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Transfer of genes by adeno-associated virus (AAV) vectors is
benefiting patients with particular genetic defects. Challenges
remain by rejection of AAV-transduced cells, which may be
caused by CD8+ T lymphocytes directed to AAV capsid anti-
gens. Reducing the number of CpG motifs from the genome
of AAV vectors reduces expansion of naive T cells directed
against an epitope within the capsid. In contrast, AAV
capsid-specific memory CD8+ T cells respond more vigorously
to AAV vectors lacking CpGmotifs than to those with CpGmo-
tifs presumably reflecting dampening of T cell expansion by cy-
tokines from the innate immune system. Depending on the pu-
rification method, AAV vector preparations can contain
substantial amounts of empty AAV particles that failed to
package the genome. Others have used empty particles as de-
coys to AAV-neutralizing antibodies. We tested if empty
AAV vectors given alone or mixed with genome-containing
AAV vectors induce proliferation of naive or memory CD8+

T cells directed to an antigen within an AAV capsid. Naive
CD8+ T cells failed to respond to empty AAV vectors, which
in contrast induced expansion of AAV-specific memory
CD8+ T cells.
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INTRODUCTION
Permanent replacement therapy of gene defects by AAV vectors has
made impressive progress in recent years. An adeno-associated virus
(AAV)-mediated treatment for retinal dystrophy due to mutation of
the RPE65 gene,1–3 called Luxturna, has gained approval by the Fed-
eral Drug Administration and is the first licensed in vivo gene therapy
in the US to correct an inherited disease. Other successes are being
reported for treatment of hemophilia B, an X-linked disease for which
AAV vectors expressing human factor 9 (hFIX) have achieved in
some patients functional correction of their bleeding disorder.4,5 A
more recent trial reported AAV-FVIII-mediated correction of hemo-
philia A.6

Challenges remain for AAV-mediated gene transfer to liver. Some of
the individuals enrolled into early clinical trials for treatment of hemo-
philia B showed within a few weeks after gene transfer evidence of he-
patocyte destruction accompanied by loss of transgene product
expression.7,8 This was linked to increases in circulating AAV
capsid-specific CD8+ T cells that presumably attacked and destroyed
the AAV-transduced cells.8 Most humans are infected with AAVs
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together with a helper virus during childhood and therefore have
immunological B and T cell memory to AAV capsid antigens.9–11

T cell epitopes between different AAV serotypes are largely cross-reac-
tive,12 so that T cells induced by one serotype respond to others. It was
initially postulated that recall of AAV-specific memory CD8+ T cells
causes the decline of AAV-transduced cells in humans, although a
role for de novo stimulated naive T cells to novel epitopes within the
AAV gene transfer vehicles has not been ruled out. De facto, the
very slow onset of T cell responses to AAV capsid antigen in some pa-
tients may argue for primary rather than secondary T cell responses.
Induction of AAV capsid-specific T cell responses can be circum-
vented by dose reductions upon optimizing transduction rates and/
or the biological activity of the transgene product.13,14 Alternatively,
the destructive effects of AAV capsid-specific CD8+ T cells can be
blunted by immunosuppressive drugs such as prednisone.4,15

Stimulation of CD8+ T cells by AAV vectors has been linked to
innate responses induced by Toll-like receptor (TLR)9-stimulating
CpG sequences within the vector genome.16–18 In mice, depletion
of all CpG sequences but for those essential for the integrity of
the inverted terminal repeat (ITR) sequences was shown to prevent
rejection of a highly immunogenic chimeric rhesus macaque AAV
serotype called AAVrh32.33.19,20 CpG-reduced AAV8 vectors have
been used in clinical trials for correction of hemophilia B; notwith-
standing, recipients of high doses of the CpG-reduced double-
stranded AAV8 vector still showed increases of AAV capsid-specific
CD8+ T cell responses following gene transfer and required immu-
nosuppression to prevent loss of FIX expression.4 Studies in mice
assessed the effects of CpG sequences on primary AAV capsid
and transgene product-specific CD8+ T cells,16–18 which may have
different requirements for their successful activation than already
primed memory CD8+ T cells.

Another challenge faced by systemic AAV vector-mediated gene
correction is that many humans have pre-existing neutralizing
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antibodies to AAV, which even when present at low concentrations
significantly reduce AAV vector transduction of liver cells.21 Such an-
tibodies are induced due to natural infections in childhood. Anti-
bodies to AAV2 and AAV1 are most common and can be detected
in 40%–60% of adults with higher prevalence rates in Africa than Eu-
rope or the US. Seroprevalence rates of neutralizing antibodies to
AAV5, 7, 8, or 9 are slightly lower but still well above 30% in most
countries.9,10 Furthermore, AAV vector-mediated gene transfer in-
duces AAV-neutralizing antibodies,22 which precludes a second
administration of the vector for additional treatment.23 As some
neutralizing antibodies cross-react between different AAV sero-
types,24 options for changing serotypes for sequential gene transfer
are limited. Mixing an excess amount of empty AAV capsids, i.e.,
AAV particles that during production failed to incorporate a genome,
also called “empties,” with genome-containing vectors was shown to
blunt the impact of AAV-neutralizing antibodies on transduction
rates of intravenously injected AAV vectors.25

As mentioned above, AAV vector-mediated gene transfer is
hampered by rejection of AAV-transduced cells by human CD8+

T cells directed against epitopes present within AAV capsids.4,8,26

Applying genome-containing AAV vectors together with a large
dose of empties could potentially increase induction of AAV
capsid-specific CD8+ T cells and thus negate the benefits of modifica-
tions that allow for lower vector doses.

