD8* T cells, espe-
cially if vaccination was delayed for 7 days. Frequencies were compa-
rable to those seen in RAG 7/~ mice that received AdHuSgag-immune
lymphocytes or lymphocytes from naive mice (Figure 11B). These
data show that transfer of rAAV2/7gag immune CD8" T cells into an
antigen-free host restores their proliferative capacity.

56), as demonstrated in the present study with an AAV2/7 A g 1.0x71077
GFP vector (Figure 4B). To test whether rAAV2/7gag vec- s
tors persist, groups of 5-10 mice were injected with 10! T 10X §
gc rAAV2/7gag vector or AdC68gag as a positive control, £ 10x 1074
and DNA isolated from injected leg muscles was tested for 5 ' .
gag sequences by a nested real-time PCR at different time E_’ 1.0x 10° 4 . b4
points over a 9-month period (Figure 11A). High levels of 5 : X ):<
gag DNA were detected 24 hours after injection. By day 7, £ 10x10° ] 3 . .
levels declined significantly (P > 0.001), presumably reflect- tz ] . ) ! >:<
ing loss of single-stranded DNA that had not converted to § 10x710 .
double-stranded DNA. There was a further slight but statis- 2 1.0x10° 4
tically insignificant (P > 0.05) decrease by days 30 and 240, &
indicating that most of the AAV vectors persisted. 2 yox10 : . : ; : . ,
To test whether persistence of the rAAV2/7gag vector, AAV2/Tgag  + + + + + -
which would be expected to remain transcriptionally active AdC68gag - - - - - +
as has been shown for other rAAV vectors (55, 56), affected Day of Analysis  d1 d7 d30  d240 d270 d1
B 60 -
[2]
Figure 11 7 50
Persistence of antigen impairs the proliferative capability of I 40 1
rAAV-induced transgene product-specific CD8* T cells. (A) To S
test for vector persistence after immunization, groups of mice BDo 30 A
were administered 10" gc rAAV2/7gag or 10° vp AdC68gag 3] 20 4
in the lower leg muscle. DNA was isolated on days 1, 7, 30, 2
240, and 270 and analyzed by gag nested real-time PCR. Copy = 10 4
numbers normalized to GAPDH for individual mice are shown; 0
“X” denotes the group mean. (B) Cells from rAAV2/7gag- or
AdHu5gag-immunized mice were transferred into RAG=~ mice %%”g;_é@fgg:g i * * * ' N N
immunized on day 1 or 7 with AdC68gag. Tet analyses were Recipient: AdC68gag - + . + _ + _ +
performed on PBMCs before and after AdC68gag immuniza- Day of Anaysis d1 d21 d1 d21 d7 d21 47 d21
tion. Error bars represent SD for individual mice. Day of Vaccination - a7 - d1 - d7 - a7
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Discussion

Vaccine-mediated protection is based on the principle that the vac-
cine induces an immunological memory response that mounts an
accelerated and enhanced recall response after infection (57). Our
present data indicate that rAAV vectors may not fulfill this very
basic requirement for vaccine constructs.

An efficacious vaccine that prevents infection with HIV-1, avirus
that infected 38.6 million people and killed 2.8 million people in
2005 (58), has not yet been developed. This relates to the enormous
genetic diversity of the virus and the lack of immunogens suitable to
induce potent cross-reactive neutralizing antibodies. Many HIV-1
vaccine candidates rely on protection through a strong cell-medi-
ated immune response that is expected not to prevent infection,
but to control viral replication and reduce viral set-point loads and
CD4" T cell loss and thus prolong survival and reduce virus shed-
ding and transmission (57).

rAAV vectors are being used currently in human trials as vaccine
carriers for HIV-1. In the initial trial, vectors based on AAV2 were
shown to be well tolerated. They induced a modest HIV-1-specific
T cell response in only approximately 20% of the vaccine recipients
(59). Vectors based on other serotypes of AAV, most notably AAV1,
are now entering trials (60).

