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Foot-and-mouth disease (FMD) is a rapidly propagating infectious disease of cloven-hoofed animals, especially
cattle and pigs, affecting the productivity and profitability of the livestock industry. Presently, FMD is controlled
and prevented using vaccines; however, conventional FMD vaccines have several disadvantages, including short
vaccine efficacy, low antibody titers, and safety issues in pigs, indicating the need for further studies. Here, we
evaluated the efficacy of a novel bivalent vaccine containing zinc sulfate as an immunostimulant and FMD type O
and A antigens (O PA2 and A YC, respectively) against FMD virus in mice and pigs. Zinc sulfate induced cellular
immunity in murine peritoneal exudate cells (PECs) and porcine peripheral blood mononuclear cells (PBMCs) by
increasing IFNy secretion. Additionally, FMD vaccine containing O PA2 and A YC antigens and zinc sulfate
induced early, mid-, and long-term immune responses in mice and pigs, and enhanced cellular and humoral
immunity by regulating the expression of pathogen recognition receptors (PRRs), transcription factors, co-
stimulatory molecules, and cytokines in porcine PBMCs from vaccinated pigs. Overall, these results indicated
that the novel immunostimulant zinc sulfate induced potent cellular and humoral immune responses by stim-
ulating antigen-presenting cells (APCs) and T and B cells, and enhanced long-term immunity by promoting the
expression of co-stimulatory molecules. These outcomes suggest that zinc sulfate could be used as a novel vaccine

immunostimulant for difficult-to-control viral diseases, such as African swine fever (ASF) or COVID-19.

1. Introduction

Foot-and-mouth disease (FMD) is an acute and infectious viral dis-
ease that occurs in ungulates, such as cloven-hoofed pigs, cattle, goats,
and sheep, and is characterized by fever, followed by blisters on the lips,
tongue, gums, and nose (Donaldson, 1987). Myocarditis arising from
FMD can cause high mortality in young animals, especially calves, and
high economic losses in adults due to low productivity (Alexandersen
et al., 2003). The World Organization for Animal Health (WOAH)
divided the outbreak area into seven zones, except for Asia 1, where
each serotype is geographically restricted and indigenous to the region
(Samuel and Knowles, 2001). WOAH recommends vaccination to con-
trol and eradicate FMD. Commercial FMD vaccines are prepared by
inactivating the whole virus by treating it with aziridines, such as binary
ethylenimine (BEI), and then mixing it with adjuvants, such as oil
emulsion. In addition to inactivated vaccines, live attenuated, DNA,
virus-like particle (VLP), and synthetic peptide vaccines have been

developed for FMD control and eradication (Lu et al., 2022). Successful
vaccination and prevention of FMD outbreaks depends on effective and
safe adjuvants, suitable antigen-delivery systems, and routes of admin-
istration (Amanna and Slifka, 2020). Adjuvants currently used include,
mineral oil-based emulsions (montanide ISA 50, ISA 201, ISA 206, and
marcol 52), AI(OH)3; as an immunostimulant, toll-like receptor (TLR)
ligands, saponin (Quil-A), cytokines, and antigen delivery systems, such
as liposomes (Cao, 2014; Kamel et al., 2019). Oil emulsion adjuvants
induce stronger immune responses in host animals compared with other
adjuvants, allowing for slow release of the antigen to prolong immune
response. However, the use of oil emulsion is associated with several
side effects (local reaction), including swelling, hemolysis, and necrosis
at the injection site (Wu et al., 2020). Additionally, montanide ISA 206,
a widely used oil adjuvant, was reported to accelerate the degradation of
immunogenic 146S particles in inactivated FMDV antigen at the inter-
face between the oil and water layers (Harmsen et al., 2015). Al(OH)3
provokes a typical antibody-mediated type 2 helper (Th2) immunity
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rather than a cell-mediated type 1 helper (Thl) immunity (Jiang et al.,
2018), stimulating high production of IgE, which can induce neurotox-
icity, hypersensitivity, and excessive inflammatory responses at the
vaccination site. Saponin is usually combined with Al(OH)s to efficiently
compensate for cellular immunodeficiency; however, its use is limited
by its toxicity when used in large quantities (Dalsgaard, 1987). Recent
vaccine development is targeted at inducing maximum stimulation of
Th1 and Th2 responses by antigens using methods that simultaneously
increase cellular and humoral immune responses (Carr et al., 2013;
Guzman et al., 2010). Antigens are endocytosed by dendritic cells (DCs),
processed, and presented on major histocompatibility complex (MHC)
molecules, and several agents can be recognized by both CD4+ and
CD8+ T cells, inducing DC maturation. Mature DCs are recognized by
these T cells to induce both cellular and humoral immune responses
(Lee et al., 2020). Particularly, TLRs activate the secretion of inflam-
matory cytokines in neutrophils, allowing DCs to mature, thereby trig-
gering the expression of co-stimulatory molecules and enhancing their
antigen-presenting capacity (Finlay and McFadden, 2006). TLR4 is a
major ligand that activates DCs and induces Th1 cell activation, which
mediates cellular and humoral immunity (Lavelle et al., 2006).

