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Abstract: A recombinant SARS-CoV-2 spike protein vaccine (NVX-CoV2373) has been licensed and
has a lesser incidence of adverse events. To know the immunological mechanisms of adverse events,
the production of cytokines and chemokines was investigated in mice inoculated with NVX-CoV2373.
Serum IL-6 was detected on Day 1 of the first and second doses and the IFN-y, IL-4, IL-10, TNF-«, and
IL-6 levels increased on Day 1 of the second dose at the inoculation site. The enhanced production
of the inflammatory chemokines (CCL2), homeostatic chemokine (CXCL13), and Th2 chemokine
(CCL17) was observed at the inoculation site on Day 1 of the second dose. These findings were
compared with data obtained following inoculation with BNT162b2 bivalent vaccine containing
omicron BA.4/5. Significantly lower levels of inflammatory chemokines were detected on Day 1
after the first dose of NVX-CoV2373 in sera and inoculation site than those following inoculation
with bivalent BNT162b2 (p < 0.01), reflecting a lower incidence of adverse events after immunization
with NVX-CoV2373 in humans. NVX-CoV2373 induced significantly higher concentrations of IFN-y,
TNF-«, and IL-10 at the inoculation site obtained on Day 1 of the second dose (p < 0.05). Significant
higher levels of Th2 chemokines, CCL11 and CCL17, were induced at the inoculation site on Day 1 of
the second dose (p < 0.01) and they explain the booster IgG EIA antibody response after the second
dose of NVX-CoV2373.
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1. Introduction

A serious outbreak of unknown pneumonia was reported in Wuhan on 31 December
2019. The pathogenic agent was identified within several days and, soon after, a full-
length nucleotide sequence was disclosed. The pathological agent was identified and
named severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) later, due to its
morphological features [1]. It spread to the EU and US within a few months. Although
the case fatality rate was approximately 2-3% lower than that of SARS and Middle East
respiratory syndrome (MERS), the transmission rate of SARS-CoV-2 was extremely high,
threatening the public health [2]. Therefore, the WHO announced a pandemic alert on
March 11, 2020, and encouraged the development of effective vaccines [1-3]. At the end of
2020, mRNA vaccines (BNT162b2 and mRNA1273) and an adeno virus-vectored vaccine
(ChAdOx1) were licensed for emergency use [4-6].

Although mRNA vaccines have been used worldwide with high efficiency, local and
systemic adverse events are common, for example, local pain at the injection site in 70-85%
of cases; febrile reactions in 10-20% of cases; and headaches and fatigue at 40-60% [4,5].
After immunization with BNT162b2, pain at the injection site was reported among 83%
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of recipients aged 16-55 years after the first dose and 78% following the second dose.
Five percent of people suffered from local redness or swelling. As for systemic adverse
reactions, febrile illness was noted in 4% and 16% of the population after the first and
second doses, respectively. More frequently observed adverse events were fatigue (47%),
and headaches (42%) after the first dose, and fatigue (42%) and headaches (52%) following
the second dose [4]. After immunization with mRNA-1273, solicited local pain at the
injection site was noted in 86.9% and 89.9% of people following the first and second doses,
respectively. For systemic adverse events, 0.9% and 17.4% of people had fever, 35.3% and
62.8% had a headache, and 38.4% and 67.6% had fatigue after the first and second doses,
respectively [5]. Severe-grade systemic reactogenicity was more frequently observed after
the second dose than it was after the first dose, although local reactogenicity occurred
after both doses at high frequency. The adverse events were generally mild or moderate
and less common among older adults. Local pain at the injection site might be related to
inflammatory cytokine production, and serum inflammatory cytokines are associated with
systemic adverse events of febrile illness. The cytokine profiles of mice inoculated with
BNT162b2 and mRNA-1273 were investigated. Th1l and Th2 cytokines were detected at
the inoculation site and in the serum samples after the second dose. mRNA-1273 induced
higher levels of Th1l and Th2 cytokines than BNT162b2 did. IL-6 and G-CSF were also
detected at the inoculation site on Day 1 of the first dose, but the levels decreased after
Day 3, and enhanced production was demonstrated on Day 1 of the second dose [7]. The
induction of inflammatory cytokines in the mouse model reflects the immunogenicity and
adverse reactions observed in humans immunized with mRNA vaccines.

