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ABSTRACT: Hepatitis B core (HBc) virus-like particles (VLPs) and flagellin are highly immunogenic and widely explored vaccine
delivery platforms. Yet, HBc VLPs mainly allow the insertion of relatively short antigenic epitopes into the immunodominant c/el
loop without affecting VLP assembly, and flagellin-based vaccines carry the risk of inducing systemic adverse reactions. This study
explored a hybrid flagellin/HBc VLP (FH VLP) platform to present heterologous antigens by replacing the surface-exposed D3
domain of flagellin. FH VLPs were prepared by the insertion of flagellin gene into the c/el loop of HBc, followed by E. coli
expression, purification, and self-assembly into VLPs. Using the ectodomain of influenza matrix protein 2 (M2e) and ovalbumin
(OVA) as models, we found that the D3 domain of flagellin could be replaced with four tandem copies of M2e or the cytotoxic T
lymphocyte (CTL) epitope of OVA without interfering with the FH VLP assembly, while the insertion of four tandem copies of
M2e into the c/el loop of HBc disrupted the VLP assembly. FH VLP-based M2e vaccine elicited potent anti-M2e antibody
responses and conferred significant protection against multiple influenza A viral strains, while FljB- or HBc-based M2e vaccine failed
to elicit significant protection. FH VLP-based OVA peptide vaccine elicited more potent CTL responses and protection against
OVA-expressing lymphoma or melanoma challenges than FljB- or HBc-based OVA peptide vaccine. FH VLP-based vaccines showed
a good systemic safety, while flagellin-based vaccines significantly increased serum interleukin 6 and tumor necrosis factor o levels
and also rectal temperature at increased doses. We further found that the incorporation of a clinical CpG 1018 adjuvant could
enhance the efficacy of FH VLP-based vaccines. Our data support FH VLPs to be a highly immunogenic, safe, and versatile platform
for vaccine development to elicit potent humoral and cellular immune responses.

KEYWORDS: flagellin, HBc, VLP, M2e, universal influenza vaccine, CpG 1018, cancer vaccine, CTL

B INTRODUCTION responses simultaneously.' > VLP-based hepatitis B and
human papillomavirus vaccines have been approved for
human use."”” VLPs can also be engineered to display foreign
antigenic epitopes. This can be achieved by the insertion of
antigenic epitopes to N- or C-termini or specific internal
regions of viral capsid proteins, followed by their self-assembly
into VLPs. One successful example is malaria RTS,S vaccine
(Mosquirix), which was developed based on the self-assembly

Vaccine development focuses more and more on individual
antigens and T and B cell epitopes rather than whole
pathogens. This targeted approach avoids adverse reactions
caused by irrelevant components of pathogens and significantly
improves the vaccine safety. Yet, proteins and antigenic
epitopes often have low immunogenicity due to their
inefficient uptake by dendritic cells (DCs) and weak
stimulation of DC maturation. The linkage of protein antigens
or antigenic epitopes to vaccine delivery platforms can Received:  January 17, 2022
significantly improve vaccine immunogenicity. Accepted:  April 13, 2022
Virus-like particles (VLPs) are highly immunogenic vaccine
delivery platforms. VLPs can be efliciently taken up by DCs,
presented on major histocompatibility complex class I and II
molecules, and elicit humoral and cell-mediated immune
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Figure 1. FH VLP-based M2e vaccine design and characterization. (A) Schematic illustration of FH VLP-based M2e vaccine design and
preparation. (B,C) Purified HBc-M2e, FljB-M2e, and FH-M2e fusion proteins were subjected to SDS-PAGE (B) and western blotting analysis (C).
Immune sera collected from KLH-M2e-immunized mice were used in western blotting analysis. (D) TEM analysis of FH-M2e VLPs. Scale: 100
nm. (E) DLS analysis of FH-M2e VLPs in Zetasizer Nano ZS (Malvern). PDI: polydispersity index.

of native and chimeric hepatitis B surface antigen (HBsAg) at
approximately 3:1 molar ratio.* Chimeric HBsAg contains an
immunodominant repetitive epitope of the circumsporozoite
protein of Plasmodium falciparum inserted to its N-terminus.’

Hepatitis b core (HBc) VLPs represent one of the most
explored VLP platforms for foreign antigen display.” The major
immunodominant region of HBc (c/el loop) presents an ideal
site for the insertion of antigenic epitopes to display on the
VLP surface. Antigenic epitopes from a variety of viral and
bacterial pathogens have been successfully displayed on the
HBc VLP surface and showed significantly improved
immunogenicity in preclinical studies.” HBc VLPs displaying
the circumsporozoite epitopes of Plasmodium falciparum have
been tested in clinical trials.*” Yet, the c/el loop of HBc
mainly allows the insertion of relatively short antigenic
epitopes to not affect the VLP assembly.'”"!

Besides VLPs, highly immunogenic proteins have also been
explored as vaccine delivery platforms. Flagellin is the major
component of bacterial flagellum and a potent toll-like receptor
(TLR) S agonist. Flagellin has been extensively explored as a
highly immunogenic carrier for vaccine development against
bacterial, viral, and parasitic diseases.'>"? Flagellin contains
highly conserved DO and D1 domains and variable D2 and D3
domains."* D1 domain is responsible for TLRS activation,"*
while D3 domain can be replaced with relatively long antigenic
epitopes without affecting the TLRS activation."”™"” Vaccine
antigens can also be inserted to its N- or C-terminus to
develop recombinant vaccines. Several flagellin-based vaccines
have advanced to clinical trials."®™" Despite their good
immunogenicity, flagellin-based vaccines carry the risk of
inducing systemic adverse reactions, especially at high doses,
due to the overactivation of TLRS."*™*'

Recently, we developed a hybrid flagellin/HBc VLP (FH
VLP) platform, in which FljB (phase 2 flagellin of Salmonella
typhimurium strain LT2) was displayed on the HBc VLP
surface at a 1:1 FljB-to-HBc molar ratio via c/el loop
insertion.”” Due to the closely juxtaposed N- and C-termini of

FljB, insertion of relatively big FIjB (505 aa) did not affect the
self-assembly of HBc VLPs. FH VLPs stimulated strong DC
maturation without the induction of systemic cytokine
release.””> FH VLPs were found to serve as a more
immunogenic carrier for nicotine vaccine development as
compared to FljB and HBc VLPs.”

FH VLPs are expected to also serve as a highly immunogenic
and safe platform for recombinant vaccine development by
replacing the surface-exposed D3 domain of FljB. This study
explored FH VLPs for the ectodomain of matrix protein 2
(M2e)-based universal influenza vaccine development and
cytotoxic T lymphocyte (CTL) epitope of ovalbumin (OVA)-
based tumor vaccine development. The exploration of both
allows us to evaluate the ability of FH VLPs to elicit protective
humoral- and cell-mediated immune responses against surface-
displayed vaccine antigens.