We tested vectors from a number of different serotypes of AAV
as vaccine carriers for gag of HIV-1. Several of these serotypes were
derived from nonhuman primates. Humans commonly carry neu-
tralizing antibodies to human serotypes of AAV such as AAV2 and
AAV1 as a result of natural infections (61), and such antibodies
have been shown in gene therapy trials to reduce gene transfer (61,
62). AAV-specific neutralizing antibodies would also be expected
to reduce the potency of rAAV vaccines. Seroprevalence rates of
neutralizing antibodies to the capsid of AAV serotypes isolated
from nonhuman primates would be expected to be lower than
those to human serotypes, which may provide the former with
an advantage over the latter. In our preclinical studies in mice, we
encountered a potential peril of rAAV-based vaccines that, in our
opinion, requires further investigation.

rAAV vectors derived from different serotypes induced low but
detectable frequencies of transgene product-specific CD8 T cells.
Responses were higher with vectors based on some serotypes (e.g.,
AAV1, AAV7,and AAVS) than others (e.g., AAV2, AAVS, and AAVY),
which may relate to the vectors’ ability to efficiently transduce
muscle cells. Unexpectedly, CD8" T cells induced by rAAV vectors
failed to efficiently proliferate upon a booster immunization with
an Ad vaccine vector or other vaccine modalities carrying the same
transgene. The immunomodulatory effect of priming with rAAV
was seen with different AAV serotypes, was transgene product spe-
cific,and was independent of the interval between prime and boost.
rAAV-induced CD8" T cells showed an upregulation of immunoin-
hibitory molecules, including BTLA, PD-1, and CTLA-4. They also
failed to upregulate CD62L and continued to carry intracellular
granzyme B, indicating that they were unable to transition into
memory cells. Although rAAV-induced gag-specific CD8" T cells
were able to kill gag peptide-pulsed lymphocytes in vivo, they did
not protect as efficiently against challenge with a Vacgag vector,
which is known to be controlled by CD8" T cells. Although rAAV-
induced CD8" T cells produced cytokines such as IFN-y in con-
trast to exhausted CD8" T cells that evolve during chronic LCMV
infection, levels of IFN-y production per in vitro-stimulated cell
were significantly lower than those produced by AdC68-induced
CD8" T cells (data not shown). Furthermore, rAAV-induced CD8*
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T cells were unable to clear AAV-infected muscle cells. This may
reflect, at least in part, the low density of MHC class I molecules
on muscle cells that can be increased by IFN-y. rAAVs, unlike other
viral vectors, fail to induce a strong inflammatory response and
production of proinflammatory cytokines by the innate immune
system (63). Such cytokines in turn may be required to upregulate
MHC class I expression on muscle cells to render them susceptible
to recognition by CD8" T cells.

Several pathways may contribute to impairing the proliferative
capacity of rAAV-induced transgene product-specific CD8* T cells.
Presentation of antigen by immature DCs has been described to
induce tolerance rather than activation of CD8* T cells. DCs, which
are pivotal for activation of naive T cells, exhibit an immature phe-
notype upon in vitro transduction with rAAV vectors: they fail to
upregulate costimulatory molecules such as CD86 or MHC class II
molecules and do not secrete proinflammatory cytokines or che-
mokines (S.-W. Lin, unpublished observations). We doubt that lack
of DC maturation by the rAAV vaccines results in activation of an
impaired CD8" T cell response, as maturation of DCs through adju-
vants fails to restore the rAAV vector-induced CD8" T cells’ prolifer-
ative capacity. Furthermore, we reported previously that Ad vectors
induce a potent transgene product-specific CD8* T cell response
even under conditions in which they are unable to induce DC matu-
ration (64). We attributed this to the presence of low levels of mature
DCs that can be detected in naive mice and argue that these mature
DCs may also facilitate stimulation of hitherto antigen-inexperi-
enced CD8" T cells to an antigen presented by rAAV vectors.

We could not detect IFN-y-producing CD4* T cells in rAAVgag-
immunized mice by ELISpot assays (data not shown), and an
impaired memory response has previously been described for CD8*
T cells that are activated without T help (65, 66). This pathway
also seems unlikely to explain the impaired CD8" T cell response
to rAAV vectors, because both the AAV capsid antigen (67) and
the transgene product carry epitopes for CD4* T cells (68), and
we showed that rAAV vectors induced T cell-dependent antibody
responses. Therefore, we assume that our failure to demonstrate a
CD4* T cell response in rAAV-immunized mice reflects insensitiv-
ity of available methods.

Regulatory cells can impair T cell activation and functional-
ity (69-74). Although rAAV vectors caused a modest increase of
CD4*CD2S5*GITR" and CD4*CD25*FoxP3* T cells, functional
depletion of CD25" cells failed to rescue the rAAV-induced CD8*
T cells’ ability to proliferate, nor did adoptive transfer of such cells
or other cells or sera from rAAV-immunized mice imprint loss of
proliferative capacity on T cells of recipient mice. Regulatory cells
are thus an unlikely culprit to explain the impaired proliferative
capacity of rAAV-induced CD8* T cells.