Here, we tested the effects of CpGmotifs within the genome of AAV8
or AAV2 vectors on primary and memory CD8+ T cell responses to
an epitope within the vector’s capsid. As wild-type AAV8 capsid fails
to be recognized by mouse CD8+ T cells, we inserted, as described
previously,27 10 copies of SIINFEKL, the immunodominant H-2b-
binding epitope of ovalbumin, into VP2 of AAV8 (AAV8SIINFEKL).
Vectors expressed a CpG-depleted form of b- galactosidase (b-Gal)
(LacZ) under the control of the human elongation factor-1 alpha
(EF1) promoter, which lacks CpG sequences, or the CpG-rich chicken
b-actin (CB) promoter. Our results show that CpG motifs are essen-
tial to drive proliferation of naive capsid-specific CD8+ T cells but
blunt and delay expansion of memory CD8+ T cells. We assessed if
adding empty AAV particles to genome-containing AAV vectors in-
creases the proliferative response of naive or memory capsid-specific
CD8+ T cells. Our results show that empty AAV capsids do not drive
proliferation of naive CD8+ T cells even if given together with
genome-containing vectors. In contrast, they drive proliferation of
AAV capsid-specific memory CD8+ T cells.

RESULTS
Vector Characteristics

Vectors carry a CpG-depleted sequence of b-Gal under the control of
the EF1 (AAV8SIINFEKL-EF1-LacZ) or CB (AAV8SIINFEKL-CB-LacZ)
promoter. The CpG content of these vectors is as follows: The
AAV8-CB-LacZ vector has 113 CpGs (16 in each of the 2 ITRs, 11
in the enhancer, 45 in the CB promoter, 7 in the intron, and 18 in
the poly(A) tail). The AAV8-EF1-LacZ vector has 46 CpGs (16 in
each of the 2 ITRs, 1 in the enhancer, and 13 in the poly(A) tail).
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Vectors were tested for incorporation of SIINFEKL into the vector
capsid by gel electrophoresis followed by silver stains, which, as
described previously,27 showed the expected shift of VP2 due to the
added SIINFEKL sequences. Vectors were tested in vitro for expres-
sion of b-Gal in transduced HEK293 cells, where equal doses of
vectors achieved equal numbers of transgene product expressing
cells (data not shown). In contrast, upon intravenous (i.v.) injection
into male C57BL/6 mice, using an equal dose of 1011 vector genomes
(vg) per animal, there was a striking difference in numbers of
hepatocytes expressing b-Gal (Figure S1). Most cells of livers
of mice that received the AAV8SIINFEKL-EF1-LacZ vector were
b-Gal positive when tested 2 weeks later, while upon transfer of the
AAV8SIINFEKL-CB-LacZ vector, less than 5% of cells showed b-Gal
expression.

In Vivo Responses of SIINFEKL-Specific Primary and Memory

CD8+ T Cells to the Capsid of CpGhigh and CpGlow AAV8SIINFEKL

Vectors

We tested if CpG motifs influence responses of AAV capsid-, i.e.,
SIINFEKL-specific, primary or memory CD8+ T cells. Groups of
male Thy1.1+ C57BL/6 recipient mice were injected i.v. with 1011

vg of AAV8SIINFEKL-EF1-LacZ (CpGlow) or AAV8SIINFEKL-CB-LacZ
(CpGhigh) vectors. Control mice were not injected with AAV8 vectors.
2 to 8 weeks after injection of recipient mice, donor memory spleno-
cytes from Thy1.2+ C57BL/6 mice that had been injected at least
2 months earlier with a chimpanzee origin adenovirus vector express-
ing ovalbumin, which contains the SIINFEKL epitope, as a fusion
protein together with the nucleoprotein of influenza A virus and
GFP (AdC7-NP-Ova-GFP), or from naive OT-1 mice, which carry
a transgenic T cell receptor to SIINFEKL, were isolated and stained
with carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE). They
were then transferred i.v. into recipient mice. Ten days later, lympho-
cytes were isolated from livers and spleens of the recipient mice
and analyzed for CD8+ T cells. We determined the contribution
of all CD8+ T cells as well as of donor-derived Thy1.2+ CD8+

T cells to the hepatic lymphocytic infiltrate. The overall gating
strategy for this and all other T cell experiments is shown in Fig-
ure S2. In mice injected with naive OT-1 donor cells, presence of
the AAV8SIINFEKL-EF1-LacZ vectors failed to increase hepatic infil-
tration by CD8+ T cells. In contrast, there was a small but statistically
significant increase of donor-cell-origin CD8+ T cells in livers of
AAV8SIINFEKL-CB-LacZ-injected mice (Figure 1A). Mice injected
with SIINFEKL-specific memory T cells 2 or 4 weeks after injection
of either of the two AAV vectors showed a trend toward increased
hepatic infiltration with CD8+ T cells, which failed to reach signifi-
cance. There was a significant increase of donor-derived memory
CD8+ T cells if cells were transferred at 2 weeks after injection of
the AAV8SIINFEKL-EF1-LacZ vector. In mice that received donor cells
at 4 weeks after AAV8SIINFEKL-EF1-LacZ injection, there was still a
trend toward increased memory donor CD8+ T cell infiltration, which
subsided by week 8 (Figure 1B).

To test if presence of AAV vectors affected frequencies of
SIINFEKL-specific naive or memory CD8+ T cells of donor origin,



Figure 1. Hepatic T Cell Infiltrates in Donor Mice

Mice were injected with AAV8-LacZ vectors with high (CB

promoter, gray symbols) or low (EF1 promoter, white

symbols) CpG content. At the indicated time thereafter,

they were injected i.v. with CFSE-labeled splenocytes from

naiveOT-1mice (A) or with CFSE-labeled splenocytes from

mice that had been injected at least 2 months earlier with

AdC7-NP-Ova-GFP (B). Three naive mice were injected

with splenocytes as well and served as controls. Lym-

phocytes were isolated from individual mice 10 days after

lymphocyte transfer, and upon staining numbers of the

indicated cell subsets were determined and normalized to

106 live lymphoid cells. Graphs on the left show relative

numbers of CD8+ T cells in liver. Right graphs show

numbers of donor-derived Thy1.2+CD8+ cells in livers. Data

are shown for individual mice, with lines indicting medians.