RNA is a ligand for the RNA sensor of TLR 3, 7, and 8, inducing type I IFN. In partic-
ular, double-stranded RNA triggers TLR3 signaling and activates retinoic acid-inducible
gene (IRIG-I) or melanoma differentiation-associated gene 5 (MDA-5) to recruit caspases at
the caspase recruit domain (CARD). Caspase induces the inflammatory cytokines IL-13,
IL-6, and TNF-« from pro-inflammatory cytokines [8,9]. RNA is a fragile molecule, and
mRNA molecules encoding SARS-CoV-2 spike protein are embedded in lipid nanoparti-
cles (LNP), consisting of phospholipids, cholesterol, polyethylene glycol, and ionizable
cationic lipids to stabilize mRNA vaccines. The ionizable cationic lipids make a complex
with negatively charged mRNA to transport into the endosome [10,11]. mRNA, itself,
performs adjuvant activity through RNA sensor, inducing IFN-o/ 3 for activating cytotoxic
T lymphocyte (CTL), and LNPs contribute to stimulate inflammasome to regulate antibody
responses through Th1l or Th2 cytokines.

For conventional SARS-CoV-2 vaccines, NVX-CoV2373 (Nuvaxovid®) was developed
by Novavax Ltd. (Gaithersburg, MD, USA) using SARS-CoV-2 spike protein nanoparticles
expressed by the baculovirus expression system with Matrix-M1 adjuvant. From the results
of a phase III clinical trial, it showed sufficient protective effects: vaccine efficacy to prevent
symptomatic COVID-19 was 89.7% (95% CI; from 80.2 to 94.6) after two doses. As for the
local adverse events, the incidence of tenderness was reported in 53.3% and 76.4% of people
after the first and second doses, respectively. Pain at the injection site for the first dose
was found in 29.3% and in 51.2% of people following the second dose. The most common
systemic adverse events were headache, muscle pain, and fatigue after both the first dose
(24.5%, 21.4%, and 19.4%, respectively) and the second dose (40.0%, 40.3%, and 40.3%,
respectively) [12]. The incidence of febrile reaction increasing body temperature > 38 °C
was reported in 2.0% of the population after the first dose and in 4.8% after the second
dose. Generally, NVX-CoV2373 causes lower incidence of adverse events, in comparison
with that of mRNA vaccines. In the present study, the induction levels of cytokines and
chemokines were compared in mice inoculated with NVX-CoV2373 and BNT162b2.

2. Materials and Methods
2.1. Experimental Protocol

Five-week-old female BALB/c mice were purchased from SLC Japan (Hamamatsu,
Shizuoka Prefecture, Japan) and were inoculated with 0.1 mL of NVX-CoV2373 at the left
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thigh. Serum and thigh muscle samples were obtained from three mice for each time point
on a scheduled day, as shown in Figure 1. The second dose was given at 4 weeks after the
first dose at the same thigh region, and the following samples were obtained at the same
time points. After inoculation with Omicron BA.4/5 bivalent BNT162b2, serum and thigh
muscle samples were obtained before injection and on Day 1 of the first and second doses
because peak cytokines were observed at this time-point in a previous report [7]. The study
protocol was approved by the Ethical Committee of Animal Research of Kitasato University
(approval number: 22-023).
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Figure 1. Experimental schedule. Five-week-old female BALB/c mice were inoculated with 0.1 mL
of NVX-CoV2373 at the left thigh. Serum and thigh muscle homogenate samples were obtained
from three mice for each time point and after inoculation with bivalent BNT 162b2, serum and thigh
muscle samples were obtained before injection and on Day 1 of first and second doses.

