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An Engineered AAV6-Based Vaccine Induces High
Cytolytic Anti-Tumor Activity by Directly
Targeting DCs and Improves Ag Presentation
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We have previously shown that an AAV6-based vaccine gener-
ates high levels of antigen-specific CD8+ T cells. Further mod-
ifications described here led to significantly increased levels of
antigen-specific CD8+ and CD4+ T cells, enhanced formation of
memory cells, and superior antigen-specific killing capacity in a
murine model. By tracking reporter-gene-positive dendritic
cells, we showed that they were directly targeted with modified
AAV6 in vivo. Our vaccine’s anti-cancer potential was evalu-
ated with the antigen ovalbumin against a B16F10 melanoma
cell line stably expressing ovalbumin. The vaccination showed
superior protection in a murine model of metastatic mela-
noma. The vaccination significantly delayed solid tumor
growth but did not completely prevent tumor development.
We show that tumors in immunized mice escaped vaccine-
induced killing by losing ovalbumin expression. The vaccine
induced massive tumor infiltration with NK and CD8+ T cells
with upregulated PD-1 expression. Thus, a vaccination of a
combination of anti-PD-1 antibodies demonstrated significant
improvement in the treatment efficacy. To summarize, we
showed that a bioengineered AAV6-based vaccine elicits strong
and long-lasting cellular and humoral responses against an en-
coded antigen. To increase AAV vaccine efficiency andmitigate
tumor escape through antigen loss, we intended to target
several antigens in combination with treatments targeting the
tumor microenvironment.
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INTRODUCTION
Anti-cancer vaccines are a type of immunotherapy aimed to induce
cell-mediated host immunity, so that cytotoxic T lymphocytes
(CTLs) are activated to identify and destroy cancer cells. In early
clinical trials, cancer vaccines as monotherapy showed moderate
clinical response compared to more successful CTL-based immuno-
therapies such as adoptive tumor infiltrating lymphocytes-cell
transfer or chimeric antigen receptors T cells.1,2 Major obstacles
in vaccine efficiency included suboptimal vaccine design as well
as immunosuppression of generated CTLs by the tumor microenvi-
ronment (TME). However, the production and cost advantages, the
safety profile, and the compatibility with other immunomodulatory
and standard treatments that vaccination offers warranted the
search for new approaches to develop an effective cancer vac-
cine.3–5
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Therapeutic vaccines need a rational design that results in concen-
trated antigen (Ag) delivery to dendritic cells (DCs) and appropriate
DC activation, which, in turn, drives both CD4+ and CD8+ T cell re-
sponses and creates memory cells.6 Adeno-associated virus (AAV)-
based vectors have several beneficial features for cancer vaccine
development. First, AAV has been shown to be a safe and efficient
vector in a number of clinical studies;7–11 recently, two treatments
for congenital blindness and spinal muscular atrophy have been
approved by the US Food and Drug Administration (FDA).12 Sec-
ond, recent data obtained from clinical studies changed the para-
digm about low AAV immunogenicity.13 Several natural and
engineered AAV serotypes can induce strong cellular immune re-
sponses against an encoded transgene, an important feature needed
for vaccine development, and showed protective anti-cancer im-
mune response in mouse animal models.14–19 Third, much research
was done to understand the interaction of AAV with DCs and
improve AAV infectivity by modifying the viral capsid to overcome
intracellular obstacles such as proteasomal degradation20,21 and vec-
tor uncoating.22

DCs, as professional antigen-presenting cells (APCs), can present Ags
either by direct presentation of a gene delivered into DCs or by cross-
presentation of Ags released from transduced tissue and taken up by
un-transfected DCs. Both pathways can be targeted by vaccines,
but direct Ag delivery is preferred, since transduced DCs play a
predominant role in the presentation of Ags to CD8+ T cells.23 We
chose AAV6 as a vector based on its ability to directly infect DCs
in vitro and to generate cytotoxic effector and memory T cells
in vivo.18,19,21,24,25 Another prerequisite for proper T cell priming
by DCs is the maturation of DCs after loading with an Ag, which
requires additional activation signals.14 Microbial vectors, like
L. monocytogenes26 or vaccinia virus,27 themselves can serve as sour-
ces of immune danger signals28 or pathogen-associated molecular
patterns29 that aid in DC maturation. AAV is also recognized by cells
as a viral entity, but inflammation induced by AAV is mild and
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temporal compared to that induced by other commonly used
vectors such as adenovirus, which induces high levels of systemic
inflammation.30

In our previous studies, we have showed that the optimization of
AAV6 capsid dramatically improves transduction efficiency of hu-
man monocyte-derived DCs21 and mouse CD34+-cell-derived DCs
and also stimulates the protective immune response in the mouse
model of prostate cancer.25 In recent studies, we optimized the design
of expression cassette and observed a significant increase in antigen-
specific CD8+ and CD4+ T cells as well as improved formation of
memory cells and, consequently, long-term killing ability of these
effector cells. In this article, we also focused on the mechanism of
our AAV-based vaccine function, effector cell interaction with tumor
microenvironment and changes induced by vaccination in immune
cell populations in tumor. The characterization of changes in tumor
microenvironment will provide the rational for future potential clin-
ical AAV-based vaccine application, particularly in combination with
common and emerging treatments. We used ovalbumin (Ova) as a
well-characterized model antigen that provided a reliable opportunity
to identify and follow Ag-specific T cells in C57BL/6mouse. The ther-
apeutic potential of our novel optimized vaccine was analyzed in
B16F10 melanoma cells stably expressing Ova (B16/Ova). Addition-
ally, we have shown that vaccine can overcome the tolerance of the
immune system against endogenous self-proteins, and an AAV-based
vaccine successfully generates cytotoxic T cell response against two
melanoma self-antigens, tyrosinase (Tyr) and premelanosome
protein (gp100).31–33

