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Abstract

New cancer vaccine strategies are required to vanquish the self-tolerance and elicit robust immune
responses against tumor-associated antigens and/or neoantigens. Contemporary approaches in
nanomedicine center on the use of a single nanocarrier modified with multiple copies of multiple
different functional domains, e.g., epitopes for vaccines. Therefore, we set out to develop a
combinatorial approach toward the next-generation concept of epitope delivery: a prime-boost
strategy in which the same epitope is delivered using different nanocarriers. We tested this concept
in the setting of HER2™ breast cancer. We synthesized HER2-based cancer vaccines using three
icosahedral plant viruses as carriers and evaluated the immune response as a result of repetitive,
homologous immunization using BALB/c mice. Two of the vaccines induced a Th2-predominant
response and the other a Th1l-predominant response. To enhance the immunogenicity of the
vaccines, we developed a heterologous prime-boost strategy with each of the vaccines
administered only once, yielding higher titers of HER2-specific immunoglobulins and increasing
the toxicity of the antisera toward cancer cells. The prime-boost also induced a Th1-predominant
response. An in vivo tumor challenge showed that the prime-boost regimen reduced tumor growth
and improved survival in mice. This novel strategy to elicit robust immune responses against
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weakly immunogenic antigens in principle could be broadly applicable to cancers and other
diseases.
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INTRODUCTION

Human epidermal growth factor receptor 2 (HER?2) is a ligandless receptor tyrosine kinase
that is typically amplified in breast, gastric, and esophageal cancer.! The overexpression of
HER2 mediates proliferative and anti-apoptotic signals, thus promoting an aggressive
clinical course and a poor overall prognosis.23 Accordingly, HER2 immunotherapy has
dramatically increased survival rates in patients with HER2* breast cancer,° particularly
those treated with the monoclonal antibodies trastuzumab (Herceptin) and pertuzumab
(Perjeta)®’ combined with neoadjuvant chemotherapy.8-10 This suggests that HER2
overexpressed on cancer cells can be recognized and blocked by anti-HER?2 antibodies, and
immunization strategies that produce HER2-targeting antibodies could also be effective
treatment options. Indeed, an anti-HER2 DC1 vaccination in a phase | trial induced tumor-
specific T-cell responses in patients with HER2* breast cancer and also showed promise in
early-stage breast cancer.11

HER2 is a self-antigen, so one challenge for immunization is to abolish self-tolerance and
amplify the immune response. A promising strategy is the conjugation of HER2-derived B-
cell epitope peptides to an antigenic carrier to break immune tolerance and induce antibodies
that recognize HER2 on cancer cells.12 Virus nanoparticles (VNPs) based on plant viruses
are safe and highly immunogenic vaccine delivery platforms that can induce potent and
long-lasting immune responses in the absence of extra adjuvants by efficiently targeting
antigen-presenting cells, priming innate and adaptive immune responses, and cross-linking
specific receptors on B cells.23-16 Also, minimally immunogenic tumor-associated
carbohydrate antigens have been conjugated to VNPs, thus enhancing the antitumor immune
response.17:18 We have previously used the icosahedral cowpea mosaic virus (CPMV) and
filamentous potato virus X (PVX) as carriers to deliver the CH401 peptide,1® a B-cell
epitope from extracellular domain of human HER2.20 Following the repetitive immunization
of mice, immunological evaluation demonstrated that the CPMV carrier elicited a higher
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titer of HER2-specific antibodies with the ability to recognize HER2* cancer cells than the
PV X carrier, suggesting that icosahedral plant virus particles are more efficient for epitope
presentation. However, VNPs are usually immunogenic, and immune responses targeting the
capsid proteins of the VNPs may be elicited, suppressing the immune response against the
epitopes they carry.2!