B RESULTS

Generation and Characterization of FH-M2e VLPs.
M?2e is an attractive target for universal influenza vaccine
development due to its high-sequence homology among
influenza A viruses.”’ A large body of evidence supports the
cross-protective immunity of anti-M2e antibodies via diverse
mechanisms, such as antibody-dependent cell-mediated
cytotoxicity, complement-dependent cytotoxicity, and anti-
body-dependent cell-mediated phagocytosis.””** Yet, M2e has
low immunogenicity and needs to be linked to vaccine carriers
to elicit potent antibody responses.”’ Different VLP platforms
(e.g, HBc, tobacco mosaic virus, and influenza matrix protein
1 VLPs) and highly immunogenic protein carriers (e.g,
flagellin and transcriptional factor GCN4) have been explored
to enhance its immunogenicity.””** Studies found that tandem
copies of M2e could elicit more potent antibody responses
than a single copy of M2e.”’”*” ACAM-FLU-A, the
formulation with three copies of M2e linked to the N-terminus
of HBg, has been tested in clinical trials with a rapid decline of
anti-M2e antibodies.”> VAX102, the formulation with four
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Figure 2. Efficient uptake of FH-M2e VLPs by BMDCs. BMDCs were incubated with M2e peptides, HBc-M2e, FljB-M2e, and FH-M2e VLPs at
70 nM concentration or incubated with medium only in eight-well chamber slides. LysoTracker was added after 1.5 h to stain the acidic organelles.
Anti-M2e immune sera (mouse origin) and AFS55-labeled goat anti-mouse IgG antibodies were used to stain M2e 3 h after incubation. Cells were
counterstained with DAPI and imaged under a fluorescence confocal microscope. Scale: 100 ym. Red: M2e; Green: lysosome; Blue: DAPI. Yellow

indicates the overlapping of M2e and lysosome signals.
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Figure 3. Significant induction of BMDC maturation by FH-M2e VLPs. BMDCs were incubated with M2e peptides, HBc-M2e, FljB-M2e, and FH-
M2e VLPs in triplicate at 70 nM concentration or incubated with medium only for 20 h. Cells were then stained with fluorescence-conjugated anti-
CD11c, CD40, CD80, and CD86 antibodies, followed by flow cytometry analysis of CD40, CD80, and CD86 expression in CD11c* cells. (A)
Representative histogram of CD40, CD80, and CD86 expression and percentage of CD40" CD80", and CD86M cells in CD11c* DCs. (B) MFI of
CD40, CD80, and CD86 (upper) and percentage of CD40M CD80M and CD86™ cells in CD11c" DCs (lower). One-way ANOVA with
Bonferroni’s multiple comparison test was used to compare the differences between groups in B. *: p < 0.05; ***: p < 0.001.
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copies of M2e linked to the C-terminus of FljB, was also tested
in clinical trials."”* Despite the elicitation of potent anti-M2e
antibody responses across a broad dose range (0.3—10 ug),
VAX102 stimulated dose-dependent increase of serum C-
reactive protein (CRP) levels and a high rate of severe
symptoms (43%) in high-dose groups (3 and 10 yug). These
studies hint the unmet need of safe and potent vaccine carriers
to aid in the development of M2e-based universal influenza
vaccines.

This study explored the immunogenicity and safety of our
recently developed FH VLP platform for M2e-based vaccine
development. Four tandem copies of M2e derived from human
H1 and H3, swine HI, and avian HS and H7 influenza A
viruses (Figure S1A), with flexible (G,S) X 2 linkers inserted
between the M2e sequences and also flanking the whole M2e
insert, were designed to replace the D3 domain of FljB,
followed by E. coli expression, purification, and self-assembly to
prepare the FH VLP-based M2e vaccine (Figure 1A). The four
tandem copies of M2e also replaced the D3 domain of FljB to
prepare FljB-M2e or were inserted into the c/el loop of HBc
to prepare HBc-M2e.

M2e fusion proteins were expressed in E. coli, purified, and
subjected to SDS-PAGE analysis (Figure 1B). HBc-M2e, FJjB-
M2e, and FH-M2e fusion proteins showed a higher-than-
theoretical molecular weight (MW) (Figures 1B and SIB).
The same phenomenon was also observed when different
numbers of M2e were inserted into the c/el loop of HBc.”’
This could be caused by the high content of acidic amino acids
in M2e (20.8—25%, Figure SI1A) and the repulsion of
negatively charged SDS from binding according to reports.”**
The presence of M2e in purified proteins was confirmed by
western blotting analysis, with the immune sera collected from
mice immunized with keyhole limpet hemocyanin (KLH)-
conjugated M2e mixture in the presence of incomplete
Freund’s adjuvant (Figure 1C). The FH-M2e and HBc-M2e
samples were further analyzed by transmission electron
microscopy (TEM). VLPs could be readily found in FH-
M2e (Figure 1D) but not HBc-M2e samples (data not shown),
hinting that the replacement of the D3 domain of FljB by the
four tandem copies of M2e did not impair the FH VLP
assembly, while the insertion of the four tandem copies of M2e
into the c/el loop impaired the HBc VLP assembly. Dynamic
light scattering (DLS) analysis found that FH-M2e VLPs were
about 44 nm in diameter (Figure 1E).

Efficient Uptake and Stimulation of DC Maturation
by FH-M2e VLPs. Next, we compared the uptake of different
M2e immunogens by bone marrow-derived DCs (BMDCs).
As shown in Figure 2, FH-M2e VLPs and HBc-M2e showed a
strong uptake, while FljB-M2e and M2e peptides showed a
weak uptake by BMDCs. Furthermore, a significant overlap of
M2e and lysosomal signals was found in the FH-M2e VLP and
HBc-M2e groups (enlarged, Figure 2), hinting that the efficient
uptake was through the endolysosomal pathway.

The ability of different M2e immunogens to stimulate
BMDC maturation was also explored. As shown in Figure 3A,
FH-M2e VLPs and FljB-M2e increased CD40", CD80", and
CD86™ cells to a level similar to that induced by a clinical CpG
1018 adjuvant (simplified as CpG, hereafter), while HBc-M2e
failed to increase the CD40", CD80", or CD86" cell levels.
Statistical analysis found that FH-M2e VLPs and FljB-M2e
significantly increased the mean fluorescence intensity (MFI)
of CD40, CD80, and CD86, similar to or slightly exceeding
that stimulated by CpG, while HBc-M2e failed to significantly

increase the MFI of CD40, CD80, or CD86 (upper, Figure
3B). Similar trends were found for the percentage of CD40",
CD80", and CD86" cells (lower, Figure 3B). These results
indicated that FH-M2e VLPs could be efliciently taken up by
BMDCs and also stimulate potent BMDC maturation (Table
1). In contrast, HBc-M2e could be efficiently taken up by

Table 1. Comparison of DC Uptake and Stimulation of DC
Maturation

HBc-M2e FljB-M2e FH-M2e VLPs
DC uptake +++ + o+
DC maturation - +++ +++

BMDCs but lacks the ability to stimulate BMDC maturation,
while FljB-M2e could stimulate BMDC maturation but lacks
efficient uptake by BMDCs (Table 1).

FH-M2e VLPs Are More Immunogenic than FIjB-M2e
and HBc-M2e. The relative immunogenicity of M2e
immunogens was then compared by a step-by-step approach.
In the first study, we compared FljB-M2e with HBc-M2e and
the M2e peptide mixture in the presence of Alum adjuvant
(M2e/Alum). As shown in Figure 4A, FljB-M2e induced a
significantly higher anti-M2e antibody titer than HBc-M2e and
M2e/Alum. As compared to M2e/Alum, HBc-M2e elicited a
higher anti-M2e antibody titer, although the difference did not
reach a statistically significant level (Figure 4A). FljB-M2e
conferred significant protection against body weight loss,
following a challenge with 4X LDs, of influenza A/Puerto
Rico/8/34 HIN1 (PR8) viruses, while HBc-M2e and M2e/
Alum failed to confer significant protection (Figure 4B). FljB-
M2e conferred 80% protection against lethality, while HBc-
M2e and M2e/Alum conferred 25% and 20% protection,
respectively (Figure 4C).