Significant differences in this and all subsequent graphs

are indicated by lines with stars above. Number of stars

show level of significance, *p% 0.05 to > 0.01, **p% 0.01

to > 0.001, ***p % 0.01 to > 0.001, ****p % 0.0001.
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we analyzed lymphocytes from spleens and livers of control mice
and mice that had been injected with AAV8SIINFEKL-EF1-LacZ
or AAV8SIINFEKL-CB-LacZ vectors 2–8 weeks prior to cell transfer.
Frequencies of SIINFEKL-specific CD8+ T cells from OT-1 mice
that had been naive prior to transfer were not increased in presence
of either of the AAV8SIINFEKL vectors within the host mice (Fig-
ure 2A). SIINFEKL-specific memory donor CD8+ T cells, on the
other hand, were markedly more frequent in spleens and livers of
host mice injected with the AAV8SIINFEKL-EF1-LacZ vector
compared to those carrying no vector or the AAV8SIINFEKL-CB-
LacZ vector. This difference was especially pronounced if donor cells
were transferred early at 2 weeks after AAV8SIINFEKL-EF1-LacZ
vector injection (Figures 2B and 2D).

To assess if transfer of SIINFEKL-specific memory CD8+

T cells promoted induction of host CD8+ T cell responses, we
analyzed frequencies of SIINFEKL-tetramer+Thy1.2� CD8+ T cells.
A significant host origin SIINFEKL-specific CD8+ T cell response
was only observed in spleens and livers of mice that had received
the AAV8SIINFEKL-EF1-LacZ vector 2 or 8 weeks before cell transfer
(Figures 2C and 2D), suggesting that activation of the host CD8+

T cells had been driven by the strong donor cell response.

Functions of SIINFEKL-SpecificCD8+ TCells after Their Transfer

into AAV8SIINFEKL-Injected Mice

Staining for cell-surface markers such as the Thy1 antigen or the T cell
receptor tested for by the SIINFEKL-specific tetramer informs on the
origin and antigen-specificity of the CD8+ T cells but allows no insight
Mo
into the cells’ functions. We therefore tested
OT-1 CD8+ T cells transferred into mice in-
jected with the AAV8SIINFEKL vectors 8 weeks
after and memory donor-derived CD8+ T cells
transferred into mice 4 weeks after AAV injec-
tion in vitro by intracellular cytokine staining (ICS) for production
of granzyme B (GzmB), interferon (IFN)-g, interleukin (IL)-2, and/
or tumor necrosis factor (TNF)-a in response to the SIINFEKL
peptide. Transfer of splenocytes from naive OT-1 mice or AdC7-
NP-Ova-GFP-immunized mice into naive hosts failed to trigger a
cytokine response (data not shown). Naive OT-1 cells
transferred into mice injected with the AAV8SIINFEKL-CB-LacZ or
the AAV8SIINFEKL-EF1-LacZ vector and isolated from spleens
10 days later produced mainly TNF-a followed by IFN-g; responses
were comparable in mice injected with either of the two vectors (Fig-
ure 3A). In mice that received memory CD8+ T cells, IFN-g responses
were significantly higher in spleens and liver of mice that had been
injected with the AAV8SIINFEKL-EF1-LacZ vector, while in the same
comparison GzmB+ CD8+ T cell frequencies were significantly higher
only in livers (Figure 3B).

Proliferation of Donor-Derived SIINFEKL-Specific CD8+ T Cells

to AAV Capsid

Proliferation of donor cells was tested for by determining loss of CFSE
in donor-origin SIINFEKL-specific CD8+ T cells at 10 days after sple-
nocyte transfer into congenic host mice (Figure 4). Donor-derived
naive OT-1 CD8+ T cells showed some minor homeostatic prolifera-
tion upon transfer into naive mice that had not been injected with an
AAV8SIINFEKL vector. OT-1 CD8

+ T cells transferred 2 weeks after in-
jection of AAV8SIINFEKL vectors with or without CpG motifs failed to
show any significant proliferation in spleen. In livers, these cells
showed enhanced proliferation upon transfer into mice carrying the
AAV8SIINFEKL-CB-LacZ vector, as evidenced by increases in the
lecular Therapy Vol. 28 No 3 March 2020 773
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Figure 2. SIINFEKL-Specific CD8+ T Cell Responses

within Hosts

AAV vector-injected host mice were injected with donor

cells from naive OT-1 mice (A) or AdC7-NP-Ova-GFP-

immune (B) donors at the indicated times after gene

transfer. A naive host mouse served as a control for each

time point. Data from naive mice were pooled, and the

same data are shown for each time point. (A and B) Fre-

quencies of SIINFEKL-tetramer+ CD8+ donor cells in

spleens and livers of host mice over all CD44+CD8+ cells.

(C) Frequencies of host-origin SIINFEKL-specific CD8+

T cells. Lines with stars above indicate significant differ-

ences as detailed in legend to Figure 1. (D) Frequencies of

SIINFEKL-specific donor or host CD8+ T cells comparing

non-AAV-injected mice (contour blot) to mice that had

been injected 8 weeks prior to cell transfer with a CpGlow

AAV vector (dot blot). The cartoon to the right of (A) shows

the experimental design for the naive cell transfer. The

cartoon to the right of (D) shows the experimental design

for the naive cell transfer.
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percent of proliferating cells as well as in the division index, which
takes numbers of cell cycles into account; they failed to proliferate
in response to the AAV8SIINFEKL-EF1-LacZ vector (Figure 4A). In
mice transferred 8 weeks after AAV8SIINFEKL vector injection, OT-1
CD8+ T cells showed significant proliferation in spleen of mice that
received the AAV8SIINFEKL-CB-LacZ; they failed to respond to the
AAV8SIINFEKL-EF1-LacZ vector. In liver, this difference was only sig-
nificant for the percent of cells that divided (Figure 4B). Overall, these
data show that stimulation of naive CD8+ T cells requires the presence
of CpG motifs within the AAV8 vector’s genome.