2.2. Cytokine and Chemokine Assay

Approximately 120 mg of thigh muscle tissue at the injection site was obtained and
homogenized as in a previous report [7], and serum samples were also stocked. The
following mouse cytokines and chemokines were measured using Bio-Plex Pro™ Mouse
Chemokine Panel 31 plex (Bio-Rad Laboratories Inc., Hercules, CA, USA): BCA-1, CTACT,
ENA-78, Eotaxin, Eotaxin2, Fractalkine, GM-CSF, 1-309, I-TAC, IFN-y, IL-1p3, IL-2, IL-4,
IL-10, L-16, IP-10, KC, MCP-1, MCP-3, MCP-5, MDC, MIP-1«, MIP-1§3, MIP-3«, MIP-33,
RANTES, SCYB16, SDF-1x, TARC, and TNF-«.

2.3. IgG EIA Antibody against SARS-CoV-2 Spike Protein

Development of antibodies against SARS-CoV-2 spike protein were compared follow-
ing inoculation with NVX-CoV2373 and BNT162b2. Stocked serum samples following
inoculation with original BNT162b2 were used [7]. IgG antibodies against the SARS-CoV-2
spike protein (S) prototype were measured using #DK20-COV4E-S coated with 10 ng/well
provided by Denka, Co., Ltd. (Tokyo, Japan) according to the manufacturer’s protocol.
Briefly, serum was diluted 1:200 with the sample dilution buffer and incubated on the
coated microplate for 1 h at room temperature. The wells were washed three times, and
then anti-mouse IgG antibody conjugated with HRP (Jackson ImmunoResearch Labora-
tories Inc., Baltimore, MD, USA) was added and incubated at room temperature for 1 h.
The substrate solution was added and incubated at room temperature for 30 min. The
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stop solution was then added (0.1 mL per well), and absorbance was measured at 450 and
630 nm using an iMark™ microplate reader (Bio-Rad Laboratories Inc.).

2.4. Statistical Analysis

Cytokine and chemokine concentrations were analyzed, and box and whisker plots
were created with the median titer and lower and upper range of 5-95%. Significance
(p < 0.05) was determined by the Mann—-Whitney U test using BellCurve for Excel 4.05
(Social Survey Research Information Co., Ltd., Tokyo, Japan).

3. Results
3.1. Cytokine Production Profiles following Inoculation with NVX-CoV2373

The cytokine production profiles of IFN-y, IL-4, and IL-6 are shown in Figure 2,
representative of Th1l (IFN-y) and Th2 cytokines (IL-4). IL-6 is a well-known inflammatory
cytokine and functionally regulates the production of antibodies. The level of IFN-y
production increased in the thigh muscle homogenate samples on Day 1 of the first dose
and was enhanced after the second dose, with a gradual decrease later. The level of serum
IFN-y gradually increased after inoculation. However, the serum IL-4 level increased after
inoculation, similar to the kinetics of serum IFN-y production. The amount of IL-4 slightly
increased after the first dose and was enhanced on Day 1 of the second dose in thigh muscle
homogenate. A similar trend was noted for IL-10 production. As for inflammatory cytokine
production, IL-6 was transiently produced both in serum and thigh muscle homogenates on
Day 1 of the first dose and was enhanced on Day 1 of the second dose. TNF-« production
showed a similar profile to IL-6 production.
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Figure 2. Cytokine profiles of IFN-vy, IL-4, and IL-6 following inoculation with NVX-CoV2373. IFN-
v, IL-4, and IL-6 production profiles in serum and thigh muscle homogenate samples are shown,
representing Th1, Th2, and inflammatory cytokines. They are shown in box and whisker plots with
median titers and the range of 5-95%.
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3.2. Chemokine Production Profiles following Inoculation with NVX-CoV2373

Chemokines are divided into three functionally different types: inflammatory, homeo-
static, and Th2 chemokines [13,14]. Kinetics of chemokines are shown in Figure 3.
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Figure 3. Chemokine concentrations of CCL2, CXCL13, and CCL17 in serum and thigh muscle
homogenate samples following inoculation with NVX-CoV2373. CCL2, CXCL13, and CCL17 are
representative of inflammatory, homeostatic, and Th2 chemokines, respectively. They are shown in

box and whisker plots with median titers and the range of 5-95%.