In the second study, we compared the relative immunoge-
nicity of FH-M2e VLPs to FljB-M2e, which induced the best
protection in the first study. As shown in Figure 4D, FH-M2e
VLPs induced significantly higher anti-M2e IgG titer than FIjB-
M2e. Furthermore, FH-M2e VLPs mainly enhanced anti-M2e
IgG2a but not IgGl titer, which led to a significant increase of
anti-M2e 1gG2a/IgGl ratios (Figure 4D). The protective
efficacy was then explored by challenging mice with an
increased PRS viral dose (8X LDs,) to explore whether FljB-
M2e could still induce a good protection. As compared to
phosphate-buffered saline (PBS), FH-M2e VLPs significantly
reduced the body weight loss, while FljB-M2e failed to
significantly reduce the body weight loss (Figure 4E). FH-M2e
VLPs conferred 60% protection against lethality, while FIjB-
M2e failed to confer any protection at the increased viral
challenge dose (Figure 4E). To explore whether FH-M2e
VLPs could elicit superior protection against other influenza A
viral strains, another round of immunization and challenge
studies was conducted. FH-M2e VLPs were found to induce a
significantly higher anti-M2e antibody titer than FljB-M2e
(Figure S3). The mice were then randomly divided into two
groups and challenged with mouse-adapted influenza pan-
demic 2009 HIN1 (A/California/07/2009, pdm09) or
influenza A/Philippines/2/82 H3N2 viruses. As shown in
Figure 4F, FH-M2e VLPs significantly reduced the body
weight loss after pdm09 viral challenges, while FljB-M2e failed
to reduce the body weight loss. FH-M2e VLPs conferred 75%
protection against lethality induced by pdm09 viruses, while
FljB-M2e failed to confer any protection (Figure 4F). After
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Figure 4. Superior immunogenicity and protective efficacy of FH-M2e VLPs. (A—C) BALB/c mice were intramuscularly immunized with S pg
FljB-m2e, 2.7 ug HBc-M2e that contained an equal amount of M2e, or a mixture of four different M2e peptides (10 ug each) in the presence of
Alum adjuvant (Alhydrogel) or immunized with PBS as a negative control. Immunization was repeated after 3 weeks. Serum anti-M2e antibody
titer was measured 3 weeks after boost and shown in A. Mice were then intranasally challenged with 4X LDs, of PR8 viruses 4 weeks after boost.
Body weight (B) and survival (C) were monitored daily for 14 days. (D) BALB/c mice were intramuscularly immunized with 6.5 yg FH-M2e VLPs
or 5 ug FljB-M2e that contained the same amount of M2e or immunized with PBS as a negative control. Immunization was repeated after 3 weeks.
Serum anti-M2e IgG and the subtype IgG1 and IgG2a antibody titers were measured 3 weeks after boost. The ratio of IgG2a/IgG1 antibody titers
was also calculated. (E) Mice were then challenged with 8X LDs, of PR8 viruses 4 weeks after boost. Body weight loss (upper) and survival (lower)
were monitored daily for 14 days. (F,G) BALB/c mice were similarly immunized as in D and then randomly divided into two groups for challenge
with 2X LDgy of pdm09 (F) or SX LDy, of influenza A/Philippines/2/82 H3N2 viruses (G). Body weight (upper) and survival (lower) were
similarly monitored as in E. n = 4—=5 in A—C; n = S in D—E; n = 4 in F—G. One-way ANOVA with Tukey’s multiple comparison test was used to
compare the differences among groups in A. Two-tailed Student’s t test was used to compare the differences in D. Log-rank test with Bonferroni’s
correction was used to compare the differences of survival between the vaccine and PBS groups in C and lower panels of E=G. *, p < 0.05; **, p <

0.01. NS: not significant.

H3N2 viral challenges, the FH-M2e VLP group showed a
slower rate of body weight loss as compared to the FljB-M2e
group (Figure 4G). FH-M2e VLPs conferred 100% protection
against H3N2 viral challenges, while FljB-M2e conferred only
75% protection (Figure 4G).

It was reported that flagellin-based vaccines elicited systemic
adverse reactions in humans.'*~*' In the above first and second
studies, we monitored the serum proinflammatory cytokine
levels 3 and 18 h after immunization to gain insights on the
potential of various M2e immunogens to induce systemic
adverse reactions.”® As shown in Figure 5, FljB-M2e
immunization in both studies significantly increased serum

IL-6 and TNFa levels 3 h after prime and boost
immunizations, while HBc-M2e and M2e peptide immuniza-
tions in the first study and FH-M2e VLP immunization in the
second study did not significantly increase serum IL-6 or
TNEFa levels. These results were in line with prior reports that
flagellin-based influenza vaccines carry the risk of inducing
systemic adverse reactions.'” >' Our data support a good
systemic safety of FH-M2e VLPs. Besides the systemic
cytokine release, we also monitored the rectal temperature
before and 24 h after immunization in the above studies. We
failed to detect a significant increase of rectal temperature in
any group (data not shown). To explore whether the rectal

https://doi.org/10.1021/acsami.2c01028
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsami.2c01028?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01028?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01028?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c01028?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c01028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces www.acsami.org Research Article

A Prime C Boost E Prime G Boost
kK k¥ s %
m M Ll

= 2500 : ::40: e = 2000y Before XX 2500 - Eetore

£ r after 3 W 3hrafter T t

20007 m toneatr S 1500 t8hrafter £ 2000{m 3ratter

Y Y 1500

! £ 1000 it IL-6
£ £ < 1000

3 3 3

5 5 S00 5 50
? @ @

o.
CJ 3 3
& \\\"& AR
B D S F
kK * k¥
Y 150 * kK

g ?200 = Before ax z Before

= = W 3hr after > 3hr after

2 2150 = 18 after & g0 = tohrater

& g i TNFa
z Z 100 4

[ e E s

5 § s 5

& '] @

]
&
&

3 '3
& &
& ¢

S &
Q«

First study Second study

Figure 5. Systemic cytokine release induced by FljB-M2e but not FH-M2e VLPs. (A—D) Serum IL-6 (A,C) and TNFa levels (B,D) of mice in the
first study (Figure 4A—C) were measured before immunization and 3 and 18 h after prime and boost immunizations. (E—H) Serum IL-6 (E,G)
and TNFa levels (F,H) of mice in the second study (Figure 4D,E) were measured before immunization and 3 and 18 h after primer and boost
immunizations. # = 4—5 in A=D and n = S in E—H. Two-way ANOVA with Tukey’s multiple comparison test was used to compare the cytokine
level differences at different time points within the group. ***, p < 0.001.
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Figure 6. FH-OVA VLP vaccine design and characterization. (A) Schematic illustration of the FH-OVA VLP vaccine design and preparation. CTL
epitope (SIINFEKL) was located in the center of OVA,,;_,7,. (B) Purified HBc-OVA and FljB-OVA were subjected to SDS-PAGE analysis. (C)
Purified FH-OVA was subjected to SDS-PAGE analysis. (D) TEM analysis of FH-OVA and HBc-OVA samples. Scale: 100 nm. (E) DLS analysis of
FH-OVA and HBc-OVA VLPs in Zetasizer Nano ZS (Malvern).

