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Immunity by vaccination can protect human against heterologous viruses.

However, protective abilities of artificial vaccines are still weaker than natural
infections. Here we develop a kinetically engineered vaccine (KE-VAC) that
mimics the multidimensional immunomodulation in natural infections via
dynamic activation of antigen presenting cells with masked TLR7/8 agonist

and sustained supplies of antigens and adjuvants to lymph nodes, leading to
follicular helper T and germinal centre B cell activation in vaccinated mice. KE-
VAC demonstrates superior efficacy than traditional alum and mRNA vaccines,
achieving a100% survival rate with increased neutralizing antibodies titers and
polyfunctional CD8" T cells, recognizing heterologous SARS-CoV-2 variants,

and inducing broad and long-term protection against multiple strains of
influenza viruses. Prime/boost vaccination with KE-VAC also protect aged
ferrets from severe fever with thrombocytopenia syndrome virus infection,
with no virus detected in any organs at day 6 p.i. The efficacy of KE-VAC across
various pathogens thus highlights its potential as an effective vaccine against
emerging infectious risks.

As the COVID-19 pandemic, which poses a global threat, approaches its
end, countries worldwide are gradually lowering their risk levels, sig-
nalling the beginning of the endemic era. However, the recent resur-
gence of highly pathogenic avian influenza underscores the need for
innovative and safe vaccines over diseases that threaten humanity'>.
During the COVID-19 pandemic, various types of new vaccines,
including mRNA vaccines, received emergency approval and entered
the vaccine market, spurring research activity in vaccine and adjuvant
development. Despite this progress, most of these newly developed

vaccines exhibit significantly weaker protective capabilities than the
natural immune responses observed in patients who have recovered
from natural infections*”. For example, when the immune capacities of
individuals vaccinated against COVID-19 were compared with those of
individuals who were infected and subsequently recovered, significant
differences in long-term protection, protection against variants, and
T-cell responses were reported®”’.

In this study, we focused on understanding why artificial vaccines
and natural infections differ in their protective abilities, and on the
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basis of this insight, we aimed to develop a new vaccine-adjuvant
system that could provide a protective immune profile similar to those
of recipients who have recovered from natural infections with healthy
state. Artificial vaccines typically use a single antigen or an adjuvant
such as alum, which provides a stable humoral response but is often
insufficient to induce a robust T-cell response. This inadequacy may
result in a lack of early resistance to pathogens following vaccination
or infection”™, In contrast, natural pathogens contain not only anti-
genic information but also various pathogen-associated molecular
patterns (PAMPs) that trigger complex T-cell-related immune
responses” . Additionally, while vaccination delivers an immunogen
only at the time of administration, pathogens undergo a gradual
replication process after invading the body, continuously stimulating
the immune system. Research has shown that when antigens or adju-
vants are gradually supplied, they enhance the GC immune
response”’ %, For an example, utilising specially designed osmotic
pumps for slow and sustained immunisation has demonstrated sig-
nificant effectiveness in GC activation?. These findings suggest that a
vaccine platform that mimics the dynamic stimulation observed in
natural infections could improve both humoral and T-cell-related
responses, leading to effective, long-term protection.

To overcome the limitations of conventional vaccines, we develop
a kinetically engineered vaccine (KE-VAC) that mimics the multi-
dimensional immune stimulation observed in natural infections. KE-
VAC achieves prolonged antigen presentation and sustained immune
activation by utilizing a masked TLR7/8 agonist and a continuous
antigen-adjuvant delivery system. This design enhances germinal
center activation, contributing to long-term immune protection, while
also strengthening T-cell responses, which play a crucial role in early
and rapid pathogen clearance. By modulating immune responses at
both the cellular and tissue levels, KE-VAC effectively orchestrates
humoral and cellular immunity, ensuring both early defence and dur-
able immune memory. These findings highlight the potential of KE-
VAC as an effective vaccine platform capable of providing broad and
sustained protection against emerging infectious diseases.

Results

Designing kinetically engineered vaccine mimicking natural
infection

To develop a vaccine-adjuvant platform that mimics the characteristics
of natural infection and increases protective immunity, we designed a
kinetically engineered vaccine (KE-VAC) capable of controlling multi-
dimensional immune responses through the design of masked TLR7/8
agonist (m-TLR7/8a) as a synthetic PAMP-based molecular adjuvant.
m-TLR7/8a allowed delayed activation of TLR7/8a by endolysosome
responsive cleavage to adjust kinetics of immune response at the
cellular level and the recapitulated the latent proliferation and gradual
stimulating immune system of invading pathogen at tissue level by
FDA-approved alum (Fig. 1). At the cellular level, most of the conven-
tional synthetic PAMPs available in vaccines facilitated APCs activation
and antigen presentation, but they also induce cellular exhaustion*,
As the strategy for the kinetic immune modulation of antigen pre-
senting cells (APCs) that can achieve robust innate and adaptive
immune responses without inducing exhausted immune cells, we
designed m-TLR7/8a that remained in an inactive state based on the
transient chemical masking of putative active site in TLR7/8a (C4
amine)) and recovered activity via a chemical linker that was cleavable
by gamma-interferon-inducible lysosomal thiol reductase (GILT)
within the endolysosome microenvironment (Fig. 1, Supplementary
Fig. 1 and 2)*. Cholesterol was additionally chosen as a transient
shielding blocker because it could enable facile incorporation of m-
TLR7/8a into nanoliposomes with a high encapsulation efficacy.
Additionally, nanoliposomes (m-TLR7/8a) has been engineered to be
negatively charged to facilitate interactions with alum and various
antigens (such as recombinant proteins or inactivated viruses) (Fig. 1).

The nanoliposome (m-TLR7/8a) in KE-VAC can provide timely and
sustained stimulation of APCs and prolong antigen presentation on
immune complexes and interaction time with Tgy cells to promote GC-
related immune responses with delayed exhaustion in addition to the
significant enhancement of T-cell responses®*?. At the cellular level,
when nanoliposome (m-TLR7/8a) entered an immune cell, the masking
site of m-TLR7/8a was cleaved by GILT (Supplementary Fig. 3a)*.
During the cleavage process, the activity of TLR7/8a was gradually
recovered from nanoliposome (m-TLR7/8a), inducing prolonged sti-
mulation of APCs (Supplementary Fig. 3b). Delayed TLR7/8 signaling
helps prevent exhaustion in APCs, enabling them to respond to stimuli
over a longer period (Supplementary Fig. 3c-e). The extended activity
of APCs facilitated prolonged antigen presentation, which, in turn,
allows sustained interactions between APCs and Tgy cells, thereby
initiating robust germinal centre immune responses at the cellular
level*%,

Selection of vaccination strategy for durable immune responses
To investigate the impact of different immunisation strategies
mimicking natural infection and conventional artificial vaccination
on the immune response, mice were vaccinated with the same total
doses of antigen or adjuvant via three different methods: increasing
(Inc), splitting (Spt), and bolus (Bol). Blood was collected and ana-
lysed after the first cycle, and the popliteal lymph nodes (pLNs),
spleen, and blood were collected and analysed after the second cycle
(Supplementary Fig. 4a). Serum anti-OVA IgG, IgGl, and IgG2c end-
point titers were compared on days 14 and 28, revealing that the Bol
group presented no titer values on day 14, whereas both the Inc and
Spt groups presented high titers at that time. Even on the 28th day
postvaccination, both the Inc and Spt groups maintained higher
titers than the Bol group did (Supplementary Fig. 4b). Analysis of Tgy
cells and GC B-cells, which are involved in durable humoral immune
responses in pLNs and spleens, revealed significantly greater values
in the Inc and Spt groups than in the Bol group (Supplementary
Fig. 4c-e). The Inc group generally demonstrated higher values than
the Spt group did, but statistical significance was observed only for
pLN GC B-cells. Furthermore, analysis of central memory T (Tcwm)
cells in the spleen revealed higher levels of CD4" T¢ys in the Inc and
Spt groups than in the Bol group, with the Spt group exhibiting the
highest levels of CD8" Tcys. The results for the Inc and Spt groups
suggested that sustained stimulation with the antigen and adjuvant
significantly impacted durable immune responses in lymphoid
organs. Consequently, the development of a vaccine platform with
controlled delivery kinetics of antigens and adjuvants holds promise
for eliciting a durable immune response.

Designing a kinetically engineered nanovaccine platform

To identify optimal immunostimulatory adjuvant candidates for pro-
moting the GC-related immune response, Tgy, GC B-, and plasma cell
induction, we screened various adjuvant candidates by coculturing
DCs, T-cells, and B-cells (Fig. 2a). Among the PAMPs tested, nanoli-
posome (m-TLR7/8a), which was developed on the basis of a novel
TLR7/8 agonist (m-TLR7/8a), exhibited superior efficacy in inducing
Try and plasma cell differentiation and IL-21 secretion than did the
well-known TLR7/8 agonist (R848) and even nanoliposome formula-
tion of R848 (Fig. 2b, c and Supplementary Fig. 5). DC antigen pre-
sentation after antigen and adjuvant treatment was greatly prolonged
in the nanoliposome (m-TLR7/8a) group (Fig. 2d). Additionally, the
nanoliposome (m-TLR7/8a)-treated DCs exhibited extended secretion
of GC-related cytokines (IL-23), Thl response-related cytokines (IL-
12p70), and activation-related cytokines (IL-6) (Fig. 2e).

Prior results (Supplementary Fig. 4c-e) demonstrated that a con-
tinuous supply of adjuvants and antigens fostered a sustained immune
response. We recapitulated these phenomena and engineered a vac-
cine platform with a kinetic modulator enabling the continuous supply
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Design of masked molecular adjuvant (m-TLR7/8a) and KE-VAC
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Fig. 1| Schematic illustration of the preparation and multiscale spatiotemporal immune modulation of the kinetically engineered vaccine (KE-VAC). Chemical
synthetic process of m-TLR7/8a and simple description of nanoliposome (m-TLR7/8a) and KE-VAC.

of nanoliposome (m-TLR7/8a) and antigens. Alum, the most widely
used FDA-approved adjuvant, was selected as the most suitable can-
didate for this purpose (Fig. 2f). Owing to its positively charged sur-
face, we hypothesised that alum could interact with negatively charged
antigens and nanoliposome (m-TLR7/8a). Indeed, alterations in pH
enabled the modulation of alum’s charge to facilitate interactions with
the fluorescence-labelled antigen (AF647-OVA) and DiD-liposome (as a
model of nanoliposome (m-TLR7/8a)). Dissociation studies using DiD-
liposomes confirmed the effective binding of the two substances when
alum was positively charged, with subsequent release upon attaining a
negative charge state (Supplementary Fig. 6). Subsequent centrifuga-
tion of the fluorescence-labelled material resulted in nearly 100%
adsorption efficiency at the intended concentration (Fig. 2g). Trans-
mission electron microscopy (TEM) examination of KE-VAC, which is
composed of an antigen and nanoliposome (m-TLR7/8a) adsorbed to
alum, confirmed the proximity of nanoliposome (m-TLR7/8a) to alum
(Fig. 2h). Confocal microscopy further confirmed the colocalization of
alum, the antigen, and nanoliposome (m-TLR7/8a) (Fig. 2i). Analysis of
the material released through a Transwell system revealed a nearly
linear release profile over approximately 2 weeks (Fig. 2j). By using
in vivo imaging to confirm the delivery efficiency of the antigen and
nanoliposome (m-TLR7/8a) to LNs with and without alum, we
observed significant differences. Without alum, the intramuscularly
injected antigen and nanoliposome (m-TLR7/8a) were delivered to the
pLNs, peaking in delivery efficiency the day after injection but then
diminishing sharply and becoming barely detectable by 7 days after
injection. Interestingly, when alum was included, the amount of anti-
gen and nanoliposome (m-TLR7/8a) in the pLNs increased gradually,
reaching its peak at 7 days after injection, and remained detectable
even at 14 days after injection (Fig. 2k).