To focus the immune responses on the epitopes, we developed a heterologous prime-boost
strategy in which different VNP carriers present the same epitope and each vaccine
candidate is administered just once. During vaccination, the immune system is exposed to
the same epitope but each time is activated by different carriers. This strategy is different
from the heterologous prime-boost used to elicit broadly neutralizing antibodies against
infectious diseases,22:23 where several strains of inactive virus (hence with different
epitopes) are used to boost the immune response.24

Accordingly, we used three different VNPs based on plant viruses to deliver the rat CH401
epitope: CPMV, cowpea chlorotic mottle virus (CCMV), and Sesbania mosaic virus
(SeMV). We compared the efficacies of repeated vaccination and the prime-boost strategy
by immunizing BALB/c mice and further by conducting an in vivo tumor challenge study in
a DDHER?2 murine model to develop an effective heterologous prime-boost strategy that
enhanced the immune response against HER2. As the DDHER2 mouse cell line expresses
the rat HER2 protein, the CH401 epitope derived from rat HER2 was selected in this study.
Nevertheless, we confirmed that the antibodies elicited by this epitope also cross-bind to
human HER2.

Immunogenicity of CCMV, CPMV, and SeMV.

We selected three plant viruses (CCMV, CPMV, and SeMV) to deliver the HER2 epitope. In
each case, the VNPs assemble from the virus RNA and multivalent capsid proteins to form
similar icosahedral capsids with diameters of ~30 nm (Figure 1a). To determine their
inherent immunogenicity, we added each of the VNPs to in vitro cultures of bone-marrow-
derived dendritic cells (BMDCs) harvested from BALB/c mice. After 18 h, the secreted pro-
inflammatory cytokines (IL-18, IL-6, IL-12, IFN-a, IFN-y, and TNF-a) were measured by
enzyme-linked immunorsorbent assay (ELISA) (Figure 1b). CPMV induced the secretion of
all of the cytokines tested in our assay, but BMDCs treated with CCMV or SeMV secreted
only a subset. Specifically, CCMV induced the secretion of IL-12, IFN-a, and IFN-,
whereas SeMV induced the secretion of IL-12, IFN-y, and IL-6. These data suggest that
CPMV may be more broadly immunogenic than the other VNPs, but all three are
immunogenic, and the cytokine profiles indicate that each is suitable for epitope
presentation.

Synthesis and Characterization of HER2—-VNP Vaccines.

The three VNPs form icosahedral capsids with similar symmetry (73 for CCMV and SeMV,
pT3 for CPMV) and offer surface lysine side chains for chemical modification. Here we
used copper-catalyzed azide—alkyne cycloaddition (CUAAC, click chemistry) to covalently
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conjugate the CH401 epitope (YQDMVLWKDVFRKNNQLAPYV, derived from rat HER2
protein amino acid residues 167-186), which was prepared by solid-phase peptide synthesis
(Figure 2a). A flexible GPSL linker sequence was placed at the C-terminus following a
Lys(N3) residue that provides the azide group for CUAAC. We also modified the VNPs with
an NHS-alkyne linker and then conjugated them with CH401 in the presence of Cu(l). The
reaction was complete within 45 min. Significant aggregation and particle disassembly was
observed when the reaction time was prolonged. The unconjugated peptides together with
the additives for CUAAC were removed by centrifugal filtration, yielding the pure VNP-
HER2 vaccines CCMV/CPMV/SeMV-CH401 (Figure 2b).

We evaluated the conjugation efficiency by SDS-PAGE. A second, higher-molecular-weight
band (CP-CH401) was clearly present in addition to each unmodified capsid protein (CP)
band (Figure 2c¢). The intensities of these bands revealed the number of epitopes conjugated
to each particle: approximately 41, 36, and 39 CH401 peptides were present on the CCMV,
CPMV, and SeMV patrticles, respectively. Next, size-exclusion chromatography (SEC) was
used to evaluate whether the VNPs remained intact after conjugation (Figure 2d). The VNP-
CHA401 particles formed a single peak in the SEC profiles with an elution volume of ~10
mL, similar to the unmodified wild-type VNPs (Table S1). The ratios of the absorbances at
260 and 280 nm (A260:A280) for the conjugated and wild-type VNPs were similar,
indicating that the particles were intact and contained RNA (Table S1). The presence of
virus RNA was confirmed by native agarose gel electrophoresis (Figure S1). The size of the
VNP-CH401 particles was determined with greater precision by dynamic light scattering
(DLS) (Figure 2e) and transmission electron microscopy (TEM) (Figure 2f). Both
measurements confirmed that the size of the VNP-CH401 particles was similar to that of the
wild-type particles, with a diameter of 28-30 nm. Therefore, CUAAC achieved successful
conjugation of the HER2 epitope CH401 to CCMV, CPMV, and SeMV. The VNP-CH401
vaccine candidates were similar in structure and carried similar numbers of peptides on the
particle surface, allowing the direct comparison of their immunization efficacies.