Zinc sulfate is widely used to treat and prevent zinc deficiency in
humans and animals. Zinc is a vital trace element that plays a pivotal
role in immune cell physiology, growth, and maintenance (Read et al.,
2019). Zinc deficiency negatively affects immune cell development and
function, including lymphocyte proliferation, interleukin (IL)—2 level,
delayed-type hypersensitivity (DTH) response, and antibody response
(Haase and Rink, 2009; Keen and Gershwin, 1990; Mitchell et al., 2006;
Mocchegiani and Malavolta, 2004; Prasad, 2000). However, zinc sup-
plementation can reverse immune system damage (Haase and Rink,
2009). Zinc sulfate has the advantage of being supplemented using
various vaccination routes, such as mucosal (oral) administration, and
intradermal and intramuscular vaccination (Afsharian et al., 2011).

Based on this background, we evaluated the immunostimulatory
efficacy and adjuvanticity of zinc sulfate as an FMD vaccine adjuvant to
overcome the limitations of currently available commercial FMD vac-
cines. Specifically, we prepared a bivalent vaccine by adding zinc sulfate
to FMD type O and A antigens (O PA2 and A YC, respectively) and
investigated whether cellular and humoral immune responses were
simultaneously induced in mice and pigs.

2. Materials and methods
2.1. Cells, virus, and reagent

BHK-21, LFBK cells were cultured in DMEM (Lonza, Basel,
Switzerland), and ZZ-R 127 cells were cultured in DMEM/F12 (Lonza)
containing 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
(Gibco) at 37 °C in a 5% CO» condition. Recombinant O PA2 was pre-
pared by replacing the P1 region of O1 Manisa/Turkey/69 (Genbank No.
AY593823) with the P1 region of O/PAK/44/2008 (GenBank No.
GU384642) as previously described (Lee et al., 2017). A/Yeon-
cheon/SKR/2017 (A YC, GenBank No. KY766148) was isolated by the
Animal and Plant Quarantine Agency (APQA, Gyeongsangbuk-do,
Korea). Commercial zinc sulfate was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Virus antigen purification

The FMDV O PA2 and A YC antigens were purified according to a
previously described method (Lee et al., 2022). Briefly, the viruses were
harvested after complete cytopathic effect (CPE) was observed in
infected BHK-21 cells, followed by centrifugation at 12,000 rpm for 20
min to remove cell debris and obtain viral supernatants. Thereafter, the
virus was inactivated using 0.003 mM of BEI (Sigma-Aldrich) for 24 h,
and concentrated using 7.5% polyethylene glycol (PEG) 6000 and 2.3%
NacCl, followed by stirring for 16 h at 4 °C. The concentrated pellet was
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resuspended in Tris-NaCl buffer, and purified by a 15-45% sucrose
gradient at 30,000 rpm for 4 h at 4 °C using an SW41Ti rotor (Beckman
Coulter, Brea, CA, USA). Afterward, the 146S antigen quantity was
measured at 259 nm using a spectrophotometer. The inactivated virus
was passaged at least three times in ZZ-R 127 and BHK-21 cells to
confirm the absence of live virus before use in experiments.

2.3. Experimental mice and pigs

Animal experiments were performed using C57BL/6 mice (female,
6-7 weeks old) and pigs (8-9 weeks old). All the mice and pigs were
housed in animal biosafety level 3 (ABSL3) at the Animal and Plant
Quarantine Agency (APQA), and acclimatized for one week prior to the
experiment. The animal study was conducted in accordance with insti-
tutional guidelines and was approved by the APQA Ethics Committee
(accreditation number: IACUC-2022-659).

2.4. Peritoneal exudate cell (PECs) isolation and culture

Briefly, naive mice (n = 40) were sacrificed after CO; anesthesia, and
the peritoneal cavities were washed with 5 mL of cold HBSS (Gibco,
Waltham, MA, USA) lacking Ca?*/Mg?* and phenol-red. Thereafter,
peritoneal lavage fluid was centrifuged at 400 g for 10 min at 4 °C to
remove supernatants. After centrifugation, the cells were resuspended in
the culture medium and purified PECs were subsequently incubated in
RPMI 1640 (Gibco) containing 10% FBS and 1% antibiotic-antimycotic
(Gibco) at 37 °C in a 5% CO atmosphere.

2.5. Peripheral blood mononuclear cell (PBMCs) isolation and culture

PBMCs were isolated from whole blood samples collected from pigs
(n = 5-6/group) in heparin tubes, using Histopaque (Sigma-Aldrich).
The remaining red blood cells (RBCs) were then removed by lysis using
ACK lysing buffer (Gibco). Thereafter, PBMCs were resuspended in
Cat/ Mg2+ free DPBS (Gibco) and stored until use. Isolated PBMCs were
incubated in RPMI 1640 (Gibco) containing 10% FBS and 1% antibiotic-
antimycotic (Gibco) at 37 °C and in a 5% CO; atmosphere.

