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A vaccine platform targeting lung-resident
memory CD4" T-cells provides protection
against heterosubtypic influenza infections
in mice and ferrets
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Lung tissue-resident memory T (Trwm) cells induced by influenza vaccination
are crucial for heterosubtypic immunity upon re-exposure to the influenza
virus, enabling rapid and robust responses upon reactivation. To enhance
the efficacy of influenza vaccines, we induce the generation of lung Tgy cells
following intranasal vaccination with a commercial influenza vaccine adju-
vanted with NexaVant (NVT), a TLR3 agonist-based adjuvant. We demon-
strate that intranasal immunization with the NVT-adjuvanted vaccine
provides improved protection against influenza virus infections by inducing
the generation of CD4" Try cells in the lungs in a type l interferon-dependent
manner. These pulmonary CD4" Try cells provide potent mucosal immunity
and cross-protection against heterosubtypic infections in both mouse and
ferret models. This vaccine platform has the potential to significantly
improve conventional intramuscular influenza vaccines by providing
broader protection.

Seasonal influenza, an acute respiratory illness that is highly con-
tagious, still poses a considerable global threat'. Vaccination
is considered one of the most cost-efficient and effective strategies
for preventing influenza illness*’. To date, most influenza vaccines
are designed to control influenza viruses by producing neutralizing
antibodies specific for hemagglutinin (HA) and neuraminidase
(NA)’. However, these surface proteins are highly variable due to
antigenic drift and shift, and antibody-based immunity has

limitations in preventing infection caused by variants or pandemic
viruses that are not antigenically matched**. Thus, current influenza
vaccines, which mainly provide strain-specific immunity, have
significant limitations in protection against novel strains resulting
from the constant evolution of influenza viruses*. Therefore,
the development of a novel vaccine capable of providing long-
lasting protection with broad coverage in the respiratory tract is
needed.
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One strategy for vaccine development against infectious dis-
eases is to mimic natural infection’. Recently, this approach was
applied to design a vaccine for coronavirus disease 2019 (COVID-19),
arespiratory infectious disease whose emergence led to a worldwide
pandemic. Compared to traditional parenteral vaccines, intranasal
administration of the COVID-19 vaccine has shown improved pro-
tective efficacy against not only vaccine strains but also variant
strains®. In this way, if local immunity is induced by targeting the
natural route of infection, various types of immune sentinels, such as
mucosal immunity and resident memory T (Tgy) cells, can be
recruited at the site of infection’. In particular, recent researches on
the generation of pulmonary Try cells and their contribution to the
control of respiratory pathogens, which has received much public
attention due to the COVID-19 pandemic, have recently been inten-
sively reviewed’ ™.

Lung Trwm cells provide remarkable protection against infection
with influenza virus, especially heterosubtypic strains that escape
from preexisting neutralizing antibodies". Thus, developing vac-
cines that induce pulmonary Ty cells to target influenza would be a
good approach for long-term prevention of various influenza virus
infections'. To date, the development of targeting Try cells in the
lung has mostly been studied in individuals who were naturally
infected and subsequently recovered" ™ or in parabiosis models”’ ™,
In addition, most studies on vaccines targeting the respiratory tract
are conducted using viral vectors or live-attenuated viruses™ .,
In particular, despite recent clinical studies in which viral vectors
were used as vaccines for targeting the respiratory tract, which
failed to induce sufficient mucosal immunity”, research on vaccines
utilizing a subunit vaccine platform involving the use of adjuvants
remains limited. Furthermore, most studies on lung Tgy cells
involve CD8" Tgry cells generated from model antigens or specifi-
cally known CDS8 epitopes in mice?**%. Although MHC-II is highly
expressed on the surface of lung epithelial cells®, which is a favor-
able niche for CD4"* T-cell responses and excessive induction of CD8"
Trm cells might cause immunopathology® ™, research on the for-
mation and role of CD4* Try cells in the respiratory tract is still
lacking.

NexaVant (NVT) is a TLR3 agonist recently developed by our
research team®>*, It is a substance that overcomes several drawbacks
of existing poly(I:C) and its derivatives, such as heterogeneity and
problems in quantitation, qualification, stability and safety.
When administered in vivo, NVT induces an innate immune response
by producing type 1 interferon (IFN) and activating dendritic
cells (DCs) and can be used as an adjuvant for vaccines. In this study,
we hypothesized that NVT could be used as a vaccine platform
by mimicking a viral infection and inducing immune responses in
the respiratory tract when it is codelivered to the lungs with an
antigen.

To test this hypothesis, we evaluated the profile of the immune
responses generated when NVT was simply mixed with a commer-
cially available influenza vaccine and subsequently delivered to the
lungs, the target organ of influenza. When the vaccine was delivered
to the lung, a humoral response similar to that of the vaccine admi-
nistered intramuscularly occurred but also additional mucosal
immunity and cell-mediated immune responses were induced; these
responses were not induced by the intramuscularly injected vaccine.
Furthermore, it was confirmed that CD4" Tgy cells in the lung con-
tribute to protection against influenza viruses of other subtypes. In
particular, among the induced CD4" Tgy population, the presence or
absence of specific cross-reactivity to the nucleoprotein (NP) inclu-
ded in the vaccine was essential for cross-protection. The formation
of a lung CD4" Ty population by the vaccine was dependent on the
type I IFN induced by the NVT in the vaccine, and it was confirmed
that at least during booster vaccination, codelivery of antigen and
adjuvant to the lungs is essential for Tgy; cell formation. Finally, we

verified this principle of cross-protection in ferrets, a model animal
for influenza. The results reveal the role of this vaccine platform in
the cross-protective mechanism of influenza through the formation
of lung CD4" Ty cells.

Results

Intranasal vaccination with NVT-adjuvanted quadrivalent influ-
enza vaccine (QIV) provides superior protection against homo-
logous virus challenge

First, we investigated whether adding NVT to the influenza vaccine or
delivering the vaccine to the lungs via the intranasal route could
improve the efficacy of the conventional injectable influenza vaccine.
BALB/c mice were immunized intramuscularly (im.) with QIV or
intranasally (i.n.) with QIV or NVT-adjuvanted QIV (QIV + NVT) twice at
two-week intervals, and immune response analysis and challenge were
performed two weeks after the last immunization (Fig. 1a). Intramus-
cular injection of QIV induced serum antibody responses as expected,
while intranasal administration of QIV elicited minimal antibody
responses (Fig. 1b, c). Intranasal administration of QIV + NVT induced
QIV-specific total IgG and IgG1 antibody responses at levels higher than
those elicited by intramuscular injection of QIV. The addition of NVT to
the vaccine effectively promoted QIV-specific IgG2a production com-
pared to that of the vaccine alone (Fig. 1b). Furthermore, intranasal
administration of QIV + NVT-induced QIV-specific IgA in nasal washes
and bronchoalveolar lavage fluid (BALF), which was not induced by
intramuscular injection of QIV (Fig. 1c).

