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The C3d-fused foot-and-mouth disease vaccine platform
overcomes maternally-derived antibody interference by
inducing a potent adaptive immunity

Min Ja Lee®'®, Hyun Mi Kim', Sehee Shin', Hyundong Jo', So Hui Park', Su-Mi Kim' and Jong-Hyeon Park’

Vaccination prevents and controls foot-and-mouth disease (FMD). However, the current FMD vaccine remains disadvantageous
since it cannot overcome maternally-derived antibody (MDA) interference in weeks-old animals, which suppress active immunity
via vaccination. To address this, we developed the immune-enhancing O PA2-C3d and A22-C3d FMD vaccine strains that can
stimulate receptors on the surface of B cells by inserting C3d (a B cell epitope) into the VP1 region of O PA2 (FMDV type O) and A22
(FMDV type A). We purified inactivated viral antigens from these vaccine strains and evaluated their immunogenicity and host
defense against FMDV infection in mice. We also verified its efficacy in inducing an adaptive immune response and overcome MDA
interference in MDA-positive (MDA(+), FMD-seropositive) and -negative (MDA(—), FMD-seronegative) pigs. These results suggest a
key strategy for establishing novel FMD vaccine platform to overcome MDA interference and induce a robust adaptive immune

response.
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INTRODUCTION

Foot-and-mouth disease (FMD), an acute infectious disease in
cloven-hooved animals, especially pigs and cattle, causes sig-
nificant economic loss to the livestock industry as it rapidly
spreads, thereby causing high mortality in young individuals and
reducing productivity. The current commercial FMD vaccine
requires periodic and repeated vaccination in both cattle and pigs.
Following vaccination, the maternally-derived antibodies (MDA)
are transferred to the offspring through the placenta or ingestion
of colostrum to form passive immunity. Upon initial infection with
the FMD virus (FMDV), the MDA have a short-term protective
effect in calves and piglets. Early vaccination of an FMD vaccine in
young-week-old animals causes interference via passive immunity
by inhibiting antigen-specific antibody production in plasma cells
and memory B cells, resulting in immunological tolerance, which
reduces the efficacy of the vaccine and inhibits the formation of
active immunity>. Therefore, the current FMD vaccination program
in Korea recommends that calves and piglets be vaccinated
2-3 months after birth, when the MDA levels decrease. Since the
level, titer, and half-life of MDA vary between individuals, it is
difficult to determine the appropriate timing for FMD vaccination
in practice. Moreover, the commercially available FMD vaccine
cannot overcome the interference by MDA.

Various studies have reported the relationship between MDA
interference and reduced efficacy of FMD vaccines*®, and the
optimal timing for vaccination in young animals”8. However, few
studies have suggested strategies for inducing a strong immune
response by effectively overcoming MDA. Vaccines are also being
developed against other viruses, such as NDV>'°, AIV'!, PRRSV'?,
PCV-2"3, 1AV'?, and CSFV'%, to overcome MDA interference in birds
and pigs. However, few systematic studies with an immunological
approach have been conducted on the development of a vaccine
composition that can simultaneously induce a strong cellular and
humoral immune response while evading MDA interference.

There are three main pathways for the activation of B cells: 1)
the T cell-dependent pathway, 2) the T cell-independent pathway
(type 1), and 3) the T cell-independent pathway (type ll). In the T
cell-dependent pathway, B cells are activated through the TCR/
MHC complex and the CD40L (CD154)/CD40 pathway, among
others. In the rare T cell-independent pathway type |, a pathogen-
associated molecular pattern (PAMP) stimulates pattern-
recognition receptors (PRRs) to directly activate B cells. In the T
cell-independent pathway type Il, B cell receptors (such as CD21,
CD19, and CD81) are stimulated by antigens or B cell epitopes
(such as C3d) to activate B cells' 'S, In the presence of MDA,
immune tolerance complicates antigen presentation to T cells, the
induction of a cellular immune response, and the activation of B
cells through a T cell-dependent pathway. Thus, the B cells either
activated directly through a dependent pathway, or continuously
stimulated through the induction of a potent cellular immune
response.

We previously developed an FMD vaccine strain with immune-
enhancing effects that strengthened initial, intermediate, and
long-term immunity through the simultaneous induction of
cellular and humoral immunity, and presented an advanced
vaccine platform using purified antigens derived from novel
vaccine strain'’. In the present study, we attempted to overcome
MDA interference by directly stimulating the receptors on the B
cell surface using the B cell epitope, C3d'®-2°, The specific epitope
(13 amino acids) of C3d was inserted into an O PA2 or A22 VP1
backbone to create two FMD vaccine strains: O PA2-C3d (FMDV
type O) and A22-C3d (FMDV type A). The immune-enhancing
antigen purified from these vaccine strains was used to develop a
novel FMD vaccine.

We investigated the ability of this vaccine to overcome MDA
interference and induce an adaptive immune response in mice
(experimental animal) and pigs (target animal).
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RESULTS

Development of the immune-enhancing FMD vaccine strain
and the purification of inactivated antigens using O PA2-C3d
and A22-C3d

To develop FMD vaccine strains capable of overcoming MDA
interference, capsid protein-coding sequence backbones based on
the O1 Manisa-O PA2-R (O1 Manisa-O PA2) and O1 Manisa-A22/
Iraq/24/64-R (O1 Manisa-A22) strains were used. We generated the
FMD vaccine strains—FMDV type O and FMDV type A—by
inserting the specific epitope of C3d (a B cell epitope) into the O
PA2 and A22 VP1 coding region (Fig. 1a, b). The inactivated viral
antigens were produced and purified using 2 types of immune-
enhancing FMD vaccine strain (O PA2-C3d and A22-C3d) and 2
types of backbone viruses (O PA2 and A22) which were used as
the positive control (PC). To better illustrate the properties of the
antigen derived from O PA2-C3d and A22-C3d and confirm the
formation of the SP band and the non-formation of the NSP band,
the antigen was mounted on the antigen kit (PBM rapid test kit).
Results confirmed structural proteins (SP) band formation even
with a very small dose of 2.34ng (1/640 dose) and no non-
structural protein (NSP) band formation, indicating that the
antigens were distinguishable from the field strains (Supplemen-
tary Figure 1a-d). The antigens (146S particle) were purified
through a sucrose gradient and observed under transmission
electron microscopy (TEM), and formed the 146S particle
(Supplementary Figure 2a-d). In addition, we confirmed whether
the FMDV, in which the specific epitope of ‘C3d’ was inserted,
maintained the genetic stability of the virus even after passaging
into cells, and finally verified no sequence change until the 4™
passage (Supplementary Figure 3). Therefore, we used this as the
antigen for the FMD study vaccine.

The immune-enhancing FMD antigen induces IFNy secretion

To demonstrate the C3d-inserted FMDV antigen-induced specific
cellular immune response, we confirmed the ‘C3d’ inserted FMDV
(O PA2-C3d, A22-C3d) Ag-mediated IFNy secretion via in vitro

ELISpot assay using peritoneal exudate cells (PECs) isolated from
mouse peritoneal lavage fluid and peripheral blood mononuclear
cells (PBMCs) isolated from porcine whole blood. Inactivated
FMDV antigen derived from O PA2-C3d and A22-C3d induced
significantly higher IFNy secretion than those in the control on
murine PECs and porcine PBMCs (Supplementary Figure 4). Taken
together, these results demonstrated that O PA2-C3d and A22-
C3d can induce Th1-type immune responses.

The immune-enhancing FMD vaccine exhibits high
immunogenicity in mice and provides a strong host defense
against FMDV infection

To confirm the immunogenicity of the antigens derived from O
PA2-C3d and A22-C3d, assess their potential as a master seed virus
(MSV) for the FMD vaccine, and evaluate their protective effects
against FMDV infection, experiments were performed according to
the strategies illustrated in Fig. 2a.

The vaccine containing the backbone strain O PA2 derived antigen
showed an immunogenicity of 55.72 protective dose 50 (50%
protective dose; PDsp) value (log,; four-fold dilution) as the mouse
dose (one-tenth that for pigs) (Fig. 2b), and a body weight loss of
approximately 10% at 1/640 dose (Fig. 2¢). In contrast, the vaccine
containing O PA2-C3d antigen showed 100% survival at the 1/10, 1/
40, and 1/160 doses and 80% survival for the 1/640 dose with a 97.01
PDs (log,) (Fig. 2d). There were almost no changes in body weight
for the 1/10, 1/40, and 1/160 doses (Fig. 2e). The vaccine containing
the backbone strain A22 antigen showed an immunogenicity of 6.06
PDs (logy) (Fig. 2f), and showed a weight loss of approximately 20%
at the 1/40-1/60 dose (Fig. 2g). However, the vaccine containing the
A22-C3d antigen showed 100% survival for the 1/10, 1/40, and 1/160
doses and 60% survival for the 1/640 dose with 73.52 PDsq (loga,)
(Fig. 2h). There were no changes in body weight for the 1/10, 1/40,
and 1/160 doses (Fig. 2i).

To verify the immunogenicity of the bivalent vaccine
(containing the O PA2-C3d + A22-C3d antigens) in mice, we
conducted a PDsq test (Fig. 3a) and compared the results to

(a)
C3d epitope
456 457
Primer 3AR < » Primer 3AF
rimer G KUY NV EATTTS Y A rimer
153 456/457 nt (152/153 aa) of VP1 154
P 2A| 2B | 2C | 3A |||| 3Cpro 3Dpol Poly (A)A
3B )
01 Manisa O PA2 O1 Manisa
I T i g
(b)
C3d epitope
454 455
Primer 3AR < » Primer 3AF
G K Q L Y N V E AT S Y A
152 453/454 nt (151/152 aa) of VP1 153
3Dpol Poly (A) A
O1Manisa A22/Iraq/24/64 O1 Manisa

Fig. 1

Construction of the immune-enhancing FMDV vaccine strains, O PA2-C3d and A22-C3d. (a, b) O PA2-C3d (a); A22-C3d (b). The B cell

epitope, C3d (with 13 amino acid residues in the VP1 region) is used to prepare the virus. The O PA2 (O PA2-R) or A22 (A22-R) P1 strains—
where the P1 region of O1 Manisa is substituted with O PA2 P1 or A22 P1—are used as the backbone to prepare the immune-enhancing FMD
vaccine strains that can overcome interference by maternally-derived antibodies.

npj Vaccines (2022) 70

Published in partnership with the Sealy Institute for Vaccine Sciences



(@)

C57BLI6N
(6wks old, 9, n=5/group)

M.J. Lee et al.

npj

Negative control O PA2 or O PA2 or
(NC) O PA2-C3d O PA2-C3d
(1/10 dose) (1/40 dose)

C57BL/I6N
(6wks old, 2, n=5/group)

O PA2 or O PA2 or

0 PA2-C3d 0 PA2-C3d
(11160 dose)

(1640 dose)

Negative control A22 or
(NC) A22-C3d A22-C3d
(1/10 dose) (1/40 dose)

Vaccination
via .M.