2.6. Cell viability assay

BHK-21, LFBK, and ZZ-R 127 cells were plated into 96-well plates, 2
x 10* cells/well, and cultured in a growth medium. After 48 h of in-
cubation, the growth medium was removed and replaced with a growth
medium containing zinc sulfate (0-5 pg/mL), and incubated further at
37 °C in a 5% CO5 atmosphere. After incubation for 4 h, 20 pL. MTS
reagent (CellTiter 96® AQueous One solution Cell proliferation Assay,
Promega, Madison, WI, USA) was added to each well, and the plates
were incubated at 37 °C in a 5% CO; atmosphere for 4 h. Following MTS
incubation, the absorbance was measured at 490 nm using a Hidex 300
SL plate reader (Hidex, Turku, Finland). The viability of cells was
calculated using the following equation:

% viability = (Mean ODggnple / Mean ODpjyqi) X 100

2.7. ELISpot assay to measure IFNy secretion in murine PECs and porcine
PBMCs

The effect of zinc sulfate on IFNy secretion by murine PECs and
porcine PBMCs treated with FMDV O PA2 or A YC antigens was evalu-
ated using ELISpot assay kits (mouse; Cat No. EL485 and porcine; Cat
No. EL985, R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s protocol. Briefly, murine PECs or porcine PBMCs (5 x
10° cells/well) were cultured in an antibody-coated well for mouse or
porcine IFNy, and stimulated with 2 pg/mL (final concentration) of O
PA2 antigen with or without zinc sulfate (0-5 pg/mL), and A YC antigen
with or without zinc sulfate (0-5 pg/mL) for 18 h, and then incubated at
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37 °C in a 5% CO atmosphere. Thereafter, the wells were washed four
times and incubated with anti-mouse or anti-porcine IFNy detection
antibodies overnight at 2-8 °C, followed by washing four times and
incubation with alkaline phosphate conjugated streptavidin at approx-
imately 25 °C for 2 h. Finally, the wells were washed four times,
developed with BCIP/NBT substrate at approximately 25 °C for 1 h, and
analyzed using an AID ELISpot assay plate reader (Autoimmune Diag-
nostika GmbH, Strassberg, Germany). The data were calculated as
number of spot forming cells (SFC).

2.8. Determination of zinc sulfate dosages for in vivo animal study

The dose of zinc sulfate used in animal studies was determined by
deriving the Animal Equivalent Dose (AED) according to the guidelines
of the US Food and Drug Administration (FDA) (Rockville et al., 2005;
Nair and Jacob, 2016). The AED can be calculated based on body surface
area by dividing or multiplying the human dose (mg/kg) by the Ky, ratio.
The correction factor, Ky, is estimated by dividing the average body
weight (kg) of the species by its body surface area (m?). Therefore, AED
is determined by the following formula:

AED (mg/kg) = Human does (mg/kg) x K, ratio

2.9. Evaluation of the adjuvanticity of zinc sulfate and early host defense
in mice vaccinated with FMD vaccine

Animal experiments were conducted to evaluate the potential adju-
vanticity of zinc sulfate and to validate the rapid immune protection of
FMD vaccines containing zinc sulfate. Briefly, mice (n = 5/group) were
administered with the experimental vaccine or control vaccine via
intramuscular (IM) injection of the thigh, followed by inoculation with
FMDV O/VET/2013 or A/Malay/97 virus at 100 LDso dose via intra-
peritoneal (IP) injection at 7 days post-vaccination (dpv). The vaccine
compositions for the positive control (PC) group were as follows: FMDV
O PA2 and A YC antigens (15+15 pg/dose/mL; 1/40 of the dose for
pigs), ISA 206 (50% w/w; Seppic, Paris, France), 10% Al(OH)3, and 15
pg/mouse Quil-A (InvivoGen, San Diego, CA, USA) in a total volume of
100 pL. Mice in the experimental (Exp) group received vaccines with the
same composition, but with the addition of 100 pg zinc sulfate/dose/
mouse, while those in the negative control (NC) group received an equal
volume of PBS via the same route. To evaluate the short-term efficacy of
the vaccines, survival rates and body weight changes were evaluated up
to 7 days post-challenge (dpc) (Fig. 2A).

2.10. Evaluation of early, mid-, and long-term immune response in mice

To evaluate the efficacy of zinc sulfate in eliciting early, mid-, and
long-term immune responses as an FMD vaccine adjuvant, mice were
administered FMD vaccine containing zinc sulfate as an adjuvant,
following the protocol described in the previous section. Mice (n = 5/
group) were vaccinated via IM injection, and blood samples were
collected at 0, 7, 28, 56, and 84 dpv for serological assays (Fig. 3A).

2.11. Evaluation of early, mid-, and long-term immune responses in pigs

To evaluate the efficacy of zinc sulfate in eliciting early, mid-, and
long-term immune responses, animal experiment was performed using
pigs, according to a previously described method (Lee et al., 2019).
Briefly, pigs were divided into NC, PC, and Exp groups (n = 5-6/group),
and vaccinated with the respective FMD vaccines. The composition of
the various vaccines was as follows: FMDV O PA2 and A YC antigens
(15415 pg/dose/pig/mL), without (PC group) or with (Exp group) zinc
sulfate, with ISA 206 (Seppic), 10% Al(OH)3, and 150 pg/dose/pig
Quil-A (InvivoGen). Pigs in the Exp group received a single dose of 1 mL
of vaccine via IM at 28 d interval (0 and 28 dpv), while those in the NC
group received an equal volume of PBS via the same route. Whole blood
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samples were collected during the experiment at 0, 7, 14, 28, 42, 56, and
84 dpv for serological assays (Fig. 4A).