temperature increase could be observed at higher vaccine FH-OVA VLPs Are More Immunogenic than HBc-OVA
doses, the mice were intradermally injected with 25 ug FIjB- VLPs and FljB-OVA. The above studies support the high
M2e or 32.5 pg FH-M2e VLPs (equal M2e amount, with potency of FH VLPs as a vaccine platform to elicit potent
fivefold increase of dose). We found that 25 ug FljB-M2e humoral immune responses against surface-displayed vaccine
significantly increased the rectal temperature of mice, while antigens. Next, we explored the potency of FH VLPs to elicit
32.5 ug FH-M2e VLPs failed to increase the rectal temperature CTL responses against surface-displayed vaccine antigens. To

of mice (Figure S3). Furthermore, FH-M2e VLPs at the this end, the OVA,,;_,,, peptide comprising the CTL epitope
increased dose did not significantly increase serum IL-6 or of OVA (SIINFEKL) in the center (Figure SSA) was designed
TNFa levels (Figure S4). Overall, these studies support a good to replace the D3 domain of FljB for display on the FH VLP
systemic safety of FH-M2e VLPs across a broad dose range. surface, as illustrated in Figure 6A. The same peptide also
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Figure 7. Superior immunogenicity and protective efficacy of FH-OVA VLPs. (AB) OT-I T cells were purified, stained with CFSE, and
intravenously injected into C57BL/6 mice. The mice were then intradermally immunized with FH-OVA VLPs, HBc-OVA VLPs, FljB-OVA, and
OVA peptide that contained the same amount of OVA portion, or left non-immunized as a negative control. Draining LNs were collected after 4
days. Single cells were prepared, stained with fluorescence-conjugated anti-CD4 and CD8 antibodies, and analyzed by flow cytometry. Cells were
first gated based on FSC and SSC and then based on CD4 and CD8 expression. CFSE* cells (exclusion of cells with the maximal CFSE signals that
represented the adoptive transferred nondividing OT-I T cells) were then gated from CD8* (CD4") cell populations. Representative dot plots of
dividing CFSE" cells in CD8" T cells are shown in A. Statistical analysis of percentage of CFSE* cells in CD8" T cells is shown in B. (C,D) C57BL/
6 mice were intradermally immunized with FH-OVA VLPs, HBc-OVA VLPs, FljB-OVA, and OVA peptide that contained the same amount of
OVA portion or left non-immunized as a negative control. Immunization was repeated two more times at 3-week intervals. Mice were then
subcutaneously challenged with E.G7-OVA lymphoma cells 2 weeks after the last immunization. Tumor growth was monitored and shown in C.
Survival of tumor-bearing mice is shown in D. (E,F) C57BL/6 mice were similarly immunized as in C-D, followed by the subcutaneous challenge of
B16F10-OVA melanoma cells 2 weeks after the last immunization. Tumor growth is shown in E. Survival of tumor-bearing mice is shown in F. n =
4in A-B; n =5 in C—D and E—F. One-way ANOVA with Tukey’s multiple comparison test was used to compare the differences among groups in
A. Two-way ANOVA with Tukey’s multiple comparison test was used to compare tumor volume differences at different time points between
groups in C and E. Log-rank test with Bonferroni’s correction was used to compare the differences of survival between groups in D and F. *, p <
0.05; **, p < 0.01; **% p < 0.001.

replaced the D3 domain of FljB or was inserted into the c/el
loop of HBc to prepare FljB- or HBc-based OVA peptide
vaccine. OVA peptide-fusion proteins were analyzed by SDS-
PAGE (Figure 6B,C), and the estimated molecular weights
matched well with the theoretical ones (Figure SSB). After
refolding, both FH-OVA and HBc-OVA formed VLPs (Figure
6D) with an average diameter of ~44 and 39 nm, respectively
(Figure 6E).

The relative potency of FH-OVA VLPs to induce OVA-
specific CTL responses was then compared with HBc-OVA
VLPs, FljB-OVA, and the synthesized OVA,,, ,,, peptide
(short as OVA). Due to the low abundance of OVA-specific
CD8" T cells in physiological conditions, we adoptively
transferred OVA-specific CD8" T cells from OT-I mice to
CS57BL/6 mice, followed by intradermal immunization of the

diverse OVA immunogens. Draining lymph nodes (LNs) were
harvested after 4 days, and the percentage of CFSE" cells in
CD8" T cells was analyzed. As shown in Figure 7A, FH-OVA
VLPs induced the most significant expansion of adoptively
transferred OT-I T cells, followed by HBc VLPs and then FljB-
OVA and OVA peptide. Statistical analysis indicated that FH-
OVA VLPs were more potent than HBc-OVA VLPs or FljB-
OVA to stimulate OT-I T cell expansion (Figure 7B).

Next, the mice were intradermally immunized with the
different OVA immunogens that contained an equal OVA
content. Immunization was repeated two more times. Cellular
immune responses in peripheral blood mononuclear cells
(PBMCs) were analyzed 7 days after the last immunization. As
shown in Figure S6A,B, FH-OVA VLPs significantly increased
IFNy and IL4-secreting CD8" T cells, while HBc-OVA VLPs
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Figure 8. CpG 1018 boosts FH-M2e VLP immunization. BALB/c mice were intramuscularly immunized with 24.3 ug FH-M2e VLPs alone or in
the presence of 2 pg CpG 1018 or immunized with PBS as a negative control. The immunization was repeated after 3 weeks. Serum anti-M2e
antibody titer was measured 3 weeks after boost and shown in A. Mice were intranasally challenged with 8X LDs, of PR8 viruses 4 weeks after
boost. Body weight (B) and survival (C) were monitored daily for 14 days. n = S. One-way ANOVA with Tukey’s multiple comparison test was
used to compare the differences between the groups in A. Two-way ANOVA with Tukey’s multiple comparison test was used to compare the
differences of body weight loss on individual days between groups in B. Log-rank test with Bonferroni’s correction was used to compare the
differences of survival between the vaccine and PBS groups in C. *, p < 0.05; **, p < 0.01.

significantly increased IFNy but not IL4-secreting CD8" T
cells. Interestingly, FH-OVA VLPs also significantly increased
IFNy and IL4-secreting CD4" T cells, while other immunogens
failed to do so (Figure S6C,D). Antitumor immunity was then
explored by challenging mice with OVA-expressing E.G7
lymphoma. FH-OVA VLP immunization most significantly
retarded E.G7-OVA lymphoma growth, with the tumor volume
significantly smaller than that in the non-immunized group on
days 13 and 16 (Figure 7C). In contrast, HBc-OVA VLP, FljB-
OVA, and OVA peptide immunization failed to significantly
inhibit the E.G7-OVA lymphoma growth (Figure 7C). FH-
OVA VLP immunization also significantly extended the
survival of E.G7-OVA tumor-bearing mice, while the other
immunizations failed to do so (Figure 7D). To explore
whether FH-OVA VLP-elicited protection is tumor-specific,
the mice were similarly immunized but challenged with OVA-
expressing B16F10 melanoma. As shown in Figure 7E, FH-
OVA VLP immunization most significantly retarded B16F10-
OVA melanoma growth as compared to HBc-OVA or FljB-
OVA immunization, while the latter two also significantly
retarded B16F10-OVA melanoma growth as compared to the
non-immunized negative control. Tumor volume was signifi-
cantly smaller on days 13 and 16 in the FH-OVA VLP group
than that in the non-immunized group. Tumor volume was
also significantly smaller on day 16 in the FH-OVA VLP group
than that in the HBc-OVA or FljB-OVA group. FH-OVA VLP
immunization significantly extended the survival of B16F10-
OVA tumor-bearing mice, while HBc-OVA VLP immunization
failed to do so (Figure 7F). FljB-OVA also significantly
extended the survival of B16F10-OVA tumor-bearing mice
though to a lesser extent than FH-OVA VLPs (Figure 7F).
These data indicated that FH VLPs were more immunogenic
than HBc VLPs and FljB for the OVA peptide display to elicit
CTL responses and antitumor immunity.