Next, lung and spleen cells from the vaccinated mice were sti-
mulated with QIV, after which Th1 (IFN-y*CD4" T-cells), Th2 (IL-4*CD4"*
T-cells), Th17 (IL-17A"CD4" T-cells) and cytotoxic T lymphocyte (CTL,
IFN-y*'CD8" T-cells) responses were analyzed using flow cytometry.
Intranasal administration of QIV was not sufficient to induce T-cell
responses in either the lung or spleen, whereas intramuscular injection
of QIV induced some T-cell responses in the spleen (Fig. 1d). We found
that intranasal immunization with QIV+NVT elicited robust Thil
responses in both the lung and spleen (Fig. 1d) but did not induce Th2,
Th17, or CTL responses (Supplementary Fig. 1). This finding suggested
that the addition of NVT to influenza vaccines contributes to influenza-
specific Thl responses, as evidenced by IgG isotype switching. In fact,
NVT strongly promoted DC activation and the migration of innate
immune cells in draining lymph nodes (Supplementary Fig. 2), and it is
likely that this activation of the innate immune system contributed to
the T-cell response.

To evaluate the efficacy of the vaccine against homosubtypic viral
challenge, vaccinated mice were infected i.n. with 100 or 5000 lethal
dose (LD)so of the HINI influenza virus. When challenged with 100
LDso of HIN1 virus, mice injected i.m. with QIV exhibited initial weight
loss but recovered and survived, whereas all mice administered QIV i.n.
died. Meanwhile, mice injected i.m. with QIV had a survival rate as low
as 20% when challenged with 5000 LDsq of the virus. Mice vaccinated
with i.n. QIV+NVT were protected against HINI virus challenge with-
out significant weight change (Fig. 1e, f). Taken together, these findings
suggest that the use of NVT as an adjuvant is essential for improving
the efficacy of influenza vaccines, and intranasal administration of
NVT-adjuvanted vaccines provides superior protective immunity by
promoting both mucosal IgA and CD4" T-cell responses. Since intra-
nasal administration of antigen alone did not induce an immune
response, this vaccine group was excluded from further experiments.

Intranasal immunization with the NVT-adjuvanted H3N2 vaccine
provides cross-protection against HIN1 virus challenge

Immune mediators such as mucosal IgA and CD4" T-cells have been
reported to induce cross-protection®. Therefore, we explored whether
lung delivery of an NVT-adjuvanted vaccine via the intranasal route
could contribute to protection against heterosubtypic virus challenge.
To test this hypothesis, BALB/c mice were immunized i.m. with H3N2
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or i.n. with NVT-adjuvanted H3N2 (H3N2+NVT) twice at two-week
intervals. Two weeks after the last immunization, the hemagglutina-
tion inhibition (HAI) antibody and T-cell response were examined
(Fig. 2a). We found that both vaccine groups produced serum HAI
antibodies against the vaccine strain H3N2 but not against the het-
erosubtypic HINI strain. The intranasal administration of H3N2 + NVT
also induced the production of HAI antibodies against H3N2 but not

Days post infection

HINI in nasal washes or BALF, indicating that the vaccine could induce
only strain-specific neutralizing antibodies (Fig. 2b). Regarding cellular
immunity, intranasal immunization with H3N2 + NVT elicited a CD4*
T-cell response to HIN1 as well as H3N2 in both the lung and spleen,
whereas intramuscular injection of H3N2 did not induce CD4" T-cell
responses (Fig. 2¢). To further determine whether cross-reactive T-
cells could contribute to protection against heterosubtypic influenza
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Fig. 1| Intranasal administration of QIV in combination with NVT provides
superior protection against homologous influenza virus challenge.

a Experimental design. BALB/c mice (n=15 per group) were immunized i.m. with
QIV or i.n. with QIV or QIV + NVT twice at two-week intervals. Two weeks after the
last immunization, immune response analysis (n = 5 per group) (b-d) and HIN1 virus
(A/Korea/2785/2009) challenge (n =10 per group) (e, f) were performed. Schematic
image was created in BioRender. Han, S. (2024) BioRender.com/d59a368. b, c (b)
QIV-specific total IgG, IgG1, and IgG2a in the serum and (c) QIV-specific IgA in the
nasal wash and BALF were assessed via ELISA. The data are expressed as dot plots,
with horizontal lines representing the medians. d After stimulating lung and spleen
cells with QIV, the IFN-y*CD4" T-cell response was determined by flow cytometry.

Box and whisker plots show the median (center), 25th and 75th percentiles (box),
and lowest and highest values (whiskers). e, f The vaccinated mice were infected i.n.
with (e) 100 LDsg (n=5 per group) or (f) 5000 LDsq (n =5 per group) of HIN1 virus,
and body weight and survival were monitored daily. Weight-loss data are shown as
mean value + standard deviation (SD). Survival data are represented as Kaplan-
Meier survival curves, and the significant differences in survival rates were calcu-
lated by the log-rank test. b-f Statistical analyses were performed using one-way
ANOVA with Tukey’s multiple comparisons test or two-sided Mann-Whitney U test.
This study was performed independently at least three times, and one representa-
tive set is shown. BW body weight; N.D. not detected; ns, not significant; NT non-
treated. Source data are provided as a Source Data file.

virus in the absence of neutralizing antibodies, vaccinated mice were
infected with a lethal dose (4 LDsg) of HINI virus. Mice injected i.m.
with H3N2 did not survive. In contrast, mice administered H3N2 + NVT
via the intranasal route experienced weight loss but fully recovered
and survived (Fig. 2d). To confirm viral load reduction and histo-
pathological recovery in the lungs, lung viral loads were measured at 3
and 6 days post infection (dpi), and lung histopathology was analyzed
at 6 dpi. Mice administered H3N2 + NVT intranasally showed a dra-
matic reduction in lung viral load over time compared to intra-
muscularly injected mice, which displayed no decrease in lung viral
titers (Fig. 2e). Furthermore, severe lung damage was observed in the
i.m. injected and mock groups, whereas mild inflammatory changes
were observed in the mice immunized i.n. with H3N2 + NVT (Fig. 2f and
Supplementary Fig. 3). Finally, to avoid concerns that protection may
be primarily driven by innate cells due to the two doses of vaccine and
the short period of 2 weeks after vaccination, we administered the
vaccine at 4-week intervals, as is common in humans, and performed
immune response analysis and challenge 4 weeks after the last vacci-
nation. As a result, we found that both the 2-week and 4-week interval
vaccination schedules induced comparable levels of protective
immunity (Supplementary Fig. 4). Overall, intranasal immunization
with H3N2 + NVT confers broad protection through the induction of
cross-reactive memory CD4" T-cells.

Memory CD4" T-cells contribute to protection against hetero-
subtypic influenza virus infection

To assess whether vaccine-induced CD4" T-cells directly contribute to
heterosubtypic protection, mice administered H3N2 + NVT in. were
treated with the monoclonal antibody GK1.5 (anti-CD4) three times
before viral challenge to remove CD4" T-cells (Fig. 3a). At the time of
challenge, the number of CD4" T-cells in both the lung and spleen was
specifically decreased (Fig. 3b). Nasal wash IgA antibodies produced
after vaccination were maintained even when CD4" T-cells were
depleted (Fig. 3¢). Moreover, vaccine-induced HAI antibodies were not
disrupted by CD4" T-cell depletion (Fig. 3d). Finally, the cross-
protection obtained by intranasal immunization with H3N2 +NVT
was abolished when CD4" T-cells were depleted (Fig. 3e). Therefore,
memory CD4" T-cells, not antigen-specific mucosal IgA antibodies,
elicited by intranasal vaccination with H3N2 + NVT play a crucial role in
heterosubtypic immunity and protection.