KE-VAC potentiate a broad and long-lasting protective immune
response

In murine models, KE-VAC, formulated with the model antigen OVA,
was administered twice at 2-week intervals (Fig. 3a). One week fol-
lowing the second inoculation, pLNs and spleens adjacent to the
inoculation site were harvested for immune cell analysis. Compared
with those inoculated with alum or antigen alone, KE-VAC (G4)

resulted in significant increases in the numbers of Tgy cells, GC B-cells,
and plasma B-cells (Fig. 3b, c). Noteworthy variations were also
observed in memory T-cells associated with the cellular memory
response, with a marked increase in the numbers of both CD4" and
CD8" Tcms upon KE-VAC inoculation (Fig. 3d).

To ascertain the contribution of activated immune cells to the
long-term immune response, KE-VAC was administered following the
same schedule as the mRNA lipid nanoparticle (mLNP) vaccine, with
analyses conducted at weekly intervals (Fig. 3e). The serum anti-OVA
IgG, IgGl, and 1gG2c titers decreased in both the mLNP and KE-VAC
groups beginning on the 28th day after priming. While mLNP-induced
antibody titers sharply decreased and were undetectable by the 49th
day, the mice inoculated with KE-VAC maintained high antibody titers
even on day 49 (Fig. 3f). Although both vaccines initially induced
increases in the numbers of Tgy and GC B-cells, KE-VAC inoculation
maintained elevated levels beyond the 21* day post inoculation, sug-
gesting a sustained and robust immune response (Fig. 3g, h). Addi-
tionally, KE-VAC uniquely stimulated significant and prolonged
expansion of plasma B-cells and memory B-cells, in contrast with the
minimal changes observed in mLNP-treated groups (Fig. 3i, j). This
sustained increase highlights the potency and durability of KE-VAC as a
vaccine platform, underscoring its potential for eliciting long-lasting
immune protection. These findings underscore the potential of KE-
VAC, which is designed for continuous supply and kinetic stimulation
of antigen and nanoliposome (m-TLR7/8a), as a vaccine platform to
elicit a prolonged and robust immune response by inducing Tgy cells
and GC B-cells.

The long-term and sustained efficacy of KE-VAC can be attrib-
uted to its modulation effects at both the macroscopic and cellular
levels. To elucidate the effect of different kinetic factors provided by
KE-VAC on the vaccine efficacy, we have assessed the immune
responses at different kinetic immune modulation condition at cel-
lular and macroscopic levels. Compared to single shot + R848
injection, KE-VAC induced significantly higher GC immune responses
in both the spleen and LNs by day 7, following an initial response
observed at day 3 post-vaccination. The GC immune responses were
dominant in KE-VAC-treated group compared with those in nanoli-
posome (m-TLR7/8a)-treated group, suggesting that macroscopic
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kinetic modulation played a significant role (Supplementary Fig. 7).
The anti-OVA IgG titers in nanoliposome (m-TLR7/8a)-treated group
were higher than those of nanoliposome (R848)-treated group,
demonstrating that the different cellular-level kinetic control can
lead to different immune responses, even with same macroscopic
kinetic modulation condition (Supplementary Fig. 8).

Days after injection

[« N

ays after injection

Robust and broad protective immunity against multiple SARS-
CoV-2 variants

To evaluate the efficacy of our KE-VAC platform in combating natural
diseases, we inoculated C57BL/6 mice with KE-VAC containing the wild-
type (WT) SARS-CoV-2 hexapro antigen, which includes six proline
substitutions stabilizing the spike protein in its prefusion form and
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Fig. 2 | Nanoliposome (m-TLR7/8a) promotes a GC related immune response
and is sustainably delivered into the LNs when formulated in KE-VAC.

a Schematic illustration of the coculture method for mimicking the GC response.
BMDC, Naive T cell, and B cell were harvested from C57BL/6 mice and co-culture
for analysis. b Try and plasma cells were characterised from cocultured cells by
flow cytometry (n=3). c IL-21 secretion was evaluated in the coculture super-
natant by ELISA (n=3). d Antigen presentation by BMDCs were characterized by
flow cytometry and (e) IL-23 (left), IL-12p70 (middle), and IL-6 (right) cytokine
secretion from activated BMDCs depend on time after stimulation were detected
by ELISA (n = 5). f Releasing mechanism of nanoliposome (m-TLR7/8a) from KE-

VAC. g The ability of alum to capture liposomes and antigens was characterised
with fluorescence-labelled liposomes and antigens (n=3). h The interaction of
nanoliposome (m-TLR7/8a) with alum was observed via TEM (scale bar =200 nm).
i The colocalization of antigens and liposomes with alum was observed via con-
focal microscopy with fluorescence-labelled liposomes and antigens. j The anti-
gen and nanoliposome (m-TLR7/8a) released from KE-VAC were evaluated via a
Transwell assay (n = 3). k FITC-labelled antigens and liposomes accumulated in
pLNs after i.m. injection with or without alum (n=3). Data presented as mean +
SD. Statistical significance was analysed via one-way ANOVA in (b-f). p values: ns,
not significant; *p < 0.05; * p < 0.01; **p < 0.001; **p < 0.0001).

increasing immunogencity®. Following priming, the serum collected
on day 28 was subjected to a serum neutralizing assay against SARS-
CoV-2 transfected pseudovirus (Supplementary Fig. 9a). Analysis of the
anti-spike endpoint titers of 1gG, IgG1, and IgG2c in the day 28 serum
revealed significantly higher titers in the KE-VAC (hexapro) group than
in the control group (Supplementary Fig. 9b). Additionally, the neu-
tralizing assay assessed titers against seven mutations, including WT
and variants Alpha, Beta, N501Y + D614G, Gamma, Kappa, and Delta.
The results revealed high neutralizing titer values against the WT SARS-
CoV-2 and all tested variant strains in the serum collected from mice
inoculated with KE-VAC (hexapro) (Supplementary Fig. 9¢).

To investigate the immune response induced by KE-VAC with
spike protein antigen against SARS-CoV-2, BALB/c mice were immu-
nised with antigens as stabilized omicron-spike trimers either alone or
in combination with alum or KE-VAC (spike) on days 0 and 21. Fourteen
days after the last immunisation, we collected serum and spleen
samples to assess both humoral and cellular immune responses.
Additionally, a subset of mice was challenged with 100LD5, of a mouse-
adapted SARS-CoV-2 strain (Wuhan strain) to determine vaccine effi-
cacy (Fig. 4a). KE-VAC (spike) group induced a 100% survival rate and a
minimal decrease in body weight (4.8%) at 2 days post infection (dpi),
demonstrating robust protection against SARS-CoV-2 infection.
Although the group inoculated with KE-VAC group presented sig-
nificantly lower lung viral titers than did the spike-alone group at 3 dpi,
the viral load was comparable to that in the spike protein with alum
group. Notably, at 5 dpi, the KE-VAC group exhibited clear viral
clearance from the lungs. However, although the alum group also
achieved 100% survival, these mice experienced a greater decrease in
body weight (9.3%) at 3 dpi, and infectious viruses were detected in the
lungs until 7 dpi (Fig. 4b, c).

Analysis of antigen-specific immune responses revealed sig-
nificantly higher spike-specific IgG titers in both the alum and KE-VAC
(spike) groups than in the spike-alone group (Fig. 4d). Importantly, the
KE-VAC (spike) significantly increased the serum neutralizing titers
against SARS-CoV-2 virus of both homologous and heterologous virus
strains (Fig. 4€). Increased formation of GCs was observed, highlighted
by increased populations of Try cells and GC B-cells in the spleen,
indicating a superior humoral immune response (Fig. 4f, g). Regarding
the role of CD8" cytotoxic T lymphocytes (CTLs) in viral clearance, the
KE-VAC (spike) group increased significantly more IFN-y* spot-forming
units (SFUs) in splenocytes of immunised mice upon stimulation with
the homologous variant than those of both the spike-alone and spike-
alum groups (Fig. 4h and Supplementary Fig. 10 and 11). However, SFUs
by stimulating heterologous variants were comparable across all
groups. Flow cytometry analysis revealed an increased proportion of
polyfunctional CD8" T-cells in the KE-VAC group (triple or double
positive for IFN-y, IL-2 and TNF-«), indicating an enhanced CTL
response capable of rapid viral clearance by killing virus infected cells
(Fig. 4i). Furthermore, multiple cytokine secretion by CD8" T-cells was
induced against multiple SARS-CoV-2 variants by KE-VAC (Supple-
mentary Fig. 12). These results suggest that the KE-VAC (spike) plat-
form is highly effective in enhancing cross-protection and CTL
responses against multiple variants, culminating in the rapid elimina-
tion of infectious viruses from the lungs.