2.12. Serological assays

2.12.1. ELISA for the detection of structural protein (SP) antibodies

Serum SP antibody levels were detected using VDPro® FMDV Type O
Kit (Cat No. EM-FMD-05, Median Diagnostics, Gangwon-do, Korea) and
PrioCheck™ FMDV Type A Kit (Cat No.7610850, Prionics AG, Schlieren,
Switzerland), respectively, according to the manufacturer’s protocol.
The optical density (OD) values were converted to percent inhibition
(PI) values. The animals were considered antibody positive, when the PI
value was > 40% for the VDPro® Type O Kit or > 50% for the Prio-
Check™ Type A Kit.

2.12.2. Virus neutralization (VN) test

Serum samples were heat-inactivated at 56 °C for 30 min, diluted 2-
fold, and incubated with a 100 TCIDsy (50% tissue culture infective
dose) in 50 pL media of FMDV virus (O PA2 or A YC) at 37 °C for 1 h.
Subsequently, 50 uL of LFBK cells (10° cells/mL) were added to each
well, incubated at 37 °C in a 5% CO, atmosphere for 3 d, and the wells
were checked for CPE. Antibody titers were evaluated as the Logi of the
reciprocal antibody dilution required for neutralization of 100 TCIDs( of
viruses in 50% of the wells.

2.12.3. Isotype-specific antibodies immunoassay

The concentrations of isotype-specific antibodies, including IgG, IgA,
and IgM, were determined using ELISA kits porcine (IgG; Cat. No.
E101-104, IgA; Cat. No. E101-102, and IgE; Cat. No. E101-117, Bethyl
Laboratories Inc., Montgomery, Texas, USA), according to the manu-
facturer’s protocol. Briefly, 100 uL of serially diluted standards and
serum samples were incubated in each well at approximately 25 °C for 1
h, followed by washing four times and incubation with 100 pL of Ig
subtype antibodies at approximately 25 °C for 1 h. After washing four
times, the samples were incubated with 100 pL of HRP solution at
approximately 25 °C for 30 min. The wells were washed four times, and
treated with 1 x TMB solution (100 pL/well) for 30 min at 25 °C to
detect peroxidase activity, and the reaction was stopped by adding 2 N
HoPO4 (100 pL). OD value was measured at 450 nm using a Hidex 300 SL
plate reader (Hidex, Turku, Finland).

2.13. RNA isolation, cDNA synthesis, and quantitative real-time PCR
(qRT-PCR)

qRT-PCR was performed to determine the effect of zinc sulfate-
containing FMD vaccine on the expression of immune response-related
genes. Porcine PBMCs were purified from the freshly whole blood of
vaccinated pigs (n = 5-6/group) at 0, 7, 14, 28, 42, 56, and 84 dpv,
according to a previously described PBMCs isolation method. Total RNA
was isolated from purified porcine PBMCs using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA), and reverse-transcribed to synthesize cDNA
using M-MLV RT (Promega, Madison, WI, USA). The cDNA products
were amplified on CFX96™ touch Real-Time PCR (Bio-Rad, Hercules,
CA, USA) using iQ SYBR Green Supermix (Bio-Rad). Quantitative gene
expression levels were normalized to that of HPRT (endogenous
housekeeping gene) and presented relative to the control values. The list
of primers used in this study is in Table S1.

2.14. Statistical analysis

All quantitative data were presented as mean + standard error of
mean (SEM). Significant differences between groups were determined
using two-way ANOVA, followed by Tukey’s post-hoc test. Parametric
tests were used to compare the different groups. Survival curves were
generated using the Kaplan-Meier method, and differences were
analyzed using the log-rank sum test. Statistical significance level is
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Fig. 1. Zinc sulfate and inactivated FMDV type O (O PA2) or A (A YC) antigen effectively induced cellular immune responses in murine peritoneal exudate cells
(PECs) and porcine peripheral blood mononuclear cells (PBMCs). IFNy-secreting cell spots in murine PECs (A); Images of IFNy secretion in murine PECs (B); IFNy-
secreting cell spots in porcine PBMCs (C); Images of IFNy secretion in porcine PBMCs (D). Data have been presented as spot-forming cells per number of cells in the

well. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. All statistical analyses were conducted using GraphPad Prism
9.5.0 (GraphPad, San Diego, CA, USA).

3. Results

3.1. Zinc sulfate with or without inactivated FMDV antigen enhances
cellular immune response by inducing IFNy secretion

To evaluate the cytotoxic effects of zinc sulfate in the BHK-21, LFBK,
and ZZ-R 127 cells, we measured the cell viability using MTS assay. As a
result, cytotoxicity was not observed at 0-5 pg/pL in these cells (Sup-
plementary Fig. 1A-C).

Murine PECs and porcine PBMCs were treated with an inactivated
antigen (O PA2 or A YC) alone, zinc sulfate alone, or antigen with zinc
sulfate to evaluate the efficacy of zinc sulfate on IFNy secretion (cellular
immune response) using an ELISpot assay. Treatment with low con-
centration (0.625 pg/mL) of zinc sulfate with O PA2 or A YC antigen
significantly increased IFNy secretion in both murine PECs and porcine
PBMCs compared with treatment with antigen alone, indicating that
zinc sulfate effectively induced a Thl-type cellular immune response
(Fig. 1A-D).