Lung CD4" Tgry cells play a critical role in heterosubtypic
protection

Through previous studies, we confirmed that the CD4" T-cell response
is essential for cross-protection. However, mRNA vaccines, which were
first used for COVID-19 prevention, are administered i.m.; the vaccine
administration route effectively induces cellular immune responses,
including CD4" T-cell responses®. Nevertheless, mRNA vaccines also
show limited effectiveness against COVID-19 variants®*®; moreover, due
to this obstacle, booster shots or bivalent vaccines have been devel-
oped and used. In light of this, we hypothesized that the CD4" T-cell
response induced by the vaccine would also differ depending on the
route of vaccine administration, and we conducted the following

experiment to verify this hypothesis. Considering that intramuscular
injection of the NVT-adjuvanted vaccine induces CD4" T-cell responses
in the spleen®, BALB/c mice were immunized im. with H3N2 or
H3N2+NVT, or in. with H3N2+NVT twice at two-week intervals
(Fig. 4a). Two weeks after the last vaccination, intramuscular injection
of H3N2 did not induce CD4" T-cell responses in either the lung or
spleen, whereas intranasal administration of H3N2+NVT induced
CD4" T-cell responses to HIN1 and H3N2 in both the lung and spleen
(Fig. 4b). Intramuscular injection of H3N2 + NVT induced CD4" T-cell
responses in the spleen to a comparable extent as intranasal admin-
istration of H3N2 + NVT but lower CD4" T-cell responses in the lung
(Fig. 4b). In the absence of neutralizing antibodies against HIN1
(Fig. 4c), infection with a lethal dose of HINI virus demonstrated that
splenic CD4" T-cell responses were not sufficient for cross-protection
and that pulmonary CD4" T-cell responses were essential for hetero-
subtypic protection (Fig. 4d). Given that lung CD4" Try cells are key to
protection against multiple variants®, we further analyzed the subsets
of T-cells in the lung using flow cytometry. The abundance of CD4"
Tru cells (CD4'CD44'CD62L'CD69") was significantly increased in the
lungs of mice administered H3N2 + NVT via the intranasal route.
Most of the lung CD4" Try population derived in this study consisted
of CD103 cells. (Fig. 4e). Even though a slight lung CD4" T-cell
response was observed in the group administered H3N2 + NVT i.m.,
the group did not exhibit the induction of lung CD4" Try cells.
Meanwhile, lung CD8" Tgy, cells (CD8"'CD44"'CD62L CD69") were not
observed. We also found that the lung CD4" Tgy population was
maintained at 20 months after vaccination and contributed to cross-
protection (Supplementary Fig. 5). Taken together, these findings
suggest that the NVT-adjuvanted intranasal influenza vaccine offers
long-term and broad protection against respiratory infection by
various influenza virus strains through the induction of a lung CD4"
T-cell response.

Type I IFN signaling is essential for the induction of protective
immunity by the NVT-adjuvanted intranasal influenza vaccine

When double-stranded RNA (dsRNA), such as NVT, acts on corre-
sponding RNA sensors in the host, it first induces the production of
type | IFN. Because NVT effectively promotes IFN-B production®, we
investigated whether the protective immunity induced by the NVT-
adjuvanted vaccine depends on type I IFN signaling. To explore this
hypothesis, we considered the fact that IFNARI” mice are known to be
highly susceptible to various strains of influenza virus®. Thus, wild-
type (WT) or IFNAR1” (KO) mice were immunized i.n. with H3N2 + NVT,
and KO mice were immunized i.m. with HIN1 to demonstrate that
IFNAR1-deficient mice can also be protected from infection if they have
vaccine strain-specific antibodies (Fig. 5a). In addition, the KO mock
group was used to confirm the similarity between the KO and WT
groups during influenza virus infection (Fig. 5a). We found that even in
KO mice, intramuscular vaccination with HIN1 induced sufficient
serum HAI antibodies to protect against influenza (Fig. 5b). However,
in the intranasal immunization of H3N2 + NVT, the HAI titer of serum
and nasal wash was significantly decreased in KO mice compared to
that in WT mice (Fig. 5b, c). Moreover, in KO mice, lung CD4" Tgy, cells
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were not generated, and lung memory CD4" T-cell responses to HIN1
and H3N2 were not induced (Fig. 5d, e). Finally, KO mice immunized
i.m. with HIN1 and WT mice immunized i.n. with H3N2 + NVT survived
challenge with a lethal dose of HIN1 virus, whereas KO mice immu-
nized with H3N2 + NVT did not. Therefore, type I IFN signaling is cri-
tical for the cross-protective effects of the NVT-adjuvanted intranasal
influenza vaccine.

Days post infection

H3N2 (i.m.)

Days post infection

H3N2+NVT (i.n.) Control (naive)

VR e

ALl score

of antigens is essential

Prime Boost Challenge (n=20)
BALB/c » 5
Group (n=25) Formulation (n=25) , , 3
/”‘\ or / or
Mock - { * * ¥ BW/survival (n=5)
. T T T >
HON2 (im.) HN2 (1 ug) . po D14 D28 D31 D34
\ (n= =5) (n=1C
H3N2+NVT (in.)  H3N2 (1 ug) + NVT (10 ug) ) it ‘”“’ " g
( Serum, nasal wash, BALF, i
|\ lung, and spleen coliectio  -UNg collection
Serum Nasal wash BALF Serum Nasal wash BALF
800 50 200 50 50 50
ns
5 600 Dt A0 mmmmmmmmmmees 5 150 -es- 5 5 5 40
= Z . = S0 a0 Z 3
£ a00 £ £ 100 S ES S
; -5 00 g 20 g L] E 20 E 20 E 20
2 200 2 ° 2 H H I
a M1 5 d o 198 4 o 10 da da a 101 o d g
L Z .. zZ 2 zZ Z2 2 zZ Z =z z z =z
= = o Y =) & o D & ) = & o x)
& & ERSIAS & & &
S & & S S S
L & & F A A gt
& & & & &
Mock H3N2 (im)  H3N2#NVT (in) Mock H3N2 (im)  H3N2+NVT (i.n)
0.04 | | 003 0.02
NT NT i
p— p— f—
c 0.10 1 0.09 1.09
g’ [ {
5 | Hin L2 | HiNn ] ;
a -3 3
i p—
0.16 1 019
H3N2 |
? - || —
£ o || G
CD44
P 00003 p<0o00t
o ¢ P=oots 3 Mock “ 20 P<00001 = Mock
3, P<0.0001 £ HaN2 (im.) B s pe<oonor 3 H3N2 (im.)
I <0001 3 H3N2+NVT (in.) ol P <0.0001 3 H3N2+NVT (in.)
s G <2
g2 g0
< 4
£ Zos
= = *
o 0. ®
Stimulation: NT HIN1 H3N2 Stimulation: NT HIN1 H3N2
110 5
10 -e- Mock N P P<0.0001 03 Mock
=100 o HON2(im) |Elg E P<0.0001 2 £ H3N2 (im.)
> s % o= H3N2+NVT (in.)Ig 12 e | apan 3 H3N2+NVT (i.n.)
2 90 2 s S 4
2 z 60 2
5
T 80 2 40 B
@ = o
2 70 20 £ - a
B S R R
0 0
0123456789101 0123456789101 3 6

Days post infection

3 Mock

) H3N2 (im.)
3 H3N2+NVT (in.)
[ Control (naive)

The NVT-induced CCL2, CCL5, and CXCR3/ligand axis con-
tributes to lung CD4" Try cell formation, but direct codelivery

Lung Trwm cells develop as effector memory T-cells migrate to the
respiratory tract and differentiate functionally and phenotypically in
an optimal cytokine milieu’. Given that lung Tgry development is

impaired in mice lacking type I IFN signaling (Fig. 5d), we sought to
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Fig. 2 | Intranasal immunization with NVT-adjuvanted H3N2 confers cross-
protection against lethal heterosubtypic influenza virus challenge.