CD8" T cells that are continuously immersed in antigen become
exhausted, as attested by loss of proliferation to antigen, secre-
tion of cytokines, target cell lysis (35, 75), and upregulation of
PD-1 and other negative costimulators; blockade of the PD-1/
PD-L1/2 pathway through antibodies can restore functionality of
exhausted CD8" T cells (36). CD8" T cells induced by rAAV vec-
tors shared some of the characteristics of exhausted T cells: they
upregulated PD-1 and other immunoinhibitory molecules late
after activation and failed to proliferate efficiently. Nevertheless,
unlike fully exhausted CD8" T cells, they continued to lyse and
secrete cytokines upon antigenic restimulation (albeit at low lev-
els) and their proliferative capacity was not restored by blockade
of the PD-1/PD-L1/2 pathway. The amount of antigen produced
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by rAAV vectors is most likely lower than that produced during
a chronic viral infection and furthermore is restricted to the site
of injection (76). One could argue that under these conditions,
CD8* T cells become partially exhausted. This partial exhaustion
was reversible once T cells were removed temporarily from antigen,
as AAV2/7gag vector-induced CD8" T cells rapidly regained their
proliferative capacity upon transfer into RAG”/ mice. Lack of res-
cue of CD8" T cells in rAAV-vaccinated mice by antibodies to PD1
or PD-L1 may reflect distinct stages of exhaustion that differ in
their responsiveness to blockade of these pathways.

The AAV vectors used in this study contained single-stranded
DNA, which needs to be converted into double-stranded DNA
before the transgene is transcribed and translated. In contrast,
AAV vectors containing double-stranded DNA express their trans-
gene product without delay (77). Additional studies to compare
CD8* T cell responses to AAV vectors containing single- or double-
stranded DNA should elucidate whether and to what extent the
delay in transgene product expression by single-stranded AAV vec-
tors contributes to vector persistence and the resultant exhaustion
of the transgene product-specific CD8" T cell responses.

The finding that rAAV vectors induced transgene product-spe-
cific CD8" T cells that did not efficiently proliferate upon a sec-
ond encounter of the antigen has clinical implications, as human
T cells might be similarly affected. The results draw attention to
what we believe to be a hitherto unidentified problem for the use
of rAAV vectors as a vaccine carrier in the clinic, since this vaccine
may have the potential to dampen the immune response to a natu-
ral infection and thus increase the vaccine recipients’ susceptibility
to progress more rapidly to AIDS. The dampening of the immune
response to the transgene product may be useful for gene therapy,
but it is detrimental for a vaccine carrier.

Methods

Mice. Female 4- to 6-week-old BALB/c mice (Thy1.2 and Thy1.1) and BALB/c
RAG /- mice were purchased from The Jackson Laboratory or Ace Ani-
mals Inc. and housed at the Animal Facility of The Wistar Institute. All
experiments were performed using procedures in protocols reviewed and
approved by the Institutional Review Board of The Wistar Institute.

Vectors. rAAV vectors are based on rAAV2 vectors pseudotyped with viral
capsids from AAV serotypes 1, 5,7, 8, and 9, and they carry a codon-opti-
mized truncated gag gene (gag37; ref. 24) of HIV-1 clade B or GFP under
the control of a CMV promoter. The recombinant Ad vector of human
serotype 5, AdHuS, and a chimp-derived recombinant Ad vector, AdC68,
also carry the truncated gag gene of HIV-1 clade B or GFP under the CMV
promoter. Both sets of vectors were obtained from the University of Penn-
sylvania Vector Core Facility. The DNA vaccine used here was a plasmid
containing the entire gag gene of HIV-1 clade B under the CMV promoter.
Recombinant MVA expressing full-length HIV-1 gag was a gift from
M. Feinberg (Emory University, Atlanta, Georgia, USA).

Immunization of mice. Vaccine vectors were diluted in sterile saline to a
total volume of 100 pl, and mice were immunized by injection into the
lower leg muscle or orally by a feeding tube. For some experiments, incom-
plete Freund’s adjuvant (Sigma-Aldrich) was used at a 1:1 ratio with the
rAAV vector in a total volume of 100 ul, and mice were immunized by injec-
tion into the lower leg muscle. Prime/boost regimens were generally per-
formed with the initial rAAV immunization followed by the AdC68 booster
immunization at a later time point, usually 1-2 months after the priming
unless stated otherwise. For in vivo proliferation and protection assays,
recipient mice were immunized i.p. with vaccinia virus vectors diluted in
100 wl sterile saline. For experiments involving the functional inactivation
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of CD25" cells, 200 ug of an antibody to CD25 (PC-61; Bioexpress Inc.) or
a control antibody (HRPN; Bioexpress Inc.) was administered i.p. 3 days
prior to a booster immunization. Antibodies to PD-1 and PD-L1 (gifts
from G. Freeman, Dana-Farber Cancer Center, Boston, Massachusetts,
USA) and control isotypes (Bioexpress Inc.) were administered i.p. at a dose
0f 200 pg per mouse, per treatment, 2 times prior to and 3 times following
booster immunization, at 3-day intervals.