Although we mainly focused on the evaluation of CTL
responses, we also measured the serum anti-OVA,,,_,,
antibody titer after the last immunization. As shown in Figure
S7A, FljB-OVA and FH-OVA VLPs but not HBc-OVA VLPs
induced a significantly higher anti-OVA IgG titer than OVA
immunization alone. Furthermore, FljB-OVA induced a
significantly higher IgG1 titer, while FH-OVA VLP induced

a significantly higher IgG2c titer (Figure S7B,C). These data
indicated that FH-OVA VLPs induced Thl-biased antibody
responses, while FljB-OVA induced Th2-biased antibody
responses, in line with our previous report.”

Systemic safety was also evaluated in the above studies. As
shown in Figure S8, FljB-OVA induced the most significant
increase of serum IL-6 and TNFa levels 3 h after each
immunization, while FH-OVA VLPs did not significantly
increase serum IL-6 or TNFa levels. Interestingly, repeated
FljB-OVA immunizations induced gradually reducing serum
IL-6 and TNFa levels at 3 h (Figure S8), which was not
observed after repeated FljB-M2e immunizations (Figure SA—
D), hinting that this phenomenon might be antigen-specific.
Considering the overt activation of TLRS might be the cause
of systemic adverse reactions associated with FljB-based
vaccines, we compared the TLRS activation ability of D3
domain-deleted FH VLPs (FH,p,; VLP), FH VLPs (D3
domain intact), FH-OVA VLPs, FljB, and FljB-OVA in a
commercially available TLRS reporter assay. As shown in
Figure S9, FljB-OVA activated TLRS similar to that of native
FljB, indicating that the replacement of the D3 domain with
OVA peptide did not impact the TLRS activation ability. FH-
OVA VLPs showed much weakened TLRS activation as
compared to FIjB-OVA and similar TLRS activation to FH,p;
VLPs (Figure S9). Interestingly, FH,p; VLPs showed
increased TLRS activation as compared to FH VLPs (Figure
S9), which might be due to the increased accessibility of the
D1 domain (responsible for TLRS activation) to TLRS after
the removal of D3 domain.

CpG 1018 Boosts FH-M2e VLP and FH-OVA VLP
Immunization. The above studies identified high immuno-
genicity of FH VLP-based vaccines in the absence of additional
adjuvants. Our previous studies found that CpG adjuvant
could efficiently boost FH VLP-based nicotine vaccination.””
Here, we explored whether the incorporation of a clinical CpG
1018 adjuvant, which is broadly effective in mice, nonhuman
primates, and humans,**** could further enhance FH-M2e
VLP and FH-OVA VLP vaccine efficacy. A low dose of CpG
1018 (2 pug) was explored to boost FH-M2e VLP
immunization. As shown in Figure 8A, CpG 1018 significantly
increased the FH-M2e VLP-induced anti-M2e antibody titer
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Figure 9. CpG 1018 boosts FH-OVA VLP immunization. (A) OT-I T cells were adoptively transferred to C57BL/6 mice. Mice were intradermally
immunized with 8 pg FH-OVA VLPs in the presence or absence of 40 ug CpG 1018 after 24 h or left non-immunized as a negative control.
Draining LNs were collected after 4 days, stimulated with the CTL epitope of OVA in the presence of anti-CD28 antibodies overnight. Brefeldin A
was added, and after S h, cells were harvested and stained with fluorescence-conjugated antibodies. The percentage of CFSE" cells in CD8" T cells
(A) and single (B), dual (C), and triple cytokine-secreting cells (D) in CFSE* CD8" T cells were compared between groups. (E—G) Mice were
subjected to FH-OVA VLP immunization in the presence or absence of CpG 1018 or left non-immunized as a negative control. Immunization was
repeated three times at 3-week intervals. The mice were then subcutaneously challenged with B16F10-OVA melanoma 2 weeks after the last
immunization. Tumor growth and survival were monitored for 30 days. Tumor growth, tumor-free rate, and survival of tumor-bearing mice are
shown in E—G, respectively. n = 4 in A—D. n = 5—6 in E—G. One-way ANOVA with Tukey’s multiple comparison test was used to compare the
differences between groups in A—D. Two-way ANOVA with Tukey’s multiple comparison test was used to compare the tumor volume differences
at different time points between groups in E. Log-rank test with Bonferroni’s correction was used to compare the differences of survival between

groups in F,G. *, p < 0.05; *** p < 0.001.

by 6.5-fold. After PR8 viral challenges (8x LDs,), FH-M2e
VLPs with CpG 1018 adjuvant conferred better protection
than FH-M2e VLP alone (Figure 8B,C). Significantly less body
weight loss was observed in the FH-M2e VLP/CpG group on
days 6 and 7 than that in the FH-M2e VLP group (Figure 8B).
FH-M2e VLPs with CpG 1018 adjuvant conferred 100%
protection against lethality, while FH-M2e VLPs only
conferred 60% protection (Figure 8C).

Next, 40 g CpG 1018 was explored to boost FH-OVA VLP
immunization as our pilot studies found that a low dose of 2 yg
CpG 1018 was ineffective to boost FH-OVA VLP immuniza-
tion. We first explored the ability of the CpG 1018 adjuvant to
enhance FH-OVA VLP-induced OT-I T cell expansion and the
ability of expanded OT-I T cells to secrete Granzyme B,
TNFa, and IFNy, with crucial roles in antitumor immunity. As
shown in Figure 9A, the incorporation of CpG did not further
enhance OT-I T cell expansion. However, CpG 1018
significantly increased single (Figure 9B), dual (Figure 9C),
and triple cytokine-secreting OT-I T cells (Figure 9D). The
mice were then immunized with FH-OVA VLPs in the
presence or absence of CpG 1018 or left non-immunized as a
negative control. Immunization was repeated two more times
and 1 week after the last immunization, PBMCs were collected,
stimulated with CTL epitope of OVA, and cytokine-secreting

OVA-specific CD8" T cells were analyzed by tetramer staining
and flow cytometry analysis. As shown in Figure S10,
incorporation of CpG 1018 into FH-OVA VLP immunization
significantly enhanced OVA-specific single, dual, and triple
cytokine-secreting CD8" T cells, confirming the results of
adoptive transfer studies. We further found that CpG 1018
adjuvant increased anti-OVA IgG and subtype IgG2c but not
IgG1 antibody titer (Figure S11A—C). The ratio of IgG2c to
IgG1 was significantly increased by the incorporation of CpG
1018 adjuvant (Figure S11D), hinting the potentiation of Th1-
biased antibody responses.