CCL2 (monocyte chemotactic protein: MCP-1), which is representative of inflamma-
tory chemokines, was produced on Day 1 of the first dose, and the level enhanced on Day
1 of the second dose both in serum samples and thigh muscle homogenates. As for the
same inflammatory chemokines, CCL3 (macrophage inflammatory protein: MIP-1c) and
CCLS5 (regulated on activation, normal T-cell expressed and secreted: RANTES) were also
induced in thigh muscle homogenates on Day 1 of the first and second doses, showing a
similar profile to that of CCL2.

The Homeostatic chemokine, CXCL13 (B cell-attracting chemokine: BCA-1) and Th2
chemokine, CCL17 (thymus and activation-regulated chemokine: TARC), are also shown in
Figure 3. In both the serum and thigh muscle homogenates, CXCL13 was detected on Day
1 of the first and second doses, with a gradual decline in quantity after Day 3 of the second
dose. The CCL17 concentration was higher in serum after the second dose and was induced
in the thigh muscle homogenates on Day 1 of the second dose, with a subsequent decline.
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3.3. Comparison of Cytokines following NVX-CoV2373 and Bivalent BNT162b2

The cytokine production amounts on Day 1 of the first and second doses were com-
pared following inoculation with NVX-CoV2373 and bivalent BNT162b2, and the results
are shown in Figure 4.
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Figure 4. Comparison of IL-6, IFN-y, TNF-«, IL-4, and IL-10 in serum and thigh muscle homogenates
on Day 1 of the first and second doses following NVX-CoV2373 (Nuvaxovid®) and bivalent BNT162b2
(Comirnaty®). Cytokine concentrations are shown in box and whisker plots with median titers and
the range of 5-95%: NVX-CoV2373 in blue columns (D: Nuvaxovid®) and orange columns (D:
Comirnaty®). * p < 0.05.

The serum IL-6, IFN-y, TNF-«, and IL-4 levels were lower on Day 1 of the first
inoculation with NVX-CoV2373, but they were not significant. Those on Day 1 of the
second dose were similar concentrations in serum samples following inoculation with NVX-
CoV2373 and bivalent BNT162b2. IFN-y, TNF-«, and IL-10 in thigh muscle homogenates
showed significantly higher levels on Day 1 of the second dose following NVX-CoV2373
than following inoculation with bivalent BNT162b2 (p < 0.05).

3.4. Comparison of Chemokines following NVX-CoV2373 and Bivalent BNT162b2

The inflammatory chemokines in serum and thigh muscle homogenates were com-
pared following inoculation with NVX-CoV2373 and bivalent BNT162b2, and the results
are shown in Figure 5.
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Figure 5. Comparison of CCL2, CCL3, and CCL5 in serum and thigh muscle homogenates on Day
1 of the first and second doses following NVX-CoV2373 (Nuvaxovid®) and bivalent BNT162b2
(Comirnaty®). Chemokine concentrations are shown in box and whisker plots with median titers

and the range of 5-95%: NVX-CoV2373 in blue columns (D: Nuvaxovid®) and orange columns (D:
Comirnaty®). ** p < 0.01.

The serum CCL2 and CCLS5 levels were significantly lower on Day 1 of the first dose fol-
lowing NVX-CoV2373 than those following inoculation with bivalent BNT162b2 (p < 0.01).
The levels of inflammatory chemokines, CCL2, CCL3, and CCL5, were significantly lower
in the thigh muscle homogenates at the injection site following NVX-CoV2373 on Day 1 of
the first dose than those following bivalent BNT162b2 inoculation (p < 0.01).