Immunological Evaluation of VNP-CH401 Vaccines.

Following the successful preparation of the VNP-CH401 vaccine candidates, we evaluated
the immune response in mice. In many cases, multiple immunizations (prime-boost) are
required for vaccines to be successful, and typically a homologous format is used (i.e., the
priming and booster vaccines are the same). However, a heterologous format may be more
effective, so we decided to test both strategies with our VNP-based vaccine candidates
(Figure 3a). In the homologous (repeated vaccination) approach, female BALB/c mice (7=
11 per group) were subcutaneously immunized three times at intervals of 2 weeks with
CCMV-CH401, CPMV-CH401, or SeMV-CH401 (100 xg per immunization), and a control
group was immunized with the unconjugated CH401 peptide (2 g per immunization). For
the heterologous (prime-boost) approach, mice were immunized with CCMV-CH401,
CPMV-CH401, and SeMV-CH401 in sequence, which was randomly selected. One week
after the third immunization, sera were collected and pooled together to evaluate the
antibody responses.
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We first evaluated the total immunoglobulin G (IgG) against the CH401 peptide. The free
peptide is nonimmunogenic, and accordingly, no 1gG was raised against CH401 alone
(Figure 3b). Conjugating the peptide to the VNPs enhanced its immunogenicity, as all three
VNP-CH401 candidates induced significant anti-CH401 IgG responses after repeated
vaccination. However, the three candidates elicited different responses in terms of antibody
titers. ELISA profiles revealed that CCMV-CH401 achieved the strongest response, followed
by SeMV-CH401 and CPMV-CH401 (Figure 3b). This was supported by the end-point titers
(CPMV-CHA401, 3200; SeMV-CH401, 6400; CCMV-CH401, 25 600) against the CH401
peptide (Table S2). Interestingly, the anti-CH401 1gG response induced by the prime-boost
was significantly stronger than that induced by repeated vaccination. The end-point titer of
the prime-boost was 51 200, which was double that of CCMV-CH401 alone, 8-fold higher
than that of SeMV-CH401 alone, and 16-fold higher than that of CPMV-CH401 alone.
Although the mice in each group were immunized with the same batch of VNP-CH401
vaccine, it is possible that individual mice showed distinct responses. To assess whether
differences in antibody titers may correlate with survival, we also analyzed the 1gG response
for each individual mouse in each group at a serum dilution of 1:1600. Differences in
antibody titers were noted, and the mouse with the longest survival time generally had a
strong antibody response (Figure S3), although the highest antibody titer did not necessarily
correlate with the longest mice survival (nevertheless, it should be noted that overall there
was little variation among the individuals with high antibody titers).

VNPs are also immunogenic, so antibodies could be elicited to target the particle rather than
the peptide, which would not be related to an antitumor immune response. We investigated
whether the prime-boost strategy could mitigate the immune response against the VNPs,
which was anticipated because each VNP was only injected once in the prime-boost regimen
but three times in the repeated vaccination. VNP-coated plates were therefore tested by
ELISA to detect VNP-specific antibodies. In the repeated vaccination, all three VNP-CH401
candidates induced a very strong IgG response against the virus CP (Figure 3c—e€), with very
high titers of 51 200 (CCMV-CH401, SeMV-CH401) and 102 400 (CPMV-CH401) against
the corresponding VNPs (Table S2). As we expected, the prime-boost induced significantly
weaker IgG responses against the VNPs. The anti-CCMV IgG titer generated by repeated
vaccination with CCMV-CH401 was 8-fold higher than that for the prime-boost (6400),
whereas a 2-fold increase in titer was observed for the other VNPs (Table S2). We concluded
that the VNP-CH401 vaccines in the prime-boost regimen were more immunogenic in the
context of the CH401 epitope than repeated vaccination, eliciting more CH401-specific 1gG
while mitigating the strong immune response toward the carriers by simply minimizing
repeat exposure.