Regarding systemic safety, we found that FH-OVA VLP
immunization in the presence of 40 ug CpG 1018 significantly
increased serum IL-6 and TNFa levels at 3 h (Figure S12).
The maximal cytokine release occurred after the first
immunization, as observed in FljB-OVA immunization (Figure
S8). Yet, the maximal IL-6 levels induced by FH-OVA VLPs in
the presence of CpG 1018 were only 18% of that induced by
FljB-OVA (Figures S8A and SI2A). Interestingly, FH-OVA
VLP immunization in the presence of CpG 1018 induced 61%
higher serum TNFa« levels than FljB-OVA (Figures S8B and
S12B). These results indicated the induction of a mild systemic
cytokine release after the incorporation of CpG 1018 into FH-
OVA VLP immunization.
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The mice were then challenged with B16F10-OVA
melanoma. As shown in Figure 9E, FH-OVA VLP immuniza-
tion alone significantly retarded tumor growth, and the
incorporation of CpG 1018 further retarded tumor growth.
Interestingly, FH-OVA VLP immunization in the presence of
CpG 1018 prevented tumor growth in 16.7% of mice (Figure
9F). FH-OVA VLP immunization significantly extended the
survival of tumor-bearing mice, while the incorporation of
CpG 1018 into FH-OVA VLP immunization more significantly
extended the survival of tumor-bearing mice (Figure 9G).
These results indicated that CpG 1018 was highly potent to
further enhance FH-OVA VLP-induced CTL responses and
antitumor immunity.

B DISCUSSION

This study proved FH VLPs to be a highly immunogenic, safe,
and versatile platform for vaccine development to elicit potent
humoral and cellular immune responses. FH VLPs showed
higher immunogenicity for M2e-based universal influenza
vaccine development and OVA-based tumor vaccine develop-
ment as compared to FljB and HBc VLPs. FH-M2e VLPs
elicited the highest anti-M2e antibody titer among the three,
while FljB-M2e elicited a higher anti-M2e antibody titer than
HBc-M2e. FH-M2e VLPs conferred superior protection
against multiple influenza A viral strains, while FljB-M2e failed
to elicit significant protection or elicited much weaker
protection. These data support FH-M2e VLPs to be a good
universal influenza vaccine candidate capable of eliciting potent
cross-protective anti-M2e antibody responses. For OVA-based
tumor vaccine development, FH-OVA VLPs stimulated the
most potent anti-OVA CTL responses and most significantly
suppress OVA-expressing tumor growth when compared to
FljB-OVA or HBc-OVA VLPs, while the latter two elicited
similar antitumor immunity. Although FH VLP-based vaccines
alone were highly immunogenic, we found that the
incorporation of CpG 1018 adjuvant could further enhance
their immunogenicity. Interestingly, a low dose of CpG 1018
(2 pg) was highly effective to enhance FH-M2e VLP-induced
anti-M2e antibody responses while ineffective to potentiate
FH-OVA VLP-induced antitumor immunity (data not shown).
Instead, 40 ug CpG 1018 was found to significantly enhance
FH-OVA VLP-induced antitumor immunity. The requirement
of diverse CpG 1018 amounts to potentiate anti-M2e antibody
responses and anti-OVA CTL responses remains to be
explored but may reflect the differential needs of diverse
CpG 1018 amounts to potentiate FH VLP vaccine-induced
humoral and cellular immune responses.

The high immunogenicity of FH VLP-based vaccines is
believed to be due to their efficient uptake by DCs and also
induction of strong DC maturation. Despite their efficient
uptake, VLPs often lack the ability to stimulate strong DC
maturation. The ability of FH-VLPs and FH-M2e VLPs to
induce DC maturation is expected to be contributed by
surface-displayed FljB, considering that HBc VLPs in our prior
study or HBc-M2e failed to induce DC maturation (Figure
3).** Our studies further found that DC maturation did not
require a strong activation of TLRS due to the weak TLRS
activation by FH VLPs or FH-OVA VLPs (Figure $9).”* The
significantly reduced TLRS activation was most likely due to
the high-density display of FIjB on the HBc VLP surface, which
embedded the D1 domain of FljB, responsible for TLRS
activation, in the interior of FH VLPs. In support, removal of
the D3 domain of FljB partially increased TLRS activation

ability (FHap; VLP vs FH VLP, Figure S9), while the surface
display of a short OVA peptide slightly reduced the TLRS
activation ability (highest concentration, FH-OVA VLP vs
FH,p; VLP, Figure S9).

FH-M2e VLPs elicited Th1-biased antibody responses, while
FljB-M2e elicited Th2-biased antibody responses. Although
the OVA peptide used in our study mainly contained CTL
epitope, FH-OVA VLPs were found to elicit Thl-biased
antibody responses, and FljB-OVA was found to elicit Th2-
biased antibody responses. These results were in line with our
previous finding that FH VLPs mainly induced Thl-biased
antibody responses, while FljB mainly induced Th2-biased
antibody responses.”” The ability of FH VLPs, FljB, and their
respective vaccines to induce differential Th1- and Th2-biased
antibody responses may reflect their differential stimulation of
diverse DC, T, and B cell responses. Thl-biased immune
responses were in line with the ability of FH-OVA VLPs to
stimulate potent CTL responses.”® Our studies found that the
incorporation of CpG 1018, a Thl-biased adjuvant,** could
further enhance FH-OVA VLP-induced Thl-biased antibody
responses and CTL responses. These results hinted the
potential synergy between FH VLP surface-displayed FIjB
and CpG 1018 in the induction of CTL responses and
antitumor immunity.

Our studies found that the four tandem copies of M2e and
the CTL epitope of OVA (146 and 48 aa, respectively, with the
linker included) could be readily displayed on the FH VLP
surface via D3 domain replacement. In contrast, insertion of
four tandem copies of M2e into the c/el loop of HBc
impacted VLP assembly. The inability of M2e-inserted HBc to
assemble into VLPs contradicted with a prior study, in which
the four tandem copies of M2e were also inserted into the c/el
loop of HBc without affecting the VLP assembly.”” Such a
discrepancy could be caused by the different linker and M2e
designs. A much longer linker (19 aa) was used in the prior
report, and the linker was not inserted between M2e
sequences.”” M2e in our study ended with an additional
proline (P), which was known to change the direction of
polypeptide chains.”” Furthermore, the tandem copies of M2e
were inserted between D78 and S81 in the prior study,27 while
the tandem copies of M2e were inserted between A80 and S81
in our study. HBc used in the prior study lacked the first three
amino acids and contained an additional cysteine at the end of
the truncated sequence.”” Two enzymatic digestion sites were
also inserted between D78 and S81 in the prior study.”” All
these might contribute to the different outcomes of HBc-M2e
folding, while the major factor(s) that affected the HBc-M2e
VLP assembly in our study remained to be explored.
Considering that long antigenic peptides between 200 and
400 aa successfully replaced the D3 domain of flagellin to
generate flagellin-based vaccines without affecting the TLRS
activation ability,”'” we believe that longer antigenic
epitopes can also be displayed on the FH VLP surface via
D3 domain replacement. Thus, FH VLPs may serve as a highly
versatile platform for the display of long antigenic epitopes or
even full-length protein antigens.

FH VLP-based vaccines also showed a good systemic safety
without the induction of systemic IL-6 or TNFa release.
Systemic adverse reactions have been linked to flagellin-based
vaccines.'*7*”*® Clinical adverse reactions include a significant
increase of serum CRP levels, significant increase of serum IL-6
levels, and increase of body temperature in some partic-
ipants.'*7*%® Also, the systemic adverse reactions were
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vaccine dose-dependent, with higher doses associated with
more frequent and severe adverse reactions.'*~***® Despite the
good immunogenicity of flagellin-based vaccines in clinical
trials, the high risk to cause systemic adverse reactions
discouraged their further development. The systemic adverse
reactions observed in flagellin-based vaccines were expected to
be mediated by the overt activation of TLRS, considering
TLRS activation leads to IL-6 synthesis, which further activates
CRP release.””*" A significantly reduced TLRS activation
explained the significantly improved systemic safety of FH
VLP-based vaccines in our studies. Interestingly, the significant
reduction of TLRS activation did not affect the DC activation
and immunogenicity of FH VLP-based vaccines.