a Experimental design. BALB/c mice (n=25 per group) were immunized i.m. with
H3N2 or i.n. with H3N2 + NVT twice at two-week intervals. Two weeks after the last
immunization, immune response analysis (n =5 per group) (b, ¢) and HIN1 virus (A/
Korea/2785/2009) challenge (n =20 per group) (d-f) were performed. Schematic
image was created in BioRender. Han, S. (2024) BioRender.com/b04n737. b HAI
antibody titers against H3N2 or HIN1 in serum, nasal wash, and BALF were mea-
sured via HAI assay. An HAI antibody titer of 1:40 (red dotted line) was considered
protective against influenza infection. The data are expressed as dot plots, with
horizontal lines representing the medians. ¢ After stimulating lung and spleen cells
with HINI or H3N2, the IFN-y*CD4" T-cell response was determined by flow cyto-
metry. d-f The vaccinated mice were infected i.n. with 4 LDsq of HIN1 virus. d Body
weight and survival (n=35 per group) were monitored daily. Weight-loss data are

shown as mean value + SD. Survival data are represented as Kaplan-Meier survival
curves, and the significant differences in survival rates were calculated by the log-
rank test. e On days 3 and 6 after the challenge, lung viral loads were assessed using
a plaque assay (n =5 per group). f On day 6 after the challenge, lung tissues from
mice (n=5 per group) were collected, and histological sections of vaccinated and
control (naive) mice were stained with hematoxylin and eosin. Acute lung injury
(ALI) scores of sectioned lungs. A score of zero indicates healthy lungs, whereas a
score of one signifies severe acute lung injury. c, e, f Box and whisker plots show the
median (center), 25th and 75th percentiles (box), and lowest and highest values
(whiskers). b-f Statistical analyses were performed using one-way ANOVA with
Tukey’s multiple comparisons test or two-sided Mann-Whitney U test. This study
was performed independently at least three times, and one representative set is
shown. BW body weight, N.D. not detected, ns not significant, NT non-treated.
Source data are provided as a Source Data file.

determine which chemokines and cytokines are influenced by type |
IFN signaling. To explore this, WT and IFNAR1”~ mice were immunized
i.n. with H3N2 + NVT, after which the levels of chemokines and cyto-
kines in lung homogenates and serum were measured using a cytokine
array kit, and the results were confirmed by ELISA. The results showed
that CCL2, CCLS5, CXCL9, and CXCL10 levels were significantly reduced
in IFNAR1”" mice (Fig. 6a, b). We also found that these chemokines are
induced by NVT rather than by the antigen (Fig. 6¢). These chemokines
are all known to be related to T-cell migration®***'. Previous reports
have shown that the chemokines CXCL9 and CXCL10 can be applied as
a strategy for pulling circulating effector T-cells to local sites for Ty
development*>. We next investigated whether memory CD4" T-cells
primed systemically by an im. administered vaccine could be traf-
ficked to the lungs by NVT. To better induce a systemic T-cell response,
NVT was also included in the intramuscular administration group.
Compared to that in the group that did not receive NVT, the lung CD4"
Trm population tended to increase slightly. However, the formation of
lung CD4" Tgy cells was lower than in the intranasal H3N2 + NVT group
(Fig. 6d), and cross-protection was not observed (Fig. 6e). We subse-
quently conducted the following experiment to determine the
requirements for inducing CD4" Tgry cells via our vaccine. It is known
that local cognate antigens are essential for CD8" Tgy, formation’. To
confirm whether antigen recognition is essential for CD4" Try cells to
be induced by the vaccine or whether both antigen and inflammatory
signals elicited by NVT are required, we examined how CD4" Ty cells
are formed in response to various prime/boost regimens. As a result,
CD4" Tgrym cells were formed only when the antigen and NVT were
codelivered in the booster shot, regardless of the type of vaccine
administered during the priming vaccination (Fig. 6f). These findings
indicate that pulmonary CD4" Try cells can develop after one booster
shot in people who have previously been vaccinated by intramuscular
injection.

The influenza NP is a major source of CD4 epitopes for cross-
protective immunity conferred by the NVT-adjuvanted intrana-
sal influenza vaccine

The majority of the currently used influenza vaccines are split-virus or
subunit vaccines, and they contain both HA and NP*. In particular, the
HA stem and NP are highly conserved viral proteins targeted for cross-
protective T-cell immunity against different viral subtypes***’. The
vaccine antigens used in this study were drug substances obtained
from a commercially available inactivated split influenza vaccine, so
they contained both HA and NP (Supplementary Fig. 6). To determine
which components of the NVT-adjuvanted influenza vaccine con-
tribute to broad protection, BALB/c mice were immunized i.n. with
NVT-adjuvanted recombinant H3N2 HA (H3N2 rHA), recombinant
H3N2 NP (H3N2 rNP), or H3N2 from the split influenza vaccine (Fig. 7a).
We found that none of the components of the H3N2 vaccine were
associated with antibody-mediated neutralization of the HINI virus
(Fig. 7b, c). Moreover, regardless of the components of the vaccine,

CD4" Tgry formation in the lungs was similar in all groups (Fig. 7d).
Regarding the T-cell response, intranasal immunization with H3N2
NP, but not H3N2 rHA, induced lung CD4" T-cell responses against
HINI, although these responses were lower than those observed fol-
lowing vaccination with the whole H3N2 protein (Fig. 7e). In addition,
the HA protein induced a CD4" T-cell response in the group vaccinated
with the same subtype but did not induce cross-reactivity in the other
subtypes. (Fig. 7e). To further explore whether cross-reactive CD4"
T-cells induced by H3N2 rNP provide heterosubtypic protection, vac-
cinated mice were challenged with a lethal dose of HINI virus. Mice
given H3N2 rHA did not survive HINI infection, whereas mice vacci-
nated with H3N2 NP survived (Fig. 7f). Therefore, for cross-protection,
not only must CD4"* Tgy, cells be formed, but the resulting CD4" Tgy
cells must be specific for the target antigen. In this vaccine, the CD4"
T-cell epitopes that induce cross-reactivity between heterosubtypic
strains were confirmed to be present in the NP.

NVT-adjuvanted intranasal vaccines provide broad protection in
a variety of cases
Previously, we described the principle of cross-protection induced by
this vaccine platform between only subtypes HIN1 and H3N2 of influ-
enza virus. Therefore, we wondered whether this principle could apply
to other subtypes and confirmed this through the following experi-
ment. In the case of influenza B viruses, not only do the vaccines not
produce cross-protective antibodies between the two lineages (BV and
BY) but they also do not induce cross-protective antibodies against
influenza type A, so they are also used separately as drug substances in
commercial QIV. First, we investigated whether the NVT-adjuvanted
influenza vaccine could contribute to cross-protection within type B or
between type A and type B influenza viruses. To explore this possibi-
lity, mice were immunized i.m. with BV or BY, or i.n. with BY + NVT and
infected with a lethal dose of BV virus. The results showed that mice
administered BY + NVT via the intranasal route survived the BV chal-
lenge, exhibiting superior protection compared to mice given BV via
the intramuscular route (Fig. 8a). As in the case of HINI and H3N2, a
cross-reaction between BV and BY was also observed in the T-cell
response analysis (Supplementary Fig. 7a). Meanwhile, mice immu-
nized i.n. with BY + NVT did not survive the lethal dose of HINI virus
challenge (Supplementary Fig. 7b). Although lung CD4" Tgy, cells were
formed in the group vaccinated i.n. with BV + NVT, they did not cross-
react with HINL; thus, cross-protection failed (Supplementary
Fig. 7b, c). To further examine whether the NVT-adjuvanted influenza
vaccine provides protection against viruses of other origins, mice were
immunized with human H3N2 + NVT and challenged with canine H3N2
virus. As a result, mice vaccinated in. with H3N2 + NVT initially lost
weight but recovered, and all the mice that survived while vaccinated
i.m. with H3N2 showed a low survival rate, as expected (Fig. 8b).