Next we evaluated the ability of sera from vaccinated animals to bind cancer cells expressing
HER?2, specifically the mouse breast cancer cell line DDHER?2 and the human breast cancer
cell line SKBR3, which express rat and human HER2 protein, respectively. We observed
similar binding to both cell lines (Figure 3f,g). The sera induced by repeated vaccination
with CCMV-CH401 bound slightly more strongly than sera induced by the other two
vaccine candidates, but the prime-boost sera were the strongest of all. These results were
consistent with the total 1gG measured by ELISA (Figure 3b). Given the ability of the sera to
bind cancer cells, we used an MTT assay to evaluate whether the sera induced complement-
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dependent cytotoxicity (CDC). In line with the 1gG ELISA and cell-binding assays, all of
the sera from vaccinated animals induced CDC, and the prime-boost sera exhibited much
stronger cytotoxicity toward DDHER?2 and SKBR3 cancer cells (Figure 3h,i). However, the
sera induced by repeated immunization with CPMV-CH401 showed greater cytotoxicity
toward both cell lines even though the 1gG titer was lower than for the other VNP-CH401
candidates, suggesting that the three vaccines may elicit different antibody responses.
Antibody-dependent cellular cytotoxicity (ADCC) is another important mode of cancer cell
killing by antibodies. Although not investigated in this study, the antibodies induced by
prime-boost, which exhibited enhanced binding to cancer cells expressing HER2, may also
enhance the ADCC activity.

To gain insight into the specific antibody responses induced by each vaccine candidate, we
determined the antibody isotypes (Figure 4) and their titers (Table S3) using the pooled
serum. We also analyzed 1gG1 and IgG2a responses for each individual mouse in each group
at a serum dilution of 1:1600 (Figures S4 and S5). The free peptide CH401 induced only
IgM, confirming its weak immunogenicity (Figure 4a). Repeated vaccination with CCMV-
CHA401 induced predominantly 1gG1 and IgG2a, with some 1gG2b, 1gG3, and IgM.
However, 1gG1 was significantly more abundant than 1gG2a. The antibody isotypes induced
by SeMV-CH401 were similar, but the titers were lower (Figure 4d). Interestingly, the
antibody titers induced by CPMV-CH401 were also low, but the predominant antibody
isotype was 1gG2a rather than IgG1 (Figure 4c). The 1gG2a/lgG1 ratio is related to the
balance of Th1/Th2 cell responses, with ratios >1 indicating a Th1 response.?> As shown in
Figure 4f, repeated vaccination with CPMV-CH401 induced a Th1 response whereas
CCMV-CH401 and SeMV-CH401 induced a Th2 response, probably explaining the greater
cytotoxicity of CPMV-CH401 despite the lower IgG titer compared with CCMV-CH401 and
SeMV-CH401. The prime-boost strategy also induced abundant IgG1 and 1gG2a, but again
there was a high 1gG2a/lgG1 ratio similar to that achieved by repeated vaccination with
CPMV-CH401 (Figure 4e). The prime-boost strategy combined the high IgG titers and the
high 1gG2a/lgG1 ratio, with a 4-fold increase in 1gG2a titers relative to repeated vaccination
with CCMV-CH401 and an 8-fold increase relative to CPMV-CH401 and SeMV-CH401. We
therefore concluded that the prime-boost regimen also induced a Th1l response, even though
CPMV-CH401 was injected only once, suggesting that CPMV has a dominant effect on the
Th1/Th2 balance.