RESULTS
AAV6CapsidOptimization to Improve Ag Presentation to CD8+ T

Cells

The ability of AAV serotype 6 to target APCs was demonstrated pre-
viously.21,34,35 In addition, the modifications of residues on the AAV
capsid, critical for the interaction of the virus with cellular compo-
nents during infection, can increase the transduction efficiency of
AAV vectors in different tissues and cells.36–39 As a vaccine vector,
we used AAV6 with the substitution of serine at position 663 for
valine (S663V) on the capsid that improves AAV intracellular traf-
ficking and nuclear translocation.21 As a model antigen, we used
Ova under a strong cytomegalovirus (CMV) promoter, which was
packed as a self-complimentary (sc) vector to overcome the rate-li-
miting step of viral second-strand DNA synthesis necessary for sin-
gle-strand (ss) AAV,40 and shown to be more effective in DCs.34,41

An additional advantage of using scAAV compared to ssAAV for
vaccination studies is an induction of a stronger adaptive immune
response, because it is recognized as viral DNA by Toll-like receptor
(TLR)-9.42 Vectors were administrated to mice as a single intra-
muscular (intramuscular) injection, and the levels of Ova-specific
CD8+ T cells were detected in the mouse blood by staining with major
histocompatibility complex (MHC) class I Ova-specific tetramers
(Ova257–264 [SIINFEKL] tetramers). The modified capsid (663-Ova)
resulted in significantly higher levels of Ova-specific CD8+ T cells
compared to wild-type (WT) AAV6 (WT-Ova) (Figure 1A). To esti-
mate functional activity of generated cells, splenocytes were isolated
3 weeks after immunization, and the production of interferon g

(IFNg) in response to stimulation with MHC class I peptide Ova

257–264 was analyzed by the enzyme-linked immunospot (ELISPOT)
assay. Splenocytes from animals immunized with 663-Ova consis-
tently had high levels of IFNg-producing cells. In contrast, animals
immunized withWT-AAV6 displayed vast inconsistency (Figure 1B).
We also analyzed the ability of the vaccine to generate a humoral
response against Ags. AAV vectors are known for their ability to elicit
high titers of antibodies against a transgene.24,43 These antibodies, if
their cognate epitopes are expressed on the tumor cell surface, could
be a complimentary part of an anti-cancer treatment by opsonizing
tumor cells and, consequently, facilitating tumor destruction by
innate immune cells.44,45 Both vaccines showed high titers of Ova-
specific antibodies 3 weeks after immunization (Figure 1C). In sum-
mary, these data identify our AAV6 mutant as a suitable vector for
tumor vaccine, as a single intramuscular injection is able to generate
both cellular and humoral responses. All following experiments were
performed with this capsid modified AAV6-S663V (663) vector.

AAV6-S663V Directly Targets DCs In Vivo

Naive CD8+ T cells are activated by the presence of peptide-MHC
class I complexes on the surface of APCs. MHC class I molecules typi-
cally present peptides derived from endogenous Ags. Loading of
exogenous Ags on class I molecules, e.g., in cross-priming, sometimes
occurs but to a lesser extent.46,47 In addition, cross-presentation usu-
ally occurs on a specialized class of DCs.48

We and others have shown previously that AAV6 and itsmodifications
are able to efficiently deliver Ags to human and murine DCs
in vitro.21,25,34,35 To show direct delivery of antigens to DCs in vivo,
mice were injectedwithAAV6-663-expressingGFP under a CMVpro-
moter in the biceps femorismuscle, and 4 days later, DCs fromdraining
lymph nodes were isolated by CD11c-positive selection columns. Flow
cytometry analysis showed that, after immunization, up to 10% of
draining lymph nodeDCs (CD11c+,MHC II+) were GFP positive (Fig-
ure 1D). Analysis of isolated DCs under a fluorescent microscope
confirmed the presence of GFP-expressing DCs in draining lymph no-
des of AAV-immunized animals (Figure 1E). Together, these data vali-
dated that our vaccine efficiently and directly delivers Ags to DCs.

Fusion of Ag with Trafficking Signals of MHC Class I Molecule

Increases the Number of Ag-Specific CD4+ and CD8+ T Cells

Next, we addressed the presentation of Ags delivered by AAV vectors
on the MHC class II molecule. In general, the presentation of anti-
genic peptides by MHC class II molecules to CD4+ T cells dramati-
cally increases the potency of anti-tumor vaccines.49 Though CD8+

T cells are considered the major cytotoxic entity against tumor,
CD4+ T cells orchestrate and enhance tumor destruction through
CD8+-dependent and -independent pathways.50–52 The assistance
provided by cognate CD4+ T cells during priming increases clonal
expansion of tumor-specific CD8+ T cells in secondary lymphoid tis-
sue; these cells show greater resistance to cell death upon secondary
encounter with Ags and develop functional memory cells.53–57 Several
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Figure 1. AAV6-Based Vaccines Induce Strong Cellular and Humoral Response against Antigen by Targeting DC In Vivo

(A) Optimization of the AAV6 capsid increases proportion of Ova257–264-tet
+ cells. The levels of Ova257–264-tet

+ cells were measured in the blood of mice by using Ova MHC

class I tetramers 14 days after i.m. immunization with different AAV6-Ova constructs. (B) The activity of Ova-specific CD8+ T cells was estimated by IFNg production.