In 2009, influenza HIN1 pdmQ9, originating in pigs, emerged as
the first pandemic of the 21st century, and it incapacitated the efficacy
of influenza vaccines used at the time*®. We hypothesized that we
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Days post infection

would have been able to protect against HIN1 pdmO9 if we had access
to appropriate vaccines at that time, and we conducted subsequent
experiments to verify this hypothesis. However, since a vaccine con-
taining the non-HIN1 pdmO9 strain is not currently available, the cur-
rently used QIV was administered as a vaccine and animals were
challenged with the non-pdmO09 strain PR8 (A/Puerto Rico/8/1934
HIN1). We found that all the mice administered QIV im. died as

Days post infection

previously described*®, whereas the mice administered QIV + NVT i.n.
survived challenge infection (Fig. 8c).

Influenza not only causes pandemics such as pdm09 but also has
severe mutations due to antigenic drift>. Therefore, current influenza
vaccines are produced using different strains selected through pre-
dictions each year and administered yearly’. For this reason, the
effectiveness of these vaccines also varies depending on the mismatch
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Fig. 3 | CD4" T-cell responses play a critical role in protection against hetero-
subtypic virus infection. a Experimental design. BALB/c mice were immunized i.m.
with H3N2 (n=8) or i.n. with H3N2 + NVT (n =16) twice at two-week intervals. Two
weeks after the last immunization, H3N2 + NVT-administered mice were treated
with an isotype control (n=8) or a GKLS5 (anti-CD4) monoclonal antibody (n=8)
three times for one week. Then, immune response analysis (n =3 per group) (b-d)
and HIN1 virus (A/Korea/2785/2009) challenge (n =5 per group) (e) were per-
formed. Schematic image was created in BioRender. Han, S. (2024) BioRender.com/
tlly924. b Depletion of CD4* T-cells in the lung and spleen was confirmed using
flow cytometry. ¢ H3N2-specific IgA in nasal washes was assessed via ELISA. d HAI

antibody titers against H3N2 or HIN1 in serum were measured by HAI assay. An HAI
antibody titer of 1:40 (red dotted line) was considered protective against influenza
infection. b-d Data are expressed as dot plots, with horizontal lines representing
the medians. e The mice were infected i.n. with 4 LDso of HIN1 virus, and body
weight and survival were monitored daily. Weight-loss data are shown as mean
value + SD. Survival data are represented as Kaplan-Meier survival curves.

b-d Statistical analyses were performed using one-way ANOVA with Tukey’s mul-
tiple comparisons or two-sided Mann-Whitney U test. This study was performed
once. BW, body weight; N.D., not detected; ns, not significant. Source data are
provided as a Source Data file.

between the vaccine and the circulating strain*’. To overcome this
problem, we hypothesized that the NVT-adjuvanted vaccine would be
able to provide cross-protection against other mutated viruses that
appear in different years, and we conducted the following experiment
to confirm this hypothesis. As we cannot predict the strains that will be
prevalent in the future, in this experiment, QIV from the
2020-2021 season was used as the vaccine, and the HAI titer and CD4"
T-cell responses were analyzed against the strains that were predicted
to be prevalent that year for 3 years prior to the 2020-2021 season.
The results showed that the serum HAI antibody titers against influ-
enza strains different from the vaccine strain were overall low. In the
group administered QIV i.m., neutralizing antibodies against H3N2 or
BV from the 2018-2019 season and against H3N2 from the
2019-2020 season were at very low levels or not produced at all. A
similar trend was observed in the group administered QIV +NVT i.n.,
which indicated that problems caused by antigenic mismatch cannot
be solved by improving the vaccine adjuvant or administration route.
In addition, in contrast to mice injected i.m. with QIV, which failed to
induce T-cell responses in the lungs, mice administered QIV + NVT i.n.
exhibited lung CD4" T-cell responses to all the seasonal monovalent
viral antigens tested (Fig. 8d). These results suggest that T-cell reac-
tivity is less affected by antigenic drift than is neutralizing antibody
reactivity and that a vaccine targeting lung CD4" Tgy, cells can provide
a wider range of protection.

NVT-adjuvanted intranasal vaccine provides protection against
heterosubtypic influenza virus infection in ferret model

Finally, we sought to explore whether the NVT-adjuvanted influenza
vaccine is effective in ferrets, which are the optimal model for evalu-
ating the pathogenicity of influenza viruses*®. To test this hypothesis,
ferrets were vaccinated i.m. with QIV or i.n. with QIV+NVT twice at
two-week intervals, after which immunological analysis and challenge
were performed. As expected, the serum HAI antibodies against H3N2
were similar between the two vaccine groups, and there were no
neutralizing antibodies produced against HIN1 (Fig. 9a). Similar to our
mouse studies, ferrets administered H3N2 + NVT i.n. had induced CD4"
T-cell responses to both H3N2 and HINI in the lung and spleen,
whereas no T-cell responses were observed in ferrets administered
H3N2 im. (Fig. 9b). To determine whether this immune response
actually conveys protection, ferrets were infected i.n. with HIN1 virus,
and virus titers were measured in nasal washes on days 0, 1, 3, and 5
post-infection. We found that the viral loads were lower in the group
administered H3N2 + NVT via the intranasal route than in the group
given H3N2 via the intramuscular route (Fig. 9c). Taken together, the
principles of cross-protection that we verified in this study not only
apply to mice but also apply to ferrets.

Discussion

Current injectable influenza vaccines are ineffective at protecting
against antigenically mismatched strains that may lead to a pandemic
as well as the seasonal flu epidemic*. Here, we showed that lung
delivery of NVT-adjuvanted commercial QIV via the intranasal route
provides cross-protection in various models. This vaccine induced
mucosal antibody responses and promoted robust CD4" T-cell

responses in both the lung and spleen. Additionally, our vaccine
induced the development of pulmonary CD4" Try cells, which con-
tributed to long-term broad protection. Mechanistic studies revealed
that our vaccine conferred protective immunity in a type I IFN
signaling-dependent manner.

In the present study, the addition of NVT to influenza vaccines
increased the production of strain-specific neutralizing antibodies in
serum. Furthermore, pulmonary delivery of the NVT-adjuvanted
influenza vaccine induced mucosal antibody responses that were not
induced by the injectable vaccine. In fact, mucosal antibodies are very
effective at protecting against influenza virus at the site of initial
infection®". We speculate that the NVT-adjuvanted pulmonary influ-
enza vaccine likely provides better protection against vaccine-
matched viral infection than conventional vaccines. It has been
reported that mucosal IgA can provide broad cross-protection by
reacting against multiple heterogeneous subtypes®. However, these
cross-protective mucosal IgA antibodies appear to be applicable when
targeting highly conserved regions of the neutralizing epitope, such as
the HA stem or M2e domain®*2, In our study, mucosal antibodies alone
did not prevent heterosubtypic virus infection without cross-reactive
CD4" T-cells. The reason may be that antigens in our vaccine do not
target conserved neutralizing epitopes. If antigens targeting con-
served neutralizing epitopes were to be added to our vaccine, the
vaccine would be expected to show further improvement in efficacy
because mucosal IgA can also contribute to cross-protection.