Protective immunity against various subtypes of influenza
viruses
As current influenza vaccines using variable surface antigens are not
suitable for providing effective protection against unpredictable
influenza pandemic outbreaks, many approaches have been investi-
gated to develop new vaccines that offer broad cross-protection as
well as convenient preparation and administration. As influenza
matrix protein 2 (M2) which is well conserved across influenza strains
and the stalk domain (HA2) of hemagglutinin (HA) which is another
potent conserved region have been considered as attractive targets
for inducing cross-protection against influenza A subtypes®*%. Con-
sidering these observations, we hypothesized that a fusion vaccine
based on sM2 and HA2 (sM2HA2) would confer significant cross-
protection. However, the drawback of these M2- and HA2-based
vaccines is their low immunogenicity which necessitates the use of
appropriate adjuvants to enhance their efficacy****. To overcome the
low immunogenicity of the sSM2HA2 antigen and enhance its pro-
tective ability against influenza virus, we integrated the sM2HA2
antigen into our KE-VAC platform and evaluated its efficacy. The
groups of mice were intramuscularly (i.m.) immunised on days 0 and
14 with PBS alone (control), SsM2HA2 alone, sM2HA2 with alum,
nanoliposome (m-TLR7/8a), or KE-VAC (sM2HA2). To evaluate the
effects inoculation of KE-VAC, IgG levels in the serum were measured
via ELISA after the plates were coated with sM2HA2 protein or sM2 or
HA2 peptides (Fig. 5a)*. The serum IgG responses specific to
sM2HAZ2, sM2, and HA2 were elicited in the SM2HA2-immunised mice
with the KE-VAC (sM2HA2) at markedly higher levels than those
observed in the sSM2HA2 alone, SM2HA2 with alum, or nanoliposome
(m-TLR7/8a) groups (Supplementary Fig. 13 and 14). However,
sM2HA2 alone did not significantly affect the level of IgG specific to
SM2HA2, sM2, or HA2. Moreover, IgG isotypes specific to sM2 or HA2
were assessed to validate the above results. Similar to the previous
results, sSM2HA2 alone did not significantly affect the levels of IgGl
and IgG2a isotypes, whereas compared with the sSM2HA2-immunised
group and the other two adjuvant groups, the KE-VAC (sM2HA2)
group significantly increased the robust levels of IgGl and IgG2a
(Supplementary Fig. 14). These results indicate that the enhanced
humoral immune responses observed in the sM2HA2 group were
primarily attributed to the combination with KE-VAC (sM2HA2).
Furthermore, an ELISPOT assay was conducted to investigate the
efficacy of KE-VAC in inducing a cell-mediated immune response
specific to SM2HA2, sM2, and HA2 in combination with the SM2HA2
antigen. After 21 days of initial immunisation, splenocytes were har-
vested from the mice and subjected to IFN-y and IL-4 ELISPOT assays.
IFN-y is a characteristic Thl cytokine produced by cytotoxic T lym-
phocytes, while IL-4 functions as a Th2 cytokine®. Compared with
those from mice immunised with sM2HA2 alone or sM2HA2 with alum
or nanoliposome (m-TLR7/8a), the splenocytes from mice immunised
with KE-VAC (sM2HA2) presented significantly greater numbers of
SM2HA2-, sM2- and HA2-specific IFN-y-secreting splenocytes and IL-4-
secreting splenocytes (Fig. 5b, ¢, and Supplementary Fig. 15). However,
recombinant SM2HA2 alone did not elicit notable levels of either IFN-y-
or IL-4-producing splenocytes in response to stimulation with
sM2HA2, sM2, or HA2. These findings suggest that, compared with the
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Fig. 3 | Vaccination efficacy of KE-VAC with a model antigen. a Timeline detailing
the immunisation schedule and doses and blood and organ collection. The com-
ponents were intramuscularly injected into mice twice, with a 2-week interval. The
doses were as follows: OVA, 10 ug; Alum, 100 pg; and m-TLR7/8a in nanoliposome,
20 ug (n=5). (b-d) Antigen (OVA) and Immune cells related to the GC and memory
response were analysed 7 days after boosting. Try and GC B-cells were char-
acterised in the (b) pLNs and (c) spleen. d CD4* and CD8" Tcys were analysed in the
spleen by flow cytometry. e Timeline detailing the immunisation schedule and
doses and blood and organ collection. The components were intramuscularly
injected into mice twice, with a 2-week interval. The doses were as follows: OVA,

10 pg; Alum, 100 pg; and m-TLR7/8a in nanoliposome, 20 pg. Blood was collected
every 7 days, and the spleen was harvested every 14 days for analysis. f-j Several
parameters related to humoral immunity and the GC response were observed over
49 days after priming (n = 3). f Serum anti-OVA IgG (left), IgG1 (middle), and 1gG2c
(right) antibody titers were evaluated at the endpoint of dilution. (g) Tgy cells, (h)
GC B-cells, (i) plasma B-cells, and (j) memory B-cells were characterised in the
spleen during this period by flow cytometry. Data presented as mean + SD. Statis-
tical significance was analysed via one-way ANOVA for (b-d) and (g-j). p values: ns
not significant; *p < 0.05; **p < 0.0L; **p < 0.001; ***p < 0.0001).

well-known adjuvant alum and nanoliposome (m-TLR7/8a), immunis-
ing with KE-VAC (sM2HA?2) is superior in leading to a stronger cell-
mediated response to antigens. Additionally, KE-VAC can intensify cell-
mediated immune responses induced by sSsM2HA2.

Based on earlier findings (Fig. 5a—c), the vaccination of KE-VAC
(sM2HA?2) elicits both humoral and cell-mediated immunity. Next, we
investigated the ability of KE-VAC (sM2HA2) to confer protection
against various lethal influenza subtypes. For this purpose, vaccinated
animals were challenged with 10 LDs, of mouse-adapted influenza
subtype A viruses, including HIN1, H5N2, H7N3, H9N2, and H3N2. To

investigate whether immunisation with the influenza vaccine or adju-
vants could prevent viral replication, lung samples from vaccinated
mice were collected at 3 and 5 dpi after challenge with HIN1 or HSN2 to
measure viral titers. The mice immunised with KE-VAC (sM2HA2)
presented significantly lower virus titers than those immunised with
sM2HA2 alone or other alum- or nanoliposome (m-TLR7/8a)-adju-
vanted mice did, which suggests the potent capacity of KE-VAC
(sM2HA2) for better lung viral clearance (Fig. 5d). Surprisingly, the KE-
VAC (sM2HA2) inoculated group of mice showed almost complete
virus clearance at 5 dpi.
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Fig. 4 | Broadening of both cellular and humoral immune responses against
SARS-CoV-2 and its variant in KE-VAC-immunised mice. a Timeline detailing the
immunisation schedule, blood collection intervals, and SARS-CoV-2 challenge
protocol. BALB/c mice were administered the spike protein (BA.2) alone or in
combination with alum or KE-VAC on days O and 21. The components were intra-
muscularly injected into mice twice, with a 3-week interval. The doses were as
follows: omicron spike protein, 3 ug; Alum, 100 pg; and m-TLR7/8a in nanolipo-
some, 20 pg. b Following viral infection, the infectious virus was titrated from the
lung homogenates of the mice (n=3). ¢ Virus-infected mice were monitored for
body weight (n = 5) and survival rate (n = 12) from 5 to 7 dpi. d ELISA was performed
to determine antibody titers of spike-specific IgG (n =19). e A serum neutralization

assay was performed against live SARS-CoV-2 virus variants: Omicron BA.2, WT,
alpha, beta, and delta strains, and the results are presented as GMTs (n =18 to 20).
For the measurement of GC immune cells and antigen-specific CD8" T-cells, sple-
nocytes were collected from the immunised mice. Ty cells (f) and GC B-cells (g)
were characterised via FACS (n=5). h ELISPOT was performed to determine
antigen-specific T cell in splenocyte of immunised mice (n=5). i Total polyfunc-
tional CD8' T-cells were analysed via FACS in the presence of monensin for 12 h, and
each population of triple- or double-cytokine-positive CD8* cells were analysed
(n=5). Data presented as mean + SD. Statistical significance was analysed via one-
way ANOVA/Bonferroni in (b-i). p values: ns, not significant; *p < 0.05; *p < 0.01;
**p < 0.001; ***p < 0.0001).

Furthermore, the survival rate and body weight loss of the mice
were observed for 13 days post challenge. The results revealed that none
of the mice in the control group survived lethal influenza infection
(Fig. 5e). In contrast, the infected mice in the groups vaccinated with
sSM2HA2 alone presented significant body weight loss and 100% mor-
tality rates, except for those infected with HINI and H3N2. Only 0-20%

of the mice survived lethal infection with HIN1 and H3N2. However, the
group that was immunised with sM2HA2 plus alum or nanoliposome
(m-TLR7/8a) demonstrated 60-80% survival ability. Interestingly, KE-
VAC (sM2HA2)-immunised mice exhibited 100% protection against
lethal challenge with HIN1, HSN2, H7N3, H9N2, and H3N2. GC formation
is a key feature of inducible bronchus-associated lymphoid tissue in
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response to influenza A virus infection®. Histopathological examination
of lung tissue sections from vaccinated and challenged mice was con-
ducted to assess the extent of immune cell infiltration. Therefore, the
lung sections of control mice and SM2HA2-immunised mice analysed on
day 5 after challenge revealed dense peribronchial structures contain-
ing infiltrating immune cells, as indicated by the yellow arrows in Fig. 5f

Days post infection

Days post infection

and Supplementary Fig. 16. In contrast, the challenged mice that
received the KE-VAC (sM2HA2) lacked these structures, similar to the
control groups. Furthermore, even though the antigen was low immu-
nogenic SM2HA2, KE-VAC showed a specific increase in cross-variant
protective neutralizing antibodies against HIN1, HSN2, HON2, and H7N3
(Supplementary Fig. 17). These findings suggest that combining
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Fig. 5 | Rapid and long-term productivity of KE-VAC for various influenza
strains. a Timeline detailing the immunisation schedule, blood collection intervals,
and virus challenge protocol. The components were intramuscularly injected into
mice twice, with a 2-week interval. The doses were as follows: SM2HA2 antigen,

15 ug; Alum, 100 ug; and m-TLR7/8a in nanoliposome, 20 pg. (b and c) Cytokine
production by splenocytes after vaccination (n =S5 for PBS and Mitogen, and n=10
for sM2HA?2). (b) IFN-y and (c) IL-4 production in splenocytes after vaccination was
confirmed by ELISPOT. (d) Following viral infection, the infectious virus was titra-
ted from mouse lung homogenates (n= 6). (e) Survival rates and body weight
changes were observed in infected mice after infection with influenza variants
HINI1, H5N2, H7N3, H9N2, and H3N2 (n = 7). (f) Haematoxylin and eosin (H&E)
staining was conducted on HIN1- and H5N2-infected mouse lungs. The yellow

arrows indicate infiltrated immune cells. (g) Timeline detailing the immunisation

schedule, blood and spleen collection, and virus challenge protocol for confirming
long-term protection. The virus challenge and analysis conducted 6 months after
immunisation. (h) The ant-sM2HA2 IgG concentration in the serum was evaluated,
and (i) a representative value at a 1:100 dilution was used (n=7). (j and k) Cytokine
production by splenocytes 6 months after vaccination (n = 6 for PBS and Mitogen,
and n =12 for sM2HA2). (j) IFN-y and (k) IL-4 production in splenocytes after vac-

cination was confirmed by ELISPOT. (I) Survival rates and (m) body weight changes
were observed in the mice after virus challenge (n=7). Data presented as mean +
SD. Statistical significance was analysed via two-way ANOVA in (b, ¢, j and k) and

one-way ANOVA in (i), at 7 days post injection in.(e, m). p values: ns not significant;
*p< 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001).

SM2HA2 as an universal antigen with conserved domain with KE-VAC
that can induce sufficient Ab-specific humoral and T cell-mediated
immunity may be a promising approach for the cross-protection against
various lethal influenza subtypes.