To evaluate the immune responses induced by the VNP-CH401 vaccines in more detail, we
collected splenocytes from three mice in each treatment group 7 days after the last
immunization and analyzed their cytokine profiles. The three mice were randomly selected,
and their antibody responses were analyzed at a serum dilution of 1:1600 (Figures S3-S5).
First we tested for IL-4 (Th2) and IFN-y (Th1) by culturing splenocytes with or without the
CHA401 peptide. When stimulated with the peptide, splenocytes from mice repeatedly
vaccinated with CCMV-CH401 or SeMV-CH401 secreted higher levels of IL-4 than
unstimulated splenocytes, and the IL-4 level was significantly higher compared with the
control group repeatedly vaccinated with the CH401 peptide, but no corresponding increase
was seen in the CPMV-CH401 vaccination (Figure 5a). However, higher levels of IL-4 were
also produced by stimulated splenocytes from the prime-boost treatment group, suggesting
that all of the candidate vaccines except CPMV-CH401 induced a Th2 response. Stimulated
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splenocytes representing all groups secreted higher levels of IFN-y, but the increase was
more significant in mice repeatedly vaccinated with CPMV-CH401 or the prime-boost
regimen, indicating a Th1 response (Figure 5b). Following stimulation with the CH401
peptide, we also analyzed the relative abundance of CD4*/IFN-3* and CD8*/IFN-»* T cells
by flow cytometry (Figure S6). The abundance of CD4*/IFN-* cells increased in the
groups repeatedly vaccinated with CCMV-CH401 and prime-boost (Figure S6a). The
abundance of CD8*/IFN-" cells increased in the group repeatedly vaccinated with CPMV-
CH401, while a more significant increase was observed with the prime-boost strategy
(Figure S6b). Together, these results confirm that CCMV-CH401 and SeMV-CH401 induced
a Th2-predominant response targeting the CH401-HER?2 epitope following repeated
vaccination whereas CPMV-CH401 induced a primarily Th1 response. Interestingly, the
prime-boost regimen elicited both Th1 and Th2 responses, but the Th1 response was
predominant because more 1gG2a was induced than 1gG1 (Figure 4e) and the IFN-y level
increased more than the IL-4 level (Figure 5). Our data also indicated that the Thl response
activated CD8* T cells more efficiently (Figure S6b), suggesting that repeated vaccination
with CPMV-CH401 and the prime-boost regimen are able to induce strong cytotoxic T
lymphocyte (CTL) activities and establish a long-term-memory CD8* T cell response and
therefore may result in protective and therapeutic effects against HER2* breast cancer.

Antitumor Activity of VNP-CH401 Vaccine Candidates.

To explore the therapeutic potential of the VNP-CH401 vaccine candidates, we next
investigated their activity against HER2* tumors in vivo in a DDHER2 murine model.2% Two
weeks after the third immunization (Figure 6a), mice were subcutaneously inoculated with
DDHER2 cells in the right flank (1 x 108 cells/mouse, n = 8), and the tumor volume was
monitored every other day. Repeated vaccination with the CH401 peptide had no effect
compared to nonimmunized controls. Repeated vaccination with each of the VNP-CH401
candidates led to similar but modest delays in tumor growth (Figure 6b). The average tumor
volumes after 24 days were 1000 mm3 for the control and CH401 groups and 600 mm3 for
the repeated-vaccination groups. This confirmed that the IgM response elicited by the
peptide alone did not confer protection and that an 1gG response is necessary for the vaccine
to work. In support of the CDC data provided above (Figure 3g,h), repeated vaccination with
CPMV-CH401 achieved antitumor activity comparable to those for the other two VNPs
despite the lower titer of anti-CH401 1gG, suggesting that tumor growth was suppressed
more effectively by the Thl response. The prime-boost strategy resulted in a much stronger
suppression of tumor growth than repeated vaccination (Figure 6b). The average tumor
volume was ~250 mms3 24 days post-challenge. The tumor growth data were supported by
survival analysis, which showed that repeated vaccination only prolonged survival from 24
to 31-34 days, whereas the median survival was 45 days in the prime-boost group (Figure
6¢). When all of the control animals had succumbed to the disease (day 32), 100% of the
prime-boost group remained alive, compared with 38%, 38%, and 25% in the groups
repeatedly vaccinated with CCMV-CH401, CPMV-CH401, and SeMV-CH401, respectively.
Prolonged survival was correlated with strong anti-CH401 antibody responses (Figures S3—
S5). These results showed that repeated vaccination with VNP-CH401 candidates induced
modest in vivo protection against HER2* cancer but that the heterologous prime-boost
strategy was much more efficacious. Taken together with the antibody, cytokine, and T cell
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analyses, these results allow us to conclude that the Th1 immune response, which can induce
predominant 1gG2a, the secretion of IFN-y, and the activation of CD4*/CD8" T cells, is
more desired for efficient antitumor immunity.