Because lung Tgy, cells play a potent role in controlling respiratory
infections, studies on the induction of lung Try cells through vacci-
nation are attracting increased amounts of attention". A fundamental
approach to establish the lung Tgy, cell pool is to drive cognate antigen
recognition in the lung’. Here, we demonstrated that the administra-
tion volume of the vaccine is important in terms of the amount of
vaccine that reaches the lungs via the intranasal route and that Try
formation is possible only when the vaccine fully reaches the lungs
(Supplementary Fig. 8 and Supplementary Fig. 9). In fact, administra-
tion of the vaccine via the intratracheal route through a catheter may
be most effective for delivery to the lungs, but this method has prac-
tical limitations. Thus, we showed that intranasal or intratracheal
administration of the NVT-adjuvanted vaccine generated similar levels
of pulmonary CD4" Ty, cells (Supplementary Fig. 10). Consistent with
our findings, previous studies have also shown that delivery of a vac-
cine via the intranasal or intratracheal route rather than via the intra-
muscular or subcutaneous route induces pulmonary Tgry
formation®>*, Another approach for the induction of Tgy cells is the
“prime and pull” strategy, which involves a combination of systemic
priming and mucosal boosting". A recent study showed that immuni-
zation of mice by intramuscular priming and intranasal boost with the
COVID-19 vaccine generated Tgy cells in the lungs and nasal mucosa®.
Induction of lung Tgy cells by prime pool immunization was also
confirmed by the results of a virus-like particle influenza vaccine
study®. In the present study, pulmonary delivery of the NVT-
adjuvanted vaccine after systemic priming through the intramus-
cular route generated lung Try cells. We also demonstrated that the
use of NVT-adjuvanted antigen should be boosted because Ty, cells
are not formed following boosting with the antigen or NVT alone.
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Overall, when the NVT-adjuvanted vaccine is delivered to the lungs of memory of the booster vaccine indicates that the vaccine does not
persons receiving the seasonal influenza vaccine, it may provide long- need to be a regular seasonal vaccination but a sporadic vaccination
term and broad protection through the development of pulmonary (Supplementary Fig. 5).

Trw cells. The proposed pulmonary vaccines used in these studies can The first step in the development of lung Tgy, cells is the entry of
be developed and co-exist with the conventional intramuscular vac-  activated antigen-specific T-cells into lung tissue by cytokines and
cines as specific boosting vaccines when the circulating viral strainsare  chemokines". We showed that pulmonary delivery of the NVT-
not matched with the vaccine strains. Moreover, the long-term adjuvanted vaccine induced the expression of various chemokines,
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Fig. 4 | The CD4" T-cell response in the lung, not in the spleen, plays a critical
role in cross-protection against heterosubtypic influenza virus. a Experimental
design. BALB/c mice (n=10 per group) were immunized twice i.m. with H3N2 or

H3N2 + NVT, or i.n. with H3N2 + NVT at two-week intervals. Two weeks after the last
immunization, immune response analysis (n =35 per group) (b, c, €) and HIN1 virus
(A/Korea/2785/2009) challenge (n=5 per group) (d) were performed. Schematic

image was created in BioRender. Han, S. (2024) BioRender.com/e21s192. b After

stimulating lung and spleen cells with HIN1 or H3N2, the IFN-y*CD4" T-cell response
was determined by flow cytometry. ¢ HAI antibody titers against H3N2 or HINI in
serum were measured by HAI assay. An HAI antibody titer of 1:40 (red dotted line)
was considered protective against influenza infection. d Mice were i.n. infected with
4 LDso of HINI virus, and body weight and survival were monitored daily. Weight-

loss data are shown as mean value + SD. Survival data are represented as Kaplan-
Meier survival curves, and the significant differences in survival rates were calcu-
lated by the log-rank test. e The proportion and number of CD4" Try cells
(CD4'CD44'CD62L'CD69") and CD8" Tgym cells (CD8'CD44°'CD62L'CD69") in the
lungs were determined by flow cytometry. The gating strategy, frequency, and
absolute number are shown. b, e Box and whisker plots show the median (center),
25th and 75th percentiles (box), and lowest and highest values (whiskers).

b, ¢, e Statistical analyses were performed using one-way ANOVA with Tukey’s
multiple comparisons test. This study was performed independently at least
three times, and one representative set is shown. BW, body weight; N.D., not
detected; ns, not significant; NT, non-treated. Source data are provided as a
Source Data file.

including CXCL9 and CXCL10. The chemokines CXCL9 and CXCL10
are generally known to play roles in regulating the differentiation of
naive T-cells into Thl cells and pulling CXCR3" effector T-cells to the
local area”. Exploiting these roles, this set of chemokines is applicable
to the prime and pull methods following vaccination. One report
demonstrated that the administration of these chemokines after
priming strongly recruited circulating activated effector CD8" T-cells
into local tissues*. Likewise, it is likely that the chemokines induced by
the NVT-adjuvanted vaccine in this study promoted the recruitment of
effector memory T-cells to the lungs, leading to the development of
pulmonary Try cells. Despite our findings that chemokines are
induced by NVT and not by the antigen, NVT alone fails to pull effector
CD4" T-cells into the lung, although there seems to be a slight increase
in the CD4" Trm population (Fig. 6d). We have demonstrated the
conditions underlying the formation of the CD4" Try population by
our adjuvant platform. However, further studies are needed to deter-
mine whether the signaling required to establish a Try population
differs between CD4" and CD8" T-cells or whether the lung environ-
ment plays special roles in forming the Tgry population.

Our vaccine failed to induce lung CD4" Ty cells in IFNART™ mice.
One of the major reasons may be the reduced expression of chemo-
kines. We found that levels of the chemokines CCL2, CCL5, CXCL9, and
CXCL10, which directly affect CD4" T-cell differentiation and
migration®*™*, were significantly decreased in IFNAR1”" mice. In fact,
CCL2, CCLS, and CXCL10 have been reported to be induced by type |
IFNs**%5”_ However, whether CXCL9 is directly regulated by type I IFNs
is not fully understood. One review stated that CXCL9 is induced by
IFN-y but not by type IIFNs*.. In contrast, one study showed that IFN-o/
B also induces CXCL9, although not to the extent of IFN-y**. In our
study, we observed that CXCL9 was induced in a type I IFN signaling-
dependent manner. Therefore, type | IFNs induced by NVT are
important for the induction of chemokines that play an important role
in the formation of protective immunity.

The majority of T-cell epitopes for influenza A virus are HA and
NP proteins®. Since the NP of the influenza virus is a highly conserved
antigen across influenza viruses (3), it has become a major target for
T-cell-based influenza vaccines (4). Multiple studies have demon-
strated that NP-based influenza vaccines provide protection against
heterologous and homologous virus infections®®®’. In the present
study, mice immunized i.n. with H3N2 rNP, but not H3N2 rHA, together
with NVT were able to survive heterosubtypic HIN1 virus challenge due
to cross-reactive lung CD4" T-cell responses. In fact, analyses using
MHC tetramers can be used for accurate measurement of antigen-
specific T-cell responses®’. However, in this study, a commercial vac-
cine product was used as an antigen instead of tetramers for the fol-
lowing reasons: First, we sought to show this principle with a clinically
relevant antigen. Second, we sought to test whether this principle
could be reproduced in other strains, as well as in other animal species
in addition to mice. Finally, identification of conserved epitopes is
important for viral mutation and clinical translational research, but
even if the corresponding epitope is found in mice, it is difficult to
apply to humans owing to MHC restriction. Instead, we measured both

Trm and antigen-specific T-cell responses in the same lung cells to
verify the antigen specificity of lung Try cells generated by our vac-
cine. In the future, research on the corresponding epitopes in humans
can be completed through clinical trials.