Long-lasting immunity and protection against influenza virus
infection

Long-lasting immunity is mediated primarily by memory B-cells, a
subset of B lymphocytes generated during the initial immune response
to an antigen. The duration of the immune response and protection
are crucial factors in determining the effectiveness of a vaccine®.
Therefore, to determine long-lasting immunogenicity, the serum IgG
level was detected via ELISA, followed by the collection of serum
samples from the mice after 6 months of priming (Fig. 5g). Compared
with the other groups, the KE-VAC (sM2HA2) group presented sig-
nificantly higher levels of IgG specific to sM2HA2 (Fig. 5h, i), sM2
(Supplementary Fig. 18a) and HA2 (Supplementary Fig. 18b), even six
months after the first immunisation. When the IgG isotypes were
considered, the IgGl and IgG2a levels specific to sM2 and HA2 (Sup-
plementary Fig. 18c-f) were also significantly greater in the KE-VAC
(sM2HA2) group. However, sM2HA2 inoculation alone did not induce
any considerable level of serum IgG or any IgG isotypes. In addition,
the long-term cell-mediated immune response was also examined by
isolating splenocytes six months after the first vaccination and con-
ducting an ELISPOT assay. Interestingly, mice vaccinated with KE-VAC
presented more antigen-specific IFN-y- and IL-4-secreting cells than the
other groups did (Fig. 5j, k). The results demonstrated that the KE-VAC
(sM2HA?2) elicits long-lasting humoral and cell-mediated immune
responses, which persist for at least six months following the first
immunisation (Supplementary Fig. 19). To evaluate the protective
efficacy against HIN1 after 6 months of final vaccination, the mice were
challenged with HIN1, and their body weights and survival rates were
monitored for 13 days. As shown in Fig. 5m, all the mice in the control
group and sM2HA2 only group presented more than 20% body weight
loss by 8 and 10 days after the challenge, respectively. However, alum
or nanoliposome (m-TLR7/8a)-immunised mice demonstrated
approximately 80% protection against lethal infection. In contrast, the
KE-VAC (sM2HA2) group showed 100% survival even 6 months after
vaccination (Fig. 51), and body weights started to recover after 7 dpi
(Fig. 5Sm). These results indicated that KE-VAC (sM2HA2) could confer
long-term protection against influenza A viruses, and the findings of
this study suggest the potential utility of integrating sM2HA2 and KE-
VAC in the development of a novel and improved influenza vaccine.

KE-VAC induces protective immunity against SFTSV in ferrets

To assess the efficacy of adjuvanted SFTSV vaccines, groups of ferrets
(n=6/group) were intramuscularly administered an inactivated SFTSV
vaccine with or without the TLR7/8a adjuvant (KE-VAC). The experi-
ments utilized an aged ferret model, which mimics the immune
response of an immunocompromised person®**°. The study included a
mock-PBS group (G1), an inactivated CB1/2014 SFTSV vaccine (30 pg)
alone group (G2), and a KE-VAC (inactivated SFTSV) group (G3). These

were administered twice with a 2-week interval (Fig. 6a). Sera were
collected 2 weeks after each priming and boosting immunisation to
evaluate neutralizing antibody production, with subsequent collec-
tions at 2-week intervals up to 30 weeks.

The data revealed robust induction of long-term neutralizing
antibody activities for up to 16-18 weeks after priming. At 2 weeks after
the first immunisation, the G2 group exhibited serum neutralizing
titers of 40-160, peaking at 6 weeks with a serum neutralizing titers of
320. Meanwhile, the G3 group, which received the SFTSV vaccine with
KE-VAC (inactivated SFTSV), displayed serum neutralizing titers of 80-
160, peaking at 4 weeks post-priming, compared to the mock-PBS (G1)
group (Fig. 6b). In both G2 and G3 groups, serum neutralizing titers
gradually declined after reaching their peak, falling below the detec-
tion limit at 18 weeks and 20 weeks after priming, respectively (Fig. 6b).
At 30 weeks post-priming, we assessed the ability to induce antigen-
specific T-cell responses in ferrets from the SFTSV vaccine alone (G2)
or KE-VAC (G3) groups using an IFN-y ELISPOT assay (Fig. 6c, d).
Results showed that KE-VAC (G3) group had significantly higher
SFTSV-specific T-cell responses compared to the SFTSV vaccine alone
(G2) group. (Fig. 6c¢, d).

To evaluate protective efficacy, ferrets from the mock-PBS (G1),
SFTSV vaccine alone (G2), and KE-VAC (G3) groups were challenged
with SFTSV (CB1/2014) at a dose of 10%° TCIDs. All ferrets were mon-
itored for clinical signs of infection, body weight and temperature
changes, platelet counts, serum neutralizing, and viral titers until 6 days
post-infection (dpi). After the challenge, the Gl group, showed an
increasing viral load in the serum, while viral RNA was detected only at 2
dpi in the G2 and G3 groups (Fig. 6e). Additionally, viral RNA was
detected in all tissues collected at 4 and 6 dpi in Gl group, whereas in
the G2 group, viral RNA was detected in PBMC, spleen, and bone mar-
row only at 4 dpi (Fig. 6e). In the G3 group, viral RNA was not detected in
any tissues, indicating more rapid virus clearance compared to the
SFTSV vaccine alone (G2) group (Fig. 6e). Both G2 and G3 groups
showed no significant changes in body weight, temperature, or platelet
counts, whereas mock-PBS (G1) ferrets experienced high fevers, 20%
weight losses, and severe thrombocytopenia from day 4 after the SFTSV
challenge (Fig. 6f-h). Furthermore, both G2 and G3 groups exhibited
neutralizing activity until 6 dpi, with no significant difference in serum
neutralizing tirers between the two groups (Fig. 6i).

Taken together, although the inactivated SFTSV vaccine alone can
induce robust neutralizing antibodies, the KE-VAC platform sig-
nificantly enhances the SFTSV-specific immune response. This
enhancement provides sufficient protection against the lethal SFTSV
challenge and enables rapid virus clearance even after long-term
vaccination.

Discussion

Here, we developed a kinetically engineered vaccine (KE-VAC) that (1)
allows the presentation of antigen information for a long period and
sustained immune stimulation with m-TLR7/8a without exhausting the
APCs; (2) gradually supplies the antigen and adjuvant to the lymph
nodes (LNs) to promote Tgy, GC B-, and T-cell differentiation; (3)
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Fig. 6 | Evaluating the efficacy of the KE-VAC-adjuvanted SFTSV vaccine in
ferrets. a Timeline detailing the immunisation schedule, blood collection intervals,
and SFTSV challenge protocol. Ferrets were administered a mock-PBS, an inacti-
vated SFTSV vaccine alone, or an inactivated SFTSV with Alum/nanoliposome (KE-
VAC). The components were intramuscularly injected into ferret twice, with a
2-week interval. The doses were as follows: Inactivated SFTSV, 30 pg; Alum, 100 pg;
and m-TLR7/8a in nanoliposome, 20 ug. b Changes in the serum neutralizing titers
against live virus of ferrets were tracked at 2-week intervals for 30 weeks after
immunisation (n=5). ¢ and d IFN-y production in PBMCs immediately before the

Days post infection

Days post infection

Days post infection

Days post infection

challenge was confirmed by an ELISPOT assay (c), with a representative image
shown in (d) (n=2). e On days 2, 4 and 6 after the SFTSV challenge, organ tissues
from three ferrets per group were collected, and the viral load was quantified via
qRT-PCR (n =3). f-h Health monitoring of ferrets after challenge included mea-
suring changes in body weight (), body temperature (g), and platelet count (h)
until 6 dpi (n = 6). i Serum neutralizing titers were measured at various time points
after the challenge (n = 6). Data presented as mean + SD. Statistical significance was
analysed via unpaired two-tailed t test in (e and g). p values: ns not significant;

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001).
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strongly induces both germinal centre and T-cell-related immune
responses for long-term and broad protection (Fig. 7). The develop-
ment of KE-VAC represents a significant advancement in vaccine
adjuvants based on inspiration from natural infections. In natural
infections, a more robust immune response often occurs due to two
factors: local lung immunity resulting from the virus’s mucosal entry
route and sustained viral replication that continuously stimulates the
immune system, generating a persistent response*"**,

In the future research, combining this continuous stimulation with
the capacity to induce local immunity through mucosal vaccination
would likely yield even better outcomes.*** Since KE-VAC is an intra-
muscular vaccine containing alum, our approach focuses on providing
continuous systemic support by mimicking viral replication kinetics, and
we successfully achieved this through modulation at the cellular and
tissue levels. Through a dual modulation approach at both the cellular
and tissue levels, KE-VAC effectively orchestrates cytotoxic T lympho-
cyte (CTL) and GC immune responses, enhancing the vaccine’s capacity
for prolonged protection against infectious diseases. Notably, our plat-
form has demonstrated superior efficacy compared with traditional
vaccine methods and mRNA vaccines, showing extended immunity
against SARS-CoV-2, influenza, and SFTS viruses in animal models.

To design a novel vaccine platform, we synthesised nanoliposome
(m-TLR7/8a), which could be slowly activated in immune cells and
prolong its action and antigen presentation ability at the cellular level
without exhaustion of APCs. The nanoliposome (m-TLR7/8a) can
provide sustained stimulation of APCs and prolong antigen

presentation on immune complexes and interaction time with Tgy cells
to promote GC-related immune responses with delayed exhaustion in
addition to the significant enhancement of T-cell responses. Addi-
tionally, the engineered KE-VAC system facilitated the interaction with
negatively charged nanoliposomes (m-TLR7/8a) and various antigens
(such as recombinant proteins or inactivated viruses), subsequently
released antigens and nanoliposomes (m-TLR7/8a) into the body,
enhancing Tgy cell, short- and long-term IgG, GC B-cell, and plasma
B-cell responses at the macroscopic level inspired by the natural
infection profile. This sustained response is achieved through multi-
dimensional modulation at macroscopic and cellular levels, as KE-VAC
induces a gradual increase in GC B cells post-vaccination, surpassing
the effects of individual alum or nanoliposome (m-TLR7/8a) treat-
ments. Moreover, by incorporating modulation at the cellular level, KE-
VAC significantly enhances IgG production compared to systems
lacking this feature (Supplementary Figs. 7 and 8). Our KE-VAC sug-
gested here should be differentiation from the previous research that
used osmotic pumps and hydrogels to supply antigens and adjuvants
in a gradual manner in that KE-VAC was designed based on FDA-
approved alum and novel masked TLR7/8a to modulate immune
response kinetically at both the cellular and tissue levels” %% The
engineered KE-VAC system, which releases antigens and nanolipo-
somes (m-TLR7/8a) into the body, could enhance Tgy cell, short- and
long-term IgG, GC B-cell, and plasma B-cell responses at the macro-
scopic level inspired by the natural infection profile (Fig. 7a). Owing to
the harmonised cellular and tissue modulation capabilities of KE-VAC,
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the cellular immune response, which is crucial for early and rapid
defence, is significantly enhanced compared with that of conventional
vaccines. Additionally, the GC response greatly strengthens the
humoral immune response, which is vital for long-lasting protec-
tion (Fig. 7a).