3.2. FMD vaccine containing zinc sulfate as an immunostimulant elicits
early host defense against viral infection in mice

To determine whether zinc sulfate can induce early host defense
against FMDV infection in vivo, mice were vaccinated with PC vaccine
containing O PA2+A YC antigen or Exp vaccine containing zinc sulfate
and O PA2+A YC antigen, and challenged with FMDV O/VET/2013 or
A/Malay/97 at 7 dpv. The survival rate and body weight change of the
mice were monitored for 7 dpc. Compared with the PC group, mice
vaccinated with the Exp group had a higher survival rate, with no
observable weight loss (Fig. 2B-E). FMD vaccine containing zinc sulfate

as an immunostimulant induced early, mid-, and long-term immune
responses in mice and pigs. To evaluate the effects of zinc sulfate on
early (7 dpv), mid- (28 and 56 dpv), and long-term (84 dpv) immune
responses, mice were vaccinated with the PC vaccine or Exp vaccine
containing zinc sulfate. After vaccination, antibody titers were detected
by SP O or A ELISA and VN titers were confirmed using VN test.
Compared with the PC group, antibody titer and VN titers were signif-
icantly higher in the Exp group at 7, 28, 56, and 84 dpv (Fig. 3B-E).
Additionally, pigs were injected with the PC vaccine or Exp group
containing zinc sulfate to evaluate the effect of zinc sulfate on early,
mid-, and long-term immune responses. Antibody titer, VN titers, and
IgG, IgA, and IgM levels were determined at 0-84 dpv. Compared with
the PC group, antibody titer was significantly higher in the Exp group
after the first vaccination (7 dpv) and remained high at 84 dpv after
booster shot (Fig. 4B-C). Additionally, VN titer assay showed that FMDV
O PA2 and A YC neutralizing antibody titers were significantly higher in
the Exp group at 14 dpv compared with the PC group, and was main-
tained up to 84 dpv (Fig. 4D-E). Moreover, IgG and IgA levels were
significantly higher in the Exp group than in the PC group; however,
there was no significant difference in IgM levels between the groups
(Figs. 5A-C).

3.3. FMD vaccines containing zinc sulfate elicits cellular and humoral
immune responses by inducing PRR, transcription factor, co-stimulatory
molecule, and cytokine expression

The mechanism through which FMD vaccine containing zinc sulfate
as immunostimulant induces cellular and humoral immune responses
was investigated. PBMCs were isolated from whole blood at 14 and 56
dpv after vaccination and used for qRT-PCR (Fig. 6A-V). The expression
levels of PRRs [retinoic acid-inducible gene (RIG)-I, and Toll-like re-
ceptor (TLR)4], transcription factors [myeloid differentiation primary
response (MyD)88, tumor necrosis factor (TNF) receptor associated
factor (TRAF)6, nuclear factor kappa-light-chain-enhancer of activated
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Fig. 2. Zinc sulfate-containing FMD vaccine mediated host defense by inducing early immune response in mice. Experimental strategy (A); Survival rates of mice
after challenge with O/VET/2013 (B) and A/Malay/97 (C); Body weight change after challenge with O/VET/2013 (D) and A/Malay/97 (E).

B cells (NF-kB), and signal transducer and activator of transcription
(STAT1)], co-stimulatory molecules [cluster of differentiation (CD)21,
CD19, CD81, CD28, CD80, and CD86], and cytokines [interferon (IFN)a,
IFNB, IFNy, IL-1p, IL-6, IL-12p40, IL-23p19, IL-23R, and IL-17A] were
compared between the groups. Compared with the PC group, the Exp
group had significantly higher expression levels of RIG-I (p < 0.0001),
TLR4 (p < 0.0001), and MyD88 (p < 0.0001) genes at 14 dpv
(Figs. 6A-C). Additionally, the Exp group had significantly higher
expression levels of transcription factors, including TRAF6 (p < 0.0001),
NF-«kB (p < 0.0001), CARD9 (p < 0.01), and STAT1 (p < 0.0001)
(Figs. 6D-G), and co-stimulatory molecules, including CD80 (p < 0.01),
CD86 (p < 0.0001), CD28 (p < 0.001), CD19 (p < 0.0001), CD21 (p <
0.001), and CD81 (p < 0.0001) than that of the PC group at 14 dpv
(Fig. 6H-M). Compared with the PC group, the Exp group had signifi-
cantly higher expression levels of IFNa (p < 0.0001), IFNf (p < 0.0001),
IFNy (p < 0.01), IL-1p (p < 0.0001), IL-6 (p < 0.0001), IL-12p40 (p <
0.01), IL-23p19 (p < 0.0001), IL-23R (p < 0.0001), and IL-17A (p <
0.0001) at 14 dpv (Fig. 6N-V).