The comparison of homeostatic and Th2 chemokines following NVX-CoV2373 and
bivalent BNT162b2 are shown in Figure 6. The level of CXCL13 was higher in thigh muscle
homogenates on Day 1 of the first dose of bivalent BNT162b2 than it was following NVX-
CoV237 inoculation (p < 0.01), but it was not significant in the sera. CCL17 and CCL11
showed significantly higher levels following inoculation with NVX-CoV2373 than with
BNT162b2 on Day 1 of the second dose both in the serum and thigh muscle homogenates
at the inoculation site (p < 0.05, or p < 0.01).
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Figure 6. Comparison of CXCL13, CCL17 and CCL11 in serum and thigh muscle homogenates on
Day 1 of the first and second doses following NVX-CoV2373 (Nuvaxovid®) and bivalent BNT162b2
(Comirnaty®). Chemokine concentrations are shown in box and whisker plots with median titers
and the range of 5-95%: NVX-CoV2373 in blue columns (D: Nuvaxovid®) and orange columns (D:
Comirnaty®). * p < 0.05, ** p < 0.01.

3.5. Development of IgG EIA Antibodies against SARS-CoV2 Spike Protein

The serum IgG EIA antibodies against SARS-CoV 2 spike protein were measured
using the serum samples taken before inoculation, at 1, 2, and 4 weeks, and the again at 1
and 2 weeks after the second dose of NVX-CoV2373 in the present study; additionally, they
were measured in the stocked serum samples following inoculation with BNT162b2 in a
previous study [7]. The results are shown in Figure 7. Elevated levels of IgG EIA antibodies
were detected one week after the first dose of BNT162b2, showing similar levels afterward.
After inoculation with NVX-CoV2373, low levels of IgG antibodies were detected 2 weeks
after the first dose and increased after the second dose. They assumed similar levels to one
week after the first dose of BNT162b2.
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Figure 7. IgG EIA antibodies’ response against SARS-CoV-2 spike antigen following immunization
with NVX-CoV2373 and BNT162b2 in a mouse model. Three mice were inoculated with NVX-
CoV2373 and BNT162b2, and the second dose was given 4 weeks after the first dose. EIA titers are
shown as the mean + 1.0 SD of optical density.

4. Discussion

Vaccine induces specific immune responses to confer protection against infection or to
mitigate the disease severity upon subsequent exposure. Cellular and humoral immune
responses develop through non-specific innate immune responses. The development of
antibodies binds pathogens or pathogenic agents and cellular immunity, especially CTL,
eliminates the virus-infected cells to prevent further expansion of pathogenic agents. This
involves collaboration between cytokines and chemokines. These reactions are triggered
through pattern recognition receptors: pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs), inducing cytokines and chemokines
for trafficking to the draining lymph node [13-15]. They closely modulate the development
of cellular and humoral immune responses, and, conversely, are linked to the occurrence of
vaccine-adverse events [16,17].

We investigated cytokine production in vaccine recipients with a febrile illness within
48 h after immunization with single or different combinations of DPT, IPV, Hib, PCV,
and Rota vaccines. Significantly higher levels of human G-CSF were detected in sera
obtained from vaccine recipients with a febrile illness than in those without febrile reac-
tions [18]. Higher IL-13 levels were produced in the lymphocyte cultures obtained from
non-immunized infants when they were stimulated with PCV rather than DPT or Hib, and
the concurrent stimulation, including PCV7, enhanced the production of IL-1f3 [18].

To elucidate the relationship between the increased cytokines and adverse events,
inflammatory nodules were observed in muscle tissues at the injection site and were found
to have been infiltrated with polymorph neutrophils following inoculation with adjuvanted
vaccines [19]. The autolysis of migrated neutrophils caused neutrophil extracellular traps
(NET5) in inflammatory nodules [19]. Host cellular DNA, reactive oxygen species (ROS),
and endogenous substances are released through NETs and activate DAMPs. Released
DNA has been shown to have other effects to localize the inflammation. Long-term cytokine
production was examined for PCV, Hib, DTaP, bivalent HPV (Cervarix®), and four-valent
HPV (Gardasil®) [19]. DTaP and PCV induced IL-6 and G-CSF in thigh muscle homogenates
on Day 5 of the first dose. Cytokine inducibility depends on the biological activity of the
adjuvants in the vaccine additives. A conventional aluminum adjuvant was used for
DPT, PCV, and Gardasil®. ASO4 adjuvant containing monophosphoryl lipid A (MPL) and
aluminum is used for the adjuvant system of Cervarix® and they induced higher levels
of inflammatory cytokines of IL-6 and G-CSF following the first and second doses [19].