¥

Challenge with
100LDs,, O/VET/2013 or A/Malay/97

v

A22 or

A22 or A22 or
A22-C3d A22-C3d

(1/160 dose)

(1/640 dose)

Sacrifice

v

I
0 dpv

-~
=2
-

Survival rate

L.

>—o

50+

Percent survival

0 1 2 3 4 5
Days post challenge with O/VET/2013 (dpc]

(@

Survival rate

Percent survival
a
i

0 1 2 3 4 5 6 7
Days post challenge with O/VET/2013 (dpc)

~
=

Survival rate

50

Percent survival

[ S

0 1 2 3 4 5 6 7
Days post challenge with A/Malay/97 (dpc)

(h)

Survival rate

Percent survival
a
i

0 1 2 3 4 5 6 7
Days post challenge with A/Malay/97 (dpc)

Fig. 2 Vaccine efficacy and protective effects of O PA2-C3d and A22-C3d in mice. C57BL/6 mice (n = 5/group) were administered the test
vaccine at 1/10, 1/40, 1/160, 1/640 doses of O PA2 or O PA2-C3d or A22 or A22-C3d antigen for cattle or pig use, ISA 206 (oil-based emulsion,
50%, w/w), 10% Al(OH)s, and 15 pg Quil-A. A negative control (NC) group was injected with the same volume of PBS. The test vaccines were
injected intramuscularly into mice that were later challenged with FMDV type O (100 LDs, O/VET/2013) or FMDV type A (100 LDso A/Malay/97)
at 7 dpv. The survival rates and body weights were monitored for 7 dpc. (a-i) Experimental strategy (a); survival rates post-challenge with O/
VET/2013 (b, d) or A/Malay/97 (f, h); changes in body weight post-challenge with O/VET/2013 (c, e) or A/Malay/97 (g, i). The data represent the
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Fig. 3 Vaccine efficacy and protective effects of a bivalent test vaccine containing the O PA2-C3d and A22-C3d antigens. C57BL/6 mice
(n = 4/group) were administered the test vaccine at 1/10, 1/40, 1/160, 1/640 doses of O PA2 + A22 antigen or O PA2-C3d + A22-C3d antigen
for cattle or pig use, ISA 206 (oil-based emulsion, 50%, w/w), 10% Al(OH)s, and 15 pg Quil-A. A negative control (NC) group was injected with
the same volume of PBS. The test vaccines were injected intramuscularly into mice that were later challenged with FMDV type O (100 LDso O/
VET/2013) or FMDV type A (100 LDs, A/Malay/97) at 7 dpv. The survival rates and body weights were monitored for 7 dpc. (a-i) Experimental
strategy (a); survival rates post-challenge with O/VET/2013 (b, d) or A/Malay/97 (f, h); changes in body weight post-challenge with O/VET/2013

Days post challenge with A/Malay/97 (dpc)

(c, ) or A/Malay/97 (g, i). The data represent the mean = SEM of triplicate measurements (n = 4/group).
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those of the group that received the vaccine (containing the O
PA2 + A22 antigens) as the backbone of the immune-
enhancing vaccine strain (Fig. 3b-i). The bivalent vaccine
containing O PA2 4 A22 antigens showed PDsq, (log,) values
of 5.66 and 4 when challenged with O/VET/2013 (Fig. 3b, c) and
A/Malay/97 (Fig. 3f, g), respectively, in mice. The bivalent
vaccine containing O PA2-C3d + A22-C3d antigens showed
high immunogenicity, with PDsq (log,) values of 90.5 and >128
when challenged with O/VET/2013 (Fig. 3d, e) and A/Malay/97
(Fig. 3h, i), respectively.

The immune-enhancing FMD vaccine strain overcomes MDA

interference, induces a potent adaptive immune response in
pigs, and effectively maintains early, intermediate, and long-
term immunity

To assess the immunogenicity of the antigens derived from the
immune-enhancing FMD vaccine strains, O PA2-C3d and A22-C3d,
we performed an target animal experiment using MDA-positive
(MDA(+), FMD-seropositive) and -negative (MDA(—), FMD-serone-
gative) pigs, and evaluated their efficacy to induce an adaptive
immune response and overcome MDA interference (Fig. 4a).

When the vaccine containing the O PA2-C3d + A22-C3d
antigens was administered to MDA(+) pigs, the antibody titer
(measured using SP O ELISA) significantly increased compared to
that in the PC group vaccinated with the vaccine containing the O
PA2 + A22 antigens at 14 dpv (p < 0.001, PrioCheck™ and VDPro®
kits). The significant difference lasted until 28 dpv at p <0.05
(PrioCheck™ kit) and p <0.01 (VDPro® kit). After boosting the
vaccine on 28 dpv, the antibody titer was significantly increased in
the experimental group, whereas the NC group showed a gradual
decrease in the antibody titer (Fig. 4b, c). The antibody titer (as
measured by SP A ELISA) was higher in the experimental group
than in the PC group at 42, 70, and 84 dpv (p <0.001, p <0.05,
PrioCheck™ kit) (Fig. 4d, e).

The vaccine was also administered to MDA(—) pigs to confirm
the induction of adaptive immune response as well as inter-
mediate and long-term immunity. The experimental group
showed a significantly higher antibody titer (measured using SP
O ELISA) from 28 dpv compared with the PC group (p<0.01,
PrioCheck™ kit; p < 0.05, VDPro® kit), with the titers remaining
high at 42 to 70 dpv (p<0.01 and p<0.05) (Fig. 4f, g). The
experimental group showed persistently higher level of the
antibody titer (measured using SP A ELISA) in the MDA(—) group
compared with the PC group, and significant differences were
found between the groups at 14 dpv (p < 0.01, VDPro® kit), and 84
dpv (p < 0.05, PrioCheck™ kit; p < 0.01, VDPro® kit) (Fig. 4h, i).

The titers of neutralizing antibodies against O1 Campos, A2001
Argentina, and A24 Cruzeiro were measured in the MDA(+) and
MDA(—) (MDA(+)/MDA(-)) pigs prior to vaccination (0 dpv) (Fig.
5a) and confirmed using a homologous virus for the O PA2 and
A22 antigens in the PC group (Fig. 5b—e). The titer was >1.65 log;o
and <1.2 logyq in the MDA(+) and MDA(—) groups, respectively.
The antibody titer (as measured by SP O and SP A ELISAs) was
high in the MDA(+) group at 0 dpv; however, the neutralizing
antibody titer for O PA2 and A22 was below the protective level
(<1.2 logs)-

Compared to the NC and PC groups, the VN titer for O PA2 (Fig.
5b, ¢) was significantly higher in the experimental group
administered the vaccine containing the O PA2-C3d + A22-C3d
antigens from 7 dpv (NC vs Exp. p<0.05; PC vs Exp. p<0.05,
MDA(+) pigs). The titer continuously increased until 28 dpv (NC vs
Exp. p<0.01, MDA(+) pigs; NC vs Exp. p<0.001, PC vs Exp.
p<0.05, MDA(—) pigs). After boosting, the VN titer in the
experimental group was higher than that in the PC group at 42
and 84 dpv (p <0.01 and p < 0.001, respectively) on MDA(+) pigs,
and 56, 70 and 84 dpv (p<0.001, p<0.01 and p<0.01,
respectively) on MDA(—) pigs.
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The VN titer against A22 (Fig. 5d, e) was higher in the
experimental group than in the NC and PC groups at 28 dpv (NC
vs Exp. p<0.01, MDA(+) pigs; NC vs Exp. p<0.01, PC vs Exp.
p<0.01). A difference between the experimental and PC groups
was observed at 42 and 84 dpv (p <0.01, p<0.05, p<0.001 and
p <0.001, respectively, MDA(+) pigs; p <0.05, p<0.05 p<0.01
and p < 0.05, respectively, MDA(—) pigs).

To evaluate the effect of the immune-enhancing vaccine strain,
O PA2-C3d and A22-C3d on porcine total IgG, IgM, and IgA
production in MDA(+)/MDA(—) pigs, we performed an immu-
noassay using sera from vaccinated pigs as shown in Fig. 4a. The
concentration of I1gG, IgM, and IgA were all significantly higher in
MDA(+) pigs than in MDA(—) pigs at 0 dpv (p < 0.0001, p < 0.001,
and p < 0.01. respectively). However, IgG, IgM, and IgA concentra-
tions of MDA(+)/MDA(—) pigs were significantly higher in the
experimental group than in the PC and NC group at 84 dpv after
vaccination (p <0.0001, p <0.01, and p < 0.05, respectively).

Notably, the concentration of these total immunoglobulin
subtypes was significantly higher in MDA(—) pigs than in
MDA(+) pigs by administration of a vaccine containing an
immune-enhancing vaccine strain antigen (p <0.0001, p <0.001,
p <0.01, respectively) (Fig. 6a—c).

The immune-enhancing FMD vaccine strain induces a robust
cellular immune response by effectively inducing the
expression of cytokines and co-stimulatory molecules in
porcine peripheral blood mononuclear cells

To determine the effect and mechanism of inducing immune-
enhancing vaccine strain-mediated cellular immune response, we
conducted qRT-PCRs using isolated porcine peripheral blood
mononuclear cells (PBMCs) from the whole blood at each
sampling time point in the vaccinated pigs with the vaccine
containing the O PA2-C3d and A22-C3d antigens (Fig. 7a-v) as
illustrated in Fig. 4a. The results showed changes in the gene
expression of cytokines (IFNa, IFN(, IFNy, IL-13, IL-17A, 1L-23p19,
IL-23R, IL-2, IL-10, TGFB, IL-4, IL-6) and co-stimulatory molecules
(CD40, CD80, CD86, MHC class I, MHC class Il, CTLA4, CD21, CD28,
ICOS, AHNAK) related to the induction of cellular immune
response at 7 dpv.