Splenocytes were isolated 3 weeks after immunization and re-stimulated with Ova257–264 peptide (SIINFEKL) to analyze IFNg production by ELISPOT assay. (C) Vaccination

induces strong humoral response. Ova-specific antibodies were measured in serial dilutions of mouse plasma 3 weeks after immunization. All values were normalized to

background, which was determined as values from plasma of naive mice. Data are representative of experiments repeated 3 times with similar results. OD, optical density.

(D and E) AAV6/CMV-GFP administered in an i.m. injection targets DCs in vivo. Briefly, 4 days after i.m. injection, (D) DCs were isolated from drained lymph nodes by a

CD11c+ magnetic beads kit (BioLegend) and analyzed by FACS, or (E) cells were labeled with MHC class II� APC antibodies (red channel), and the presence of GFP

expression was analyzed by fluorescence microscopy. White arrows indicate DCs expressing GFP. * p < 0.05. ** p < 0.01.
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approaches were described to help endogenously expressed Ags to be
processed in the endosomal/lysosomal compartment, which allows
newly formed antigenic peptides to complex with MHC class II mol-
ecules.58–64 In general, these strategies fuse Ags with trafficking sig-
nals of lysosomal or endosomal proteins. To increase the efficacy of
vaccine, we flanked the Ova gene with trafficking signals of MHC
class I molecule, as originally described by Kreiter et al.62 This strategy
was based on the observation that MHC class I molecules themselves
reside in or travel through the cellular compartments involved in
MHC class II Ag processing and presentation.65 Hence, the fusion
of Ags with MHC class I molecule trafficking signals would redirect
Ags into these compartments and allow the generation of MHC class
II epitopes.62 Correspondingly, immunization with optimized con-
structs carrying fused Ova as transgene AAV6/663-optOva (663-
optOva) generated a more robust Ova-specific CD4+ T cell response
compared to AAV6/663-Ova (663-Ova), measured as IFNg produc-
tion in splenocytes stimulated withMHC class II Ova-specific peptide
Ova323–339 (Figure 2A). Increase in Ova-specific CD4+ T cells coin-
cided with a dramatic increase in levels of Ova-tetramer+ CD8+

T cells (Figure 2B). We next analyzed how vaccine optimization
affects the Ova-tetramer+ cell phenotype. Different populations of
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Ova-tetramer+ cells were determined based on cell-surface markers
as follows: effector cells as CD44+/CD62L�, terminally differentiated
as CD44+/CD62L�/KLRG1+/CD127�, and effector memory precur-
sor cells were determined as CD44+/CD62L�/KLRG1�/CD127+.66

All Ova-tetramer+ cells generated with either vaccine were CD44+/
CD62L� (Figure 2C). The percentages of KLRG1+ terminally differ-
entiated effector cells were comparable for both vaccines. However,
663-optOva led to significantly higher levels of KLRG1�/CD127+ pre-
cursor memory cells, which have the potential to become memory
cells and are the positive indicators of vaccine quality (Figure 2D).
We analyzed the functional activity of generated Ova-specific
T cells 4 and 9 weeks post-immunization by IFNg production in sple-
nocytes and by in vivo killing of adoptively transferred syngeneic sple-
nocytes pulsed with Ova257–264 peptide (Figure 3). Mice immunized
with 663-optOva released higher levels of IFNg and displayed higher
levels of killing capacity compared to immunization with 663-Ova
(Figure 3). Importantly, the difference in efficacy was more significant
after 9 weeks post-vaccination as in 663-optOva-vaccinated mice;
43.4% ± 11.8% of peptide-pulsed splenocytes were killed, compared
to 5.2% ± 1.2% in 663-Ova-vaccinated mice (Figures 3D and 3E).
These data show that Ag fusion with trafficking signals from the



Figure 2. 663-optOva Has Superior Capacity to Generate an Ag-Specific Immune Response

(A) Analysis of IFNg secretion by spleen CD4+ T cells stimulated with MHC class II Ova-immunodominant peptide Ova323–339 2 weeks after immunization measured by

ELISPOT assay. (B) Levels of Ova257–264- tet
+ CD8+ T cells in the blood 2 weeks after vaccination. (C) The representative analysis of changes in activation markers on cell

surface of Ova257–264- tet
+ CD8+ T cells compared to naive cells in the blood 3 weeks after vaccination. OD, optical density. (D) Levels of terminally activated and memory

precursor effector T cells after vaccination, which were calculated after analysis of data. Cell populations were defined as follows: T effector (TE) cells: Ova257–264- tet
+/CD44+/

CD62L�; terminally differentiated T effector (terminal TE): Ova257–264- tet
+/CD44+/CD62L�/KLRG1+/CD127�; T effector memory (TEM): Ova257–264- tet

+/CD44+/CD62L�/
KLRG1�/CD127+; and T central memory (TCM): Ova257–264-tet

+/CD44+/CD62L+/KLRG1�/CD127+. * p < 0.05.
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MHC class I molecule significantly increases the potency of the
AAV6-based vaccine by targeting both CD4+ and CD8+ T cells and
by creating a higher number of memory cells.

