JVI

Journals.ASM.org

Incorporation of Antigens into Viral Capsids Augments
Immunogenicity of Adeno-Associated Virus Vector-Based Vaccines
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Genetic modification of adeno-associated virus (AAV) capsids has previously been exploited to redirect viral tropism. Here we
demonstrate that engineering of AAV capsids as scaffolds for antigen display augments antigen-specific immunogenicity. Com-
bining antigen display with vector-mediated overexpression resulted in a single-shot prime-boost vaccine. This new class of vac-
cines induced immune responses significantly faster and an IgG antibody pool of higher avidity than conventional vectors, high-

lighting the potency of capsid modification in vaccine development.

deno-associated virus (AAV) vectors have been shown to ex-

hibit both an excellent safety profile in human clinical trials
and therapeutic efficacy in the treatment of rare inherited diseases
(11). Recently, their use was expanded to the area of vaccine de-
velopment by exploiting AAV vectors for in vivo expression of
viral antigens (8, 9). Viral capsids are multiprotein complexes that
induce immune responses irrespective of viral gene expression.
We therefore hypothesized that combining antigen display on the
AAV capsid with vector-mediated antigen overexpression would
increase the immunogenicity of AAV-based vaccines. In this
proof-of-concept study, we made use of AAV serotype 2 vectors,
which are the most frequently applied AAV vectors (3), both to
display and to express Ag85A, a well-described target antigen of
Mycobacterium tuberculosis vaccines (7, 14).

Three viral capsid proteins, VP1, VP2, and VP3, build up the
nonenveloped AAV capsid (3). All capsid proteins share the com-
mon VP3 region (3). VP2 and VP1 differ from VP3 in N-terminal
extensions of 65 amino acids. A further 137 amino acids are
unique to VPI and are required for viral infectivity (3). We and
others have recently shown that relatively large proteins can be
incorporated into the AAV capsid via N'-terminal fusion to VP2
(1, 10, 12, 17) without compromising viral infectivity or affecting
viral tropism (10, 12). Here we inserted the Ag85A gene lacking its
mycobacterial leader peptide sequence upstream of the VP2 open
reading frame. Expression of native VP2 was ablated by start
codon mutation in order to ensure incorporation of Ag85A-VP2
fusion proteins upon capsid assembly (10). For antigen expres-
sion, we cloned an AAV2-based vector plasmid encoding Ag85A,
including the human tissue plasminogen activator leader peptide
and controlled by a human cytomegalovirus promoter.

For packaging of the “prime-boost vaccine” (Ag85A-AAV:
Ag85A), which displays Ag85A on the capsid surface and harbors
the Ag85A expression cassette, we employed the helper virus-free
AAV packaging method (19) followed by iodixanol step gradient
and affinity chromatography purification (5). For comparison, we
also generated Ag85A-AAV:GFP, which displays Ag85A and en-
codes enhanced green fluorescent protein (GFP) as a transgene;
AAV:Ag85A, a classical DNA vaccine vector that contains the
Ag85A expression cassette in a wild-type capsid; and as a negative
control, AAV:GFP, which encodes GFP in a wild-type capsid. No
significant difference in the capsid-to-genomic particle ratio was
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FIG 1 Western blot of AAV preparations. Four different AAV vectors
(Ag85A-AAV:Ag85A, Ag85A-AAV:GFP, AAV:Ag85A, and AAV:GFP) were
assayed for induction of humoral immune responses. Equal genomic particles
of each vector preparation were applied. Since Ag85A antigen is displayed on
the capsid of Ag85A-AAV:Ag85A and Ag85A-AAV:GFP, and thus impacts
induction of immune responses, capsid numbers were adjusted additionally
prior to injection by adding empty Ag85A-AAV capsids to Ag85A-AAV:Ag85A
and Ag85A-AAV:GFP and empty wild-type capsid to AAV:Ag85A and AAV:
GFP. In order to confirm the success of the adjustment, 3 X 10? genomic
particles of each preparation were separated by SDS-PAGE and blotted onto a
nitrocellulose membrane followed by incubation with mouse anti-AAV capsid
protein antibody B1 (18) and detection by antimouse secondary antibodies

(2).

observed for capsid-modified versus unmodified vectors (data not
shown), indicating that incorporation of Ag85A-VP2 fusion pro-
teins did not adversely affect the packaging efficacy.