To evaluate the efficacy of KE-VAC against natural virus infection
in animal models, we tested it against three viruses: SARS-CoV-2,
influenza, and SFTS. In the evaluation of immune function in the SARS-
CoV-2 model, in which mice were vaccinated with the Omicron spike
protein and KE-VAC, a 100% survival rate was achieved, alongside a
significant increase in NAbs and polyfunctional CD8" T-cells for the
original strain and heterologous variants (wild type, alpha, beta, and
delta). For influenza, we used SM2HA?2, a universal antigen that targets
conserved domains, and injected it into mice to induce a response
against various strains. This resulted in a 100% survival rate for mice
challenged with each of five strains (HIN1, HSN2, H7N3, HON2, and
H3N2). Furthermore, a virus challenge conducted 192 days after the
initial vaccination resulted in high secretion levels of IFN-y and IL-4.
Through the immune responses induced by KE-VAC, mice recovered
their weight rapidly after viral infection, returning to their baseline
weight within two weeks whereas groups treated with other vaccine
modalities showed persistent weight deficits (Fig. S5e, m). For SFTS, we
tested KE-VAC in an aged ferret model, which exhibits an immune
response similar to that of an immunocompromised person. A virus
challenge was conducted 30 weeks after the initial vaccination. KE-VAC
demonstrated high protection efficiency, with no virus detected in the
serum, PBMCs, or any of four organs. In particular, during the early
stages of infection, KE-VAC facilitated rapid recovery by promoting
high viral clearance in immune-active sites such as the spleen, PBMC,
and bone marrow (Fig. 6e). This finding indicates a robust and lasting
immune response against SFTSV long after inoculation. Vaccination
with KE-VAC is expected to provide recipients with an immune profile
similar to those of patients who have recovered from natural infec-
tions, an outcome not typically achieved with conventional vaccines
(Fig. 7b). Moreover, KE-VAC can offer enhanced protection while
maintaining safety, unlike natural infections (Fig. 7b). In practical
application in animal studies, KE-VAC demonstrated superior and long-
lasting protective effects and significantly improved survival rates in
healthy states compared with existing vaccine methods across models
of three diseases: SARS-CoV-2, severe fever with thrombocytopenia
syndrome virus (SFTSV), and influenza virus (Fig. 7b).

Through challenge and analysis of three distinct disease models,
we observed that KE-VAC facilitates rapid recovery from initial infec-
tions via T cell responses and, from a long-term perspective, offers
disease prevention through a durable immune response mediated by
germinal centre activation. Notably, in experiments with influenza and
SARS-CoV-2, KE-VAC demonstrated the ability to elicit cross-reactive
neutralizing responses against multiple heterologous viral variants,
which represents a significant advantage for its potential application as
a practical vaccine (Fig. 7b). Moreover, the adaptability of KE-VAC to
diverse antigens confers a notable advantage, facilitating swift
responses during disease outbreaks. This inherent versatility positions
KE-VAC as a potent candidate for combating emerging infectious
threats. The widespread efficacy of KE-VAC across various pathogens
and vaccination schedules highlights its potential as a versatile tool in
disease control efforts and the mitigation of emerging infectious risks.

Methods

Materials and reagents

Alhydrogel adjuvant 2% (alum, cat. no. vac-alu-50) and Adju-Phos
adjuvant (AdjuPhos, cat. no. vac-phos-250) were purchased from
InvivoGen (San Diego, CA, USA). Ovalbumin from chicken egg white
(OVA, cat. no. A5503) and cholesterol (Chol, cat. no. C3045) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). We purchased 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC, cat. no. 850375 C) and

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG, cat.
n0.840485 C) from Avanti Polar Lipids (Birmingham, AL, USA). Resi-
quimod (R848, cat. no. orb304065) was purchased from Biorbyt
(Cambridge, UK). CPG-ODN (ODN1668, cat. no. tlrl-1668) and poly 1:C
(cat. no. tlrl-pic) was purchased from Invitrogen (USA). Red blood cell
lysis buffer (cat. no. 420301) was purchased from BiolLegend (San
Diego, CA, USA). Recombinant mouse GM-CSF (cat. no. 415) was pur-
chased from R&D Systems (Minneapolis, MN, USA). Phosphate-
buffered saline (PBS, cat. no. SH30256) was purchased from Cytiva
(GE Healthcare, South Logan, UT, USA), and 10X Dulbecco’s
phosphate-buffered saline (DPBS, cat. no. LBO01-01) was purchased
from Welgene (Gyeongsan, Korea).

Animals, viruses, and antibodies

The KE-VAC mouse study conducted in this research was ethically
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the Sungkyunkwan University School of
Medicine (Protocol Nos: SKKUIACUC2020-06-17-1 and SKKUIA-
CUC2022-05-09-1). This committee is accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Inter-
national (AAALAC International) and adheres to the Institute of
Laboratory Animal Resources (ILAR) guidelines. 315 stocks of C57BL/
6 (Orient Bio, C57BL/6NCrlOri) and 120 stocks of BALB/C mice
(Orient Bio, BALB/cAnNCrlOri) (6- to 8-week-old females) were pro-
cured from Orient Bio (Korea) and 45 stocks of C57BL/6 mice (DBL,
C57BL/6NTac) (6- to 8-week-old females) were procured from DBL
(Korea). All the animals were housed in individually ventilated cages
under controlled humidity (30-70%) and temperature (21-26 °C)
conditions and were subjected to a 12-h light-dark cycle. The mouse
study for influenza was performed in strict compliance with the
National Institutes of Health’s (NIH) Guide for the Care and Use of
Laboratory Animals. The Institutional Animal Care and Use Com-
mittee (IACUC) of Chungnam National University approved all the
mouse procedures (Approval Number: 202307A-CNU-113).
340 stocks of BALB/C mice (Hanil Laboratory Animal Center, BALB/
cAnNHsd) (6- to 8-week-old females) were procured from Hanil
Laboratory (Korea). All efforts were made to minimise animal suf-
fering. The ferret study was approved by the Medical Research
Institute, a member of the Laboratory Animal Research Center of
Chungbuk National University (LARC) and was conducted in strict
accordance with the relevant policies regarding animal handling
mandated under the Guidelines for Animal Use and Care of the Korea
Center for Disease Control (K-CDC). Viruses were handled in an
enhanced biosafety level 3 (BSL3) containment laboratory as
approved by the Korean Centers for Disease Control and Prevention
(KCDC-14-3-07). 18 stocks of 3-year-old male ferrets were purchased
from ID bio (Korea).

All mice obtained from Orient Bio, DBL, and Hanil Laboratory
were supplied and separately bred in SPF (Specific Pathogen-Free)
facilities, including both experimental and control groups. Ferrets
were supplied from Laboratory animal facilities, and all individuals,
including those in the experimental and control groups, were sepa-
rately bred in a barriered environment.

Detailed information concerning the antibodies used in this study,
including the fluorescence antibody type, manufacturer, clone, and
catalogue number, is provided in Supplementary Table 1.

For the SARS-CoV-2 experiment, SARS-CoV-2 spike-stabilized
trimers from B.1.1.529 (Omicron variant, cat. no. REC32008) were
purchased from the Native Antigen Company. SARS-CoV-2 variants
(Wuhan strain; hCoV-19/South Korea/NMC-02/2020, Alpha (B.1.1.7);
hCoV-19/South Korea/NMC-nCoV-07/2021, Beta (B.1.351); hCoV-19/
South Korea/NMC-nCoV-08/2021, Delta (B.1.617.2); hCoV-19/South
Korea/NMC-nCoV-11/2021, BA.2/omicron (B.1.1.529); hCoV-19/South
Korea/CBNU-nCoV-55/2021); and mouse-adapted SARS-CoV-2 (origi-
nating from the Wuhan strain) were used for the serum
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neutralization assay and viral challenge experiment, respectively.
The viruses were propagated in a Vero-E6 monolayer (ATCC no. CRL-
1586) via DMEM (Gibco, cat.no. 11995073) for 1 h at 37 °C in 5% CO..
After incubation, the medium was changed to 2% FBS-supplemented
DMEM (Gibco). Three days after infection, the viruses were harvested
from the infected Vero-E6 cells, centrifuged at 1,000 x g for 20 min,
and then stored at —80 °C until use. All the experiments were per-
formed under BSL3 conditions. For inactivation of the virion, SARS-
CoV-2 in the culture supernatant was treated with -propiolactone
for 72h at 4°C. The inactivated virions were purified via ultra-
centrifugation at 100,000 x g for 2 h in a 30% sucrose density gra-
dient. BCA protein assay kits (Thermo Fisher, cat.no 23227) were
used for the quantification of purified virions.

For the influenza experiment, five mouse-adapted low-patho-
genic strains—Al A/Puerto Rico/8/34 (HIN1), A/Aquatic bird/Korea/
W81/2005 (H5N2), A/Aquatic bird/Korea/W44/2005 (H7N3), A/
Chicken/Korea/116/2004 (H9N2), and A/Philippines/2/2008 (H3N2)—
were used. All influenza viruses were propagated in pathogen free 10
to 12-day-old embryonated chicken eggs and titrated by determining
TCIDsg values on Madin-Darby Canine kidney epithelial cells (MDCK;
ATCC no. CCL-34)®. These five mouse-adapted low-pathogenic
strains were then stored at —-80 °C and used to infect BALB/c (Hanil
Laboratory Animal Center, BALB/cAnNHsd) mice for the challenge
experiments.

For the SFTS virus experiment, the SFTS virus (CB1/2014) was
passaged onto confluent monolayers of Vero E6 cells (ATCC no. CRL-
1586) in DMEM (Gibco, cat. no. 11995073) supplemented with 2% FBS
(Gibco, cat. no. 10082-147), penicillin (100 U ml™), and streptomycin
(100 pg ml™; Gibco, cat. no. 15140122) and incubated at 37 °C with 5%
CO.. The cell culture supernatant was collected at 5 dpi and stored at
-80 °C as the working virus stock for this study. Viral infectivity titers
were determined through an immunostaining assay, with the TCIDsq
calculated via an in-house-generated monoclonal NP antibody
against SFTSV via an immunofluorescence assay*c.

BMDC culture for in vitro experiment and activation assay

In all in vitro experiment, mouse BMDC was adapted for experiment.
Mouse BMDCs were produced from the bone marrow of female
C57BL/6 mice (Orient Bio, C57BL/6NCrlOri) aged 6 to 8 weeks. The
femurs and tibias were extracted, and the bone marrow was flushed
out using RPMI 1640 medium (Gibco, cat. no. A1049101) and a 26-
gauge syringe. To eliminate red blood cells (RBCs), RBC lysis buffer
(BioLegend) was used. After several washes, the cells were suspended
in RPMI medium (24 mL) supplemented with mGM-CSF (20 ngmL™;
R&D systems, cat. no. 415) and seeded at a concentration of 2.5 x 10°
cells per well in a 6-well culture plate. On the second day, the medium
containing mGM-CSF (20ngmL™) was replaced after thorough
washing with PBS to remove nonadherent cells. On the fourth day,
fresh medium containing mGM-CSF (20 ng mL™) was added. On the
sixth day, the cells had differentiated into immature BMDCs, which
were utilized for subsequent experiments.

Cell lines

To titrate influenza viruses, Madin-Darby Canine kidney epithelial cells
(MDCK; ATCC no. CCL-34) was adopted in DMEM (Gibco, cat. no.
11995073, USA) supplemented with 10% FBS (Gibco, cat. no.10082-147,
USA), penicillin (100 U mI™), and streptomycin (100 pg mI™; Gibco, cat.
no. 15140122) and incubated at 37 °C with 5% CO, condition. Vero-E6
monolayer (ATCC no. CRL-1586) was adopted for the propagation of
SARS-CoV-2 and SFTS viruses with DMEM (Gibco, cat. no. 11995073,
USA) supplemented with 2% FBS (Gibco, cat. no. 10082-147), penicillin
(100 U ml™), and streptomycin (100 pg ml™; Gibco, cat. no. 15140122)
and incubated at 37 °C with 5% CO, condition. To quantify EC50 value
of TLR 7/8 agonist, HEK-BLUE hTLRS cell line (Invitrogen, cat. no. hkb-
htlr8) was purchased and cultured with DMEM (Gibco, cat. no.