4. Discussion

Presently, FMD vaccines are produced as monovalent or multivalent
inactivated vaccines containing gel or oil emulsion as adjuvant and
FMDV type O, A antigens, or a combination of both antigens (Saiz et al.,
2002). Gel vaccines were used only in cattle because of the short im-
munization period in pigs; however, vaccines with improved efficacy
have been commercially prepared using oil emulsion as adjuvant (Doel,
1996). However, vaccines containing oil emulsions take long time to
reach antibody titer levels necessary to induce host defense, limiting
their ability to induce rapid protection. Therefore, studies are currently
ongoing to develop novel vaccine adjuvants, including immunostimu-
lants, capable of initiating early host defense by simultaneously
inducing cellular and humoral immune responses (Bonam et al., 2017;
Di Pasquale et al., 2015). However, little is known about the mechanism
of the host response to vaccine adjuvant, especially immunostimulants;
therefore, further research is needed. Adjuvants can reduce the antigenic
content of vaccines, trigger cellular immune responses, and overcome
weak immunity, and an ideal adjuvant should be stable, safe, and easy to
produce and store. Zinc sulfate is used as a supplement to treat zinc
deficiency-related immune system abnormalities (Prasad et al., 1988;



Virus Research 335 (2023) 199189

- 2

C57BL/6N

(6-7 weeks old, 2, n=5/group)

Positive control group

Experimental group
(Exp., PC+Zinc sulfate)

with O PA2 Ag+A YC Ag, ISA 206 (emulsion), Al(OH)3, Quil-A

M.-K. Ko et al.
|
Negative control group
(NC)
Vaccination
vialLM.
1 ] ]
1 I I
0 7 2
Bleeding
(B) SP O ELISA by VDPro® kit
*x T *xx
1 1
*x * o T
m M M
KREE Kk wxx ok
100 ® Negative control (NC)
s\:, 80 ° ° @ Positive control (PC)
-3 i @® Experimental (PC+Zinc sulfate)
S 60
2
c
o & SRR e @ - FH T
H @
(9
oleco—e ol ollll ol
0 7 28 56 84
Days post vaccination (dpv)
(D) VN titers for O PA2

P T T T T T

[
4 * * * *rEE @ Negative control (NC)
@ Positive control (PC)

= * *x % *
g’_ 3 @® Experimental (PC+Zinc sulfate)
3 ]
§7.llg | off |
: |
z

0 T T T T T

0 7 28 56 84

Days post vaccination (dpv)

o3 T
>

(C) 'SP AELISA by PrioCheck™ kit

* % *xx *xx *xk
* *x *x *x
1 [ m

%

ok k *xkk *xx

100 @® Negative control (NC)
S, ° ® @ Positive control (PC)
c
.g ﬁ ﬂ @® Experimental (PC+Zinc sulfate)
S 60 e
E ettt : |
= 40 ]

c
3
g . Aﬂ H
o
*-0—e ° ° o

7 28 56 84
Days post vaccination (dpv)

(E) VN titers for A YC

AREE KA KK ok ok k%
*x

* %
* % %

* %

@ Positive control (PC)

xk
’—‘ ’—‘ @® Negative control (NC)
*x

@ Experimental (PC+Zinc sulfate)

VN titers (Log4q)
N

0 7 28 56 84
Days post vaccination (dpv)
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Shankar and Prasad, 1998). Several studies have reported that zinc has
antiviral activity against rhinovirus, equine arteritis virus (EVA), res-
piratory syncytial virus (RSV), infectious gastroenteritis virus, and se-
vere acute respiratory syndrome coronavirus (SARS-CoV) (Kaushik
et al., 2018; Korant et al., 1974; Suara and Crowe Jr, 2004; Te Velthuis
et al., 2010; Wei et al., 2012). In the early 1974, zinc was found to have
an inhibitory effect on Piconavirus polyprotein processing; additionally,
zinc has been confirmed to inhibit FMDV protease activity (Polatnick
and Bachrach, 1978). Moreover, studies have shown that treatment with
appropriate concentrations of zinc ionophores, such as hydrox-
ycycloquine, suppressed viral activity in respiratory diseases, such as
COVID-19 (Jayawardena et al., 2020).

A previous study showed that immune response was enhanced using
PRRs ligands, such as Mincle and STING, as adjuvants for FMD vaccine
(Lee et al., 2019). TLRs are a subgroup of PRRs that link innate and

acquired immunity, and are expressed in DCs and macrophages (M®s)
(Rokmann et al., 2021). Adjuvant such as TLRs agonist, and Al(OH)3,
can induce the maturation of DCs, thus enhancing vaccine response by
stimulating and modulating innate immune response and inducing
adaptive immune response (Jo et al., 2021; Ostuni et al., 2010). For
instance, the binding of lipopolysaccharide (LPS) to TLR4 induces the
recruitment of the adapter protein MyD88, activating NF-kB in the early
stages, resulting in the secretion of IFNp and IL-6 (Huang et al., 2004).
TLR4 regulates the expression of inflammatory cytokine genes by acti-
vating TRAF6 through MyD88 and inducing the activation of NF-kB.
This signaling pathway activates genes encoding subunits of IL-12 and
IL-23 (Grumont et al., 2001; Lien and Golenbock, 2003; Yoshida et al.,
2008). IL-23, a complex of IL-23p19 and IL-12p40, is mainly secreted by
activated intestinal APCs, such as DCs and monocytes (Langrish et al.,
2005). IL-23 stimulates y& T and Th17 cells to produce IL-17, and
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induces T cell proliferation (Beadling and Slifka, 2006; Lin et al., 2009).
Notably, y8 T cell, a major source of IL-17A, plays an important role in
host defense by recruiting neutrophils from mucosal and non-mucosal
tissues to the site of infection in the early stages of viral infection,
forming neutrophil extracellular traps (NETs), and removing pathogens
via NETosis (Ma et al., 2019). TLR4-mediated signaling pathway also
plays a key role in stimulating and activating APCs, generating Th1l and
cytotoxic T lymphocyte (CTL) responses and regulating B cell responses