We vaccinated BALB/c mice by intramuscular injection with
equal amounts of vector particles and adjusted capsid numbers of
Ag85A-AAV:Ag85A, AAV:Ag85A, Ag85A-AAV:GFP, and AAV:
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FIG 2 Anti-Ag85A-specific IgM humoral immune response. Nine- to ten-week-old BALB/c mice had been vaccinated by intramuscular injection (caudal thigh
muscle) of 1 X 10'° genomic particles of the indicated vectors (n = 6). Of note, all preparations were adjusted for equal numbers of capsids (Fig. 1). An additional
group of mice (n = 6), which had been injected with 10 g of recombinant Ag85A protein subcutaneously, served as a positive control. Sera of BALB/c mice
collected prior to injection (not shown) and 2 (A), 4 (B) and 8 (C) weeks p.i. were assayed for anti-Ag85A antibodies by ELISA. On the y axes, anti-Ag85A IgM
levels are displayed as absorbance at 450 nm (sera diluted 1:50). Error bars indicate the standard error of the mean (unpaired two-tailed ¢ test). ***, P < 0.001;
**, P =0.01; *, P < 0.05; NS, not significant.
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FIG 3 Anti-Ag85A-specific IgG humoral immune response. Anti-Ag85A IgG humoral immune responses were determined prior to injection (not shown) and
2(A),4 (B),and 8 (C) weeks p.i. by ELISA. On the y axes, anti-Ag85A IgG antibodies are displayed as absorbance at 450 nm. Error bars indicate the standard error
of the mean. In comparison to controls, immunization with the Ag85A-AAV:Ag85A, the prime-boost vaccine, led to a significantly stronger humoral immune
response at 2 and 4 weeks p.i. (Ag85A-AAV:Ag85A versus AAV:Ag85A, 2 weeks p.i., P < 0.0001, and 4 weeks p.i., P < 0.0001, unpaired two-tailed ¢ test; dilution
factor, 1:1,000). At all time points, IgG levels induced by Ag85A-AAV:GFP were significantly higher than those induced by rAg85A (P < 0.005, unpaired
two-tailed ¢ test).
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FIG 4 Anti-Ag85A-specific IgG1 and IgG2a humoral immune response. IgG subclasses were determined prior to injection (not shown) and 4 and 8 weeks p.i.
by ELISA. On the y axes, anti-Ag85A IgG1 (B) and IgG2a (A) antibodies are displayed as absorbance at 450 nm. Error bars indicate the standard error of the mean.
IgG2a (A) was only detected in relevant amounts in the Ag85A-AAV:Ag85A and AAV:Ag85A groups. At 4 and 8 weeks p.i., the prime-boost vaccine evoked a
significantly higher IgG2a response than AAV:Ag85A (P = 0.0031 and 0.0483, unpaired two-tailed t test; dilution factor, 1:50). The IgG1 response (B) was similar

to that for total IgG (Fig. 3).

GFP, respectively (Fig. 1). An additional group of mice was in-
jected subcutaneously with recombinant Ag85A protein (rAg85A)
as a positive control.

Serum samples were collected from mice prior to vaccination
and 2, 4, and 8 weeks postimmunization (p.i.). Serum obtained
from mice prior to vaccination was nonreactive to rAg85A (data
not shown). The serum of mice treated with AAV:GFP also re-
mained nonreactive throughout the experiments (Fig. 2, 3, 4, and
6). As early as 2 weeks p.i., the prime-boost vaccine, Ag85A-AAV:
Ag85A, elicited levels of anti-Ag85A-IgM antibodies as high as the
positive control, rAg85A (Fig. 2A). The titer induced by Ag85A-
AAV:GFP was lower but significantly higher than that in the group
receiving the conventional vector AAV:Ag85A. Remarkably,
whereas Ag85A-IgM titers in rAg85A- and Ag85A-AAV:GFP-vac-
cinated animals declined over time (as expected for antigens de-
livered as proteins/peptides), the Ag85A-IgM antibody titers in
animals that had received the prime-boost vaccine or the conven-
tional vector construct remained high or increased (Fig. 2B
and C).

Two weeks p.i., high anti-Ag85A-1gG titers were detected only
for the prime-boost vaccine. These titers remained significantly
higher than in any other treatment group at 4 weeks p.i. (Fig. 3A
and B). At 8 weeks p.i., anti-Ag85A IgG titers induced by the
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Ag85A-expressing vectors were very similar and clearly exceeded
those titers of the Ag85A-AAV:GFP and rAg85A groups (Fig. 3C).
At all time points, IgG levels induced by Ag85A-AAV:GFP were
significantly higher than those induced by rAg85A, indicating that
incorporation of the antigen into the capsid as such augments
antigen-specific immunogenicity.

Regarding IgG subclasses (Fig. 4), the IgG1 response to the
different vectors followed the same pattern as for total IgG, while
induction of IgG2a was only detected in relevant amounts in se-
rum from mice that had been vaccinated with the prime-boost
vaccine or AAV:Ag85A. Even at 8 weeks p.i., the prime-boost vac-
cine evoked a significantly higher IgG2a response than AAV:
AgB5A.

These data reveal that incorporation of the Ag85A antigen into
the AAV capsid is most advantageous with regard to the rapidity of
antibody response as total IgM and IgG titers become equivalent
for Ag85A-AAV:Ag85A and AAV:Ag85A only at 8 weeks.