Opposite results were obtained for SIINFEKL-specific memory CD8+

T cells; they showed robust proliferation in spleens and liver upon their
transfer intomice that had received theAAV8SIINFEKL-EF1-LacZvector
774 Molecular Therapy Vol. 28 No 3 March 2020
2 (Figure 5A)or 4weeks (Figure 5B) earlier.Upon
later cell transfer at week 8 after vector injection,
SIINFEKL-specific CD8+ T cells of one of the
mice in the AAV8SIINFEKL-EF1-LacZ vector
group showed loss of proliferation, while in the
other three mice, these CD8+ T cells proliferated
vigorously, as evidenced by complete loss ofCFSE
(Figure 5C). Cells transferred into mice injected
with the AAV8SIINFEKL-CB-LacZ vector showed
marginal proliferation if transferred 2 or 4 weeks
after vector injection. Proliferation became more
pronounced upon later transfer at week 8. These
data show that CpG motifs are not needed to
drive expansion of capsid-specific memory
CD8+ T cells but instead appear to delay their
proliferative response.

To test if antigen able to drive proliferation of
memory CD8+ T cells to the AAV8SIINFEKL-
CB-LacZ vector came up very early and then disappeared by week
2, we transferred cells into mice 2 days after vector injection. Prolifer-
ation was marginal, with an increase of division index from a median
of 0.03 (range, 0–0.05) in naive mice to a median of 0.14 (range, 0.05–
0.3) in AAV8SIINFEKL-CB-LacZ-injected mice, indicating that lack of a
response to the CpG motif-containing vector was not linked to accel-
erated degradation of the vector (data not shown).

The Effect of Empty AAV Particles on Primary CD8+ T Cell

Responses to AAV Capsid

We reported previously that AAV particles without genome fail to
elicit strong proliferative CD8+ T cell responses to AAV capsid
antigens in mice.27 To assess if empty AAV8 particles increase
primary AAV capsid-specific CD8+ T cell responses to AAV



Figure 3. Functions of Donor-Derived SIINFEKL-Specific CD8+ T Cells

CD8+ T cells from donor splenocytes isolated from host mice that had been transferred with naive OT-1 cells 8 weeks after injection with AAV vector (A) or from donor

lymphocytes from spleens and livers of mice that had been injected with AdC7-NP-Ova-GFP-immune donor cells 4 weeks after AAV gene transfer (B) were tested for release

of cytokines in response to the SIINFEKL peptide. Background data obtained upon culture with an irrelevant peptide were subtracted.
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genome-containing vectors, we mixed AAV8SIINFEKL-CB-LacZ vec-
tors given at 1 � 1011 vg/mouse with the equivalent of 5 � 1011 vg
of empty AAV8SIINFEKL particles. Other mice received either only
the empty particles or the genome-containing vectors at the same
doses or were left untreated. All vectors were given i.v. Two weeks
after AAV injection mice, were transferred i.v. with 5 � 106 CFSE-
labeled OT-1 splenocytes. In a follow-up experiment to assess if
empty AAV particles would delay the kinetics of T cell proliferation,
mice were injected with 1 � 1011 vg/mouse of an AAV8SIINFEKL-
hAAT-hFIX vector given alone or mixed with 5 � 1011 vg of empty
AAV8SIINFEKL particles. Other mice received only the empty parti-
cles or nothing. Mice were injected with 5 � 106 CFSE-labeled
OT-1 splenocytes 6 months after vector injection. In both experi-
ments, mice were euthanized 10 days after OT-1 cell transfer, and
lymphocytes from spleens and livers were analyzed.

In both experiments (Figures 6A and 6B), the genome-containing
vectors increased recovery of SIINFEKL-specific CD8+ T cells
from livers and spleens. Empty AAV8SIINFEKL particles given either
alone or with genome-containing vector did not affect numbers of
SIINFEKL-specific CD8+ T cells in spleens or liver if cells were trans-
ferred 2 weeks after AAV injection (Figure 6A) but decreased their
numbers in the late transfer experiment (Figure 6B).

Accordingly, when donor-derived OT-1 CD8+ T cells were assessed
for proliferation within the host mice bymeasuring loss of CFSE, early
transfer into mice that had received the genome-containing vectors
caused robust proliferative responses, as shown by increases in per-
centages of cycling cells (Figure 7A) and the division index (Fig-
ure 7C). Empty AAV8SIINFEKL particles failed to elicit proliferative re-
sponses of donor-derived CD8+ T cells beyond the homeostatic
responses also observed upon their transfer into mice that had
not been injected with an AAV vector. Empty AAV8SIINFEKL parti-
cles also failed to increase proliferation to the genome-containing
AAV8vvSIINFEKL vectors.
We repeated the experiment using a later time for transfer and an
AAV8 vector with a clinically relevant transgene, i.e., hFIX
controlled by a hepatocyte-specific promoter. Upon delayed transfer
of CFSE-labeled OT-1 cells donor-derived CD8+ T cells, prolifera-
tion of donor-derived CD8+ T cells remained high within livers of
mice injected 6 months early with an AAV8SIINFEKL-hAAT-hFIX
vector (Figures 7B and 7D). Proliferation decreased in spleens.
The livers of mice that received the mixtures of genome-containing
vectors and empty particles showed a reduction of proliferation of
OT-1 CD8+ T cells compared to mice that had only been injected
with the genome-containing vector. Again, SIINFEKL-specific
CD8+ T cells failed to show loss of CFSE upon their transfer into
mice injected 6 months earlier with empty vectors. Overall, the re-
sults show that empty AAV particles fail to trigger proliferation of
AAV-capsid-specific naive CD8+ T cells.