DISCUSSION

VNPs based on plant viruses such as CCMV, CPMV, and SeMV are ideal carriers for the
delivery of antigens because they are small enough to enter lymphatic vessels and are readily
taken up by antigen-presenting cells.?”:28 The viral RNA is a natural ligand for TLR7, which
stimulates the immune system,29 and the repetitive multivalent protein structures are also
immunogenic in the absence of additional TLR-mediated stimuli.3%:3! Such VNPs can be
used to deliver minimally immunogenic peptides, including self-antigens,1718 raising the
possibility that VNPs conjugated to the HER2-derived peptide epitope CH401 could be used
to induce protective immune responses against HER2* breast cancer.19:20 The principle of
protective vaccination has been demonstrated, for example, by the observation that an anti-
HER2 dendritic cell vaccine induced a systemic immune response causing the regression of
HER2* ductal carcinoma.! Nevertheless, engineering dendritic cells for vaccine
applications is technologically challenging and costly,32 and therefore, there is a need for
alternative technologies such as VNP prime-boost strategies.

It is important to characterize the immunogenicity of the carrier itself in order to develop a
suitable immunization strategy that does not suppress the immune response against the
conjugated antigen.21 Accordingly, we carried out a preliminary analysis of the
immunogenicity of each virus in primary BMDC cultures, which revealed that all three
particles stimulated the secretion of cytokines that regulate T-cell-mediated immune
responses and the Th1/Th2 balance.33-3% We found that CPMV stimulated a broader
response than CCMV and SeMV, consistent with our earlier studies,36:37 but these results
showed that in principle CCMV, CPMV, and SeMV are suitable carriers for CH401. All
three viruses are structurally well-characterized, and their potential for functionalization is
understood.38-40 This allowed us to use lysine side chains on all three viruses for CUAAC
chemical modification#142 in the knowledge that the resulting 1,2,3-triazole structure is not
inherently immunogenic.#344 Structural analysis of the synthetic VNP-CH401 vaccine
candidates revealed that the sizes and compositions of the particles were similar to those of
the wild-type viruses, as expected.

To focus the immune responses on HER?2, we developed a heterologous prime-boost strategy
in which the three carriers, each presenting the same epitope, were delivered sequentially. To
the best of our knowledge, this is the first example of a prime-boost strategy applied to
deliver a single peptide epitope (as opposed to homologous prime-boost or heterologous
prime-boost using distinct epitopes24). We compared our new strategy to the traditional
homologous serial vaccination approach in which the same VNP-CH401 candidate was
administered three times. When the homologous strategy was used, all three VNP-CH401
candidates induced HER2-specific 1gG, but the titers induced by CCMV-CH401 were 4- and
8-fold higher than those induced by SeMV-CH401 and CPMV-CH401, respectively. The
heterologous prime-boost strategy elicited even higher IgG titers, double that of CCMV-
CHA401. The serial homologous vaccination also induced high 1gG titers against the carrier,

JAm Chem Soc. Author manuscript; available in PMC 2020 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Caietal.