IgG avidity is widely used to distinguish between primary and
secondary antigenic challenge. After primary antigenic challenge,
IgG avidity is low, while antibodies elicited in a secondary re-
sponse show a substantial higher average avidity (6, 15, 16). We
were therefore interested in determining whether the biphasic im-
mune activation strategy of our novel vaccine (i.e., early B-cell
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FIG 5 Relative avidity of anti-Ag85A IgG antibody pool elicited upon immu-
nization with prime-boost vaccine compared to a conventional vector-based
construct. The ammonium thiocyanate (NH,SCN) elution assay was per-
formed as described previously (13). Specifically, anti-Ag85A IgG antibodies
in sera obtained from mice (n = 5) 8 weeks p.i., in a dilution of 1:1,000, were
detected by a standard ELISA. The serum dilution of 1:1,000 was carefully
chosen at a point at which the absorbance values were linearly proportional to
the antibody concentrations (Fig. 3C). After antibody incubation, NH,SCN
was added to the appropriate duplicate wells at increasing molarities. The
avidity index was calculated by converting absorbance readings in the presence
of increasing concentrations of NH,SCN to the appropriate percentage of total
bound antibody (absorbance readings in the absence of NH,SCN). The y axis
shows the relative avidity index estimated according to Ferreira and Katzin (4)
as the molar concentration of thiocyanate required to reduce the initial absor-
bance by 50%. IgG antibodies elicited upon vaccination with Ag85A-AAV:
Ag85A showed significantly higher avidity to the Ag85A antigen than IgG
antibodies induced by AAV:Ag85A (P < 0.005).

activation through Ag85A protein presented by the viral capsid
and later B-cell activation upon transgene expression) impacts
IgG antibody avidity. To this end, we performed an ammonium
thiocyanate (NH,SCN) elution procedure (13) based on a stan-
dard enzyme-linked immunosorbent assay (ELISA) with sera ob-
tained from mice vaccinated with Ag85A-AAV:Ag85A and AAV:
Ag85A, respectively. We estimated the avidity index as the molar
concentration of thiocyanate required to reduce the initial absor-
bance (in the absence of NH,SCN) by 50% (4). As shown in Fig. 5,
the anti-Ag85A IgG antibody pool elicited upon vaccination with
the prime-boost vaccine showed significantly higher avidity than
IgG antibodies induced by the conventional vector.

To further investigate the contribution of capsid modification
as such, we checked for memory recall responses as a measure of
antigen-specific immunogenicity. Specifically, we performed sub-
cutaneous booster vaccination with rAg85A and determined anti-
Ag85A IgG antibody titers 2 weeks later (Fig. 6). As expected, for
mice initially injected with Ag85A-AAV:Ag85A or AAV:Ag85A,
the Ag85A-encoding vectors, we detected only a moderate in-
crease in anti-Ag85A antibody titers compared to baseline (IgG
titer prior to booster vaccination). Of note, overall IgG titers
achieved upon booster vaccination were significantly higher for
the capsid-modified vectors than for AAV:Ag85A.

The most impressive memory recall response was elicited in
mice treated with Ag85A-AAV:GFP, the vector presenting Ag85A
as the antigen on the capsid. Compared to the baseline, antibody
titers increased more than 10-fold up to the same level as that in
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FIG 6 Booster vaccination with rAg85A. Anti-Ag85A IgG titers in sera of mice
vaccinated with the vectors described above (Fig. 1) or rAg85A were measured
13 weeks p.i. by ELISA. Next, all mice received a subcutaneous booster vacci-
nation with 10 pg of rAg85A. Two weeks p.i., sera were assayed for anti-Ag85A
IgG titers by ELISA. On the y axes, anti-Ag85A IgG antibody titers are dis-
played as absorbance at 450 nm. Error bars indicate the standard error of the
mean. Booster IgG responses were significantly higher for both capsid-modi-
fied vectors in comparison with AAV:Ag85A (Ag85A-AAV:Ag85A versus
AAV:Ag85A, P = 0.0416, and Ag85A-AAV:GFP versus AAV:Ag85A, P <
0.005, unpaired two-tailed ¢ test; dilution factor, 1:5,000).

mice treated with the prime-boost vaccine. Antibody titers in mice
initially vaccinated with rAg85A, however, increased by only
6-fold and thus remained significantly lower than those in all
other groups (except for the negative control). Thus, antigen in-
corporation into AAV capsids augments antigen-specific immu-
nogenicity and is by itself sufficient to induce a memory recall
response.

Our findings demonstrate that the combination of antigen in-
corporation with antigen overexpression after cell transduction
can dramatically enhance the antigenic potential of AAV-based
vaccines. Humoral immune responses were induced much more
rapidly than with conventional vaccination strategies. Due to con-
tinuous antigen release, antigen-specific antibody titers remained
high even at 13 weeks p.i. in those groups that received antigen-
encoding vectors, while levels declined in mice that were vacci-
nated with Ag85A as protein.

The combination of antigen presentation by the viral capsid
with vector-mediated antigen overexpression, as we here demon-
strate for AAV2, can easily be translated to more immunogenic
serotypes, such as rh32.33 (8), which could further increase the
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potency of AAV-based vaccines. Based on these findings, a variety
of applications for antigen-VP2 fusions are now possible, such as
vaccination with multiple antigens using a single construct, for
example, where vaccinations require an immunization with anti-
gens from different serotypes, as is the case for dengue virus.
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