Many studies have reported the possibility of T-cell-mediated
immunopathology in the lung. CD8" T-cells are a double-edged sword:
they play an important role in viral clearance from the respiratory tract
while also causing immunopathology®. Additionally, CDS" Tgy cell
responses can cause severe immunopathology and chronic pulmonary
sequelae®. Dysregulated Thl7 cells are also known to drive lung
inflammation and autoimmune diseases®. In this study, intranasal
vaccination with the NVT-adjuvanted vaccine did not cause excessive
production of inflammatory cytokines in mice (Supplementary Fig. 11),
likely because the vaccine did not induce uncontrolled Th17 and CTL
responses in either the lung or spleen (Supplementary Fig. 1). In the
future, clinical application of NVT-adjuvanted intranasal vaccines
should be further validated for possible safety issues.

T-cell-based vaccines have become an emerging trend because
they can provide broad immunity against variants that evade pre-
existing neutralizing antibodies®*. In the absence of virus-specific
neutralizing antibodies, the T-cell response serves to reduce the wor-
sening of the disease through viral clearance rather than preventing
viral invasion®. From this perspective, the initial weight loss in mice
that received the NVT-adjuvanted vaccine when infected with a lethal
dose of heterosubtypic virus is thought to be due to the lack of pro-
tection against viral infection by neutralizing antibodies. Considering
that the amount of virus that humans are exposed to in aerosols is
usually low and not enough to cause illness®, it is expected that the
disease can be more easily controlled before progressing to serious
symptoms through the T-cell-mediated immune response induced by
vaccines. Indeed, the fact that universal influenza vaccines based on
these systemic cellular responses are already in clinical trials®*® indi-
cates that vaccines based on cellular immunity can work. In particular,
a peptide-based vaccine targeting T-cells, flu-v, was confirmed to have
some protective efficacy in phase 2b clinical trials®®. If the vaccine
antigens used in those studies were loaded into the platform described
in this study, its effectiveness could be improved through the induc-
tion of lung Try cells. In other words, this vaccine platform prevents
disease rather than preventing infection, especially when specialized
for respiratory pathogens. Additionally, the cross-protective cellular
immune response found in this work could be further harnessed to
induce correlated protection and contribute to the development of a
universal influenza vaccine®*”.

Previously, we demonstrated that NVT remains stable even under
accelerated conditions but rapidly degrades upon injection into the
body, potentially minimizing the risk of side effects associated with
prolonged presence in the body™. In addition, GLP toxicity studies
conducted on various animal models, in accordance with OECD
guidelines, confirmed that NVT is a safe substance that does not cause
serious side effects when administered through the intramuscular or
subcutaneous routes*. However, since intranasal administration of
drugs can also cause both intended pharmacological and unintended
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verified to address safety issues such as pulmonary toxicity.
In conclusion, we developed a vaccine platform that induces lung

CD4" Tgy cells as a key target to provide long-lasting and broad cov-
erage. Our findings hold important implications for public health,
particularly for vaccines targeting respiratory pathogens. In the future,
additional research will be necessary to apply a vaccine platform
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targeting lung Try cells to other infectious respiratory diseases, as well

as lung cancer, in which cell-mediated immunity plays a critical role.

Methods

Ethics statement

All animal research was carried out in strict accordance with the
recommendations of the Guide for the Care and Use of Laboratory
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Fig. 5| Type I IFN signaling is essential for the induction of protective immunity
by the NVT-adjuvanted intranasal influenza vaccine. a Experimental design. WT
(n=9 per group) and IFNARI”" mice (n=9 per group) were immunized i.n. with
H3N2 + NVT twice at two-week intervals. Two weeks after the last immunization,
immune response analysis (n=4 per group) (b-e) and HINI virus (A/Korea/2785/
20009) challenge (n =5 per group) (f) were performed. Schematic image was created
in BioRender. Han, S. (2024) BioRender.com/I89f720. b, ¢ HAI antibody titers
against H3N2 or HINI in (b) serum and (c) nasal washes were determined by HAI
assay. An HAI antibody titer of 1:40 (red dotted line) was considered protective
against influenza infection. b, ¢ Data are expressed as dot plots, with horizontal
lines representing the medians. d, e (d) The lung CD4" Ty population and (e) CD4*

T-cell responses to HIN1 or H3N2 in the lung and spleen were determined by using
flow cytometry. Box and whisker plots showing the median (center), 25th and 75th
percentiles (box), and lowest and highest values (whiskers). f The vaccinated mice
were infected i.n. with 4 LDso of HIN1 virus, and body weight and survival were
monitored daily. Weight-loss data are shown as mean value + SD. Survival data are
represented as Kaplan-Meier survival curves, and the significant differences in
survival rates were calculated by the log-rank test. b—f Statistical analyses were
performed using one-way ANOVA with Tukey’s multiple comparisons test or two-
sided Mann-Whitney U test. This study was performed independently at least three
times, and one representative set is shown. BW, body weight; N.D., not detected; ns,
not significant; NT, non-treated. Source data are provided as a Source Data file.

Animals of the National Institutes of Health. Mouse studies were con-
ducted with the approval of the Ethics Committee and Institutional
Animal Care and Use Committee (Approval Number: NAVI-2021-0002)
of the NAVI. Ferret studies were reviewed and approved by HLB Bio-
Step (Approval Number: BIOSTEP IACUC 23-KE-0289).

Reagents and mice

The antibodies and seasonal inactivated influenza vaccines used in this
study are listed in Tables S1 and S2, respectively. Influenza vaccines
were kindly provided by Il-Yang Pharmaceutical (Yongin, Korea). Four
monovalent vaccines from the 2020-2021 influenza season were used
in the mouse study, and the H3N2 monovalent vaccine from the 2022-
2023 influenza season was used in the ferret study. The QIV contained
equal proportions of the four strains from the 2020-2021 influenza
season. The recombinant HA (Cat no. 40789-VO8H) and NP (Cat no.
40778-V08B) of H3N2 (A/Cambodia/e0826360/2020) and the recom-
binant HA (Cat no. 11684-VO8H) and NP (Cat no. 11675-VO8B) of HIN1
(A/Puerto Rico/8/1934) were purchased from Sino Biological (Beijing,
China). Specific pathogen-free C57BL/6 and BALB/c female mice at
6 weeks of age were purchased from Samtako Bio Korea (Kyounggi,
Korea), and type I IFN receptor 1-deficient (IFNAR1”") mice on the
C57BL/6 background were kindly provided by Prof. Jae-Ho Cho
(Chonnam National University Medical School, Korea). All mice were
housed with food and water ad libitum in the animal facility of the NA
Vaccine Institute (Seoul, Korea).