The Effect of Empty AAV Particles on Secondary CD8+ T Cell

Responses to AAV Capsid

In this experiment, rather than relying on proliferation of CD8+

T cells to an artificial AAV capsid antigen, i.e., SIINFEKL, we
immunized Thy1.2+ BALB/c mice with a simian adenovirus vector
of serotype 7 (AdC7) expressing the capsid antigen of AAV8,
which shares cross-reactive CD8+ T cell epitopes with AAV2
(AdC7-AAVcap). As the capsid antigen of AAV8 is not appropri-
ately processed for recognition by capsid-specific CD8+ T cells,27

we used 1 � 1011 vg of a CpG-reduced AAV2-EF1-LacZ vector
to inject Thy1.1+ BALB/c host mice. As in the above-described
experiment, other host mice were injected with 1 � 1011 vg of
the AAV2-EF1-LacZ vector with the equivalent of 5 � 1011 vg of
empty AAV2 particles. Control mice received no vector or empties
only at the equivalent of 5 � 1011 vg/mouse. CFSE-labeled donor
splenocytes (8 � 107/mouse) were transferred 14 days after
AAV2 vector injection and then analyzed from spleens and livers
10 days later. There was a trend toward increased recovery of
donor-derived AAV capsid-specific CD8+ T cells from livers of
Molecular Therapy Vol. 28 No 3 March 2020 775
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Figure 4. Proliferation of Naive OT-1 Cells in AAVSIINFEKL-Injected Host Mice

Proliferation was assessed by measuring loss of CFSE expression within Thy1.2+CD44+CD8+SIINFEKL-tetramer+ cells using host mice that received the naive OT-1 cell

transfer 2 or 8 weeks after AAV injection. Mice that had not been injected with an AAV vector but received the cell transfer served as controls (naive). Thy1.2+CD44+

CD8+SIINFEKL-tetramer+ cells were gated manually on generations 0–6. Percentages of cells that proliferated and the division index were calculated as described in http://

v9docs.flowjo.com/html/proliferation.html. (A) Percent of cells that proliferated. (B) Division index. (C) Representative histograms. The cartoon at the bottom shows the

experimental design.
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mice injected with the AAV2-EF1-LacZ vector with or without
empties (Figure 8A), while in spleens, significantly higher numbers
of such cells were detected in mice that were injected with the
AAV2 EF1-LacZ vector together with empties (Figure 8B). In livers
and spleens of mice, which received either the genome-containing
vector, the empties, or both, percentages of cells that proliferated
significantly increased compared to those in control mice. Further-
more, in spleens, significantly higher percentages of cells cycled in
mice that received mixtures of genome-containing vectors and
empty particles compared to mice that only received the
genome-containing vectors. These results were mirrored by the di-
vision indices, which increased most significantly over those in
controls in mice that had received empty particles with or without
genome-containing particles. The results show that empty AAV
particles drive proliferation of capsid-specific memory CD8+

T cells. Ideally, we would have liked to confirm our results for pri-
mary AAV capsid-specific T cells using the endogenous epitope,
but this was technically not feasible due to a paucity such T cells
in a naive host.
776 Molecular Therapy Vol. 28 No 3 March 2020
DISCUSSION
Induction of immune responses to AAV upon gene transfer can be
prevented by immunosuppression, which has been used successfully
in a number of clinical trials for different diseases.4–6,15 Some trials
have used immunosuppression starting at or shortly before the time
of gene transfer;6,28–30 others carefully monitored their patients and
initiated treatment only upon clinical evidence of damage of trans-
duced cells, such as increases in liver enzymes.4 The former protocol
exposes all participants to immunosuppression, including those who
would not reject the vector; the latter is cumbersome, as it requires
testing liver enzymes frequently and carries the risk that treatment
might be initiated too late. Most patients thus far who required pred-
nisone have been treated for 8–20 weeks with prednisone.4,31 The
duration of prednisone treatment needed to prevent rejection of
AAV vectors depends on the time frame of vector degradation, which
produces peptides of the AAVs’ capsid for recognition by CD8+

T cells and which is likely to vary depending on the AAV serotype,
its genome, composition, the target tissue, and characteristics of a
given patient.
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Figure 5. Proliferation of Memory CD8+ T Cells in AAVSIINFEKL-Injected Host Mice

Loss of CFSE expression within Thy1.2+CD44+CD8+SIINFEKL-tetramer+ cells using host mice that received splenocytes from AdC7-NP-Ova-GFP-immune donors. The

figure design mirrors that of Figure 4. The cartoon at the bottom shows the experimental design.
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It is currently unknown if memory CD8+ T cells induced by natural
infections and recalled by AAV-mediated gene transfer, de novo
stimulated naive T cells induced to epitopes of the vector that the in-
dividual had not encountered previously, or both cause rejection of
AAV-transduced cells. The kinetics of rejection, which in most
gene transfer recipients starts several weeks after AAV injection,
argues for a primary T cell response that would come up more slowly
than a recall response. Successful use of steroids to blunt the AAV
capsid-specific T cell response would also point toward primary
T cells, which are more sensitive to immunosuppression than
memory T cells. Induction of naive T cells requires mature dendritic
cells that not only present the T cell receptor’s antigen associated with
major histocompatibility complex (MHC) molecules but also provide
a second signal in form of a co-stimulator such as CD80 or CD86.32

Maturation of dendritic cells in turn requires stimulation of innate re-
sponses that through the release of cytokines and chemokines initiate
inflammatory reactions.32 The genome of AAV vectors carries unme-
thylated CpG-motifs. Previous studies have shown that AAV trans-
duces plasmacytoid dendritic cells and through CpG-mediated acti-
vation of the TLR9-MyD88 pathway stimulates production of type
I IFN (IFN-1), which in turn is crucial for activation of primary
CD8+ T cell responses.18 Nevertheless, considering their short life-
span, it is unlikely that dendritic cells activated upon direct AAV
transduction or presenting AAV capsid upon cross-priming33 are
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Figure 6. Effect of “AAV8SIINFEKL Empties” on