The expression levels of genes encoding proinflammatory
cytokines were very high in MDA(+)/MDA(—) pigs. In particular,
the expression levels of Type | IFN such as IFNa and IFNB were
higher in the experimental group than in the NC group on 7 dpv
in MDA(+)/MDA(—) pigs (p < 0.0001 and p < 0.001) (Fig. 7a, b). The
expression level for IFNy was somewhat lower than those for IFNa
and IFN, but significantly higher in the experimental group than
in the NC group in the MDA(+)/MDA(—) conditions (both p < 0.05)
(Fig. 7c). IL-1B expression in the experimental group was markedly
higher than in the NC group in the MDA(+)/MDA(—) conditions
(p<0.001 and p<0.0001, respectively), and was significantly
different from that in the PC group (both p < 0.0001) (Fig. 7d). IL-
17A, IL-23p19 and IL-23R expressions were higher in the
experimental group than in the NC group in the MDA(+)/
MDA(—) conditions (IL-17A: p <0.0001 and p < 0.01, respectively;
IL-23p19: (p<0.01 and p<0.001, respectively; IL-23R: both
p <0.05) (Fig. 7e-g). Especially, IL-23p19 expression was signifi-
cantly different between the experimental and PC groups in the
MDA(—) condition (p < 0.05) (Fig. 7f). The expression levels of IL-2
and TGF( were high in the order of experimental>PC > NC groups,
although there were no statistically significant differences
between the groups (Fig. 7h, j). Expression levels of the anti-
inflammatory cytokine, IL-10, were higher in the experimental
group than in the NC group in the MDA(+)/MDA(—) conditions
(p <0.05) (Fig. 7i). IL-4 and IL-6 expression levels were higher in
MDA(+) pigs than in MDA(—) pigs, significantly different between
the experimental and NC groups in the MDA(+) condition
(p<0.01). In the MDA(-) condition, IL-4 expression was
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significantly different between the experimental and NC groups
(p <0.05) (Fig. 7k, I).

The expression levels of the co-stimulatory molecules were
lower compared to the overall expression levels of the cytokines,
but were significantly higher in the experimental group than in

npj Vaccines (2022) 70

SP O ELISA_VDPro®

® MDA(+)_NC
© MDA(+)_O PA2+A22
© MDA(+)_O PA2-C3d+A22-C3d

L] 7 14 28 42 56 70
Days post vaccination (dpv)

SP A ELISA_VDPro®

e MDA(+)_NC
© MDA(+)_O PA2+A22
© MDA(+)_O PA2-C3d+A22-C3d

0 7 14 28 42 56 70 84
Days post vaccination (dpv)

SP O ELISA_VDPro®

P

150
® MDA()_NC

© MDA(-)_O PA2+A22

® MDA(-)_O PA2-C3d+A22-C3d

=
S

Percent inhibition (%)
o
]

0 7
Days post vaccination (dpv)

14 28 42 56 70 84

SP A ELISA_VDPro®

(=2}

@
3

= - TR ws @ MDA()_NC
< DL LT T o woaq opazene
8 100 e MDA(-)_O PA2-C3d+A22-C3d
2
z °
£
T 50 §
Pl
[ ° !

o LN !. T

0 7 14 28 42 56 70 84

Days post vaccination (dpv)

the PC or NC groups. The expression levels of CD80 (Fig. 7n),
CTLA4 (Fig. 7r), CD21 (Fig. 7s), CD28 (Fig. 7t), and ICOS (Fig. 7u)
were significantly different between the experimental and NC
groups in the MDA(+)/MDA(—) conditions (CD80: p<0.01,
p<0.001, respectively; CTLA4: p<0.01, p<0.001, respectively;
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Fig.4 Immune responses mediated by the immune-enhancing FMDV (O PA2-C3d and A22-C3d), as measured by SP O and SP A ELISA for
overcoming interference by maternally-derived antibodies (MDA) in pigs. Pigs (8-9 weeks old) that were FMD antibody-seropositive
(MDA(+), n=16) or FMD antibody-seronegative (MDA(—), n = 16) animals were divided into three groups, respectively: a negative control
group (NC, n=4/group), a positive control group (PC, n = 6/group), and an experimental group (Exp., n = 6/group). The Exp. group were
administered the test vaccines containing 15pg (1 dose for cattle and pig use) O PA2-C3d + A22-C3d antigen with ISA 206 (oil-based
emulsion, 50%, w/w), 10% Al(OH)s, and 150 pg Quil-A. The positive control group received 15 pg (1 dose for cattle and pig use) O PA2 + A22
antigen with ISA 206 (oil-based emulsion, 50%, w/w), 10% AI(OH);, and 150 pg Quil-A. A negative control (NC) group was injected with the
same volume of PBS. The vaccination was performed twice at 28-day intervals, with 1 mL vaccine (1 dose) injected via a deep intramuscular
route on the animals’ necks. Blood samples were collected at 0, 7, 14, 28, 42, 56, 70, and 84 days post vaccination in pigs for serological assays.
(a-i) Study strategy (a); SP O antibody titers (PrioCheck™ kit) in MDA(+) pigs (b); SP O antibody titers (VDPro”® kit) in MDA(+) pigs (c); SP A
antibody titers (PrioCheck™ kit) in MDA(+) pigs (d); SP A antibodly titers (VDPro® kit) in MDA(+) pigs (e); SP O antibody titers (PrioCheck™ kit)

in MDA(-) pigs (f); SP O antibody titers (VDPro" kit) in MDA(-) pigs (g); SP A antibody titers (PrioCheck™ kit) in MDA(~) pigs (h); SP A antibody
titers (VDPro~ kit) in MDA(—) pigs (i). The data represent the mean + SEM of triplicate measurements (n = 4 or 6/group). Statistical analyses

were performed using a two-way ANOVA followed by Tukey’s test. "p < 0.05; “p < 0.01;

*kk KRRK

p<0.001; and =~ p<0.001.

CD21: p<0.01, p <0.0001, respectively; CD28: p < 0.05, p < 0.0001,
respectively; and ICOS: p <0.05, p <0.0001). Among these, CD80,
CD21, and CD28 showed considerable changes in gene expression
following the administration of the experimental vaccine. ICOS
expression was higher in individuals vaccinated with the strain
containing C3d than in those administered the backbone strain,
and the difference was significant between the experimental and
PC groups in the MDA(+)/MDA(—) conditions (p<0.05 and
p <0.0001, respectively). Notably, expression levels of CD86 (Fig. 70)
and AHNAK (Fig. 7v) were significantly different between the
experimental and NC groups in the MDA(—) condition (p < 0.0001
and p<0.001, respectively). CD86 expression levels were also
significantly different between the experimental and PC groups in
the MDA(—) group (p <0.0001), and MHC class | (Fig. 7p) genes
showed lower expression levels in the MDA(—) condition than in
MDA(+). The expression levels of CD40 (Fig. 7m) and MHC class I
(Fig. 7g) genes were not significantly different between groups.

DISCUSSION

In the FMD vaccine, inactivated viral antigens are used. Several
studies are also being conducted for vaccines using 1) a modified
inactivated virus vaccine (DIVA vaccine)?', 2) viral vector vaccine??,
3) virus-like particle (VLP) vaccine?3, 4) peptide vaccine?*, 5) plant-
based recombinant vaccine®®2%, 6) DNA vaccine?’, 7) RNA
vaccine®®, and 8) live-attenuated vaccine®*3°. However, the
inactivated viral vaccine remains superior in terms of efficacy.
Recently, we developed an immune-enhancing vaccine strain in
which the specific epitope of HSP70 (an immune-enhancing
molecule) and 3 A (a T cell epitope) were inserted into the VP1
region (a viral surface structural protein) to increase the
immunogenicity of the FMD viral antigen, elicit simultaneous
induction of the cellular and humoral immune response, and
strengthen the early, intermediate and long-term immunity'’.
Based on these strategies, we selected ‘C3d’ in this study to create
a vaccine that could overcome the following limitations of the
current commercially available FMD vaccine: MDA interference in
young, week-old animals, and inhibition of the formation of active
immunity upon vaccination.

Antibody-mediated immune responses orchestrated by B cells
play an important role in protecting the host from pathogens. The
signaling process is initiated by the recognition of the antigen by
the highly specific B cell receptor (BCR) displayed on the B cell
surface. Antigen affinity discrimination is an intrinsic function of
the BCR and antigen with varying affinity for BCR induce
differential B cell response®'2, The interaction between the
antigen and BCR induces receptor micro-clustering on the cell
surface. This results in a signaling cascade through calcium influx,
causing transcriptional activation in B cells**3%. The signaling
process through the BCR complex is tightly regulated by several
different co-receptors such as stimulatory receptors (e.g., CD19,
CD21), and inhibitory receptors (e.g., CD22, CD45, FcyRIlb)*>3¢, B
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cells are regulated through receptors on the surfaces of multiple
checkpoints®’, and strategically targeting the B cell receptors in
each of these signals can help modulate the immune response to
vaccination.

The complement system is essential for immune homeostasis
and plays an important role in linking innate and adaptive
immune responses. The most important member of the comple-
ment system is C3d—a B cell epitope derived from complement
component 3 (C3)—which forms a C3d-tagged microorganism
(pathogen) or antigen capable of binding to CR2 (CD21) in B cells
and follicular dendritic cells (DCs) for opsonization®33°. When a
C3d-tagged pathogen simultaneously interacts with CD21 and
BCR, the pathway crosstalk reduces the antigen threshold required
to stimulate the activation of B cells***'. Inhibiting antigen
presentation and apoptosis of the antigen itself helps induce and
maintain memory*>43,

CD21 is a co-receptor commonly found on the surface of B cells
along with CD19 and CD81 and plays an essential role in immune
regulation. CD21 does not have a signaling motif, however, when
bound to C3d, it generates a downstream signal through CD19
immunoreceptor tyrosine-based activation motifs, which improves
the survival and proliferation of B cells**. Of all the B cell-targeting
receptors, CD21 has been the most extensively researched for its
use as an adjuvant®,

Previous studies have attempted to increase B cell signaling and
induce both cellular and humoral immunity against various
antigens using C3d—a molecular adjuvant that acts as a key
interface between innate immunity and adaptive immunity*¢~,
Human C3d has an abnormally high frequency of T cell epitopes,
and the C3d covalently bound to an antigen enhances the cellular
immunity to antigens lacking a T cell epitope. This is due to
receptor cross-linking for surface IgM between CD21 and antigens
in naive B cells***°, which allows C3d to act as a strong fusion-
adjuvant by donating the T cell epitope to the antigen up-taking
cell when binds to the target antigen.

Based on these findings, we inserted the specific site of C3d into
the VP1 region of FMDV type O (O PA2) and FMDV type A (A22) to
induce potent adaptive immune responses by directly stimulating
receptors on the surface of B cells (CD21 and BCR) and developed
advanced FMD vaccine strains O PA2-C3d and A22-C3d that can
overcome MDA interference (Fig. 1).