Induction of Anti-tumor Protection after Vaccination

The vaccine’s anti-cancer potential was tested against a highly aggres-
sive syngeneic B16F10 melanoma tumor stably expressing Ova (B16/
Ova). First, the vaccine’s ability to prevent the spread of metastasis
was investigated in a metastatic model after intravenous (i.v.) injection
of tumor cells. Vaccination with intramuscular injections of 663-op-
tOva demonstrated excellent protection against lung metastasis
compared with non-relevant control. Vaccinated mice developed
very few or no tumor nodules on lungs compared to non-vaccinated
mice, which had more than 200 nodules 19 days after the injection
of 5� 105 tumor cells (Figure 4A). Second, in prophylactic solid tumor
models, mice were immunized by intramuscular injection with 663-
Ova or 663-optOva and then challenged with 5 � 105 B16/Ova cells
inoculated intradermally into the right flank to mimic melanoma
development. In this model, tumors formed in a distal site that was
less exposed to circulating immune cells. Vaccination induced a signif-
icant delay in tumor growth (Figure 4B); on average, the tumor
become noticeable 7 days later for 663-Ova and 10 days later for
663-optOva compared to non-immunized mice, although tumors
eventually recapitulate in all mice (Figure 4C). To understand why
the vaccination was only partially effective, we tested how well tumor
cells retain Ova expression under the treatment. We analyzed tumor
lysates by western blotting for Ova expression at day 25 after inocula-
tion (Figure 4D). At this time point, B16/Ova cells continued to ex-
press Ova in tumors of non-immunized mice; however, in immunized
mice, tumors completely lost the expression of Ova. Hence, the limited
success of our vaccination in a solid tumor model can be explained in
part by the loss of Ag expression, allowing tumors to escape elimina-
tion by vaccine-induced CTLs.

Vaccination Changes the Composition and Number of Immune

Cells in Tumor

To understand how vaccination affects the immune landscape
of tumors, the composition of immune cells in the tumor was
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Figure 3. Comparison of Functional Activity of Ova-Specific CD8+ T Cells after 663-Ova and 663-optOva Vaccination

(A–C) Functional analysis 4 weeks after vaccination. (A) IFNg production by splenocytes re-stimulated with Ova257–264 peptide (SIINFEKL) 4 weeks after immunization. (B)

In vivo cytotoxicity assay 4 weeks after immunization. Syngeneic naive splenocytes were divided into two equal parts and labeled with low and high concentrations of CFSE.

The fraction labeled with low CFSE concentration was also pulsed with Ova257–264 peptide before splenocytes were mixed and adoptively transferred to immunized mice.

16 h later, CFSE-labeled populations were analyzed in the spleen. (C) Representative results for each group. (D–F) Functional analysis 9 weeks after vaccination. (D) IFNg

production by splenocytes re-stimulated with Ova257–264 peptide (SIINFEKL) 9 weeks after immunization. (E and F) In vivo killing capacity of mice immunized 9 weeks before

analysis. 16 h after adoptive transfer of labeled splenocytes. *p < 0.05; **p < 0.01.
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analyzed at day 11 after tumor inoculation. Since tumors in
immunized mice are relatively hard to detect at this time point,
B16/Ova cells were implanted with Matrigel, which forms a
jelly plug. Flow cytometry analysis showed that tumor in
non-immunized mice had a very limited number of CD45+

immune cells, which comprised 3% of all counted cells. Most
of these immune cells were tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs), while
CD8+ T cells were largely absent (0.08% of all counted cells).
Immunization induced dramatic infiltration of immune cells into
the tumor. In 663-Ova- and 663-optOva-immunized mice,
CD45+ cells comprised 12% and 22% of all counted cells, respec-
tively (Figures 5A and 5B). While an increase was noticeable
in all analyzed populations, natural killer (NK) and T cells became
the major populations of immune cells in the tumor after immu-
nization (Figure 5B). In 663-optOva immunized mice, CD8+

T cells comprised 3% of all counted cells and 21% of CD45+ im-
mune cells. In all analyzed tumors, infiltrating CD8+ T cells
were CD44+, which indicates that they were activated by encoun-
tering Ags presented by APCs (Figure 5C). In immunized mice,
28% of tumor-infiltrating CD8+ T cells were Ova-tetramer+. At
170 Molecular Therapy: Oncolytics Vol. 15 December 2019
the same time, levels of Ova-tetramer+ cells in the blood were
4% (Figure 5C).

We also analyzed the levels of PD-1 expression on CD8+ T cells in
the tumor and in the blood (Figure 5D). Ova-tetramer+ cells in the
tumor had higher levels of PD-1 expression (MFI = 935) compared
to their counterpart in the blood (MFI = 447) (Figure 5D). In addi-
tion, half of non-Ova-specific CD8+ T cells in the tumor also had
an increased expression of PD-1 (Figure 5E). Increased PD-1
expression on CTLs should sensitize them to anti-PD-1 antibody
(aPD-1) treatment. We tested this hypothesis by combining vacci-
nation with aPD-1 treatment. Mice were immunized with 663-
optOva; 2 weeks later, they were challenged with intradermal
injection of 5 � 105 B16/Ova cells. Anti PD-1 antibodies were
injected intra-peritoneally every 3 days for five times in total. As
expected, the combination of AAV vaccination and aPD-1 treat-
ment significantly delayed tumor development up to 20 days (Fig-
ures 5F and 5G).