Hepatic T Cell Infiltrates upon Transfer of Naive

SIINFEKL-Specific CD8+ T Cells

(A) Thy1.1+ C57BL/6 mice were injected with nothing

(none), empty AAV8SIINFEKL particles alone (empty), or

mixed with AAV8 SIINFEKL-CB-LacZ (A) or AAV8SIINFEKL-

hAAT-h.FIX vectors (B). 8 days (A) or 6 months (B) after

AAV injection, they were transferred with OT-1 spleno-

cytes. The graphs show number of donor-derived SIIN-

FEKL-specific CD8+ T cells identified by staining with an

antibody to the congenic Thy1 marker and a specific

tetramer and normalized to 106 live lymphoid cells in livers

and spleens of individual host mice at 10 days after cell

transfer, with medians shown by lines. The lines with stars

above show significant differences between the con-

nected groups. The cartoon to the right shows the

experimental design.
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driving the prolonged proliferative response of naive OT-1 T cells.
Here, we extended these studies to assess the effects of CpG motifs
within the AAV vector’s genome on proliferation of naive or memory
CD8+ T cells directed to an epitope displayed by the capsid of AAV8
or AAV2 vectors. As AAV8 fails to induce capsid-specific CD8+

T cells in mice,27 we used AAV8 vectors that carry 10 copies of
SIINFEKL, the immunodominant epitope of ovalbumin, within V2.
This model offers the advantage that OT-1 mice, which carry a trans-
genic CD8+ T cell receptor for SIINFEKL associated with H-2Kb,
are available, which in turn allows for a reliable analysis of naive
CD8+ T cell responses to an epitope within the AAV capsid.

Our initial studies that aimed to characterize transgene product
expression by AAV8SIINFEKL-EF1LacZ or AAV8SIINFEKL-CB-LacZ
vectors showed no difference upon in vitro transduction of
HEK293 cells. Using equal low doses of the vectors showed expression
of the transgene product in approximately equal percentages of cells
(data not shown). Results were markedly different upon transfer of
the vectors into mice; the AAV8SIINFEKL-EF1LacZ vector achieved
b-Gal expression in nearly all hepatocytes, while upon injection of
the AAV8SIINFEKL-CBLacZ vector, only a fraction of cells stained
positive when tested 14 days later, although numbers of b-Gal+ hepa-
tocytes increased over time (data not shown). The only difference
between these two vectors is in the promoter driving LacZ expression.
As previous studies showed that both the EF1 and CB promoter are
active in liver34 and as both promoters performed equally well
in vitro, the result suggests that differences in the CpG content of
the promoters and the resultant innate immune responses may
have affected transgene expression levels. Innate immune responses
to AAV vectors have been described to come up rapidly and then
decline.35 Nevertheless, it should be pointed out that AAV vectors un-
coat very slowly,36,37 so that low levels of DNA containing CpGmotifs
778 Molecular Therapy Vol. 28 No 3 March 2020
are released over a lengthy period of time main-
taining activation of innate sensors and thereby
a localized inflammatory response. Innate re-
sponses may dampen transgene product expres-
sion by various mechanisms, such as by retarding intracellular traf-
ficking and uncoating of the vectors or by reducing the activity of
the promoter.

Our other results confirm those of previous studies,18,20 which
showed that CpG motifs are essential to drive proliferation of naive
CD8+ T cells to AAV capsids. Curiously, although cycling of naive
SIINFEKL-specific CD8+ T cells in response to their cognate antigen
expressed by the AAV capsid was only observed in response to CpG-
rich vectors, naive SIINFEKL-specific CD8+ T cells gained the ability
to produce cytokines in response to both CpGhigh and CpGlow vectors,
indicating segregation of these two pathways, as has been reported
previously.38 Proliferation of naive T cells to AAV vectors that
contain CpG motifs within their CB promotor was modest and did
not result in detectable increases in the overall hepatic infiltrates
or increased frequencies of donor-derived SIINFEKL-specific CD8+

T cells within spleens or livers. Results differed for memory CD8+

T cells, which vigorously responded to SIINFEKL displayed within
the capsid of an AAV8 vector that was largely depleted of CpG
sequences but for those essential for the integrity of the ITRs. Fre-
quencies of donor-derived SIINFEKL-specific CD8+ T cells, which
in naive mice comprised <5% of the entire CD8+ T cell population
in livers, increased to over 70% in host mice that carried the CpG-
reduced AAV8SIINFEKL vector. This was caused by their vigorous pro-
liferation that was still detectable if cells were transferred 8 weeks after
gene transfer. The strong donor memory CD8+ T cell response within
livers of mice carrying a CpG-reduced AAV8SIINFEKL vector also
drove activation of the hosts’ naive SIINFEKL-specific CD8+

T cells. Vigorous proliferation of memory CD8+ T cells to the
CpG-reduced vectors was to be expected as T cell recall responses
are relatively independent of innate responses and require less antigen
compared to naive T cells.



Figure 7. Effect of “AAV8SIINFEKL Empties” on Proliferation of Naive SIINFEKL-Specific CD8+ T Cells

Donor-derived SINFEKL-specific CD8+ T cells from the same groups as in Figure 6 were analyzed for loss of CFSE. (A) Percentages of dividing donor cells transferred 8 days

after AAV injection. (B) Percentages of dividing donor cells transferred 6 months after AAV injection. (C) Division index of donor cells transferred 8 days after AAV injection.