The purified antigen (146 s particle) was observed under the
electronic microscope (TEM), and we determined that this antigen
could be used as the FMD vaccine (Supplementary Figure 1, 2).
The immune-enhancing vaccine stain, into which the C3d epitope
was inserted, maintained genetic stability even after passage in
cells, and these virus-derived-inactivated antigens induced the
IFNy secretion in murine PECs and porcine PBMCs to induce a
cellular immune response (Supplementary Figure 3, 4). Before the
target animals (pigs) experiment, mice were used to compare the
immunogenicity (PDs value) of the monovalent vaccines contain-
ing the O PA2-C3d or O PA2 or A22-C3d or A22 antigens and the
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Fig. 5 Immune responses mediated by the immune-enhancing FMDV (O PA2-C3d and A22-C3d), as measured by VN titers for
overcoming interference of maternally-derived antibodies (MDA) in pigs. Pigs (8-9 weeks old) that were FMD antibody-seropositive
(MDA(+), n=16) or FMD antibody-seronegative (MDA(—), n = 16) animals were divided into three groups, respectively: a negative control
group (NC, n=4/group), a positive control group (PC, n = 6/group), and an experimental group (Exp., n = 6/group). The Exp. group were
administered the test vaccines containing 15pg (1 dose for cattle and pig use) O PA2-C3d + A22-C3d antigen with ISA 206 (oil-based
emulsion, 50%, w/w), 10% AI(OH)s, and 150 pg Quil-A. The positive control group received 15 pg (1 dose for cattle and pig use) O PA2 + A22
antigen with ISA 206 (oil-based emulsion, 50%, w/w), 10% Al(OH);, and 150 pg Quil-A. A negative control (NC) group was injected with the
same volume of PBS. The vaccination was performed twice at 28-day intervals, with 1 mL vaccine (1 dose) injected via a deep intramuscular
route on the animals’ necks. Blood samples were collected at 0, 7, 14, 28, 42, 56, 70, and 84 days post vaccination in pigs for serological assays.
(a—e) O1 Campos, A2001 Argentina, and A24 Cruzeiro VN titers in MDA(+) or MDA(—) pigs (a); O PA2 VN titers in MDA(+) pigs (b); O PA2 VN
titers in MDA(—) pigs (c); A22 VN titers in MDA(+) pigs (d); A22 VN titers in MDA(—) pigs (e). The data represent the mean + SEM of triplicate
measurements (n =4 or 6/group). Statistical analyses were performed using two-way ANOVA followed by Tukey’s test. "p < 0.05; “p < 0.01;

"p<0.001; and ""p < 0.001.
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(0] PA2-C3d and A22-C3d have excellent immunogenicity as immune-
enhancing FMD vaccine strains and play a key role in the
induction of short-term immunity and initial host defense. The
bivalent vaccine containing the O PA2-C3d + A22-C3d antigens

bivalent vaccines containing O PA2-C3d + A22-C3d or

PA2 + A22 (as the backbone).
The efficacy of the novel FMD vaccine strain fused with C3d was
superior to that of the backbone vaccine strain (Figs. 2, 3). Thus, O
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Fig. 6 Immune responses mediated by the immune-enhancing FMDV (O PA2-C3d and A22-C3d), as measured by immunoglobulin
subtypes such as IgG, IgM, and IgA in pigs. Pigs (8-9 weeks old) that were FMD antibody-seropositive (MDA(+), n = 16) or FMD antibody-
seronegative (MDA(—), n = 16) animals were divided into three groups, respectively: a negative control group (NC, n = 4/group), a positive
control group (PC, n=6/group), and an experimental group (Exp., n=6/group). The Exp. group were administered the test vaccines
containing 15 pg (1 dose for cattle and pig use) O PA2-C3d + A22-C3d antigen with ISA 206 (oil-based emulsion, 50%, w/w), 10% AI(OH)s, and
150 pg Quil-A. The positive control group received 15 pg (1 dose for cattle and pig use) O PA2 + A22 antigen with ISA 206 (oil-based emulsion,
50%, w/w), 10% Al(OH)s, and 150 pg Quil-A. A negative control (NC) group was injected with the same volume of PBS. The vaccination was
performed twice at 28-day intervals, with 1 mL vaccine (1 dose) injected via a deep intramuscular route on the animals’ necks. Blood samples
were collected at 0, 7, 14, 28, 42, 56, 70, and 84 days post vaccination in pigs for serological assays. (a-c) IgG concentration (a); IgM
concentration (b); IgA concentration (c). The data represent the mean + SEM of triplicate measurements (n = 4 or 6/group). Statistical analyses
were performed using two-way ANOVA followed by Tukey’s test. “p < 0.05; “p < 0.01; ““p < 0.001; and “""p < 0.001.

was more effective in overcoming MDA interference due to the that FMD vaccine-induced host defense is possible at VN titer by

simultaneous induction of robust cellular and humoral immune vaccination of >2 log;o>'. According to the FMD vaccine

responses at the initial stage after vaccination. evaluation criteria in Korea, host defense is possible when the
Subsequently, an target animal experiment was conducted VN titer induced by commercial vaccination is >1.65 (Log,o).

using MDA(+) and MDA(—) pigs to evaluate the vaccine's efficacy The low VN titers for O PA2 and A22, regardless of MDA(+)/

to overcome MDA interference and simultaneously induce cellular MDA(—) status, is attributed to the antigen in the vaccine strain
and humoral immune responses. In the MDA(+) animals, the O used to vaccinate the sows differed from the one used here. Since
PA2-C3d + A22-C3d antigens showed a strong efficacy to over- the outbreak of large-scale FMD in Korea in 2010, prevention and
come MDA interference. The antibody titer somewhat decreased control for domestic FMD-sensitive animal including pigs, cattle,
at the initial stage of vaccination but increased after boosting. This sheep, and goat have been accomplished via vaccination. The
may be because the SP region is different from that of the antigen government has mandated FMD vaccination for pigs and cattle
coated on the commercially available SP A ELISA plate, which aged 8 to 12 weeks on all farms, regularly verified the antibody
could have led to low detection and affected the PI value. In titer using SP O, A ELISA, and imposed a fine if the FMD-specific
contrast, in MDA(—) animals, O PA2-C3d + A22-C3d induced a antibody was negative or lower than a certain threshold.
significant increase in antibody titers compared to the O Therefore, it is difficult to obtain MDA-free FMD antibody-
PA2 + A22 backbone (Fig. 4). seronegative pigs from young individuals in Korea. Meanwhile,

To confirm the virus-neutralizing effect, VN titers were Korea is importing commercial FMD vaccine form Merial Co. Ltd.
measured for O PA2 and A22. The MDA(+) animals were derived (Lyon, France), Biognésis Bago Ltd. (Buenos Aires, Argentina) and
from mothers (sows) with a history of vaccination with company B FGBI “Arriah” (Vladimir, Russia). The vaccine is administered to
(the source of commercial vaccine is not listed to protect the sows from these three manufacturers, hence the MDA is also
company'’s rights and interests as well as to avoid disputes). To dependent on the antigen contained in the vaccine received.
identify for the presence of MDA before vaccination, the VN titers Commercial vaccines have a disadvantage because it is challen-
were measured for O1 Campos, A2001 Argentina, and A24 ging to overcome MDA interference. Therefore, we confirmed

Cruzeiro using serum at 0 dpv. At the initial stage (0 dpv), whether MDA could be overcome under conditions similar to

regardless of the MDA(+)/MDA(—) status, the VN titers for O PA2 those of outdoor farms by administering with a test vaccine

and A22 were log( < 1.2, which is below the protective level. containing a vaccine strain with ‘C3d’ into sows already vaccinated
Efficacy evaluation of FMD vaccine is determined using cattle with an FMD vaccine distributed in Korea.

rather than pigs, along with the evaluation criteria. In cattle, 1.2 In the MDA(+) and MDA(—) groups, the VN titers were

logio (16-fold neutralizing antibody titer) represents over 50% significantly higher in groups administered the O PA2-C3d +

protection, while 1.65 log;o (45-fold neutralizing antibody titer) A22-C3d bivalent vaccine than those administered the vaccine

represents over 90% protection>°. A previous study has suggested with O PA2 + A22 (Fig. 5).
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Fig. 7 O PA2-C3d and A22-C3d induced the gene expression of cytokine and co-stimulatory molecules in porcine peripheral blood
mononuclear cells. Porcine peripheral blood mononuclear cells (PBMCs) isolated from the whole blood of vaccinated pigs (n = 5/group) as
described in Fig. 4a were used for qRT-PCR assays. Gene expression levels were normalized to HPRT levels and are presented as a relative ratio
compared to control levels. (a-v) Gene expression levels of IFNa (a); IFN (b); IFNy (c); IL-1p (d); IL-17A (e); IL-23p19 (f); IL-23R (g); IL-2 (h); IL-10

); TGFB (j); IL-4 (k); IL-6 (I); CD40 (m); CD80 (n); CD86 (0); MHC class | (p); MHC class Il (@); CTLA4 (r); CD21 (s); CD28 (t); ICOS (u); AHNAK (v).

Statlstlcal analyses were performed using one-way ANOVA followed by Tukey’s test. “p < 0.05; “p < 0.01; ""p <0.001; and "*"p < 0.001.
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Here, O PA2-C3d and A22-C3d were effectively induced not only
the SP-specific antibody titers (via SP ELISA), but also the SP-
nonspecific antibody including IgG (an indicator of neutralizing
antibody), IgM (the first natural antibody induced during
pathogen infection or vaccination) and IgA (the key player in
inducing mucosal immunity) levels in MDA(+)/MDA(—) animals
(Fig. 6). Maternal IgG and IgA can attenuate mucosal helper cell
responses in early infancy®?, and maternal IgG regulatory T cell
epitope induce immune tolerance rather than immunogenicity>3.

Based on the results above, O PA2-C3d and A22-C3d, the
immune-enhancing FMD vaccine strains, can effectively induce
active immunity in the host by overcoming MDA interference-
mediated immune tolerance in MDA(+) animals, and may also
induce a robust cellular and humoral immune response when
vaccinated in MDA(—) animals or 2-3 months-old (which is the
period when the MDA titers are lower according to the current
vaccine program) animals. These results suggest that C3d spiking
on antigens continuously stimulates B cell surface receptors to
directly activate B cells and the highly immunogenic O PA2-C3d
and A22-C3d antigens provide a potent T cell-mediated immune
response resulting in more efficient high-titer antibodies and
neutralizing antibodies.

To demonstrate this, we identified a bivalent vaccine-mediated
cellular immune response in MDA(+)/MDA(—) pigs. The vaccine
containing the O PA2-C3d + A22-C3d antigens increased the
expression of type | IFN with a significant antiviral effect at the
initial stage of vaccination (7 dpv) in both MDA(+)/MDA(—)
conditions. Thus, it can provide effective protection against FMDV
infection at the early stage of vaccination.

The expression of IFNy—a T helper (Th) 1 cell-related cytokine—
was lower than that of IFNa and IFN@, but showed a =2 fold-
change (p <0.05), indicating that it could effectively induce a T
cell-mediated cellular immune response. The expression levels of
IL-1B and Th17 cells (involved in inflammasome activity) and of
unconventional T cells (y& T cells, invariant natural killer T (iNKT)
cells, and mucosal-associated invariant T (MAIT) cells)-derived IL-
17A were very high in the experimental group administered the
antigen with C3d. Our previous study suggested that the
expression of IL-23p19/IL-23R signaling is critical in the initial
defense of the host, while in this study, their expressions were at
the level of a ‘cytokine storm’.