Vaccines 2023, 11, 1677

10 0f 13

MPL is a ligand of TLR4, and aluminum adjuvant stimulates inflammasome to induce the
production of inflammatory cytokines [20,21].

Following this line of research, we investigated the induction of cytokines after in-
oculation with varicella zoster virus vaccine (Shingrix®), using ASO1p [22]. The ASO1p
adjuvant system contains MPL, Quillaja saponaria Molina extract QS-21, cholesterol, and
dioleoylphosphatidylcholine (DOPC), forming liposomes [23]. It induced similar profiles
of IL-6 and G-CSF in thigh muscle homogenates and serum IFN-vy, IL-6, IL-5, and IL-10
were induced at higher levels on Day 1 of the first and second doses in mice inoculated
with Shingrix® [24]. Although a high incidence of local pain at the injection site was
noted with headache, malaise, and febrile illness following immunization with Shingrix®,
it induced high vaccine efficacy to prevent the occurrence of varicella zoster and post-
zoster neuralgia > 95% [22,25]. Inflammatory cytokines trigger the CD4 helper functions
of Th1 and Th2 responses and are also associated with adverse reactions on the different
viewpoints [16,17].

mRNA vaccines BNT162b2 and mRNA-1273 were licensed with marked vaccine
efficacy, but a high incidence of local and systemic adverse events was reported [4,5].
mRNA was recognized by pattern recognition receptors, an RNA sensor of TLR3, 7,8,
inducing IFN-«/ 3, and LNP stimulates the inflammasome [8-11]. Cytokine production
was investigated in a mouse model [7]. Thl, Th2, and inflammatory cytokines were
produced at higher levels at the injection site on Day 1 of the second dose than they were
after the first inoculation with BNT162b2 or mRNA-1273. mRNA-1273 induced higher
levels of Th1 and Th2 cytokines than BNT162b2 [7]. These findings can explain the higher
incidence of local adverse events after a second dose [4,5].

NVX-CoV2373 was authorized for emergency use and lower incidences of local pain
and systemic adverse reactions were reported [12,26] compared with those in the phase III
reports of BNT162b2 and mRNA1273 [4,5]. The enhanced production of several cytokines
and chemokines was observed on Day 1 of the second doses [7]. Then, we compared
cytokine and chemokine production following inoculation with NVX-CoV2373 and bivalent
BNT162b2 in the present study. Serum IL-6 and TNF-« showed a lower tendency on
Day 1 of the first inoculation with NVX-CoV2373 in Figure 4, but their differences were
not significant. The primary function of IL-6 and TNF-« is to up-regulate the multiple
inflammatory chemokines [15]. A significantly lower level of inflammatory chemokines
(CCL2, CCL3, and CCL5) was detected on Day 1 of the first dose in the serum and thigh
muscle homogenates inoculated with NVX-CoV2373 than that of the mice inoculated with
bivalent BNT162b2 (p < 0.01) in Figure 5, but there was no difference on Day 1 of the
second dose. Monocytes and inflammatory cells migrate to areas demonstrating more
inflammatory chemokines such as CCL2, according to the different concentrations [27].
CCL5 mediated the trafficking and homing of lymphoid cells, being associated with a wide
range of inflammatory disorders [28]. These inflammatory chemokine profiles explain the
lower incidence of local adverse events following immunization with NVX-CoV2373.