B CONCLUSIONS

HBc VLPs and flagellin are highly immunogenic vaccine
delivery platforms and have been extensively explored for
vaccine development against bacterial, viral, and parasitic
diseases and cancer.”'> Despite many years of research, there
are no HBc VLP- or flagellin-based vaccines approved for
human use yet. Our study presents a hybrid flagellin/HBc VLP
platform (FH VLPs) that is potentially more immunogenic,
safer, and more versatile than the parent platforms to support
vaccine development to elicit potent humoral and cellular
immune responses.

B MATERIALS AND METHODS

Reagents. All enzymes used in molecular cloning experiments
were purchased from New England Biolabs (Ipswich, MA). Isopropyl-
p-D-thiogalactoside (IPTG, R0393) and Ni-NTA Agarose (R90115)
were purchased from Thermo Fisher Scientific (Waltham, MA).
Fluorescence-conjugated antibodies used in immunostaining and flow
cytometry were purchased from Biolegend (San Diego, CA) or
Thermo Fisher Scientific (Waltham, MA). LysoTracker Deep Red
(L12492), eight-well chamber slides (Nunc Lab-Tek Chamber Slide,
177442), and protease and phosphatase inhibitor cocktail (78442)
were purchased from Thermo Fisher Scientific (Waltham, MA).
Endotoxin-free OVA, Alum adjuvant (Alhydrogel, 2%), and HEK-
Blue mTLRS cell line (hkb-mtlrS) were purchased from Invivogen
(San Diego, CA). CpG 1018 was synthesized by Trilink
Biotechnologies (San Diego, CA). AFSSS goat antimouse IgG
(ab150114) and antifade fluorescence mounting medium with
DAPI (ab104139) were purchased from Abcam (Cambridge, MA).

Animals. Male BALB/c and female C57BL/6 mice (6—8 weeks
old) were purchased from Charles River Laboratories (Wilmington,
MA). OT-I transgenic mice (003831) were obtained from Jackson
Laboratory (Bar Harbor, ME). The animals were housed in the
animal facilities of University of Rhode Island. The mice were
anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (10 mg/kg) for hair removal and immunization. Animal
experiments involving influenza viruses were conducted in the animal
biosafety level 2 facility of University of Rhode Island. All animal
procedures were approved by the Institutional Animal Care and Use
Committee of University of Rhode Island.

Recombinant Plasmid Construction. Four tandem copies of
M2e from human HI1 and H3, swine HIN1, and avian HSN1 and
H7N9 were chosen to construct recombinant plasmids for the
expression of M2e fusion proteins to expand the vaccine specificity as
reported.”"** A flexible linker (G,S), was inserted between M2e and
also before and after the whole insert to increase the protein chain
flexibility. To construct M2e-inserted FljB-HBc, a forward primer of
HBc, 40 (5'-GCGCATATGGACATTGACCCGTATAAAG-3')
containing Nde I recognition site (underlined) and a reverse primer
(5'-ATAAGCTTTCGTTGTTACTGCTGTATC-3') reverse com-
plementary to FljB g;_,9, were used to amplify the left portion of
FljB-HBc. The forward primer (5-GATACAGCAGTAACAAC-

GAAAGCTTAT-3') corresponding to FljBig;_jo; and the reverse
primer (5'-GGCATTTTTAGCATCTGCTGAAACAAC-3') reverse
complementary to FljB,g;_39; were used to amplify the synthesized
M2e gene flanked with the overlapping sequences from FIjB
(FljB,g3_10; and FljB,g;_30;). The forward primer (5’'-
GTTGTTTCAGCAGATGCTAAAAATGCC-3') corresponding to
FliByy;_30, and the reverse primer of HBc,_j,y (5-GCGCTCGA-
GAACAACAGTAGTTTCCGG-3') containing Xho I recognition site
(underlined) were used to amplify the right portion of FljB-HBc. The
above three PCR products were mixed at equal molar ratios, and the
full-length FH-M2e was amplified using the forward and reverse
primers of HBc,_j49 , as in our previous report.22 HBc-M2e was
constructed using the same strategy by the insertion of four tandem
copies of M2e between A80 and S81 of the adw subtype of the HBc
sequence. The FljB-M2e sequence was amplified from FH-M2e with
the forward and reverse primers of FljB, as in our previous report.22

For OVA-related plasmid construction, DNA encoding OVA,,;_,74
was synthesized by Thermo Fisher Scientific. The flexible linker
(G4S), was inserted before and after the OVA,,,_,7, sequence. A
forward primer of HBc;_j4, and the reverse primer (§'-
GTTTTTCAAAGTTGATTATACTCTCAAGCTGCT-
CAAGGCCTGAGACTTCATCACTACCACCACCACCACTAC-
CACCACCACCATAAGCTTTCGTTGTTAC-3') reverse comple-
mentary to a part of the synthesized OVA (underlined), linker
(italicized), and FljBgs_;9; (no formatting) were used to amplify the
first half of FH-OVA gene. The forward primer (S’-TATAAT-
CAACTTTGAAAAACTGACTGAATGGACCAGTTCTAATGT-
TATGGAAGGTGGTGGTGGTAGTGGTGGTGGTGG-
TAGTGTTGTTTCAGCAGATGCT-3’) containing a part of the
synthesized OVA (underlined), linker (italicized), and FljB,g;_505 (no
formatting) and a reverse primer of HBc,_,, were used to amplify the
second half of the FH-OVA sequence. The above two PCR products
were mixed at 1:1 molar ratio, and the full-length FH-OVA was then
amplified with the forward and reverse primers of HBc;_ 4. HBc-
OVA was constructed using the same strategy by insertion of
OVA,,;_,74 with linkers between A80 and S81 of the adw subtype of
HBc. The FljB-OVA sequence was amplified from FH-OVA, as
described above.

PCR products were purified, digested with Nde I and Xho I, and
ligated into the pET-29a vector. Successful ligation was confirmed by
sequencing.

Expression, Purification, and Characterization of M2e and
OVA Fusion Proteins. Bacterial BL21 cells were transformed with
FH-M2e, FljB-M2e, and HBc-M2e plasmids or FH-OVA, FljB-OVA,
and HBc-OVA plasmids and grown in LB medium. Recombinant
protein expression followed the same procedures as in our recent
report.”” Briefly, IPTG was used to stimulate protein expression, and
bacteria pellets were sonicated under native conditions. Supernatants
were used to purify FljB-OVA and FljB-M2e, and inclusion bodies
were used to purify FH-OVA, HBc-OVA, FH-M2e, and HBc-M2e via
Ni-NTA columns. All samples were dialyzed against PBS to initiate
protein folding or VLP assembly. Purified proteins were subjected to
SDS-PAGE analysis. Samples with putative VLP formation were
subjected to TEM and DLS analysis.