When IL-23A is secreted through the stimulation of PRRs in
innate immune cells (such as DCs and macrophages (M¢s)), binds
to IL-23R on the surface of unconventional T cells (innate-like
immune cells), and stimulates the production of IL-17A. IL-17A
plays a decisive role in the early stage of host defense by
recruiting neutrophils to the pathogen infection site and forming
neutrophil extracellular traps (NET) to induce NETosis of the
pathogen*°®, In addition, the IL-23/IL-17 axis links innate and
adaptive immunity®®, and the vaccine containing the O PA2-
C3d + A22-C3d antigen induced innate and adaptive immune
responses simultaneously through the secretion of these proin-
flammatory cytokines.

TGFB*” is involved in the development of IL-2°8 and regulatory
T cells (T,egs), and essential for the generation of memory cells.
However, TGF3 expression was slightly higher in the experimental
group, but not significant at 7 dpv. The expression of IL-10 (an
anti-inflammatory cytokine) was also significantly higher in the
experimental group (p < 0.05), likely due to host homeostasis to
control the ‘cytokine storm’ of inflammatory cytokines. The
expression of the Th2 cell-derived cytokines, IL-4 and IL-6, was
higher in the MDA(+) group than in the MDA(—) group.

These cytokine expression levels were increased by the initial
stage of FMD vaccination in the presence of passive immunity by
the MDA.

The CD80 and CD86 co-stimulatory signals promote T cell
activation in cooperation with the T cell receptor (TCR) signal, and
were increased in the O PA2-C3d + A22-C3d administration group.
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We believe that the immune-enhancing FMD vaccine strains
stimulated T cells by effectively presenting the antigen. The gene
expression of MHC class | was higher in the MDA(+) group than in
the MDA(—) group, and was lower in the vaccinated group than in
the NC group. This may be due to the inhibition of antigen
recognition by cytotoxic CD8' T cells at the initial stage of
vaccination, as the gene expression was low in the presence of
passive immunity. In contrast, the expression of MHC class Il genes
was higher in the MDA(—) group than in the MDA(+) group.
Although there were no significant differences between the
groups, there was an increasing tendency in the experimental
group. This suggests that the C3d-containing vaccine strains
activated the CD4"t T cells that induced cooperation and
regulation of effector cells through MHC class Il antigen-
presenting cells (DCs, M¢s, and B cells). We hypothesize that the
interaction with the MHC complex can induce continuous cell-cell
contact formation and T cell activation.

The expression of CD21—a direct C3d receptor—increased
significantly in the MDA(+)/(MDA(—) conditions following vacci-
nation with the C3d-containing vaccine, suggesting that B cell
activation is possible via stimulation by C3d and the binding of
CD21. CD28 and ICOS are co-stimulated during T cell activation
and play an important role in the induction of memory T cells.
Their expression levels were significantly increased in the MDA(+)/
MDA(—) conditions following administration of the C3d-
containing vaccine.

The C3d-containing vaccine may have increased the expression
of IFNy, thereby increasing the co-stimulation of T cells and
lymphocytes.

In addition, ICOS acts as an immunoglobulin domain, is
reported®® to have an effect on the intestinal immune network
for IgA production, and may be used as an FMD vaccine strain for
simultaneous induction of systemic and mucosal immunity in the
future. CTLA4 expression also showed a similar pattern to that of
ICOS, and the CTLA pathway may have been induced by the
expression of ICOS. The induced CTLA4 in the cytoplasmic domain
may have caused the conversion of T, cells to suppress
autoimmunity due to the ‘cytokine storm’ of proinflammatory
cytokines induced by FMD vaccination.

The expression of AHNAK was markedly increased in the
MDA(—) group administered the O PA2-C3d + A22-C3d vaccine
(p < 0.001). AHNAK is a large (700 kDa) structural scaffold protein®®
involved in cellular processes including cell structure, intracellular
trafficking, membrane repair®', regulated exocytosis®?, T cell
differentiation, and calcium signaling®® during T cell activation.
Cytolytic CD8" T cells (CTLs) kill virus-infected cells in a calcium-
dependent manner. AHNAK is expressed in mature CTLs but not in
naive CD8" T cells. Calcium entry is required for important for
proper functioning of cells and for inducing an immune response.
In fact, ANHAK-deficient (Ahnak1~/~) CTLs show a significant
decrease in Granzyme B production, cytolytic activity, and IFNy
secretion after TCR stimulation®*. Therefore, we suggest that the
vaccine containing the O PA2-C3d + A22-C3d antigen can induce
T cell activation and CTL response through the expression
of AHNAK.

Collectively, this study suggests that a novel strategy vaccine
containing the antigen derived from the C3d-fused FMD vaccine
strain induces a robust cellular and humoral immune response at
the early stage of vaccination, and can effectively overcome MDA
interference through stimulation of B cell receptor. These results
provide insights into developing the next-generation core source-
based technology that enables vaccine-mediated active immunity.

METHODS
Preparation of the recombinant plasmid

The recombinant plasmid was prepared as follows'”%>, The whole FMD-O1
Manisa virus genome (GenBank Accession No. AY593823.1) was
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PCR-amplified and inserted into the pBluescript SK Il (Agilent, Santa Clara,
CA, USA) plasmid to produce the pO-Manisa plasmid. In the pO-Manisa
plasmid, the gene encoding the structural protein was substituted with the
gene encoding structural proteins from O-serotype FMDV O PA2 (GenBank
Accession No. AY593829.1) or A-serotype FMDV A22/Iraq/24/64 (GenBank
Accession No. AY593764.1) to prepare two types of plasmids: pOm-O PA2-
P1 or pOm-A22-P1. For type O, O PA2 was determined as the strongest
candidate vaccine strain. This was based on the results of a previous study
which confirmed the vaccine matching rate in floating cells—especially the
antigen-mediated immunogenicity in experimental animals (mice) and
target animals (pigs). For type A, the vaccine matching rate tends to be low
in terms of global incidence; however, A22 was suitable. The C3d (B cell
epitope) sequence (5-GGTAAGCAGCTCTACAACGTGGAGGCCACATCCTAT
GCC-3/, corresponding to the amino acid sequence, GKQLYNVEATSYA)
was inserted in the VP1 protein coding sequence between the 456™ and
457" base pairs (amino acid positions, 152 and 153) in PA2-C3d, and
between the 453™ and 454t base pairs (amino acid positions, 151 and
152) in A22-C3d. Next, 300 ng/pL of pOm-A22-P1 (PCR template), 1 uL (10
pmol/uL) of the C3d F primer (5-GGAGGCCACATCCTATGCCCGCGAG
AGGCCCTAGGTCGC-3), and 1 pL (10 pmol/uL) of the C3d R primer (5’-A
CGTTGTAGAGCTGCTTACCGCGAGGGTCGCCGCTCAGCT-3) were used to
prepare the target plasmid using the same self-ligating method used in
the previous study'”%>. Figure 1a and b illustrates the schematic of the
final plasmid for O PA2-C3d and A22-C3d, respectively. The PCR conditions
were as follows: 10 uL of the 5X Phusion HF buffer (Thermo Scientific,
Waltham, MA, USA), 1 uL of 10 mM dNTP (Invitrogen, Carlsbad, CA, USA),
1 L of 2 U/pL Phusion DNA polymerase (Thermo Scientific), and 35 pL of
sterile distilled water were subjected to 98°C (30s), followed by PCR
amplification for 25 cycles at 98 °C (105), 65 °C (20 s), and 72 °C (2 min and
30s), followed by a final cycle at 72°C (10 min). Next, 1uL of Dpnl
(Enzynomics, Daejeon, Korea) was added to the 25 pL of PCR product and
allowed to incubate at 37°C for 1 h. Next, 35 pL of sterile distilled water,
5uL of Ligation High (TOYOBO, Osaka, Japan), and 1uL of 5 U/uL T4
polynucelotide kinase (TOYOBO) were added to 4 pL of the Dpnl-treated
product. The mixture was ligated in a 16 °C water bath for 1 h, following
which the plasmid was transformed into 100 L of DH5a cells (Yeastern
Biotech, Taipei, Taiwan) according to the manufacturer's protocol. The
transformed cells were smeared onto an agar plate containing ampicillin
and incubated overnight at 37 °C. A colony was picked from the plate with
a pipette tip and mixed with 18 pL of sterile distilled water, 1 uL (10 pmol/
uL) of a universal forward primer for VP1 (5'-AGNGCNGGNAARTTTGA-3’),
and 1pL (10 pmol/uL) of a universal reverse primer for VP1 (5/-C
ATGTCNTCCATCTGGTT-3/) in a colony PCR tube. This mixture was
subjected to 94 °C (5 min), followed by PCR amplification for 25 cycles at
94°C (305s), 55°C (3055), and 72 °C (1 min), followed by a final cycle at 72 °C
(5 min). In the aforementioned universal primer, N can represent any
nucleotide. Next, 5 pL of the PCR sample was mixed with 1 pL of 6X loading
buffer (DYNE BIO, Gyeonggi, Korea) before being loaded onto an agarose
gel alongside 5 pL of 100 bp marker (DYNE BIO). After electrophoresis at
100V (30 min), the bands were assessed on a Gel Doc (Bio-Rad, Hercules,
CA, USA) system.

Next, 5uL of PCR product was mixed with 2L of ExoSAP (Thermo
Scientific) and PCR amplified at 37 °C (15 min) and 85 °C (15 min). The insertion
of the epitopes into the VP1 sequence was confirmed via full DNA sequencing.
Next, the colony was placed in 200 mL of LB media containing ampicillin and
incubated overnight at 37 °C with shaking. The midi-prep method (Macherey-
Nagel, Duren, Germany) was used to prepare the plasmid'’.

Preparation of the immunostimulating recombinant FMD
vaccine strain

The recombinant FMD virus was recovered by transfecting BHKT7-9 (a cell
line that expresses T7 RNA polymerase) with the recombinant plasmid
prepared above using the Lipofectamine 3000 reagent (Invitrogen),
followed by incubation for 2-3 days. The prepared virus was passaged in
fetal goat tongue (ZZ-R) cells or baby hamster kidney-21 (BHK-21) cells for
viral proliferation'”.