Contrarily, significantly higher levels of IFN-y, TNF-«, and IL-10 were detected on
Day 1 of the second dose in thigh muscle homogenates inoculated with NVX-CoV2373.
Significantly higher levels of Th2 chemokines (CCL17 and CCL11) were induced in thigh
muscle homogenates on Day 1 of the second dose, and the same finding was noted in
the sera (p < 0.01). Higher levels of CXCL13 were induced on Day 1 of the first dose
following inoculation with bivalent BNT162b2. CXCL13 was originally considered to be a
B cell chemoattractant involved in the recruitment of B cells. Recently, CXCL13 binds to a
receptor of CXCR5 expressed on CD4 + T cells. The association of CXCL13/CXCR5 modu-
lates T-B interaction, being a key mediator of adaptive humoral immune responses [29].
CCL17 binds to CCR4 expressed on Th2 lymphocytes, recruiting these cells to inflamma-
tion sites [30]. It was induced through GM-CSF, and the GM-CSF-CCL17-CCR4 axis is
considered to have a broad biological function related to inflammatory pain [25]. In the
present study, GM-CSF was measured. There was no significant difference in the serum
samples; however, GM-CSF at the injection site following inoculation with NVX-CoV2373
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was 6.14 £+ 1.32 pg/mL and 10.43 & 2.35 pg/mL on Day 1 of the first and second doses
(<0.5 pg/mL on Day 0), respectively. In comparison with those following inoculation with
BNT162b2, GM-CSF on Day 1 of the second dose following BNT162b2 showed significantly
higher levels of 21.37 & 4.66 pg/mL (p < 0.05). These cytokine and chemokine networks
induce inflammation and recovery, and modulate the development of acquired immune
responses [15,16].

The kinetics of the development of serum IgG EIA antibodies against SARS-CoV-2
spike protein showed different profiles. BNT162b2 induced marked levels of EIA antibodies
as early as one week after the first dose; however, detectable EIA antibodies developed two
weeks after the first dose, and the level increased after the second dose of NVX-CoV2373.
Similar EIA IgG antibody development was reported after mRNA vaccination, and a delay
in the IgG response was reported following inoculation with NVX-CoV2373 [31-33]. This
is related to the different profiles of cytokines and chemokines following inoculation with
BNT162b2 and NVX-CoV2373, with higher levels of CXCL13 after first dose of inoculation
with BNT162b2 and higher levels of Th2 chemokines (CCL17 and CCL11) in muscle tissues
and sera on Day 1 of the second dose of NVX-CoV2373.

NVX-CoV2373 contains purified recombinant spike protein nanoparticles with Matrix-
M™ adjuvant. Matrix-M™ is composed of 40 nm nanoparticles derived from Quillaja
saponaria Molina, cholesterol, and phospholipid [34]. Matrix-M™ is a mixture of Matrix-A
and Matrix-C. The Saponin-based adjuvant was initially known as an immune-stimulating
complex (ISCOM®) using Quil A as the saponin and generated both humoral and cellular
immune responses. The ISCOM® adjuvant was evaluated for use as human papilloma
virus (HPV) or hepatitis C (HCV) vaccines but was not applied to further clinical studies
because of pain/aches at the injection site [35]. AS01p used in Shingrix® and Matrix-M™
in NVX-CoV2373 contain similar materials based on Quillaja saponaria. The IL-6 production
profiles were investigated following inoculation with Shigrix® and NVX-CoV237, showing
different profiles of cytokines, i.e., marked levels of IL-6 in mice inoculated with Shigrix®.
ASO01g used Shingrix® is a saponin-based combined adjuvant with MPL. Through our
experiments in a mouse model inoculated with current vaccines, it was found that the
different profiles of cytokine and chemokine can explain the biological characteristics of
vaccine adverse events and immunological responses.

In the near future, purified recombinant protein vaccines using a new adjuvant system,
or mRNA vaccines other than COVID-19 will be developed and reactogenicity is a major
concern. The findings obtained using our cytokine and chemokine production in mouse
model show that inflammatory chemokines predict an adverse reaction in preclinical
examinations.

5. Conclusions

NVX-CoV2373 induced lower levels of inflammatory chemokines on Day 1 of the
first dose in the serum and thigh muscle homogenates at inoculation site in compari-
son with those caused by bivalent BNT162b2, reflecting the lower incidence of adverse
events. Higher levels of Th2 chemokines were induced in both serum and thigh muscle
homogenates at the inoculation site on Day 1 of the second dose of NVX-CoV2373 than
those observed following bivalent BNT162b2 inoculation, and this may relate to booster
immune responses after the second dose of NVX-CoV2373.
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