Page 9

but the effect was much weaker using the heterologous prime-boost strategy, confirming that
the prime-boost approach focuses the immune response on the peptide.

Interestingly, the balance between Thl and Th2 responses also differed among the different
vaccine candidates. CCMV-CH401 and SeMV-CH401 induced a Th2-predominant response,
whereas CPMV-CH401 induced a Thl-predominant response, as did the prime-boost
strategy. This was addressed in more detail by analyzing the antibody isotypes, their
cytotoxicities toward HER2* cell lines, and the cytokine profiles of splenocytes isolated
from immunized mice and stimulated with CH401. The results of all these experiments
confirmed a model in which CCMV-CH401 and SeMV-CH401 induced a Th2-predominant
response (more 1gG1 than 19gG2a, high levels of secreted IL-4 but low levels of IFN-y)
whereas CPMV-CH401 induced a Thl-predominant response (more 1gG2a than 1gG1, high
levels of secreted IFN-y but low levels of IL-4). The heterologous prime-boost also induced
a Thl-predominant response, but the levels of both IgG1 and 1gG2a were higher than
achieved using the homologous strategy, suggesting that both the Th1 and Th2 responses
were stronger. Accordingly, we analyzed the CD4*/IFN-»* and CD8*/IFN-»* T cell profiles
and found that CD8*/IFN-»* cells became more abundant following the homologous
administration of CPMV-CH401 or the prime-boost regimen. Our results indicate that the
predominant Th1 response is more efficient in activating the CD8* T cells and also support
the outcome of an earlier study in which mice were immunized with a MUCL1 glycopeptide
antitumor vaccine, where the resulting IgG2a-rich sera indicated a Th1-predominant
response with enhanced cytotoxicity against cancer cells.*3 The immunization order in our
prime-boost regime was randomly assigned as CCMV-CPMV-SeMV. Thus, the immune
system was primed by the CCMV-CH401 and then boosted by CPMV-CH401 and SeMV-
CHA401. During vaccination, the initial priming events elicited by a first exposure to an
antigen are usually imprinted on the immune system.4> Therefore, different orders in the
prime-boost regime could result in distinct immunological outcomes, as the
immunogenicities of the three VNPs are different. In particular, changing the order may
influence the Th1/Th2 balance. It is interesting to note that the prime-boost immunization
was characterized by a Th1/Th2 bias (see Figure 4), characteristic of the CPMV-CH401
formulation, which may be dominant and overwrite the Th2 bias of the CCMV-CH401
(given first) and SeMV-CH401 (administered last). It will be important to dissect these
questions in future investigations.

The enhanced performance of the heterologous prime-boost strategy was also reflected by
the improved in vivo antitumor activities in the DDHER? breast cancer model.26 The mice
in the heterologous prime-boost group survived longer than the other cohorts, and the tumors
grew more slowly, although all of the mice eventually succumbed to the disease because it is
a highly aggressive cancer model. These results showed that although repeated vaccination
with the VNP-CH401 candidates induced modest protection against HER2* tumors in vivo,
the heterologous prime-boost strategy was much more efficacious because it elicited a strong
and Thl-predominant immune response. Indeed, although the antibody response elicited by
repeated CPMV-CH401 vaccination was weaker, stronger CDC cytotoxicity and longer
animal survival were observed compared with those by CCMV-CH401 and SeMV-CH401,
implying that the Th1 response is more efficacious for antitumor immunity. The secretion of
Th1 cytokines such as IFN-y can promote the activity of CD8* T cells and natural killer
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cells, thus helping to prevent tumor growth.#6 An existing anti-HER2 Th1 response in
healthy donors could thus confer protection, whereas the suppression of this immune
response by the tumor could allow it to evade immune surveillance.*’ In a previous study,
the anti-HER2 Th1 response was lost during breast tumorigenesis and was not readily
reversed by standard therapies, correlating with the lack of a complete response to
neoadjuvant therapy and reduced survival.*8 Furthermore, the protective antitumor activity
may also be partially contributed by ADCC, CTL, and phagocytosis; however, this has not
been elucidated here. Nevertheless, our heterologous prime-boost strategy provides a new
approach to induce systemic immunity against HER2 that could invigorate current research
into the development of breast cancer vaccines.*%-52
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Figure 1.
(a) Plant virus nanoparticles (VNPs) CCMV, CPMV, and SeMV (images were created using