Purification of the antigen from recombinant FMDV type O
and type A presenting C3d-epitopes

The purified antigen (inactivated virus) was prepared in BHK-21 cells
infected with the recombinant immunostimulatory FMDV O PA2-C3d and
A22-C3d constructed for the swift phenotype of VP1 (referred sequence)
by reverse genetics according to the method described by Lee et al., with

npj Vaccines (2022) 70

modifications'’. For viral infection, the culture medium was replaced with
serum-free Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT,
USA), and the cells were inoculated with the virus by incubating for 1 h at
37°C in a 5% CO, atmosphere. The extracellular viruses were then
removed. Twenty-four hours post-infection, the viruses were inactivated by
two treatments of 0.003N binary ethylenimine for 24h in a shaking
incubator, followed by concentration with polyethylene glycol (PEG) 6000
(Sigma-Aldrich, St. Louis, MO, USA)®®.

The virus concentrate was layered on 15-45% sucrose density gradients
and centrifuged. After ultracentrifugation, the bottom of the centrifuge
tube was punctured and 1 mL fractions were collected. The presence of
FMDV particles was confirmed in a sample of each fraction by performing
optical density measurements using a lateral flow device (BioSign FMDV
Ag; Princeton BioMeditech, Princeton, NJ, USA). Prior to use in field
experiments, the pre-PEG treated supernatant was passage through ZZ-R
and BHK-21 cells at least twice to ensure that no cytopathic effects (CPE)
occurred, thereby confirming the absence of any live virus in the
supernatant.

Confirmation of structural and non-structural proteins using
purified antigens and examination of 146 S particles using
TEM

The SPs of purified antigen expression were confirmed in cells infected
with immunopotent recombinant FMDV O PA2-C3d, A22-C3d, O PA2 and
A22 using rapid antigen kits (PBM kit, PBM Co Ltd., Princeton, NJ, USA). The
results showed band formation for the SPs and no band formation for the
NSPs of FMDV. The virus particle (146S) was characterized by TEM
imaging'’.

Mice

The animal protocol was conducted according to the method described by
Lee et al. and Jo et al.'”®”. Age- and sex-matched wild-type C57BL/6 mice
(females, 6-7 weeks old) were purchased from KOSA BIO Inc. (Gyeonggi,
Korea). All mice were housed in microisolator cages with ad libitum access
to food and water in a specific pathogen-free biosafety level 3 animal
facility at the Animal and Plant Quarantine Agency. All animals were
allowed to adapt for at least one week before use in experiments. The
housing room was set to a 12h:12h light/dark cycle, a temperature of
approximately 22°C, and relative humidity of approximately 50%. The
studies were performed according to institutional guidelines and approved
by the Ethics Committee of the Animal and Plant Quarantine Agency
(accreditation number: IACUC-2021-584).

PECs isolation and cell culture

Naive mice were anesthetized using CO, and sacrificed. The peritoneal
cavities were lavage with 5mL of chilled Hank’s balanced salt solution
(HBSS, Gibco, Waltham, MA, USA) buffer without Ca?"/Mg?*/phenol-red.
The peritoneal lavage fluid was centrifuged at 300 x g for 10 min at 4 °C.
The pelleted PECs were resuspended and counted using a Bio-Rad TC20
Automated Cell Counter (Bio-Rad). All cells were freshly isolated before use.
No cryopreserved cells were used in any experiment. Purified PECs were
then cultured in a complete medium consisting of Roswell Park Memorial
Institute (RPMI) 1640 (Gibco, Carlsbad, CA, USA) supplemented with 10%
fetal calf serum (HyClone), 3 mM L-glutamine (Sigma-Aldrich), 10 mM
HEPES (Sigma-Aldrich), 100 U/mL penicillin/streptomycin (Sigma-Aldrich),
and 0.05 mM 2-beta-mercaptoethanol (Sigma-Aldrich). Incubations were
carried out at 37°C and 5% CO..

PBMCs isolation and cell culture

Porcine PBMCs were isolated from whole blood of FMD antibody-
seronegative pigs as donors (8-9 weeks old animals, n=3/group)
according to the method described by Lee et al. and Jo et al.'”%”. Whole
blood (20 mL/donor) was independently collected in BD Vacutainer
heparin tubes (BD, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare Bio-
Sciences Corp., Piscataway, NJ, USA) gradient centrifugation. Residual red
blood cells were lysed with ammonium-chloride-potassium (ACK) lysing
buffer (Gibco). The PBMCs were suspended in Ca?t/Mg?*-free DPBS
(Gibco) and counted using a Bio-Rad TC20 Automated Cell Counter (Bio-
Rad). All cells were freshly isolated before use. No cryopreserved cells were
used in any experiment. Purified PBMCs were then resuspended in RPMI-
1640 (Gibco) medium supplemented with 10% FBS (Gibco), 3 mM
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L-glutamine (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich), and 100 U/mL
penicillin-streptomycin (Sigma-Aldrich). Incubations were carried out at
37°C and 5% CO..

Antigen-induced IFNy ELISpot assay on PECs and PBMCs

in vitro

O PA2-C3d and A22-C3d antigen-mediated IFNy secretion was analyzed
using commercial ELISpot assay kits (catalog no. EL485 and EL985 for
mouse and porcine, respectively; R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Briefly, isolated murine PECs
or porcine PBMCs (5 x 10° cells/well) were cultured in a 96-well PVDF-
backed microplates containing a monoclonal capture antibody specific for
mouse or porcine IFNy and stimulated with 4 pg/mL (Final concentration)
of inactivated FMDV (O PA2, O PA2-C3d, A22, A22-C3d) antigen at each
concentration for 18 h in a humidified incubator at 37 °C with 5% CO.. As
negative and positive control, PBS and 5pug/mL of phorbol myristate
acetate (PMA, Sigma-Aldrich) were used, respectively. The plates were
washed with wash buffer and incubated with biotinylated anti-mouse IFNy
antibodies (1:119) or anti-porcine antibodies (1:119) overnight at 4°C,
followed by AP-conjugated streptavidin (1:119) at RT for 2 h. The plates
were washed, developed with 5-Bromo-4-Chloro-3’ Indolyphosphate
p-Toluidine Salt (BCIP)/Nitro Blue Tetrazolium Chloride (NBT), and counted
using an ImmunoSpot ELISpot reader (AID iSpot Reader System;
Autoimmune Diagnostika GmbH, Strassberg, Germany). The results were
presented as spot forming unit (SFU).

Evaluation of immunogenicity in experimental animals (mice)
vaccinated with the immune-enhancing FMD vaccine strains,
O PA2-C3d and A22-C3d

The animal protocol was conducted according to the method described in
Lee et al. and Jo et al."”*%” as mentioned in the Mice of the method section.

To validate the immunogenicity and short-term immunity of purified
antigens isolated from immunopotent FMDV O PA2-C3d and A22-C3d, and
to verify their potential as a master seed virus for the development of an
FMD vaccine, we conducted animal experiments as follows. The vaccine
compositions used in the experiments were as follows: purified antigens
isolated from O PA2-C3d and A22-C3d (15 pg/dose/mL; 1/10-1/640 of the
dose for pigs), ISA 206 (Seppic, Paris, France; 50% w/w), 10% Al(OH);, and
15 pg/mouse Quil-A (InvivoGen, San Diego, CA, USA). Mice were vaccinated
by .M. injection in the thigh muscle (0 dpv) and challenged with FMDV
(100 LDso of O/VET/2013, ME-SA topotype or 100 LDs, A/Malay/97, SEA
topotype) by I.P. injection at 7 dpv. Mice in the NC group received an equal
volume of PBS (pH 7.0) administered via the same route. Survival rates and
changes in body weight were monitored for up to 7 dpc to assess short-
term immunogenicity (Fig. 2a). The PDsy test was conducted as a
preliminary experiment to verify the immunogenicity of the bivalent study
vaccine (containing the O PA2-C3d + A22-C3d antigens) in pigs (Fig. 3a).
The results were compared to those of the group that received the study
vaccine (containing the O PA2 + A22 antigens) used as the backbone of
the immune-enhancing vaccine strain. The vaccine compositions used in
the experiment were as follows; O PA2-C3d+ A22-C3d antigens
(15 pug + 15 pg/dose/mL, 1/10-1/640 dose) or O PA2+ A22 antigens
(15 pg + 15 pg/dose/mL, 1/10-1/640 dose), ISA 206 (50%, w/w), 10%
Al(OH)3;, and 15ug Quil-A/mouse. Animals in the NC group were
administered the same volume of PBS by the same route. In mice,
vaccination was administered |.M. on 0 dpv, and FMDV (100 LDs, of O/VET/
2013, ME-SA topotype or 100 LDs, of A/Malay/97, SEA topotype) was
administered I.P. at 7 dpv. Survival and changes in body weight were
monitored until 7 dpc.

Evaluation of immunogenicity in pigs vaccinated with the
immune-enhancing FMD vaccine strains, O PA2-C3d and A22-
Cc3d

To evaluate the potential of O PA2-C3d and A22-C3d as an FMDV vaccine
strain and to investigate its ability to induce cellular and humoral immune
responses and long-term immunity, preliminary experiments were
conducted using pigs according to the method described by Lee et al.
and Jo et al.'”%”, The pigs (8-9 weeks old; n = 32) were screened based on
antibody titers (Pl value: 50%) using the ELISA tests for SP O and SP A, and
VN titers (1.65 log,o), and were classified as MDA(+) and MDA(—) (n=16
per group). In each group, the pigs were further divided into 3 groups: NC
(negative control), O PA2 4 A22-treated (positive control, PC), and O PA2-
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C3d + A22-C3d-treated. The animals were randomly divided into three
groups (n = 5/group) (Fig. 4a). The animals were isolated in closed ABSL3
containments during the study, provided with ad libitum access to food
and water, and used for the experiment after at least one week of
adaptation. The housing room was set to a 12 h:12 h light/dark cycle, a
temperature of approximately 22°C, and a relative humidity of approxi-
mately 50%. These studies were performed according to institutional
guidelines and approved by the Ethics Committee of the Animal and Plant
Quarantine Agency (accreditation number: IACUC-2021-584).

We used MDA(+) (FMD-seropositive) and MDA(—) (FMD-seronegative)
wild pigs in the experiments to evaluate the immunogenicity of the
antigens isolated and purified from the immune-enhancing FMD vaccine
strains, O PA2-C3d and A22-C3d, and assessed their ability to induce an
adaptive immune response and overcome MDA interference. The
compositions of the vaccines were as follows: a total of 1 mL of vaccine
was considered 1 dose, and contained O PA2+ A22 antigens
(15 pg + 15 pg; PC group, n = 6/group) or O PA2-C3d + A22-C3d antigens
(15 pg + 15 pg; experimental group, n = 6/group), ISA 206 (50% w/w), 10%
Al(OH)3, and 150 ug Quil-A. Animals in the NC group received the same
volume of PBS via the same route. During the experiment, 1 mL of vaccine
was administered .M. twice at 28-day intervals (0 and 28 dpv). Blood
samples were collected from the vaccinated pigs at 0, 7, 14, 28, 42, 56, 70,
and 84 dpv for use in serological assays such as ELISAs (SP O and SP A), VN
titer confirmation and isotype specific antibody immunoassay.