In summary, we concluded that the vaccine successfully generates an-
tigen-specific CTLs, which infiltrate the tumor. Moreover, the vaccine



Figure 4. Analysis of Vaccine Effectiveness against B16/Ova Tumor

(A) Prophylactic 663-optOva vaccination gives protection against metastatic tumor spread. B16/Ova metastatic nodules are visible as black dots. Vaccinated mice had 0–13

B16/Ova nodules on the lungs. Non-vaccinated mice all had more than 200 B16/Ova nodules on lungs, so all values were marked as 200 for the purpose of this graph (right

panel). Left panel: images of lungs. **p < 0.01. (B) Growth of intradermal B16/Ova tumor implanted onmouse flanks 2 weeks after vaccination. Statistical differences between

groups were assessed by one-way ANOVA, vaccinated versus non-immunized. *p < 0.05; **p < 0.01; ns, non-significant. (C) Kaplan-Meyer survival plots of animals depicted

in (B). (D) Post-necroptic analysis of Ova expression in tumor by western blotting on day 25 after tumor implantation.
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facilitates the infiltration of tumor with other immune cells in addi-
tion to Ova-specific T cells.

AAV6-Based Vaccine Can Break the Tolerance to Tumor-

Associated Antigens that Are Non-mutated Self-Proteins

While Ova is an ideal antigen to assess the immune reactions, we
wanted to test whether the vaccine we designed can successfully
generate CTLs against tumor-associated antigens (TAAs), which
are frequently endogenous non-mutated proteins. For melanoma,
several TAAs are well described,33 so we developed a vaccine against
two melanosomal differentiation antigens: Tyr and gp100. Both vac-
cines encode xenogeneic (human) sequences, which have been shown
to be able to facilitate immune recognition of self-proteins.67,68 Mice
were immunized with 1010 vector genome of either vaccine by intra-
muscular injection; two weeks later, mice were sacrificed, and the abil-
ity of splenocytes to produce IFNg and TNF-a was analyzed by ELI-
SPOT assay. After both vaccines, 663-optTyr and 663-opt-gp100
splenocytes responded to re-stimulation by producing IFNg and
TNF-a, indicating that the vaccines were able to break the tolerance
(Figures 6A and 6B).

DISCUSSION
Several studies highlighted the usefulness of certain AAV serotypes
for immunomodulation and cancer vaccines, depending on capsid
configuration, dose, and route of administration in a mouse
model.14–19 Among other serotypes, AAV6 is able to transduce the
cells of myeloid origin in general39,69 and DCs in particular.25,35

Thus, AAV6-based vectors with Ova as a model Ag as described
here are a highly attractive platform for developing anti-tumor vac-
cines. The ability of AAV6 to stimulate Ag-specific immune responses
was shown before, though the direct DC targeting in vivo after intra-
muscular injection has not been shown. We were able to track down
DCs expressing the reporter gene GFP in draining lymph nodes
4 days after intramuscular injection of scAAV6-663-CMV-GFP by
flow cytometry and microscopic analysis (Figures 1D and 1E). These
experiments are not ruling out the importance of cross-presentation
from DCs picking up material from dying muscle cells infected with
AAV-GFP, particularly since AAV6 vectors infect muscle cells with
high efficiency.70 However, the high levels of GFP fluorescence that
we observed in DCs from drained lymph nodes are most likely
induced by direct AAV-mediated expression of GFP in DCs. Our
data are in line with the earlier published observation that AAV6
DNA can be detected in lymph nodes after oral administration.18

Next, we showed that a single intramuscular injection of sc 663-
Ova driven by a CMV promoter induced strong Ova-specific CD8+

T cell and humoral responses. The generation of Ag-specific cytotoxic
CD8+ T cells is an ultimate goal of an efficient cancer vaccine. How-
ever, the quality and killing capability of generated CD8+ T cells
Molecular Therapy: Oncolytics Vol. 15 December 2019 171
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Figure 5. Analysis of Immune Cell Populations in the Blood and Tumor of Tumor-Bearing Mice

(A) Fraction of each cell population relative to all cells counted in the tumor. (B) Immune cell populations as a fraction of CD45+ cells. For (A) and (B), immune cell populations

were determined as follows: total immune cells, CD45+; B cells, CD45+/CD3�/CD19+; T cells, CD45+/CD19�/CD3+; CD4+ T cells, CD45+/CD19�/CD3+/CD8�/CD4+; CD8+

T cells, CD45+/CD19-/CD3+/CD4�/CD8+; NK cells, CD45+/CD19�/CD3-/NK1.1+; TAMs, CD45+/CD3�/CD11b+/F4/80+; and MDSCs, CD45+/CD11b+/Gr-1+. (C)

Ova257–264-tet
+ CD8+ T cells in blood and tumor. (D) Ova257–264-tet

+ CD8+ T cells have higher PD-1 expression in tumors compared to Ova257–264-tet
+ CD8+ T cells in blood.