during viral infections (Wang et al., 2011). RIG-I recognizes viral RNA
and activates CARD9, and TRAF6 induces transcription factors, such as
IFNB (Poeck et al., 2010).

In the present study, treatment with zinc sulfate alone or in combi-
nation with the antigens effectively induced cellular immune response
by increasing IFNy secretion in murine PECs and porcine PBMCs, indi-
cating that zinc sulfate can be used as a novel adjuvant for FMD vaccine.

IFNy is a cytokine of the type II class of interferons (Tau and
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Rothman, 1999), which are primarily secreted by activated lympho-
cytes, such as natural killer (NK), yd T, CD4+ Th1, and CD8+ cytotoxic T
cells. The expression of type II IFN is up- or down-regulated by mitogens
and cytokines, such as IL-12, IL-15, IL-18, and type I IFN (Gray and
Goeddel, 1982). Type II IFN can also activate signaling pathways in
cells, such as M®s, B cells, and CD8+ cytotoxic T cells, to promote
antiviral activity, inflammation, or cell proliferation and differentiation
(Castro et al., 2018). In the present study, ELISpot assay showed that
zinc sulfate-containing vaccines induced significant IFNy secretion, and
that even small amount of zinc sulfate (0.625 pg/mL) induced IFNy
secretion and effectively induce a cellular immune response (Fig. 1).

Accordingly, an Exp vaccine was prepared using zinc sulfate as an
adjuvant (specifically as an immunostimulant) and FMDV type O and
type A antigens, and its ability to induce early host defense against
FMDV was investigated. Mice administered the novel FMD vaccine
containing zinc sulfate exhibited 100% survival rate, indicating that zinc
sulfate is an effective FMD vaccine adjuvant (Fig. 2).

An evaluation of the effect of the bivalent vaccine containing zinc
sulfate on early, mid- and long-term immune responses of mice and pigs
(0-84 dpv) showed that antibody and VN titers were significantly higher
in the Exp group than in the NC and PC groups, indicating that zinc
sulfate can be used as an adjuvant with promising results (Figs. 3, 4).
Additionally, serum samples from pigs vaccinated with the Exp vaccine
containing zinc sulfate had significantly higher antibody titers
compared with the PC group, as confirmed by SP O and A ELISA.
Moreover, VN titers against the O PA2 and A YC viruses were signifi-
cantly higher in the Exp group, and these immune responses were
maintained after booster shot. Overall, these results showed that the
addition of zinc sulfate to FMD vaccine as an immunostimulant effec-
tively induced cellular and humoral immune responses in pigs,
improving early, mid-, and long-term immune responses (Fig. 4).

In the present study, animals were considered seropositive for O PA2
and A YC antigens at PI > 40% and > 50%, respectively. FMD vaccines
have been reported to improve host defense at VN titers > 1.74 (Logio)
(Black et al., 1984), and VN titer > 1.65 (Logio) is regarded to induce
sufficient host defense, according to the FMD vaccine evaluation stan-
dard of Republic of Korea (Shin et al., 2022). In the present study, VN
titer was maintained at > 1.74 (Logj¢) up to 84 dpv after booster shot in
the Exp group compared with that of the PC group, indicating that zinc
sulfate may play an important role in inducing early immune response
that is maintained in the long-term and provide cross-protection against
FMDV type O and A infections. Additionally, isotype ELISA showed that
there were significant differences in IgG and IgA levels between the Exp
and PC groups at 56 dpv (Fig. 5). Overall, the results of these serological
assays indicated that zinc sulfate can increase and maintain long-term
antibody titers, VN titers, and total IgG and IgA levels, suggesting that
the vaccine can achieve robust and long-lasting humoral immune
responses.

To identify the mechanism of zinc sulfate-containing vaccines in the

host immune response, the expression of PRRs, transcription factors, co-
stimulatory molecules, and cytokines in porcine PBMCs isolated from
whole blood at 14 and 56 dpv was examined using qRT-PCR. Compared
with the PC group, administration of the zinc sulfate-containing Exp
vaccine significantly increased the expression of immune response-
related genes. An increase in RIG-I, a PRR, induces the expression of
type I IFNs (IFNa and IFNp), which activates NF-xB via TRAF6. Type I
IFNs are cytokines that play critical roles in immune regulation, tumor
cell recognition, inflammation, and T cell responses (Razaghi et al.,
2021). Almost every cell in the host body can secrete I[FNa and IFN,
which usually occurs in response to stimulation of receptors known as
PRRs. The RNA helicases RIG-I and melanoma differentiation-associated
gene 5 (MDAS) are the major cytosolic receptors that are responsible for
the recognition of viral RNA (Goubau et al., 2013).