(D) Division index of donor cells transferred 6 months after AAV injection. (E) Histograms of CFSE loss in donor cells transferred 8 days after AAV injection. (F) Histograms of

CFSE loss in donor cells transferred 6 months after AAV injection.
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Unexpectedly, the proliferative response of memory CD8+

T cells was attenuated in mice injected with a CpG motif containing
AAV8SIINFEKL vector, especially if cells were transferred within
2–4 weeks after vector injection; upon later transfer, proliferation
of memory CD8+ T cells started to increase. This shift in prolifera-
tion is suggestive of inhibition of T cell proliferation by innate im-
mune responses to the CpG-motif-containing AAV8SIINFEL vector.
Cytokines induced by CpG motifs include IFN-1, which increases
MHC class I expression and the activity of lytic enzymes that pro-
cess antigen; both would be expected to increase stimulation of
T cells.39 Previous studies showed that IFN-1 augments T cell pro-
liferation, but depending on its timing in relation to stimulation by
the T cells’ cognate antigen it can also suppress T cells.40 IFN-1-
mediated suppression is more pronounced for memory CD8+

T cells, which express higher levels of the IFN-1 receptor than naive
T cells. Exposure of T cells to IFN-1 prior to antigenic stimulation
reduces the proliferative response of naive T cells and causes
apoptosis of memory CD8+ T cells. T cells that encounter IFN-1
later during their activation phase can immediately differentiate
into effector cells at the expense of further proliferation. Alternative
mechanisms, such as induction of regulatory cells or release of cy-
tokines that selectively inhibit proliferation of memory CD8+

T cells, could also explain the reduced proliferation of SIINFEKL-
specific memory CD8+ T cells transferred early after injection of
the AAV8SIINFEKL-CB-LacZ vector.

Vector preparations can contain substantial amounts of empty AAV
particles. Empty AAV particles can also be added to genome-con-
taining vectors to circumvent AAV-neutralizing antibodies.25 This
in turn might have immunological consequences, as it increases
the load of antigen able to trigger an AAV capsid-specific CD8+

T cell response. As shown here, empty AAV particles neither stim-
ulated naive T cells directed to an epitope within AAV capsid nor
increased activation triggered by genome-containing vectors. The
former is evidenced by absence of specific CD8+ T cell proliferation
in mice that were only injected with empty AAV particles. Empty
AAV particles appear to shorten stimulation of naive AAV capsid-
specific CD8+ T cells to genome-containing AAV vectors. These re-
sults are in agreement with our finding that CpG-reduced AAV8
vector failed to induce proliferation of capsid-specific CD8+
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Figure 8. Effect of “AAV Empties” on Hepatic Infiltration by and Proliferation of Memory AAV Capsid-Specific CD8+ T Cells

BALB/c host mice were injected with an AAV2-EF1-LacZ. They were injected i.v. 14 days later with CFSE-labeled splenocytes from congenic donor mice that had been

immunized several months earlier with an AdAAV vector. Cells were isolated from liver and spleens 10 days later and analyzed. (A) Recovery of SIINFEKL-specific donor

CD8+ T cells from liver. (B) Recovery of SIINFEKL-specific donor CD8+ T cells from spleen. (C) Percentages of SIINFEKL-specific donor CD8+ T cells that divided in liver. (D)

Percentages of SIINFEKL-specific donor CD8+ T cells that divided in spleen. (E) Division index of SIINFEKL-specific donor CD8+ T cells in liver. (F) Division index of SIINFEKL-

specific donor CD8+ T cells in spleen. (G) Histograms for CFSE expression in SIINFEKL-specific CD8+ T cells from liver. (H) Histograms for CFSE expression in SIINFEKL-

specific CD8+ T cells from spleen.
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T cells. Also, both sets of our results with capsid-specific memory
CD8+ T cells using CpG-reduced or empty AAV vectors concur
and show conclusively that capsid-specific memory CD8+ T cells
can be activated without a trigger of TLR9 activation. A few caveats
should be stressed. From an experimental standpoint, our assay sys-
tem allows for the detection of CD8+ T cell proliferation, which in
turn reflects their activation due to AAV capsid-derived peptides
displayed on MHC class I molecules. The consistently higher levels
of proliferation in liver suggest enrichment of such peptides on he-
patocytes, which are readily targeted by AAV8 and AAV2 vectors.
Nevertheless, unlike humans, mice fail to reject AAV8 vector-trans-
duced hepatocytes,41 indicating that the observed T cell proliferation
fails to lead to a fully functional effector CD8+ T cell response.11

From a clinical standpoint, it should be noted that, in a trial of an
AAV vector expressing a highly specific activity variant of blood
coagulation factor IX, supplemented with a 3- to 5-fold excess of
empty capsid, of 10 adult men with hemophilia infused with AAV,
8/10 did not manifest any clinical evidence of an immune response
to AAV capsid (elevation in aminotransferases or decline in FIX
levels), and of the 2/10 who did, the immune response was readily
780 Molecular Therapy Vol. 28 No 3 March 2020
controlled with oral glucocorticoids, resulting in rescue of FIX
expression.31 Thus, the relationship of the findings in the current
study to clinical results is not yet clear but could potentially suggest
that rejection of human AAV-transduced hepatocytes is mediated by
capsid-specific de novo activated rather than recalled memory CD8+

T cells.

MATERIALS AND METHODS
Mice

Thy1.1 C57BL/6 or BALB/c and OT-1 breeding pairs were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). These mice
were bred at the Wistar Institute. Homozygous mice were used to
generate Thy1.1 C57BL/6 or BALB/c pups. OT-1 mice were crossed
to C57BL/6 mice. Pups were checked at �4 weeks of age for expres-
sion of the SIINFEKL-specific T cell receptor by staining followed by
analyses by flow cytometry. Male Thy1.2 C57BL/6 and BALB/c mice
were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).
Mice were used at 8–16 weeks of age. Mice were housed at the Animal
Facility of theWistar Institute and treated according to institutionally
approved protocols.
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Vectors

The E1- and E3-deleted Ad chimpanzee serotype 7 vector expressing
a fusion protein composed of the nucleoprotein of influenza A virus
(NP), ovalbumin and GFP under a cytomegalovirus promoter
(AdC7-NP-Ova-GFP), or the AAV2 capsid sequence (AdAAV)
were prepared as described before.31 The SIINFEKL-modified
AAV8 capsid has been described previously.27 A CpG-depleted
LacZ gene was designed and synthesized. It was cloned into a pShuttle
vector under the control of the CB or the elongation factor 1 (EF1)
promoter using conventional cloning methods. Vectors were pro-
duced by quadruplet plasmid transfection with pHelper/pAAV-
LacZ/pAAV8SIINFEKL/pAAV8 vectors at ratios of 1:0.5:0.4:0.1 or by
triple transfection with pHelper/pAAV-LacZ/pAAV2 vectors at ra-
tios of 1:0.5:0.5.