(E) PD-1 expression on Ova- and non-Ova-specific CD8+ T cells in tumors of 663-optOva-vaccinated mice compared to non-related CD8+ T cells in the blood. (F and G)

Effect of adding aPD-1 treatment to the vaccination on tumor growth and survival. Mice were vaccinated with 663-optOva, and 2 weeks later, B16/Ova was implanted

intradermally. aPD-1 treatment started by injection of 200 mg PD-1 antibodies i.p. twice a week starting on day 3 after tumor injection, for a total 5 doses. (F) Kaplan-Meier

survival curves. *p < 0.05, log-rank Mantel-Cox test. (G) Growth of tumor. Statistical differences between groups were assessed by one-way ANOVA, vaccinated versus non-

immunized. *p < 0.05; **p < 0.01; ns, non-significant.
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depend on cognate CD4+ T cell help. To enhance the generation of
Ag-specific CD4+ T cells, we fused Ags with trafficking signals of
MHC class I molecules to facilitate processing through the endo-
some/lysosome pathway and presentation on MHC class II mole-
cules.62 We confirmed that these modifications of Ag results in higher
levels of both CD4+ and CD8+ Ag-specific T cells. Generated Ova-
specific CD8+ T cells had improved effector functions, including
increased IFNg production and killing capacity (Figure 3). The opti-
mized vaccine also elicited more effector memory precursor
(CD62L�/CD127+) cells, which ensured a long-lasting anti-tumor
immune response. Consequently, we confirmed Ova-specific T cells
to be highly active 2 months after vaccination. All optimizations
described earlier allowed us to use our AAV vaccine at relatively
low doses: through these experiments, we used 1010 vg per mouse
(less than 5 � 1011 vg/kg), though doses as low as 2.5 � 109 vg per
mouse generated sufficient cytotoxic responses (data not shown).
Gene therapy clinical trials with AAV typically use higher doses, in
172 Molecular Therapy: Oncolytics Vol. 15 December 2019
the range of 1013 vg/kg, which are well tolerated.13 Moreover, we
used doses that are lower than doses published for other serotypes
of AAV suitable for vaccine development. AAVrh32.33 was used at
doses of 3 � 1010 to 1 � 1011 vgs per mouse,24,71,72 and AAV1 was
used at a dose of 2 � 1011 vgs per mouse.19

The vaccine we designed was tested in B16/Ova melanoma tumor
models. It protected well in prophylactic vaccination against metastatic
tumor spread when B16/Ova cells were administered in i.v. injections.
When B16/Ova cells were transplanted intradermally and formed solid
tumors, vaccination delayed tumor growth and overall survival but did
not completely prevent its occurrence. The vaccine’s inability to erad-
icate solid tumors could be partially explained by the tumor’s loss of Ag
expression, as it is a well-documented form of escape from the anti-
tumor immune system attack.73–75 Thus, in our future studies, we
plan to increase the number of targets recognized by the vaccine to
reduce the potential of the tumor to escape treatment.



Figure 6. Breaking Tolerance to TAAs Derived from

Non-mutated “Self-Proteins”

(A and B) Mice were immunized with 663-optTyr (A) or

663-opt-gp100 (B) vaccine. (A) Two weeks later, the an-

tigen-specific T cell response against tyrosinase was

determined in splenocytes re-stimulated with overlapping

tyrosinase peptide mixture (PepMix) by IFNg and TNF-a

ELISPOT assay. (B) Splenocytes from mice immunized

with 663-opt-gp100 were stimulated with H-2Db-

restricted epitope mouse GP10025–33 EGSRNQDWL. On

representative ELISPOT images, red spots indicate IFNg,

and blue spots indicate TNF-a. *p < 0.05; **p < 0.01.
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Considering the complexity of tumor immunity, it is not expected that
a therapeutic vaccine should act as a monotherapy.6 The immunosup-
pressive nature of TME is another possible reason why the AAV-
vaccine-generated CTLs are not able to eradicate a tumor.76 The
TME is characterized by multiple immunosuppressive mechanisms
that dampen anti-tumor CTL activity, including T cell anergy, extrinsic
suppression by regulatory T cells and immunosuppressive cell popula-
tions, inhibition by ligation of negative regulatory receptors, and
metabolic perturbations.76 The combination of a vaccination with
the therapy that maintains CTLs in an active state inside the tumor
and/or ameliorates the immunosuppressive TME should significantly
improve anticancer treatment. Good candidates for combinatorial
treatments are antibodies targeting PD-1-PD-L1 interaction.77,78 B16
melanoma is one of the therapy-resistant tumors including the absence
of response to aPD-1 monotherapy.79,80 The B16 tumor immune pro-
file showed that, without any treatment, it was infiltrated by a small
number of CD8+ T cells. The immune cells were represented mainly
by immunosuppressive MDSCs and TAMs and composed 3% of the
tumor (Figure 5). Therefore, one of the reasons why the B16 tumor
does not respond to single aPD-1 therapy is the absence of infiltrated
CTLs, which can be reactivated by aPD-1 therapy. Consequently, one
of our important findings is that AAV vaccination resulted in massive
immune cell infiltration of tumor. 28% of CTLs inside the tumor were
Ag specific and exhibited higher levels of PD-1 expression compared to
the same cell’s type found in the blood. Additionally, the tumor was
also inflamed with non-Ova-specific CTLs and NK cells. We hypoth-
esized that the increased number of tumor-infiltrated lymphocytes and
enhanced expression of PD-1 should overturn resistance of the B16
Molecular The
tumor to aPD-1 therapy. Indeed, AAV-based
vaccination in combination with aPD-1 treat-
ment significantly delayed tumor development
and extended mouse survival (Figure 5).

The experiments with Ova as an Ag prove that
an AAV6-based vaccine is a good platform for
anticancer vaccine design. However, Ova is an
artificially introduced antigen, while tumor-
associated antigens are generally non-mutated
self-proteins. It was important to show that
the vaccine can break immune tolerance toward
self-antigens. To test vaccine against endoge-
nous antigens, we used Tyr and gp100. Immunization with AAV6-
based vaccines induced CTLs against both self-proteins. These data
ensure that the AAV6-based vaccine is a powerful tool and can be
designed for clinically relevant targets.