Antigen Uptake and DC Maturation. BMDCs were similarly
prepared as in our previous 1'eport.43 Immature BMDCs were seeded
at 10° cells/mL into eight-well chamber slides and stimulated with the
FH-M2e VLPs, HBc-M2e, FljB-M2e, and M2e peptide mixture at 70
nM of the respective proteins or peptides. LysoTracker Deep Red (75
nM) was added after 1.5 h to stain acidic organelles. The cells were
washed, fixed with 4% paraformaldehyde, and treated with 0.25%
Triton X-100 to permeabilize the cell membrane. After washing, the
cells were blocked with 2% normal mouse serum in PBS
supplemented with 0.1% Tween 20 (PBST) for 1 h at room
temperature. The cells were then incubated with 1:200 diluted
immune serum from KLH-M2e-immunized mice overnight at 4 °C.
After washing with PBST, the cells were incubated with 1:500 diluted
AF555-conjugated goat antimouse IgG for 1 h at room temperature.
After washing, the chamber wells were removed, and the chamber
slides were mounted with antifade fluorescence mounting medium
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with DAPI to stain cell nuclei. The cells were imaged under a Nikon
Eclipse Ti2 inverted confocal microscope.

For maturation study, immature BMDCs were seeded in 96-well
plates and stimulated with the same concentration of FH-M2e VLPs,
HBc-M2e, FljB-M2e, and M2e peptides for 20 h. The cells were then
stained with fluorescence-conjugated anti-CD11c (N418), anti-CD40
(3/23), anti-CD86 (GL-1), and anti-CD80 (16-10A1) antibodies,
followed by flow cytometry analysis in BD FACSVerse.

Immunization. The endotoxin levels of protein samples were
reduced to below 7.5 ng/mg for in vivo studies, as in our recent
report.22 For M2e immunization studies, male BALB/c mice were
intramuscularly immunized with 40 ug M2e peptide mixture (10 pg/
peptide, synthesized by Thermo Fisher Scientific) in the presence of
Alum adjuvant (Alhydrogel 2%, Invivogen), S ug FljB-M2e, 2.7 ug
HBc-M2e, and PBS (first study) or 6.5 ug FH-M2e VLPs, 5 ug FljB-
M2e, and PBS (second and third studies). The M2e content remained
the same in FljB-M2e, HBc-M2e, and FH-M2e VLP groups, while the
M2e peptide mixture contained at least 40 times more M2e content
than other groups. For M2e immunization at increased doses, mice
were intradermally immunized with 25 ug FljB-M2e or 32.5 ug FH-
M2e VLPs (equal M2e content). For M2e immunization involving
CpG 1018, mice were intradermally immunized with 24.3 ug FH-M2e
VLPs alone or in the presence of 2 ug CpG 1018 or immunized with
PBS as a negative control. Immunization was repeated after 3 weeks.
For OVA peptide immunization, female CS7BL/6 mice were
intradermally immunized with 8 ug FH-OVA VLP, 5.8 ug FljB-
OVA, 2.6 ug HBc-OVA VLP, or left non-immunized as a negative
control. The OVA peptide content remained the same among groups,
except for the negative group. For OVA peptide immunization
involving CpG 1018, female CS7BL/6 mice were intradermally
immunized with 8 ug FH-OVA VLPs alone or in the presence of 40
ug CpG 1018 or left non-immunized as a negative control.
Immunization was repeated three times at 3-week intervals.

Serum Antibody Titer. Serum anti-OVA or anti-M2e antibody
titer was measured by enzyme-linked immunosorbent assay (ELISA)
by coating plates with 10 yg/mL OVA,,;_,,, peptide (synthesized by
GenScrizpt) or 10 pg/mL M2e peptide mixture as in our previous
report.2 o

Adoptive Transfer and Cell-Mediated Immune Response.
Purification of OT-I T cells from OT-I transgenic mice, CFSE
staining, and adoptive transfer were performed, referring to our
previous report.*> Mice were then intradermally immunized with
different OVA immunogens 24 h after the adoptive transfer of CFSE-
stained OT-I T cells. Draining LNs were collected after 4 days, and
single-cell suspensions were prepared. In some experiments, cells were
stained with fluorescence-conjugated anti-CD4 (GK1.5) and CD8
(53—6.7) antibodies and then subjected to flow cytometry analysis of
CFSE* OT-I T cell expansion. In other experiments, cells were
stimulated with the CTL epitope of OVA in the presence of anti-
CD28 antibodies overnight. Brefeldin A (420601, Biolegend) was
added S h before cell harvest. The cells were then stained with
fluorescence-conjugated anti-CD8 (53—6.7) antibodies, fixed, and
permeabilized and then stained with fluorescence-conjugated anti-
Granzyme B (NGZB), TNFa (MP6-XT22), and IFNy (XMGI1.2)
antibodies. The percentage of CFSE" cells in CD8" T cells and single,
dual, and triple cytokine-secreting cells in CFSE* CD8" T cells was
compared among groups.

Cell-Mediated Immune Response in PBMCs. Isolation,
stimulation, and staining of PBMCs to measure the percentage of
IL4- and IFNy-secreting CD4* and CD8" T cells were performed,
referring to our previous report.45 In some experiments, cells were
stained with fluorescence-conjugated H-2K"-restricted OVA,g;_,
(SIINFEKL) tetramer and anti-CD8 antibodies ($3—6.7), both of
which were obtained from MBL International. The cells were then
fixed, permeabilized, and stained with fluorescence-conjugated anti-
Granzyme B (NGZB), TNFa (MP6-XT22), and IFNy (XMG1.2)
antibodies. The cells were subjected to flow cytometry analysis in BD
FACSVerse.

Proinflammatory Cytokine and Rectal Temperature. Serum
IL-6 and TNFa levels were measured by the mouse IL-6 ELISA kit

(88-7604-88, Invitrogen) and mouse TNFa ELISA kit (88-7324-88,
Invitrogen), respectively. The mouse rectal temperature was measured
right before and 24 h after immunization with a mouse rectal
temperature probe connected to PhysioSuite (Kent Scientific).

Influenza Viral Challenge. Influenza viral challenge was
performed, referring to our previous report.”* Briefly, the mice were
anesthetized and inoculated intranasally with 4 or 8X LDs, PR8, 2X
LDs, of pdm09, or 5X LDy, of H3N2 viruses. Body weight and
survival were monitored daily for 14 days. The mice were euthanized
and considered dead if their body weight loss was more than 25%.

Tumor Model. E.G7-OVA (CRL-2113, ATCC) and B16F10-
OVA cells (a kind gift from Dr. Jeffrey A Hubbell, University of
Chicago) were cultured in complete RPMI1640 and DMEM medium,
respectively, as in our previous report.** Cells were harvested at ~80%
confluency and washed in PBS. BALB/c mice were subcutaneously
injected with 10° E.G7-OVA cells, and C57BL/6 mice were
subcutaneously injected with 10®° BI6F10-OVA cells into the right
flank of mice. The tumor size was measured with a digital caliper, and
the tumor volume was calculated as in our recent report.**

TLR5 Activation Assay. Murine TLRS activation assay followed
the same protocol as in our previous report.”> Briefly, HEK-Blue
mTLRS cells were seeded into 96-well plates and incubated with FH
VLP, FH VLP with D3 domain deleted (FH,p; VLP), FH-OVA VLP,
FljB-OVA, and FIjB at 8, 40, 200, and 1000 pM for 10 h. OD¢;¢,,,, was
read in a microplate reader that reflected the relative TLRS activation
ability.

Statistics. Values were expressed as mean + SEM (standard error
of the mean). Student’s t test was used to compare the differences
between groups. One-way ANOVA with Tukey’s multiple comparison
test was used to compare the differences for more than two groups or
otherwise specified. P value was calculated by PRISM software
(GraphPad, San Diego, CA) and considered significant when it was
less than 0.0S.
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