Purification of Vectors

AAV vectors were produced in HEK293 cells from a batch of 40
T-175 cm2

flasks. Plasmids were transfected with polyethylenimine
(PEI) at a 1:3 ratio of DNA:PEI and kept in a 37�C, 5% CO2 incubator
for 72 h. After 72 h, cells were harvested by centrifugation at 1,500 rpm
for 10 min at 4�C. Medium was decanted, and the cells were washed
with PBS by centrifugation. The cell pellet was re-suspended in PBS
and sonicated for 5min with 1min on and 1min off at 50% amplitude
to release the virus. The cells were further treated with 50 U/mL of
Benzonase and 0.5% sodium deoxycholate for 30 min in a 37�C water
bath. Cell debris was removed by centrifuging at 4,000 rpm for 30 min
at 4�C. Iodixanol step gradients were prepared and added to ultracen-
trifuge tubes from bottom to top at 60%, 40%, 25%, and 15%. The
cleared viral supernatant was loaded on top of 15% iodixanol solution
and centrifuged at 67,000 rpm for 2 h at 18�C with maximum acceler-
ation and no brake. Following centrifugation, AAVparticles were har-
vested from 40%–25% interface and dialyzed against PBS in a 100 kDa
MilliporeUltra-50 unit. After dialysis, purifiedAAVwas collected, ali-
quoted, and stored at �80�C.

Titration of AAV Vectors

SYBR green qPCR assays were performed to determine the viral titers
with LacZ primers. In brief, 5 mL aliquot of iodixanol-purified vector
was treated with DNase I in PCR buffer at 37�C for 30min. Treatment
samples were 10-fold serially diluted in duplicates and the amplified
using the primers for LacZ and SYBR green master mix. Standard
plasmids with known genome copies were included in each plate.
vg copies/mL were calculated based on the plasmid-derived standard
curve.

Silver Stain

Samples from purified vectors were loaded on a 10% SDS gel (Bio-
Rad) and run using 1� running buffer. After the run, silver staining
was performed using a Bio-Rad silver stain plus kit according to man-
ufacturer’s instructions.

b-Gal Expression

HEK293 cells were plated in wells of a 6-well plate. The following day,
cells were transduced with various amounts of the AAV8-LacZ
vectors. Cells were stained 48 h later for expression of b-Gal as
described.32 Alternatively, mice were injected i.v. with the vectors.
Individual livers were harvested, frozen, cryo-sectioned (6–14 mm),
and placed onto slides. The slides were fixed for 20 min in 0.2%
glutaraldehyde and washed twice with phosphate buffer. Thereafter,
sections were stained at 37�C overnight with staining solution con-
taining 1 mg/mL of X-gal, 2 mM of MgCl2, 5 mM potassium ferricy-
anide, 5 mM postassium ferrocyanide, 0.01% Na-deoxycholate, and
0.02% NP-40.
Immunization of Mice

AdC7-NP-Ova-GFP and adenovirus vectors expressing the AAV
capsid (AdAAVs) were diluted in sterile PBS to a total volume of
100 mL and intramuscularly injected into the hindlegs of mice.
AAV vectors were diluted in 300 mL of sterile PBS and injected i.v.
into the tail vein of mice.
Transfer of Donor Cells

Lymphocytes were isolated from spleens of donor mice (Thy1.2
C57BL/6, Thy1.2 BALB/c, or OT-1 mice), and red blood cells were
lysed with 1� red blood cell (RBC) lysing buffer (eBioscience, San
Diego, CA, USA). Cells were then labeled with 7 mmol/L CFSE using
the CellTrace CFSE cell proliferation kit (Invitrogen, Carlsbad, CA,
USA) and 5–8 � 107 cells from immunized C67Bl/6 or BALB/c
mice or 1 � 106 splenocytes from naive OT-1 mice were transferred
intoMHC-matched Thy1.1+ recipient mice in 300–500 mL PBS by tail
vein injection.
In Vitro T Cell Assay

At 10 days after transfer, splenocytes or liver lymphocytes of recipient
mice were harvested, purified, and stained with a live cell stain, anti-
bodies to Thy1.2 (BD clone53-2.1), CD8a (BD53-6.7), CD44
(BioLegend, 1M7), and the SIINFEKL or an AAV capsid-specific
tetramer. The stained cells were then analyzed by flow cytometry.
Gates were set to identify antigen-specific CD8+ T cells of host
(Thy1.2�) or donor (Thy1.2+) origin. Cells were then analyzed for fre-
quencies of different populations including tetramer+ CD8+CD44+

T cells and for decreases in CFSE expression. The division index
(DI) and % cells that divided were calculated as before.27 ICS, cells
were stimulated for 5 h with SIINFEKL peptide or an irrelevant
peptide (both at 1 mg/mL) in presence of brefeldin A. Cells were
then stained with a live cell stain for surfaced-expressed CD8,
CD44, and Thy1.2 and upon permeabilization of the membranes
for intracellular GzmB (BioLegend GB11), IFN-g (BioLegend,
XMG1.2), IL-2 (BioLegend, JES6-5H4), and TNF-a (BioLegend,
MP6-XT22). Cells were analyzed by an LSRII. Post-acquisition ana-
lyses were conducted with FlowJo.
Statistics

All statistical analyses were conducted using GraphPad Prism 6
(GraphPad). Differences between two populations were calculated
by Student’s t test. Multiple comparisons between two groups were
performed by multiple t test with type I error correction. Differences
Molecular Therapy Vol. 28 No 3 March 2020 781
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among multiple populations were calculated by one- or two-way
ANOVA.
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