11995073, USA) supplemented with 10% FBS (Gibco, cat. no.10082-147,
USA), penicillin (100 U mI™), streptomycin (100 pg ml™; Gibco, cat. no.
15140122), and normocin (100 pg ml™; Invitrogen, cat. no. ant-nr-05)
and incubated at 37 °C with 5% CO, condition

BMDC, naive T cell, and B cell co-culture

To co-culture DCs, T cells, and B cells, we prepared BMDCs using the
aforementioned method. Spleens were harvested from 6-week-old
C57BL/6 mice (Orient Bio, C57BL/6NCrlOri), and T cells (Naive CD4 + T
Cell Isolation Kit, mouse, BD cat. no. 130-104-453) and B cells (B Cell
Isolation Kit, mouse, BD cat. no. 130-090-862) were isolated using
microbeads. A total of 2 x 10* BMDCs were seeded into a 96-well cell
culture plate with RPMI-1640 media (Gibco, cat. no. A1049101) sup-
plemented by 10% FBS (Gibco, cat. no.26140079), penicillin
(100 U mlI™) and incubated at 37 °C with 5% CO2. The cells were treated
with OVA at a concentration of 10ugmL™ and each adjuvant at a
concentration of 1ug mL™. After 24 h, 4 x 10*T cells and B cells were
added to each well. Following an additional 24-hour incubation, single
cells were analysed using flow cytometry, and cytokine levels were
quantified using ELISA.

Enzyme-linked immunosorbent assay (ELISA) for cytokine
measurement

Prepared BMDCs were treated with the indicated immune stimulants
and incubated for indicated time. The cell culture supernatants were
centrifuged at 10,000 x g for 10 min at 4 °C, after which the super-
natants were collected. All the collected supernatants were analysed
with mouse IL-12p70 (BD, cat. no. 555256), IL-6 (BD, cat. no. 555240),
TNF-a ELISA kits (BD, cat. no. 560478), IL-21 (Thermo Fisher, cat. no.
BMS6021) and IL-23 ELISA kits (Thermo Fisher, cat. no. BMS6017)
following the manufacturer’s instructions.

Preparation of nanoliposome (m-TLR7/8a)

Nanoliposome (m-TLR7/8a), which is a nanosized liposome, was fab-
ricated via a thin-film hydration method followed by tip sonication.
DOPC, DPPG, Chol, and m-TLR7/8a (60:10:15:15) were dissolved in
chloroform. The synthetic scheme and characterization of chemical
structure for m-TLR7/8a are described in Supplementary Fig. 1 and 2.
The organic solvent was removed via rotary evaporation at room
temperature (RT) for 30 min or more. The thin film was hydrated with
PBS for 2 h, and the solution was sonicated by tip sonication in an ice
bath. Liposomes were then extruded through a 0.2-pm pore size filter
membrane via a Mini Extruder (Avanti polar lipids). The hydrodynamic
size and zeta potential of the filtered solution were analysed via
dynamic light scattering (ELS-Z electrophoretic light scattering pho-
tometer, ELSZ-2000 series, Otsuka, Osaka, Japan). The encapsulated
m-TLR7/8a was quantified via ultraviolet-visible light (UV-vis) spec-
trometry (UV-1800, SHIMADZU, Kyoto, Japan). The m-TLR7/8a con-
taining nanoliposome was sonicated (Branson Ultrasonics™) in ethanol
condition and calculated by serially diluted UV absorption standard
curve. (Supplementary Fig. 20b)

Preparation of nanoliposome (R848)

Nanoliposome (R848), which is a nanosized liposome, was fabricated
via a thin-film hydration method followed by tip sonication. DOPC,
DPPG, and Chol (60:10:30) were dissolved in chloroform. In this step,
R848 also dissolved in chloroform. The organic solvent was removed
via rotary evaporation at room temperature (RT) for 30 min or more.
The thin film was hydrated with PBS for 2h, and the solution was
sonicated by tip sonication in an ice bath. Liposomes were then
extruded through a 0.2-pm pore size filter membrane via a Mini
Extruder (Avanti polar lipids). After the fabrication, the nanoliposome
(R848) concentrated by 30 kDa MWCO centrifugal filter (Amicon®
Ultra Centrifugal Filter). The encapsulated R848 was quantified via
ultraviolet-visible light (UV-vis) spectrometry (UV-1800, SHIMADZU,
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Kyoto, Japan). The R848 containing liposome was sonicated (Branson
Ultrasonics™) in ethanol condition and calculated by serially diluted
UV absorption standard curve. (Supplementary Fig. 20a)

Preparation of mLNP (RNA)

LNP containing target CleanCap OVA mRNA (TriLink cat. no. L-7210-
1000) was synthesized using microfluidic device (The NanoAssemblr
Ignite Precision Nanosystems). 100 mgmL™ of ALC-0315 (lonizable
lipid, cat. no. HY-138170, MCE), 50 mgmL™ of ALC-0159 (PEGylated
lipid, MCE, cat. no. HY-138300), 10 mg mL™ of DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine, helper lipid, Avanti Polar Lipids, cat. no.
850365P-1g,), and 10 mgmLof cholesterol (sterol lipid, Sigma-
Aldrich, cat. no. C8667-1G) was dissolved in ethanol (organic phase)
with 43/5/9/20 weight ratio and 0.1 mg mL™ of mRNA was dissolved in
pH4 buffer (100 mM sodium citrate, aqueous phase). Using micro-
fluidic device, organic phase and aqueous phase was mixed with 3: 1
volume ratio. Synthesized LNP was dialyzed using Slide-A-Lyzer™
Dialysis Cassettes, 10 K MWCO (Thermo Fisher, cat. no. 66380) in 1X
PBS overnight and stored in 4 °C before use.

GILT-dependent m-TLR7/8a cleavage

Nanoliposome (m-TLR7/8a) (79.5 mM, 100 pl) was capped in 12-14 kDa
MWCO dialysis membrane (Spectra/Por™) and prepared in a 50 ml tube.
Cysteine (1 tM or 200 nM, 50 pl, Sigma-Aldrich) was dissolved in PBS
with or without GILT (2.5 pg, recombinant human IFI30, RayBiotech)
and added to the tube. After 2, 4, 6, 24, 48, and 72 h, the outer PBS were
collected, and released amount of R848 was analysed by UV-vis.

HEK-BLUE hTLRS reporter cell and Quanti-BLUE assay
Pre-cultured HEK-BLUE hTLRS reporter cell (Invitrogen) prepared in
96-well cell culture plate. R848 and nanoliposome (m-TLR7/8a) were
gradually treated and incubated for 24 h. The cell supernatant was
collected and mixed with Quanti-BLUE solution (Invitrogen) in 96-well
plate. The optical density (OD) of mixed solution were detected
at 650 nm.

In vitro alum dissociation, interaction, and release profile

All alum used in the study was Alhydrogel purchased from InvivoGen.
The alum was placed in buffers of various pH values ranging from 1 to
13. HCI was used for the 1-6 pH range buffer, and NaOH was used to
prepare the 8-13 pH range buffer. After being placed in buffer, the
samples were rotated for 24 h, and the zeta potential of alum was
analysed via dynamic light scattering (DLS, ELS-Z electrophoretic light
scattering photometer) for charge transition analysis. Proteins were
conjugated to Alexa Fluor 647 (AF647) via NHS labelling (Invitrogen,
cat. no. 034784), and liposomes were generated with DiD fluorescence
(Invitrogen, cat. no. D7757) (liposome (DiD)) mixed with alum and
rotated at room temperature (r.t.) for 30 min to enable adsorption.
The samples were subsequently centrifuged at 10,000 x g for 10 min to
remove pellet alum-adhered protein and liposomes, and the super-
natant was replaced with various pH buffers for dissociation, unless
otherwise noted, in PBS. All replaced supernatants were analysed for
fluorescence using a SpectraMax M5 (Molecular Devices, San Jose, CA,
USA), and the results were normalized to samples that contained no
alum. The release profile was measured via the same method but at the
indicated time points of 0.5,1, 3, 6,and 12 hand 1, 3, 7, and 14 days after
mixing and rotation at 37 °C.

DC exhaustion after sustained stimulation

To evaluate the effect of sustained stimulation on DC exhaustion, 1 x
10° BMDCs were seeded into 6-well plates. The DCs were subjected to
the following conditions: (1) simultaneous treatment with OVA
(20 pgmL™) and R848 (1ug mL™), (2) OVA (20 ug mL™) and sequential
treatment with R848 at 0, 4, and 8h, and (3) OVA (20 ugmL™)
treatment with nanoliposomes containing masked TLR7/8 agonist

(m-TLR7/8a) instead of R848. At 12 h after the initial treatment, an
additional dose of R848 (1 ug mL™) and OVA (20 ug mL™) was applied
to the DCs. After 24 h, cell supernatants were collected and analysed
using ELISA to measure cytokine levels.

Model antigen (OVA) vaccination and analysis

For the model antigen (OVA) vaccination experiment, six-week-old
female C57BL/6 mice (Orient Bio, C57BL/6NCrlOri) were purchased
from Orient Bio. C57BL/6 female mice were treated with KE-VAC or the
single components. The mice were intramuscularly administered 10 pg
of OVA, 100 pg of alum, nanoliposome (m-TLR7/8a) containing 79.5
nmol of m-TLR7/8a, or combination of them on days O and 14. In an
experiment comparing KE-VAC with the mLNP, 5 g for OVA mRNA
containing LNP was immunised. The blood, spleen, and pLN of the
mice were harvested from immunised mice and analysed.

Model study for evaluating the effects of sustained antigen and
adjuvant vaccination

For the sustained vaccination experiment, six-week-old female
C57BL/6 mice (Orient Bio, C57BL/6NCrlOri) were purchased from
Orient Bio. C57BL/6 female mice were treated with KE-VAC or the
single components. The mice were intramuscularly administered
components as 3 different patterns: Increasing (Inc), Splitting (Spt),
and Bolus (Bol). The mics in Inc groups inoculated by 0.15, 0.3, 0.6,
1.23,2.51,5.07,10.14 ug of OVA with 0.2, 0.4, 0.8,1.5,3.1, 6.3,12,7 ug of
R848 at day 0, 2, 4, 6, 8,10, 12. The mice in Spt groups administrated
2.86 ug of OVA and 3.6 pg of R848 for 7 times with 2 days interval. The
mice in Bol groups inoculated by 25 ug of OVA and 20 pg of R848 at
once. The 14-day vaccination cycle was repeated 2 time for all groups.
During the vaccination, the blood was collected from mice and ana-
lysed at 14-day post injection. After the vaccination, the mouse pLN,
spleen, and blood were harvested from the mice and analysed at 28-
day post 1* injection.