In summary, we designed an AAV-based vaccine with superior cyto-
lytic capacity against an encoded antigen. This vaccine prevents met-
astatic tumor spread, significantly delays solid tumor growth, and
synergizes with emerging aPD-1 therapy. More importantly, the
vaccination changes the immune landscape of the tumor by inducing
tremendous infiltration of the tumor with immune cells, especially
with CD8+ T cells and NK cells. Therefore, what we are planning
to implement to completely eradicate tumors is vaccination in concert
with other therapies that target the tumor microenvironment and
re-activate/support immune cells infiltrating the tumor.

MATERIALS AND METHODS
Mice

Six- to 10-week-old male C57BL/6 mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). All manipulations with the an-
imals were performed according to the principles of the National
Research Council’s Guide for the Care and Use of Laboratory Ani-
mals, with approval from the University of Minnesota Institutional
Animal Care and Use Committee (IACUC).

AVV6-Based Vaccine Construct Design and Production

The sc expression cassettes with Ova or GFP, human tyrosinase
(TYR), and human premelanosome protein (gp100) driven by
rapy: Oncolytics Vol. 15 December 2019 173
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Table 1. Nomenclature of AAV Constructs

AAV Vector Construct
Abbreviation Used in
This Article

Full Name of AAV
Vector Construct Brief Description

WT-AAV6 wild type-AAV6 unmodified capsid

663-AAV6 AAV6-S663V
capsid optimization with
substitution of serine at
position 663 to valine

663-Ova AAV6-S663V-CMV-Ova
modified AAV vector
expressing unmodified
ovalbumin

663-GFP AAV6-S663V-CMV-GFP
modified AAV vector
expressing GFP

optOva CMV-Sec-Ova-MITD

expression cassette with
ovalbumin fused with
MHC class I leader (Sec)
and trafficking signal
(MITD) peptides

663-optOva
AAV6-S663V-CMV-Sec-
Ova-MITD

modified AAV vector
expressing modified
ovalbumin

663-optTyr
AAV6-S663V-CMV-Sec-
Tyrosinase-MITD

modified AAV vector
expressing modified
tyrosinase

663-opt-gp100
AAV6-S663V-CMV-Sec-
gp100-MITD

modified AAV vector
expressing modified gp100
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CMV promoters were packaged in AAV serotype 6 (AAV 2/6)
WT or containing a single mutation on the VP3 capsid protein
at amino acid (aa) 663 to substitute serine (S) for valine (V).21

Fusion of the transgene with the N-terminal leader peptide (Sec)
and MHC class I trafficking signal (MITD) attached to the
C-terminus was performed as described previously.62 As a
source of MHC class I signal peptide (Sec, 78 bp), and MHC
class I trafficking signal including the stop codon (MITD,
168 bp), we used the sequence of human MHC class I gene
HLA-B*15 (NCBI: NM_005514.8). A summary of abbreviations
and nomenclature of vectors used in this study is presented in
Table 1. Vectors were packaged in HEK293 cells and isolated by
iodixanol gradient followed by ion-exchange column purification
as described previously.21

In Vivo Cytotoxicity Measurement

The cytotoxic efficacy of Ova-reactive CD8 T cells was determined
in vivo as described previously.81,82 Briefly, naive splenocytes from
C57BL/6 were isolated, and divided into two equal parts, and stained
with 5 or 0.4 mM carboxyfluorescein succinimidyl ester (CFSE). The
latter fraction was pulsed with 10 mM of Ova 257–264 peptide (SIIN-
FEKL) and then combined with the first (non-pulsed) fraction. The
mixture of 5� 106 to 10� 106 cells was administered in an i.v. injec-
tion into recipient mice. After 4–16 h, the splenocytes of recipient
mice were analyzed by flow cytometry, and the percentage of specific
lysis was calculated from the reduction of peptide-pulsed CFSEdim

target cells relative to non-pulsed CFSEhi reference cells.
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Enzyme-Linked Immunospot Assay

For analysis of Ova-specific T cells, IFNg response to re-stimulation
of splenocytes with Ova-immunodominant peptides (AnaSpec)
MHC class I Ova257–264 and MHC class II Ova323–339 was measured
by standard ELISPOT assay (Cellular Technology, Shaker Heights,
OH, USA) according to the manufacturer’s protocol. For analysis of
Tyr- and gp100-specific T cells, IFNg and TNF-a were measured in
re-stimulated splenocytes by the double-color mouse IFNg/TNFa
ImmnunoSpot system (Cellular Technology, Shaker Heights, OH,
USA). Splenocytes from the mice immunized with 663-optTyr
were re-stimulated with the pool of human Tyr peptides (JPT Peptide
Technologies). Splenocytes from 663-opt-gp100-immunized mice
were re-stimulated with mouse gp100 peptide epitope mGP10025–33
EGSRNQDWL (AnaSpec). For all experiments, splenocytes were
seeded at 5� 105 cells per well and were stimulated with correspond-
ing peptides at a final concentration of 5 mg/mL. Plates were cultured
for 24 h and then developed according to the manufacturer’s instruc-
tions. The IFNg- and TNF-a-secreting spots were counted with an
ELISPOT reader. Results are presented as number of spots per 106

cells.