ICS for IFN-y and TNF-o.. To examine gag-specific IFN-y- or TNF-o-pro-
ducing CD8* T cell frequencies, lymphocytes from spleens were isolated
and incubated (1 x 106 cells/sample) with the AMQMLKETTI peptide,
which carries the immunodominant epitope of HIV-1 gag for mice of the
H-2d haplotype, for 5 hours at 37°C with 5% CO,. Control cells were stimu-
lated with an irrelevant peptide (rabies virus); background data were sub-
tracted from sample values before plotting. Cells were surface stained with
an anti-CD8 antibody conjugated to FITC, then fixed and permeabilized
with Cytofix/Cytoperm (BD Biosciences — Pharmingen) for ICS with anti-
IFN-y antibody conjugated to PE and/or anti-TNF-a antibody conjugated
to allophycocyanin. All antibodies, unless otherwise noted, were purchased
from BD Biosciences — Pharmingen.

Tet and phenotypic marker analyses. Tet analysis was done with allophyco-
cyanin-conjugated gag AMQMLKETI peptide H-2K¢ tets (NIAID Tetramer
Facility). Antibodies for surface markers CD8, CD4, CD25, GITR, CD44,
CD244, CD62L, PD-1, CTLA-4, and CD27 as well as intracellular marker
Bcl-2 were purchased from BD Biosciences — Pharmingen. Antibodies for
Granzyme B were purchased from Invitrogen. Antibodies for BTLA and
CD127 as well as the Mouse Regulatory T cell Staining Kit, which included
antibodies for FoxP3, were purchased from eBioscience. Prior to analysis,
cells were fixed with 2% paraformaldehyde in PBS. Flow cytometry analysis
of the cells was performed with the Beckman-Coulter XL (Beckman-Coul-
ter) and FACSCalibur (BD) flow cytometers at The Wistar Institute Flow
Cytometry Core Facility; data were analyzed with WinMDI 2.8 (Howard
Scripps Institute) or FlowJo 7.1.1 (Tree Star Inc.). Statistical analysis to cal-
culate P values was performed with Intercooled Stata 8.2 (StataCorp LP).

In vivo proliferation assay. Lymphocytes were dissociated from spleens of
donor mice (Thy1.2), and red blood cells were lysed with ACK Lysing Buf-
fer (Invitrogen). To isolate CD8" T cells by negative selection, cells were
incubated for 30 minutes on ice with purified rat anti-mouse antibodies
to MHC II, CD45R/B220, CD4, TER119, CD19, and GR1 (BD Biosciences
— Pharmingen) and then for 15 minutes on ice with anti-rat IgG MACS
microbeads (Miltenyi Biotech) before being passed through a MACS col-
umn in a magnetic separator (Miltenyi Biotech). Sorting with this method
resulted an enrichment of 80%-85% for a given cell subset. Purified CD8*
T cells were then labeled with 5 uM CFSE using the CellTrace CFSE Cell
Proliferation Kit (Invitrogen) and transferred to recipient mice (Thy1.1) in
200 ul by tail vein injection (5 x 107 cells per mouse). At 3 days after trans-
fer, splenocytes of recipient mice were harvested; stained with antibodies to
CDS8, Thy1.2, and the gag-tet; and analyzed for decrease in CFSE intensity
as evidence for proliferation.

In vivo killing assay. Lymphocytes were dissociated from spleens of donor
mice. Red blood cells were lysed with ACK Lysing Buffer (Invitrogen).
Half the lymphocytes were pulsed with the BALB/c-specific CD8* 9-mer
AMQMLKETI peptide and then labeled with 0.5 uM CFSE using the Cell-
Trace CFSE Cell Proliferation Kit (Invitrogen); the other half were pulsed
with an irrelevant peptide derived from a sequence of the rabies virus
nucleoprotein and labeled with 5 uM CFSE. Equal numbers of cells (107
cells) from the 2 populations were transferred via tail vein into immunized
mice. At 24 hours after transfer, splenocytes from recipient mice were har-
vested for analysis by flow cytometry.