SARS-CoV-2 (omicron spike) vaccination, viral challenge and
analysis

For the SARS-CoV-2 vaccination and viral challenge experiment, 6-
week-old female BALB/c mice (Orient Bio, BALB/cAnNCrlOri) were
purchased from OrientBio (Korea). All animal experiments were
approved by the Institutional Animal Care and Use Committee (IACUC)
of the Institute for Basic Science (Approval number: IBS-2023-043) and
performed under the guidelines. The mice were intramuscularly
administered 0.5pg of SARS-CoV-2 spike-stabilised trimer protein
alone or in combination with 100 pg of alum or 79.5 nmol of m-TLR7/
8a on days 0 and 21. Sera and splenocytes were collected on day 35.
Fourteen days after the final vaccination, the mice were challenged
intranasally with 100 LDso of mouse-adapted SARS-CoV-2, and the
survival rate and body weight were monitored for up to seven days.
Mice that lost more than 25% of their body weight reached the
experimental endpoint and then use inhalation of CO, gas for eutha-
nasia. To determine the infectious viral titers in the virus-infected
lungs, the lungs of the challenged mice were harvested and frozen at
-80°C at 3, 5, and 7 days post infection. Homogenates were prepared
from the frozen tissues via a TissueLyser Il (Qiagen, Venlo, Nether-
lands) and centrifuged at 15000 x g for 10 min. Vero-E6 cells (ATCC no.
CRL-1586) were treated with 10-fold serially diluted homogenates for
1h at 37°C. The homogenates were removed and incubated with
DMEM supplemented with 2% FBS for 72 h at 37 °C. Cytopathic effects
(CPEs) were monitored three days post infection, and the viral titers
were calculated via the Reed-Muench method and expressed as the
50% tissue culture infective dose (TCIDs).

SARS-CoV-2 vaccination and IgG assay
C57BL/6 female mice (DBL, C57BL/6NTac) aged 6 weeks were immu-
nized twice with the KE-VAC or components: m-TLR7/8a in

Nature Communications | (2025)16:2914

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58006-y

nanoliposome (m-TLR7/8a), (79.5umol), HexaPro antigen (priming)
(1pg); and HexaPro antigen (priming) (5 pg). One hundred microlitres of
blood from immunized mice was collected on days 14 and 28 and then
centrifuged at 10,000 x g for 10 min at 4 °C to separate the serum. For
the IgG, IgGl, and IgG2c ELISAs, a 96-well plate was coated overnight
with recombinant SARS-CoV-2 spike protein (2 pg mL™). The plate was
subsequently washed two times with 0.05% (v/v) Tween-20 and blocked
for 3 h at 37 °C using a 5% (w/v) skim milk solution. Serum samples were
loaded onto the plate and incubated for 2h at 37°C. To specifically
detect IgG, IgGl, and IgG2c, secondary antibodies, including goat anti-
mouse IgG (H +L)-HRP, rat anti-mouse IgG1-HRP, and goat anti-mouse
IgG2¢-HRP (SouthernBiotech), were added to each plate at a 1:6000
dilution. After 1h of incubation at 37 °C, the plate was washed, and the
proteins were detected using a TMB solution. The absorbance of the
plate at 450 nm was measured using a microplate reader (VersaMax).

Production of SARS-CoV-2 Spike pseudovirus

Plasmids encoding the SARS-CoV-2 spike protein (Wuhan-Hu-1) were
purchased from Sino Biological (pCMV3-SARS-CoV-2 Spike, VG40589-
UT). The SARS-CoV-2 spike mutants were generated by site-directed
mutagenesis or artificially synthesized DNA from the SARS-CoV-2 spike
protein. SARS-CoV-2 pseudoviruses were produced by cotransfecting
293 T cells with pMDLg/pRRE (Addgene plasmid, cat. no.12251), pRSV-
Rev (Addgene plasmid, cat. no. 12253), pCDH-CMV-Nluc-copGFP-Puro
(Addgene plasmid, cat. no. 73037), and plasmids encoding either
version of the SARS-CoV-2 spike by using polyetherimide. Sixty hours
post-transfection, culture supernatants containing SARS-CoV-2 spike
pseudoviruses were harvested and filtered (0.45 pm pore size,
S2HVUOIRE, Millipore, California, USA), after which the copy numbers
of the pseudoviruses were quantified via qPCR.

Quantification of viral copy numbers by quantitative reverse
transcription PCR (qRT-PCR)

The RNA used in the experiment was extracted using TRIzol reagent
(Thermo Fisher, cat. no. 15596018) or the RNeasy kit (Qiagen, cat. no.
74104), and cDNA synthesis was performed using SuperiorScript lII
Reverse Transcriptase (Enzynomics) with a specific primer set targeting
the M segment of SFTSV. The forward primer used was SFTSV-M-F:
AATTCACATTTGAGGGTAGTT, and the reverse primer used was SFTSV-
M-R: TATCCAAGGAGGATGACAATAAT. Real-time PCR was performed
using SYBR Green Supermix (Bio-Rad Laboratories) and the CFX96 real-
time PCR detection system (Bio-Rad). The experimentally determined
copy numbers were calculated as a ratio based on the standard control.

Influenza vaccination, viral challenge and analysis

For the influenza vaccination and viral challenge experiment, of 5-
week-old female BALB/c (Hanil Laboratory Animal Center, BALB/
cAnNHsd) mice were purchased from Hanil Laboratory Animal Center
(Jeonju, Korea), and housed in a temperature- and light-controlled SPF
environment and allowed free access to food and water. The mice were
separated into five groups (n =7 per each group). The i.m. vaccinations
were administered to four groups of mice in each set two times at two-
week intervals using 15 pl of sSM2HA2 (15 pg) alone, Alum with SsM2HA2,
Nanoliposome with sM2HA2 or KE-VAC. One group from each set was
exposed to the PBS (Sigma-Aldrich, cat. no. 56064 C) treatment as a
control. Before being inoculated, all mice were anaesthetised with
ether, and the investigation was performed in a biosafety level (BSL)-2
facility. Serum samples were collected on days 21 and 180 (long-last-
ing) to assess immune responses. Mice that lost more than 25% of their
body weight reached the experimental endpoint and then use inhala-
tion of CO, gas for euthanasia. The sera were separated by cen-
trifugation and stored at -20°C for further analysis. Spleens were
collected on day 21 and day 180 to isolates splenocytes to analyse
antigen-specific T-cell responses. For the viral challenge, the mice were
infected intranasally one week after the last vaccination, with 10 MLDso

of the mouse-adapted low-pathogenic Al A/Puerto Rico/8/34(HIN1), A/
Aquatic bird/Korea/W81/2005 (H5N2), A/Aquatic bird/Korea/W44/
2005 (H7N3), A/Chicken/Korea/116/2004 (HON2), and A/Philippines/2/
2008 (H3N2) viruses in 20 pL of PBS. The mice were observed at pre-
determined intervals to assess survival and weight loss for 13 days.
Mice exhibiting more than 20% body weight loss were considered as an
experimental endpoint and were humanely euthanized using CO2
inhalation. Six mice of each group were euthanized at 3- and 5-days
post-infection (dpi) to evaluate viral titers in the lungs.

Viral titres and histopathological analysis of lungs

Viral titers in the lungs were measured using 50% tissue culture infec-
tious dose (TCID50) tests. Concisely, to eliminate cellular debris, the lung
tissues were homogenized in PBS containing an antibiotic and anti-
mycotic solution (Gibco) and centrifuged at 12,000 x g. The confluent
MDCK cells were exposed to ten-fold serial dilutions of samples for one
hour at 37 °C in a humid environment. The infected cells were kept for
72 h with an overlay medium containing L-1-tosylamide-2-phenylethyl
chloromethyl ketone (TPCK) trypsin (Sigma-Aldrich, cat. no. 4370285).
Hemagglutination assay (HA) was conducted following the observation
of a cytopathic effect (CPE). The virus titers were determined using the
Reed and Muench method and expressed as log;o TCIDsq / lung tissue.
Lung tissues were preserved in 10% formalin-containing neutral buffer as
soon as they were collected, and samples were kept in a shaker for two
days to prepare histopathology samples. Subsequently, the middle
portion of the tissues was used to embed the samples in paraffin wax.
Using a microtome, the slices were cut to a thickness of 4-6 mm, placed
on slides, and stained with hematoxylin and eosin (H&E). Histological
alterations were evaluated using light microscopy.

SFTSV vaccination, viral challenge and analysis

For the SFTSV vaccination and challenge, eighteen 3-year-old male
ferrets were purchased from ID bio (Korea). In immunisation experi-
ments on ferrets, ferrets were confirmed to have no antibodies against
SFTSV. All procedures, including immunisation, blood collections and
euthanasia, were performed under anaesthesia using xylazine (UNI-
BlOtech, cat. no. 326R02, Gyeonggido, Korea) and alfaxalone (Jurox,
cat. no. 520635, Rutherford, Australia). The naive aged ferrets were i.m.
immunised with 300 pL PBS (G1, n=6) or 30 ug of inactivated SFTSV
(G2, n=6) alone or in combination with 20 pg of TLR7/8a (G3, n=6).
Vaccines were administered two times (prime and boost) at 2-week
intervals, and sera were collected at 2-week intervals until 30 weeks
after each first immunisation. The ferrets were subsequently chal-
lenged i.m. with SFTSV (CB1/2014) at 10%° TCIDs, mL™ at 30 weeks
after the first immunisation. Clinical signs of infection (viral load, pla-
telet counts, body weight, and body temperature) were monitored at
0, 2, 4, and 6 days post challenge. Haematological parameters were
analysed via EDTA-treated whole-blood samples from infected animals
using a Celltac haematology analyser (MEK-6550J/K, Nihon Kohden,
Tokyo, Japan). Sera were collected from each ferret at 2-day intervals
after infection, and peripheral virus titers were determined. Three
animals per group were analysed at days 4 and 6 to collect tissue
samples (liver, spleen, kidney, bone marrow, and PBMCs) with indivi-
dual scissors. The viral loads in the collected tissues and sera were
quantified via QRT-PCR. The ferrets were housed in an ABSL3 facility
within Chungbuk National University (Cheongju-si, South Korea) with
al2-hlight/dark cycle and access to water and food. All animal care was
performed strictly according to the animal care guidelines and
experimental protocols approved by the Institutional Animal Care and
Use Committee (IACUC) (approval number CBNUA-2130-23-02) of
Chungbuk National University.

In vivo flow cytometry analysis
For preparing single-cell suspensions, the spleens and pLNs were
disrupted mechanically and placed in medium containing
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collagenase D (1mgmL™; Sigma Aldrich). The mixtures were incu-
bated in a shaking incubator at 37 °C for 30 min. The resulting cell
solutions were filtered through 70-um cell strainers and washed
twice with PBS.

Single cells from the spleens or pLNs were stained with viability
stain (BD) to segregate live cells and then stained with antibodies
specific for T-cells (CD3, CD4, and CD8), memory T-cells (CD44 and
CD62L), Tgy cells (PD-1, ICOS, and CXCRS5), GC B-cells (CD19, CD95 and
GL-7), and plasma cells (CD20 and CD138).