Ovalbumin Antibody Detection

ELISA plates (Immulon, Thermo Fisher Scientific) were coated over-
night with 10 mg/mL purified Ova (Millipore) diluted in Voeller’s
buffer. The next day, wells were blocked with 1% BSA in PBS for
1 h at room temperature. Mouse sera were diluted from 1:50 to
1:3,200 with 1% BSA in PBS and added to wells for 2 h. Goat anti-
mouse immunoglobulin G-horseradish peroxidase (IgG-HRP) conju-
gate (Bio-Rad) was used as a secondary antibody at a dilution of
1:3,000. Plates were developed with Turbo TMB substrate (Thermo
Fisher Scientific), and the colorimetric reaction was stopped with
2 M H2SO4. Plates were read at 450 nm with a BioTek Instruments
microplate reader.

Western Blotting

B16/Ova tumor was homogenized in RIPA lysis buffer supplemented
with anti-protease inhibitors. Lysates were clarified by centrifugation,
protein concentration was measured with the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific), and equal amounts of protein
were loaded on 10% SDS-PAGE gels. Ova expression was detected
with rabbit polyclonal Ova antibodies (Millipore), and GAPDH
expression was used as endogenous control. Imaging was performed
on ah AI600 imager (Amersham).

Tumor Challenge Experiments

B16/Ova was created by transfection of B16F10 cells with pCDNA3-
Ova plasmid (Addgene) and subsequent selection of clones on media
with 500 mg/mL G418. The stability of Ova expression in selected
clones was confirmed by culturing clones in media without selective
antibiotic and monitoring Ova expression by western blotting or
ELISA for at least for 1 month.

In the prophylactic tumor challenge study, mice were vaccinated with
a single intramuscular injection of 1010 vg 663-optOva, 663-Ova, or
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PBS (in some experiments, 663-Luciferase was used as a non-related
vaccine for control). 14 days post-vaccination, mice were injected in
the flank intradermally with 5 � 105 B16/Ova cells. Indicated mice
were treated with anti-PD-1 antibodies (RMP-114, Bioxcell)
(200 mg per mouse, intraperitoneally (i.p.) twice a week starting on
day 3 after tumor injection, for a total 5 doses). A digital caliper
was used to measure tumors every other day, and the products of
the perpendicular diameters were recorded. Mice were euthanized
when tumor diameter exceeded 20 mm or when severe lesional ulcer-
ations developed. For analysis of the immune cells infiltrating tumors,
B16/Ova cells were resuspended in Matrigel before injections as
described by Fridman et al.83 11 days after tumor inoculation, Matri-
gel plaques were excised, and pieces of equal weight were processed
and standardized with counting beads for flow cytometry assays.

In the metastatic model, mice were immunized by a single intramus-
cular injection of 1010 vg of 663-optOva (6 mice in each group).
2 weeks post-vaccination, mice were injected with 5 � 105 B16/Ova
cells in the tail vein. 19 days after tumor challenge, mice were eutha-
nized, and lungs were briefly rinsed with tap water to remove blood
and were bleached overnight in Fekete’s solution. The next day,
B16 tumor nodules, visible as black dots, were counted on lungs.33

Isolation of Immune Cells from Blood, Spleens, Lymph Nodes,

and Tumors

Blood was collected by cheek bleeding, erythrocytes were removed by
adding red blood cells (RBC) lysis buffer, and cells were washed twice
with PBS and resuspended in flow staining buffer (1% fetal bovine
serum [FBS] in PBS plus 0.025% sodium azide). Spleens were homog-
enized by passing through a cell strainer, gently applying the syringe
plunger; and erythrocytes were removed by applying RBC lysis buffer.
Spleen single-cell suspensions were kept in RPMI medium (#A10491,
ATCC modification, GIBCO) supplemented with 10% heat-inacti-
vated FBS (GIBCO), 100 U/mL penicillin, 100 mg/mL streptomycin,
for functional assays, or in flow staining buffer for analysis by flow
cytometry.

Drained lymph nodes and tumors were harvested, cut into small
pieces, and incubated with 100 mg/mL collagenase D and 10 mg/mL
DNase I (Roche) for 30 min at 37�C with frequent mixing. At the
end of the incubation, tissues were pushed through a cell strainer us-
ing a syringe plunger to obtain cell suspensions, and erythrocytes
were removed by adding RBC lysis buffer. Cells were washed twice
with PBS and re-suspended in flow staining buffer.

Flow Cytometry and Antibodies

The following fluorophore-conjugated antibodies to mouse were pur-
chased from BioLegend: CD45 (30-F11), CD3e (145-2C11), CD4
(RM4-5), CD11c (N418), CD11b (M1/70), Gr-1 (RB6-8C5), CD44
(IM7), MHC II (I-A/I-E) (M5/114.15.2), F4/80 (BM8), NK1.1
(PK136), CD127 (A7R34), and CD19 (6D5). CD62L (MEL-14),
PD-1 (J43), and KLRG1 (2F1) were obtained from BD Biosciences.
CD8 (KT15) was from Thermo Fisher Scientific, and ova-specific
H-2Kb MHC class I tetramers (Ova 257-264 tetramers) were pur-
chased from MBL International. Before staining with cell-surface
markers, FcRs were blocked with CD16/CD32 (2.4G2, BD Biosci-
ences) antibodies. Dead cells were excluded by positive staining
with 7-AAD (BioLegend). Cells were analyzed using the BD FACS
LSRFortessa or BD FACSAria II, and data were analyzed with FlowJo.

Statistical Analysis

All data are shown as mean ± SEM. For all statistical analyses, an un-
paired t test was used. Data were considered significant when p values
were <0.05.
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