In addition to these cytoplasmic receptors, several TLRs stimulate
pathways involved in IFNa and IFNp secretion. TLR4, which recognizes
LPS, is the most potent type I IFN inducer and signals through the
adapter protein TIR domain-containing adapter protein-induced IFNJ
(TRIF) (Moynagh, 2005). NF-xB also serves as a cofactor in IFNo/f
production (Honda et al., 2006). TRAF6 is an important factor for the
activation of NF-kB and the production of type I IFN, and activates IKK
(IkB kinase) in response to proinflammatory cytokines (Konno et al.,
2009).

Additionally, the expression of co-stimulatory molecules CD80/
CD86 in APCs activates T cells by binding to CD28 on Th1 cells, and the
expression of IL-12 and STAT1 activates Th1 cells.

Signaling occurs when a T cell meets an APC, forming an immune
synapse. For successful signal transduction, T cell receptors must bind to
MHC, and co-stimulatory molecules, such as CD28 to CD80/CD86
(Pentcheva-Hoang et al., 2004). CD86 has been shown to enhance the
interaction between DCs and T cells, as higher force reductions were
founded after blocking CD86 alone (Lim et al., 2012). IL-12 is an
interleukin naturally expressed by DCs, neutrophils, M®s, and human B
lymphoblastoid cells (NC-37) in response to antigenic stimulation (Dale
et al., 1989). STAT1 is a key mediator of cellular responses to IFN, and
IFN expression and STAT1 activation are crucial steps in the initial im-
mune response to viral infection (Parham et al., 2002). CD19 on the B
cell surface forms a complex with CD21 and CD81 to induce B cell ac-
tivity. B cells express the CD21 receptor on their surface, allowing the
complement system to induce B cell activation and maturation. CD21
interacts with CD19 to form a complex with CD81 in mature B cells,
which is called the B cell co-stimulatory complex (Abbas, 2003). Overall,
it could be concluded that the administration of FMD vaccine containing
zinc sulfate as an immunostimulant simultaneously induced cellular and
humoral immune responses in pigs via the above signal transduction
processes.

Our present study demonstrates that zinc sulfate induces NF-xB
activation in an APCs-dependent manner through PRRs, cytokines, co-
stimulatory molecules, and transcription factors. The mechanism of
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Fig. 6. Zinc sulfate-containing FMD vaccine effectively elicit cellular and humoral immune responses in porcine PBMCs by inducing the expression of PRRs,
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The stimulation of TLR4 by zinc sulfate and antigen induces the recruitment of the adaptor protein MyD88 via downstream TRAF6, resulting in the activation of NF-
kB and the mRNA expression of proinflammatory cytokines, such as IFNy, IL-1p and IL-6 in APCs such as DCs and M®s. This is APC-dependent signaling cascade.
CD80 and CD86 are then stimulated on the APC surface, which induced STAT1 and produced the proinflammatory cytokines IL-12 and IL-23. IL-23 produces IL-17A
and IL-6 by binding to IL-23R on the surface of Th17 and unconventional T cells such as y8 T cells,invariant natural killer T (iNKT) cells, and mucosal-associated
invariant T (MAIT) cells. IL-12 binds to IL-12R on the surface of Thl cells and produces IFNy and IL-12p40. Activated Thl cell express CD28, restimulate APC
through a positive feedback loop, while activating B cells and B cell core-receptor such as CD19, CD21, and CD81, resulting in immune-enhancing effect. Collectively,

zinc sulfate contributes to cellular and humoral immunity by stimulating TLR4
molecules, and cytokines.

zinc sulfate in host immune response could be described as follows: zinc
sulfate stimulated the TLR4 signaling pathway, promoting TRAF6
expression in APCs via MyD88 and inducing NF-kB mediated activation
of proinflammatory cytokines, including IFNy, IL-6, and IL-1p. Addi-
tionally, the increased expression of STATI1, IL-12, IL-17A, IL-23R,
CD28, CD80, and CD86 activated T cells and induced B cell activity,
with increased expression of CD19, CD21, and CD81, resulting in an
immune-enhancing effect (Fig. 6 and Fig. 7).

Overall, these results suggest that the novel immunostimulant zinc
sulfate induced a robust immune response by stimulating APCs, T, and B
cells through stimulation of PRRs, and contributed to long-term immu-
nity, including cellular and humoral immune responses by promoting
the production of proinflammatory cytokines, transcription factors, and
co-stimulatory molecules.

In summary, zinc sulfate was effective as an immunostimulant and
adjuvant in the novel FMD type O and A bivalent vaccine for FMD
prevention. However, further studies are necessary to examine the effect
of administration routes, such as oral, on the efficacy of the vaccine.
Based on these results, zinc sulfate could be used as a novel vaccine
immunostimulant for viral diseases, such as African swine fever (ASF),
avian influenza (AI), or COVID-19, which are difficult to control and
prevention. Particularly, the vaccine is expected to have a wide range of
applications, such as use as bait vaccine in the case of wildlife-borne
disease such as ASF and AL
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