To analyse antigen-specific multifunctional CD8" T cells, intra-
cellular staining was performed. Single cells obtained from the spleen
and LN were stimulated by an S peptide pool or inactivated SARS-CoV-
2 variants with 1.0 ug mL™ GolgiPlug™ (BD cat. no 555029). The sti-
mulated cells were washed twice with ice-cold PBS and then stained for
surface markers with antibodies against anti-mouse CD3, CD4, and
CDS8. After surface staining, the cells were washed and suspended in a
fixation/permeabilization solution, incubating for 20 min at 4 °C. The
fixed cells were subsequently washed twice with BD Perm/Wash buffer
(BD Biosciences) and stained with antibodies specific for cytokine-
producing CD8" T cells, including anti-mouse IL-2, TNF-«, and IFN-y,
for 30 min at room temperature (RT). After intracellular staining, the
cells were washed twice with BD Perm/Wash buffer and resuspended in
buffer.

Flow cytometry data were analysed via a BD FACSCanto II
(Sungkyunkwan University Cooperative Center for Research Facilities),
FACSymphony A3 (Korea Virus Research Institute) and quantified via
FlowJo V 10. Detailed information on the antibodies and gating stra-
tegies used are provided in Supplementary Table 1 and Supplementary
Figs. 21-25.

Serum anti-OVA IgG antibody assay

100 pL of blood from immunised mice was collected and then cen-
trifuged at 10,000 x g for 10 min at 4 °C to separate the serum. For the
IgG, 1gGl, and IgG2c ELISAs, a 96-well plate (Immunoplate, SPL) was
coated overnight with recombinant OVA protein (2 pg mL™). The plate
was subsequently washed two times with 0.05% (v/v) Tween-20 and
blocked for 3 h at 37 °C using a 5% (w/v) skim milk solution. Serum
samples were loaded onto the plate and incubated for 2 h at 37 °C. To
specifically detect IgG, IgGl, and IgG2c, secondary antibodies, includ-
ing goat anti-mouse IgG (H +L)-HRP, rat anti-mouse IgG1-HRP, and
goat anti-mouse IgG2c-HRP (SouthernBiotech), were added to each
plate at a 1:6000 dilution. After 1 h of incubation at 37 °C, the plate was
washed, and the proteins were detected using a TMB solution. The
absorbance of the plate at 450 nm was measured using a microplate
reader (VersaMax).

Serum anti-sM2HA2, sM2 and HA2 IgG antibody assay

Serum IgG levels and the IgGl and IgG2a isotypes were measured
using ELISA. Overnight at 4 °C, 200 ng/well of sM2, HA2 peptide, or
SM2HA2 protein was coated on 96-well ELISA plates (Costar, cat. no.
2592) in coating buffer (pH 9.6). The plates were blocked with 200 uL
of 10% skim milk (BD, cat. no. 232100) after being washed with PBS
containing 0.05% Tween 20 (ChemCruz, cat. no. 5C-2911313). To
detect IgG, IgGl, and IgG2a, mouse sera diluted into a series of
dilutions (1:50 to 1:1600) in PBS containing 2% skim milk were dis-
pensed into designated wells and incubated at 37 °C for 2 h, followed
by the addition of 1:3000 diluted horseradish peroxidase-conjugated
goat anti-mouse IgG (GeneTex, cat. no. GTX213111-01), IgG1 (Invi-
trogen, cat. no. al0551), and IgG2a (Invitrogen, cat. no. al0685). The
plates were incubated for 2 h at 37 °C. Afterwards, 100 microlitres of
a substrate mixture containing tetramethylbenzidine (TMB; BD, cat.
no. 555214) was added, and the reaction was allowed to continue for
10 min. Using an ELISA auto reader (Molecular Devices), the optical
density was measured at 450 nm following the addition of the stop
solution (2 NH,SO,).

Enzyme-Linked Immunospot (ELISPOT) assay specific to SARS-

CoV-2 virus

To measure the T-cell immune response, the frequency of IFN-y-
producing T-cells was evaluated via mouse IFN-y ELISPOT kits (BD
Bioscience, cat. no. 551849, USA). Briefly, the splenocytes were plated
at 5 x 10° cells/well onto purified IFN-y Ab-coated ELISPOT plates and
stimulated with 1pgmL™ S peptide pool (Sino Biological, China) and
1pg mL™ BPL-inactivated SARS-CoV-2 variants for 60 h at 37 °C. The
SFUs were enumerated via an ELISPOT plate reader (iSpot SPECTRUM
System, AID Diagnostika, USA). For measurement of the levels of
antigen-specific B-cell responses, enzyme-linked immunosorbent
assay (ELISA) plates (Thermo Fisher) were coated with 0.5 pugmL™
SARS-CoV-2 spike-stabilized trimers, washed with PBS-T, and blocked
with 5% skim milk in PBS-T. The sera from each group were added to
the antigen-coated plates, followed by incubation with HRP-anti-
mouse IgG (Abcam, cat. no. ab97023, USA). The plates were washed
and developed with the chromogenic tetramethylbenzidine substrate
(Merck), and the reactions were terminated with 2N H,SO,. The
absorbance was measured at 450 nm using an Infinite M plex micro-
plate reader (Tecan).

ELISPOT assay specific to sM2HA2, sM2 and HA2

Mouse IFN-y (BD, cat. no. 551083) and IL-4 ELISPOT kits (BD, cat. no.
551017) were used to conduct interferon (IFN)-y and interleukin (IL)-4
ELISPOT assays on splenocytes. Anti-mouse IFN-y and IL-4 capture
antibodies (5ug mL™) were coated on BD ELISPOT 96-well plates and
incubated overnight at 4 °C in PBS. The plates were blocked with a
solution containing full RPMI 1640 medium (HyClone, cat. no.
SH30027.01) supplemented with 10% foetal bovine serum (Gibco, cat.
no. 17904731) after the antibodies were discarded, after which they
were incubated for 2 h at room temperature. Following aseptic isola-
tion of splenocytes, 1 x 10° cells/well, sM2HA2 recombinant protein,
sM2 or HA2 peptide (1 pg/well), medium alone (negative control) or
0.5ugmL™? phytohemagglutinin (positive control; Gibco, cat. no.
10576-015) were added to the media. Following a 24-h incubation
period at 37 °C with 5% CO2, the plates were subjected to sequential
treatments with streptavidin-horseradish peroxidase, biotinylated
anti-mouse IFN-y and IL-4 antibodies, and substrate solution (BD cat.
no. 551951). Ultimately, an ImmunoScan Entry analyser (Cellular
Technology, Shaker Heights, USA) was used to count the spots.

Serum neutralization against SARS-CoV-2 pseudovirus (pseu-
dotyped SARS-CoV-2)

Transfected 293 T cells expressing ACE2 were generated by transdu-
cing 293 T cells with an ACE2 expression lentiviral vector (Addgene
plasmid, cat. no. 145839). Single-cell clones were derived by limiting
dilution from the bulk populations. 293T-ACE2 cells were seeded at a
density of 2 x 10* cells per well in 96-well luminometer-compatible
tissue culture plates (SPL, Korea) 24 h before infection. For the neu-
tralization assay, pseudoviruses (1.8 x 107 copies) were mixed with
diluted serum ranging from 50 to 984150-fold. Then, the mixture was
added to 96-well 293T-ACE2 cells. After 24 h of incubation, the
inoculum was replaced with fresh medium. Luciferase activity was
measured 72 h after infection. Briefly, cells were lysed with 40 pL per
well of Passive Lysis Buffer (Promega, cat. no. E1910). The luciferase
activity in the lysates was measured using the Nano-Glo Luciferase
Assay System (Promega, Wisconsin, USA). Specifically, 40 pL of sub-
strate in Nano-Glo buffer was mixed with 40 pL of cell lysate and
incubated for 3 min at RT. NanoLuc luciferase activity was measured
using a GloMax Navigator Microplate Luminometer (Promega, Wis-
consin, USA) using an integration time of 300 ms integration time.

Serum neutralization against SARS-CoV-2 virus
To examine neutralizing antibodies against SARS-CoV-2 variants in
vaccinated mice, the collected sera were inactivated by heating at 56 °C
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for 30 min. Initial 1:10 serum dilutions were prepared in serum-free
DMEM (Gibco), followed by twofold serial dilutions to achieve final
serum dilutions ranging from 1:10 to 1:12,800. For each well, serially
diluted sera were mixed with 100 TCIDs, of SARS-CoV-2 and incubated
at 37 °C for 1h to neutralize the infectious virus. The serum-virus mix-
tures were then inoculated onto Vero-E6 cell (ATCC) monolayers,
incubated for 1 h at 37 °C in 5% CO, and subsequently replaced with 2%
FBS-supplemented DMEM (Gibco). After three days, the neutralization
of infectious virus was assessed based on cytopathic effect (CPE).

Serum neutralization against Influenzas virus

The microneutralization assay was conducted to assess the levels of
HIN1, H5N2, H9N2 and H7N3-specific neutralizing antibodies in sera of
immunised mice. Briefly, Serum was treated with a receptor-destroying
enzyme (Denka Seiken, Japan) and subsequently inactivated at 56 °C for
30 min in FBS-free DMEM (HyClone, USA, cat. no. SH30243.01). A
volume of 50 pl of 2-fold serial dilution of inactivated serum was added
to 96-well microtiter plates and mixed with 50 pl of 100 TCIDsq of HINI,
H5N2, H9N2, and H7N3 viruses. This mixture was then incubated at
37 °C for 1h, after which 100 pl of 5 x 10* of MDCK cells suspension were
added to each well. The plates were incubated at 37 °C with 5% CO2 for
4 days. The virus-induced cytopathic effect was evaluated, and neu-
tralizing antibody titers were determined by the highest serum dilution
where the cytopathic effect remained observable.

Serum neutraliation against SFTS virus

To evaluate the presence of neutralizing antibodies in the blood of
vaccinated ferrets, serum samples from each time point were collected,
with each serum then heat-inactivated at 56 °C for 30 min. Serum dilu-
tions were prepared in serum-free DMEM (Gibco), starting with a 1:10
initial dilution, and further diluted twofold to achieve a final range of 1:10
to 1:2560. For each well, serially diluted sera were incubated at 37 °C for
1h with 100 TCIDso SFTSV (CB1/2014) to neutralize the infectious virus.
The serum-virus mixtures were then inoculated onto Vero-E6 (ATCC)
monolayer cells, incubated for 1 h at 37 °C with 5% CO, and subsequently
replaced with DMEM (Gibco) supplemented with 2% FBS. After 5 days,
neutralization of the infectious virus was confirmed by immunochro-
mogenic staining of Vero-E6 cells using an anti-SFTSV NP antibody.

Statistics and reproducibility

All the results are presented as the mean + standard deviation (SD). A
two-tailed unpaired ¢ test was used to compare the two groups. One-
way ANOVA (or two-way ANOVA) with Tukey’s multiple comparisons
test was used to analyse multiple groups of data. The log-rank
(Mantel-Cox) test was used for survival data. All the statistical ana-
lyses were performed via GraphPad Prism 8 and Microsoft Excel
2022. P values (n.s.: not significant, *P < 0.05, **P< 0.01, **P < 0.001,
and ***P < 0.0001) were used to indicate statistical significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided with this paper.
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