Chimera software and PDB entries 1cwp for CCMV, 1ny7 for CPMV, and 1x33 for SeMV).
(b) CCMYV, CPMV, and SeMV are inherently and differently immunogenic. BMDCs
exposed to the VNPs for 18 h produced different levels of pro-inflammatory cytokines in
vitro. Means of triplicates and standard deviations are shown. Statistical analysis by one-way
analysis of variance (ANOVA) and Tukey’s test: ns = not significant; *, p< 0.05; **, p<
0.01; *** p<0.001.
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Figure 2.
Synthesis and characterization of VNP-CH401. (a) Conjugation of HER2 peptide CH401 to

CCMV, CPMYV, and SeMV using click chemistry. SPPS = solid-phase peptide synthesis. (b)
VNP-based HER?2 vaccine candidates. (c) SDS-PAGE: lane 1 (L1), ladder; L2, VNP; L3,
VNP-alkyne; L4, VNP-CH401; L5, CH401. CP = capsid protein; S = small capsid protein of
CPMV; L = large capsid protein of CPMV. (d) SEC analysis of VNP-CH401 using a
Superose 6 size-exclusion column and Akta purifier. (e) Size distribution of VNP-CH401
measured by dynamic light scattering. D = diameter; Pd = polydispersity. (f) TEM images of
negatively stained VNP-CH401 samples.
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Figure 3.
(a) Schedule of homologous repeated boost and heterologous prime-boost strategies. (b—e)

ELISA binding of the antisera 1gG to (b) peptide, (c) CCMV, (d) CPMV, and (e) SeMV. (f,
g) Flow cytometry analysis of the antisera (diluted 1:300) binding to (f) DDHER?2 and (g)
SKBR3 cancer cells. The mean fluorescence intensity (MFI) of triplicate experiments and
standard deviations are shown. (h, i) MTT assay of complement-dependent cytotoxicity
induced by the antisera in (h) DDHER?2 and (i) SKBR3 cancer cells. Rabbit serum (diluted
1:20) was used as the source of complement. Rabbit complement inactivated by heating at
65 °C for 30 min was used as the control (=100% cell viability). Cytotoxicity (%) = 100 —
(experimental OD/control OD) x 100. Mean cytotoxicities of quaduplicate experiments and
standard deviations are shown. Statistical analysis by one-way ANOVA with Tukey’s test: ns
= not significant; *, p< 0.05; **, p< 0.01; ***, p< 0.001.
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Figure 4.

(a—€) Antibody isotype analysis of the antisera induced by (a) CH401, (b) CCMV-CH401,
(c) CPMV-CH401, (d) SeMV-CH401, and (e) prime-boost. (f) IgG2a/1gG1 ratio as
determined by the OD value at a dilution of 1:1600. Mean ratios of duplicate experiments
and standard deviations are shown.
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(a) IL-4 and (b) IFN-y secretion from splenocytes isolated from immunized mice with and
without exposure to CH401 peptide (20 pug/mL, 18 h) in vitro. Means of triplicates and
standard deviations are shown. Statistical analysis between stimulated and unstimulated cells
in each group by two-way ANOVA with Tukey’s test: ns = not significant; *, p< 0.05; **, p
<0.01; ***, p<0.001.
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(a) Schedule of vaccination and tumor inoculation. (b) Tumor growth curves. Mean tumor
volumes and standard errors of the mean are shown. Statistical analysis by two-way
ANOVA: ** p<0.01; ***, p< 0.001. (c) Survival curves. Statistical analysis by log-rank
(Mantel-Cox) test: ns = not significant; *, p < 0.05; **, p<0.01; ***, p<0.001.
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