To detect SP antibodies in the sera, we used the PrioCheck™ FMDV type
O or FMDV type A (catalog no. 7610420 and 7610850 for FMDV type O and
FMDV type A, respectively; Prionics AG, Switzerland) kits and the VDPro®
FMDV type O or FMDV type A (catalog no. EM-FMD-05 and EM-FMD-03 for
FMDV type O and FMDV type A, respectively; Median Diagnostics,
Gangwon, Korea) kits. Absorbance in the ELISA plate was converted to a
Pl value. When the Pl value was >50% for the PrioCheck™ FMDV kit or
>40% for the VDPro” FMDV kit, the animals were considered antibody
positive.

A virus neutralization test (VNT) was performed according to the OIE
manual®®, The sera were heat-inactivated at 56 °C for 30 min in a water
bath. Cell density was adjusted to form a 70% monolayer, and 2X serial
dilutions of sera samples (1:8-1:1024) were prepared. The diluted sera
samples were then incubated with a 100-tissue culture infectious dose
(TCID)5¢/0.5 mL homologous virus for 1h at 37°C. After 1h, an LF-BK
(bovine kidney) cell suspension was added to all wells. After 2-3 days, CPE
was evaluated to determine the titers, which were calculated as log,o of
the reciprocal antibody dilution required to neutralize 100 TCIDs, of the
virus®¥7%, FMDV O/PA2 and FMDV A22/IRAQ were used for the VNT.

To detect isotype specific antibody, ELISA for porcine IgG, IgA, and IgM
(catalog no. E101-104, E101-102 and E101-117 for IgG, IgA and IgM,
respectively; Bethyl Laboratories. Inc, Montgomery, Texas, USA) were
performed on sera according to the manufacturer’s instructions. Briefly,
one hundred microliters per well of serially diluted sera and standards
were added to the appropriate wells, and the plates were incubated at RT
for 1h. After another washing and drying step, 100 uL/well of the 1X
biotinylated detection antibodies were added to all wells, and the plates
were incubated at RT for 1h. The wells were washed and patted dry,
100 pL/well of 1X streptavidin-horseradish peroxidase conjugate was
added, and the plates were incubated at RT for 30 min. Subsequently,
the plates were washed again and dried. The peroxidase was developed
with 100 pL/well of 1X TMB solution for 30 min at RT, and the reaction was
stopped with 100 pL 2 N H,PO,. Absorbance was measured within 30 min
using a Hidex 300SL spectrophotometer (Hidex, Turku, Finland) set at
450 nm'757,

To evaluate the O PA2-C3d and A22-C3d mediated cellular immune
response and related gene expression, porcine PBMCs were isolated from
the whole blood of vaccinated pigs (n=5/group) at the time points
described in Fig. 4a according to the method described by Lee et al. and Jo
et al.'””%’. PBMC isolation was performed as described in the PBMCs
isolation of the method section. All cells were freshly isolated before use,
and no cryopreserved cells were used in any experiment.

RNA isolation, cDNA synthesis, and quantitative real-time PCR
Total RNA was extracted from the purified porcine PBMCs using TRizol
reagent (Invitrogen) and RNeasy Mini Kits (QIAGEN, Valencia, CA, USA). The
cDNA was prepared by reverse transcription using a GoScript Reverse
Transcription System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The synthesized cDNAs were amplified using
quantitative-real-time PCR (qRT-PCR) on a Bio-Rad iCycler using the iQ
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SYBR Green Supermix (Bio-Rad)'”%’. Gene expression levels were normal-
ized to hprt levels and presented as a relative ratio compared to the
control values. The primers used in this study are listed in Table S1.

Statistical analysis

All quantitative data were expressed as the mean + standard error (SEM)
unless otherwise stated. Between-group statistical differences was
assessed using two-way ANOVA followed by Tukey’s post hoc test or
one-way ANOVA followed by Tukey’s post hoc test. Statistical significance
was denoted as follows: *p<0.05 **p<0.01; ***p<0.001; and
"p < 0.0001. Parametric tests were used to compare different groups.
Survival curves were built using the Kaplan-Meier method, and differences
were analyzed using the log-rank sum test. The GraphPad Prism 9.1.2
(GraphPad, San Diego, CA, USA) and IBM SPSS (IBM Corp., Armonk, NY,
USA) software were used for all statistical analyses.

Reporting summary

Further information on the experimental design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

All data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 25 January 2022; Accepted: 31 May 2022;
Published online: 28 June 2022

REFERENCES

1. Grubman, M. J. & Baxt, B. J. C. m. r. Foot-and-mouth disease. Clin. Microbiol. Rev.
17, 465-493 (2004).

2. Alexandersen, S., Quan, M., Murphy, C,, Knight, J. & Zhang, Z. Studies of quanti-
tative parameters of virus excretion and transmission in pigs and cattle experi-
mentally infected with foot-and-mouth disease virus. J. Comp. Pathol. 129,
268-282 (2003).

3. Kitching, R. P. & Salt, J. S. The interference by maternally-derived antibody with
active immunization of farm animals against foot-and-mouth disease. Br. Vet. J.
151, 379-389 (1995).

4. Elnekave, E. et al. The long term effect of age and maternally derived antibodies
against foot and mouth disease on the serological response following vaccina-
tion in young dairy calves. Vaccine 34, 4927-4934 (2016).

5. Kim, J. et al. The interference effect of maternally-derived antibodies on the
serological performance of pigs immunized with a foot-and-mouth disease oil
emulsion vaccine. Vaccine 38, 1723-1729 (2020).

6. Cokcaliskan, C. et al. Influence of vaccine potency and booster administration of
foot-and-mouth disease vaccines on the antibody response in calves with
maternal antibodies. J. Vet. Sci. 18, 315-322 (2017).

7. Sareyyupodlu, B. et al. Effect of FMD vaccination schedule of dams on the level
and duration of maternally derived antibodies. Vet. Immunol. Inmunopathol. 217,
109881 (2019).

8. Dekker, A., Chénard, G., Stockhofe, N. & Eblé, P. L. Proper timing of foot-and-
mouth disease vaccination of piglets with maternally derived antibodies will
maximize expected protection levels. Front. Vet. Sci. 3, 52 (2016).

9. Hu, Z, Ni, J, Cao, Y. & Liu, X. J. V. Newcastle disease virus as a vaccine vector for
20 years: a focus on maternally derived antibody interference. Vaccines (Basel) 8,
222 (2020).

10. Bertran, K. et al. Maternal antibody inhibition of recombinant Newcastle disease
virus vectored vaccine in a primary or booster avian influenza vaccination pro-
gram of broiler chickens. Vaccine 36, 6361-6372 (2018).

11. Renson, P. et al. Maternally-derived neutralizing antibodies reduce vaccine effi-
cacy against porcine reproductive and respiratory syndrome virus infection.
Vaccine 37, 4318-4324 (2019).

12. Rajao, D. S. et al. Heterologous challenge in the presence of maternally-derived
antibodies results in vaccine-associated enhanced respiratory disease in weaned
piglets. Virology 491, 79-88 (2016).

13. Figueras-Gourgues, S. et al. Effect of Porcine circovirus 2 (PCV-2) maternally
derived antibodies on performance and PCV-2 viremia in vaccinated piglets
under field conditions. Porcine Health Manag 5, 1-11 (2019).

14. Xia, S. L. et al. Efficacy of the marker vaccine rAdV-SFV-E2 against classical swine
fever in the presence of maternally derived antibodies to rAdV-SFV-E2 or C-strain.
Vet. Microbiol. 196, 50-54 (2016).

npj Vaccines (2022) 70

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

. Kwak, K., Akkaya, M. & Pierce, S. K. B cell signaling in context. Nat. Immunol. 20,

963-969 (2019).

. Bonilla, F. A. & Oettgen, H. C. Adaptive immunity. J. Allergy Clin. Inmunol. 125,

$33-540 (2010).

. Lee, M. J. et al. Advanced foot-and-mouth disease vaccine platform for stimula-

tion of simultaneous cellular and humoral immune responses. Vaccines (Basel) 8,
254 (2020).

. Kulik, L. et al. Targeting the immune complex-bound complement C3d ligand as

a novel therapy for lupus. J. Immunol. 203, 3136-3147 (2019).

. Carroll, M. C. & Isenman, D. E. Regulation of humoral immunity by complement.

Immunity 37, 199-207 (2012).

Toapanta, F. R. & Ross, T. M. Complement-mediated activation of the adaptive
immune responses. Immunol. Res. 36, 197-210 (2006).

Uddowla, S., Hollister, J., Pacheco, J. M., Rodriguez, L. L. & Rieder, E. A safe
foot-and-mouth disease vaccine platform with two negative markers for
differentiating infected from vaccinated animals. J. Virol. 86, 11675-11685
(2012).

Gullberg, M. et al. A prime-boost vaccination strategy in cattle to prevent foot-
and-mouth disease using a “single-cycle” alphavirus vector and empty capsid
particles. PLoS One 11, e0157435 (2016).

Xiao, Y. et al. Large-scale production of foot-and-mouth disease virus (serotype
Asia1) VLP vaccine in Escherichia coli and protection potency evaluation in cattle.
BMC Biotechnol. 16, 1-9 (2016).

Cao, Y. et al. Poly (I: C) combined with multi-epitope protein vaccine completely
protects against virulent foot-and-mouth disease virus challenge in pigs. Antivir.
Res. 97, 145-153 (2013).

Santos, M. J. D. et al. Development of transgenic alfalfa plants containing the foot
and mouth disease virus structural polyprotein gene P1 and its utilization as an
experimental immunogen. Vaccine 23, 1838-1843 (2005).

Concha, C. et al. Disease prevention: an opportunity to expand edible plant-
based vaccines? Vaccines (Basel) 5, 14 (2017).

Kotla, S. et al. DNA vaccine (P1-2A-3C-pCDNA) co-administered with Bovine IL-18
gives protective immune response against Foot and Mouth Disease in cattle. Vet.
Microbiol. 193, 106-115 (2016).

Borrego, B. et al. Combined administration of synthetic RNA and a conventional
vaccine improves immune responses and protection against foot-and-mouth
disease virus in swine. Antivir. Res 142, 30-36 (2017).

Li, C. et al. Foot-and-mouth disease virus type O specific mutations determine
RNA-dependent RNA polymerase fidelity and virus attenuation. Virology 518,
87-94 (2018).

Mahdy, S. et al. Development of a recombinant vaccine against foot and mouth
disease utilizing mutant attenuated Listeria ivanovii strain as a live vector. J. Virol.
Methods 273, 113722 (2019).