Muscle imaging. Groups of BALB/c mice were i.m. immunized in the lower
leg with 10! gc rAAV2/7 expressing GFP or with AdC68 expressing GFP.
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One group of mice was immunized with both vectors, but in different legs,
in a prime/boost regimen (rAAV followed by AdC68). Mice were sacrificed at
the indicated time points, and the immunized and nonimmunized legs were
removed and illuminated with an Illumatool Lighting System (Lightools
Research). Photographs were taken with a Kodak DCS14N digital SLR cam-
era with a 60-mm Micro Nikkor lens (Nikon). Images were captured as raw
files and converted to TIFF files using Kodak DCS photodesk software.

Vaccinia virus challenge. At 3-4 weeks after i.m. immunization with rAAV2/
7gag and AdC68gag (9-10 mice per group), mice were challenged i.p. with
1 x 10¢ PFU Vacgag, which also expresses 3-galactosidase. Nonimmunized
mice served as controls. Both ovaries were harvested S days after infection
for viral titer analysis. Ovaries were homogenized with an electric tissue
grinder, plated in dilutions on confluent TK- cells, and incubated for 18
hours at 37°C and 5% CO,. Cells were overlayed with an agarose mixture
containing X-gal and placed in the incubator for 24 hours. Ovary vaccinia
virus titers were then determined by counting the blue plaques.

ELISA. To measure levels of gag-specific antibodies, serum was collected
from mice by retro-orbital puncture. Nunc 96-well plates (Thermo Fisher
Scientific) were coated with gag protein (ImmunoDiagnostics Inc.) diluted
in 0.1 M carbonate coating buffer (pH 9.6) overnight at 4°C. Plates were
washed 3 times with PBS and blocked overnight at 4°C with 1% BSA-PBS.
Serial dilutions of mouse serum samples were added to the wells and incu-
bated for 1 hour at room temperature. Plates were washed 3 times with
PBS, and a secondary antibody (ICN CAPPEL goat alkaline phosphatase
for mouse immunoglobulin; MP Biomedicals Inc.) diluted 1:100 in 3% BSA-
PBS was added for 1 hour at room temperature. After washing, the plates
were developed with alkaline phosphatase for S minutes, and absorption
was determined at ODyps, Isotypes of specific antibodies were determined
with the Calbiochem Hybridoma Subisotyping Kit (Calbiochem).

Cell sorting. For some experiments, splenocytes were sorted for CD4*, CD8",
and B220" cell populations. After incubating the cells with the appropriate
antibodies (all from BD Biosciences — Pharmingen), samples were sorted or
analyzed using a DakoCytomation MoFlo (DakoCytomation Inc.). Sorting
resulted an enrichment of 80%-85% for a given cell subset.

Nested real-time PCR. DNA was isolated from leg muscles using the
DNeasy Tissue Kit (QIAGEN). The housekeeping gene GAPDH was quan-
tified from each sample by real-time PCR. Samples were adjusted to equal
amounts of GAPDH and amplified by PCR followed by a nested real-time
PCR for gag. External 5" and 3’ primers used for the PCR were 5'-GGAGC-
TAGAACGATTCGC-3" and 5'-CTCTTGCCTTATGGCCG-3'; nested 5" and
3" primers for the real-time PCR were 5'-AGGGGAAGTGACATA-3" and
5'-GCTTGCTCGTCGGCTCTTAG-3'". Standards for gag (10%-108 gc) were
amplified at the same time. The first PCR consisted of 25 cycles of 94°C
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for40s,52°C for 40 s,and 72°C for 40 s. The amplicon from the first PCR
product was then used as template for a second real-time PCR to quantify
the gag gene. The second PCR was run for 40 cycles at 95°C for S's, 57°C
for4s,72°C for 10 s, and 84°C for 4 s. Specificity of amplicons was con-
firmed by analyses of melting temperature curves and gel electrophoresis
of amplicons. Controls included reactions containing no DNA (water con-
trol) or samples from naive animals.

Adoptive transfer in RAG”~ mice. Spleen cells from immune competent
BALB/c mice were depleted of neutrophils using the MACS beads sorting
procedure described above. All remaining cells were transferred via tail vein
injection into BALB/c RAG”- mice (108 cells per mouse).

Statistics. Statistical analysis to calculate P values was performed with
Intercooled Stata 8.2 (StataCorp LP). For analyses, a 1-tailed Student’s
t test was used and P values less than 0.05 were considered significant.
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