Kouskoff, V. et al. Antigens varying in affinity for the B cell receptor induce
differential B lymphocyte responses. J. Exp. Med 188, 1453-1464 (1998).

Liu, W., Meckel, T., Tolar, P.,, Sohn, H. W. & Pierce, S. K. Antigen affinity dis-
crimination is an intrinsic function of the B cell receptor. J. Exp. Med 207,
1095-1111 (2010).

Dolmetsch, R. E., Lewis, R. S, Goodnow, C. C. & Healy, J. I. J. N. Differential
activation of transcription factors induced by Ca 2+ response amplitude and
duration. Nature 386, 855-858 (1997).

Rao, A, Luo, C. & Hogan, P. G. Transcription factors of the NFAT family: regulation
and function. Annu. Rev. Immunol. 15, 707-747 (1997).

Carter, R. H. & Fearon, D. T. CD19: lowering the threshold for antigen receptor
stimulation of B lymphocytes. Science 184, 2233-2235 (2010).

Gasparrini, F. et al. Nanoscale organization and dynamics of the siglec CD 22
cooperate with the cytoskeleton in restraining BCR signalling. EMBO 35, 258-280
(2016).

Petersone, L. et al. T cell/B cell collaboration and autoimmunity: an intimate
relationship. Front. Immunol. 9, 1941 (2018).

Ricklin, D., Reis, E. S, Mastellos, D. C,, Gros, P. & Lambris, J. D. Complement
component C3-The “Swiss Army Knife” of innate immunity and host defense.
Immunol. Rev. 274, 33-58 (2016).

Bergmann-Leitner, E. S., Leitner, W. W. & Tsokos, G. C. J. C. |. Complement 3d: from
molecular adjuvant to target of immune escape mechanisms. Clin. Inmunol. 121,
177-185 (2006).

Fearon, D. T. & Carter, R. H. The CD19/CR2/TAPA-1 complex of B lymphocytes:
linking natural to acquired immunity. Annu. Rev. Immunol. 13, 127-149 (1995).
Cambier, J. C,, Pleiman, C. M. & Clark, M. R. Signal transduction by the B cell
antigen receptor and its coreceptors. Annu. Rev. Immunol. 12, 457-486 (1994).
Walport, M. J. Complement. Second two parts N. Engl. J. Med. 344, 1140-1144
(2001).

Dempsey, P. W., Allison, M. E., Akkaraju, S., Goodnow, C. C. & Fearon, D. T. C3d of
complement as a molecular adjuvant: bridging innate and acquired immunity.
Science 271, 348-350 (1996).

Published in partnership with the Sealy Institute for Vaccine Sciences



44. Cooper, N. R, Moore, M. D. & Nemerow, G. R. Immunobiology of CR2, the B
lymphocyte receptor for Epstein-Barr virus and the C3d complement fragment.
Annu. Rev. Immunol. 6, 85-113 (1988).

45. Sicard, T., Kassardjian, A. & Julien, J. P. B cell targeting by molecular adjuvants for
enhanced immunogenicity. Expert Rev. Vaccines 19, 1023-1039 (2020).

46. De Groot, A. S. et al. C3d adjuvant effects are mediated through the activation of
C3d-specific autoreactive T cells. Immunol. Cell Biol. 93, 189-197 (2015).

47. Kovécs, K. G.,, Macsik-Valent, B., Matké, J., Bajtay, Z. & Erdei, A. Revisiting the
coreceptor function of complement receptor type 2 (CR2, CD21); coengagement
with the B-cell receptor inhibits the activation, proliferation, and antibody pro-
duction of human B cells. Front. Inmunol. 12, 620427 (2021).

48. Hainline, K. M. et al. Modular complement assemblies for mitigating inflammatory
conditions. Proc. Natl Acad. Sci. USA 118, e2018627118 (2021).

49. Knopf, P. M. et al. Novel function of complement C3d as an autologous helper T-
cell target. Immunol. Cell Biol. 86, 221-225 (2008).

50. Schutta, C. et al. Multiple efficacy studies of an adenovirus-vectored foot-and-
mouth disease virus serotype A24 subunit vaccine in cattle using homologous
challenge. Vaccine 34, 3214-3220 (2016).

51. Black, L, Francis, M. J,, Rweyemamu, M. M., Umebara, O. & Boge, A. The rela-
tionship between serum antibody titres and protection from foot and mouth
disease in pigs after oil emulsion vaccination. J. Biol. Stand 12, 379-389 (1984).

52. Koch, M. A. et al. Maternal IgG and IgA antibodies dampen mucosal T helper cell
responses in early life. Cell 165, 827-841 (2016).

53. De Groot, A. S. et al. Activation of natural regulatory T cells by IgG Fc-derived
peptide “Tregitopes”. Blood, J. Am. Soc. Hematol. 112, 3303-3311 (2008).

54. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat.
Rev. Immunol. 18, 134-147 (2018).

55. Giusti, D. et al. NET formation in bullous pemphigoid patients with relapse is
modulated by IL-17 and IL-23 interplay. Front. Inmunol. 10, 701 (2019).

56. Schon, M. P. & Erpenbeck, L. The interleukin-23/interleukin-17 axis links adaptive
and innate immunity in psoriasis. Front. Inmunol. 9, 1323 (2018).

57. Okeke, E. B. & Uzonna, J. E. The pivotal role of regulatory T cells in the regulation
of innate immune cells. Front. Immunol. 10, 680 (2019).

58. Abbas, A. K, Trotta, E., R. Simeonov, D., Marson, A. & Bluestone, J. A. Revisiting IL-
2: biology and therapeutic prospects. Sci. Immunol. 3, eaat1482 (2018).

59. Landuyt, A. E. et al. ICOS ligand and IL-10 synergize to promote host-microbiota
mutualism. Proc. Natl Acad. Sci. USA. 118, e2018278118 (2021).

60. Shtivelman, E., Cohen, F. E. & Bishop, J. M. A human gene (AHNAK) encoding an
unusually large protein with a 1.2-microns polyionic rod structure. Proc. Natl
Acad. Sci. USA. 89, 5472-5476 (1992).

61. Lim, H. J. et al. Function of Ahnak protein in aortic smooth muscle cell migration
through Rac activation. Cardiovasc. Res 97, 302-310 (2013).

62. Borgonovo, B. et al. Regulated exocytosis: a novel, widely expressed system. Nat.
Cell Biol. 4, 955-963 (2002).

63. Matza, D. et al. A scaffold protein, AHNAK]1, is required for calcium signaling
during T cell activation. Immunity 28, 64-74 (2008).

64. Matza, D. et al. Requirement for AHNAK1-mediated calcium signaling during T
lymphocyte cytolysis. Proc. Nat! Acad. Sci. USA. 106, 9785-9790 (2009).

65. Lee, S. Y. et al. Rapid engineering of foot-and-mouth disease vaccine and chal-
lenge viruses. J. Virol. 91, e00155-00117 (2017).

66. Bahnemann, H. G. Binary ethylenimine as an inactivant for foot-and-mouth dis-
ease virus and its application for vaccine production. Arch. Virol. 47, 47-56 (1975).

67. Jo, H. et al. The HSP70-fused foot-and-mouth disease epitope elicits cellular and
humoral immunity and drives broad-spectrum protective efficacy. NPJ Vaccines 6,
1-14 (2021).

68. World Organization for Animal Health. Terrestrial Animal Health Code, 26th ed.
(OIE Paris, 2017).

Published in partnership with the Sealy Institute for Vaccine Sciences

M.J. Lee et al.

npj

69. Fowler, V. L, Knowles, N. J., Paton, D. J. & Barnett, P. V. Marker vaccine potential of
a foot-and-mouth disease virus with a partial VP1 GH loop deletion. Vaccine 28,
3428-3434 (2010).

70. Fukai, K. et al. Comparative performance of fetal goat tongue cell line ZZ-R 127
and fetal porcine kidney cell line LFBK-avp6 for Foot-and-mouth disease virus
isolation. J. Vet. Diagn. Invest. 27, 516-521 (2015).

ACKNOWLEDGEMENTS

This work was supported by grants from the Animal and Plant Quarantine Agency
(APQA) (B-1543386-2021-24). We would like to thank the staff and researchers of the
Center for Foot-and-Mouth Disease Vaccine Research at the APQA for helping us with
this study.

AUTHOR CONTRIBUTIONS

Conceptualization, M.J.L; methodology, M.J.L,, and J.-H.P.; software, M.J.L; validation,
MJ.L; formal analysis, MJ.L,; investigation, MJ.L, HMK, SS, SHP, and HJ;
resources, M.J.L, S-MK, and J.-H.P.; writing—original draft preparation, M.J.L.; writing
—review and editing, MJ.L; visualization, M.J.L; supervision, M.JL; project
administration, M.J.L; funding acquisition, M.J.L. All authors have read and agreed
to the published version of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541541-022-00496-8.

Correspondence and requests for materials should be addressed to Min Ja Lee.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

npj Vaccines (2022) 70

15


https://doi.org/10.1038/s41541-022-00496-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The C3d-fused foot-and-mouth disease vaccine platform overcomes maternally-derived antibody interference by inducing a potent adaptive immunity
	Introduction
	Results
	Development of the immune-enhancing FMD vaccine strain and the purification of inactivated antigens using O PA2-C3d and A22-C3d
	The immune-enhancing FMD antigen induces IFN&#x003B3; secretion
	The immune-enhancing FMD vaccine exhibits high immunogenicity in mice and provides a strong host defense against FMDV infection
	The immune-enhancing FMD vaccine strain overcomes MDA interference, induces a potent adaptive immune response in pigs, and effectively maintains early, intermediate, and long-term immunity
	The immune-enhancing FMD vaccine strain induces a robust cellular immune response by effectively inducing the expression of cytokines and co-stimulatory molecules in porcine peripheral blood mononuclear cells

	Discussion
	Methods
	Preparation of the recombinant plasmid
	Preparation of the immunostimulating recombinant FMD vaccine strain
	Purification of the antigen from recombinant FMDV type O and type A presenting C3d-epitopes
	Confirmation of structural and non-structural proteins using purified antigens and examination of 146nobreak&#x02009;nobreakS particles using TEM
	Mice
	PECs isolation and cell culture
	PBMCs isolation and cell culture
	Antigen-induced IFN&#x003B3; ELISpot assay on PECs and PBMCs in�vitro
	Evaluation of immunogenicity in experimental animals (mice) vaccinated with the immune-enhancing FMD vaccine strains, O PA2-C3d and A22-C3d
	Evaluation of immunogenicity in pigs vaccinated with the immune-enhancing FMD vaccine strains, O PA2-C3d and A22-C3d
	RNA isolation, cDNA synthesis, and quantitative real-time PCR
	Statistical analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