Cells and viruses

Madin-Darby canine kidney (MDCK) cells (CCL-34, ATCC) were main-
tained in Minimum Essential Eagle’s Medium (Welgene, Korea) sup-
plemented with 10% heat-inactivated fetal bovine serum and 1%
penicillin/streptomycin. BALB/c mouse-adapted influenza A/Korea/
2785/2009 (HINI1) strains were obtained from the Korea Disease
Control and Prevention Agency (Cheongju, Chungcheongbuk-do,
Korea). Pandemic influenza A/Puerto Rico/8/1934 (PR8, HIN1) was
purchased from ATCC. Influenza B/Shandong/7/97 (Victoria lineage,
BV) was kindly provided by Prof. Baik Lin Seong (Yonsei University,
Seoul, Korea). The human influenza A/Victoria/2570/2019 (HIN1) strain
was kindly provided by Il-Yang Pharmaceutical. Canine influenza A/
canine/VC378/2012 (H3N2) was kindly provided by Prof. Woon-Sung
Na (Chonnam National University, Gwangju, Korea). Influenza viruses
were propagated in MDCK cells or fertile chicken eggs and quantified
via a plaque assay. The 50% lethal dose (LDsp) was determined by
infecting mice with serial dilutions of the virus.

Vaccine preparation

Influenza viruses propagated in fertilized eggs were subjected to gra-
dient centrifugation to remove impurities from the fertilized eggs. The
collected liquid was treated with Triton X-100 and stirred for 1 hour at
room temperature to split the influenza virus. Then, Triton X-100 was
removed while adding PBS using the Cogent M1 TFF system. The
purified influenza viruses were inactivated with 0.01% formaldehyde,
and the inactivation of viruses was confirmed by serial passages via

eggs or plaque assays. The final influenza monovalent vaccines were
prepared through a sterilizing filtration process.

Production of NVT

NVT was produced as previously described in ref. 32. Briefly, the
nucleotide segment (1,701-2,112; 412 nucleotides) from the Chinese
sacbrood virus genome was cloned and inserted into the pUC-GW-
Amp vector and amplified by the polymerase chain reaction. Single-
stranded RNAs (ssRNAs) complementary to the PCR products were
synthesized via in vitro transcription and subsequently annealed into
dsRNAs. NVT was ultimately obtained through ethanol purification
after DNase I and RNase T1 treatment of the dsRNA.

Plaque assay

MDCK cells were seeded at 5 x 10° cells per well in a six-well plate and
infected with 10-fold serially diluted virus or lung extracts for 1 h. After
the inocula were removed, the cells were overlaid with medium con-
taining 1% agarose and 2pg/ml of TPCK-treated trypsin (Sigma-
Aldrich, St. Louis, MO) and incubated for 48-72h at 37°C in an
atmosphere of 5% CO,. When plaques were visible, the cells were fixed
with 4% paraformaldehyde and stained with 0.1% crystal violet solution
(Sigma-Aldrich, St. Louis, MO), after which the plaques were counted.

Plaque reduction neutralization test (PRNT)

MDCK cells were seeded at 5 x 10° cells per well in a six-well plate and
incubated overnight at 37°C in an atmosphere of 5% CO, until
approximately 95% confluence was reached. Test and control serum
samples were serially diluted 2-fold starting from 1:1. The HIN1 virus
was prepared by diluting the virus in serum-free medium to generate
50 to 100 plaques in virus control wells. An equal volume of virus was
added to the diluted serum and incubated for 1h at 37°C in an
atmosphere of 5% CO, to allow for neutralization. After the virus-serum
inoculum was removed, the wells were overlaid with medium con-
taining 1% agarose and 2 pg/ml TPCK-treated trypsin and incubated
until plaques were formed. Viral plaques were visualized by fixing cells
with 4% paraformaldehyde and staining with 0.1% crystal violet solu-
tion. The PRNTSs, titer was defined as the reciprocal of the highest
serum dilution that inhibited more than 50% of the plaque relative to
the viral control.

Immunization and viral challenge

In this study, 50 pl of material was injected into the mice of the intra-
muscular group, and 30 pl of material was administered to the intra-
nasal group via the intranasal route for delivery to the lungs
(Supplementary Fig. 8). To investigate the overall profile of QIV
according to the route of administration and addition of NVT, BALB/c
mice (female, 6-8 weeks old) were immunized intramuscularly (i.m.)
with QIV (4 pg) or intranasally (i.n.) with QIV or adjuvanted with NVT
(10 pg) (QIV +NVT) twice at two-week intervals. Two weeks after the
last immunization, the mice were sacrificed for immune response
analysis or challenged i.n. with 100 LDso or 5,000 LDsg of the HIN1
virus (A/Korea/2785/2009).
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Fig. 6 | Chemokines induced by NVT contribute to lung CD4"* Tgy cell forma-
tion, but direct codelivery of antigens is essential. a, b WT (n=5) and IFNAR1"~
mice (n=5) were immunized i.n. with NVT + H3N2. One day later, lung lysates and
serum were collected. a Pooled lung lysates and serum samples were analyzed
using a mouse cytokine kit. The signals were normalized to the pixel density of the
indicated reference spots. b Concentrations of CCL2, CCLS5, CXCL9, and CXCL10 in
lung lysates and sera were measured via ELISA. ¢ BALB/c Mice (n =5 per group) were
immunized i.n. with H3N2 or NVT. One day later, the levels of CCL2, CCLS5, CXCL9,
and CXCLIO in lung lysates and sera were assessed via ELISA. b, ¢ Data are
expressed as dot plots, with horizontal lines representing the medians. The two-
sided Mann-Whitney U test was used for statistical analysis of differences between
two groups. d, e BALB/c mice were immunized i.m. with H3N2 (n=20), H3N2 + NVT
(n=10), or i.n. with H3N2 + NVT (n=10) twice at two-week intervals. Two weeks
later, mice injected i.m. with H3N2 (n =10) or H3N2 + NVT (n = 10) were boosted i.n.
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with NVT. d On day 42, the proportion of lung CD4" Try cells from vaccinated mice
(n=5 per group) was determined via flow cytometry. e The other vaccinated mice
(n=5 per group) were infected i.n. with 4 LDsq of HIN1 virus, and survival was
monitored daily. Survival data are represented as Kaplan-Meier survival curves, and
the significant differences in survival rates were calculated by the log-rank test.

f BALB/c mice were immunized i.n. with H3N2 + NVT (n =15) or i.m. with H3N2
(n=20). Two weeks later, the mice were immunized i.m. with H3N2 or i.n. with
H3N2 + NVT, H3N2, or NVT, and the proportion of lung CD4" Try cells was deter-
mined via flow cytometry on day 42. d, f Box and whisker plots showing the median
(center), 25th and 75th percentiles (box), and lowest and highest values (whiskers).
Statistical analyses were performed using one-way ANOVA with the Tukey’s mul-
tiple comparisons test. This study was performed once. ns, not significant. Source
data are provided as a Source Data file.

For the cross-protection study, BALB/c mice were immunized
i.m. with H3N2 (1 pg) or i.n. with H3N2 adjuvanted with NVT (10 pg)
(H3N2 + NVT) twice at two-week intervals. To examine which T-cell
responses, local or systemic, contributed to cross-protection, BALB/c

mice were immunized im. with H3N2, H3N2+NVT or in. with
H3N2 + NVT twice at two-week intervals. To determine the vaccine
components contributing to cross-protection, BALB/c mice
were immunized i.n. with 1 pg of recombinant H3N2 HA, NP, or whole
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Fig. 7 | The influenza NP is a conserved CD4 epitope source for cross-
protection. a Experimental design. BALB/c mice (n =9 per group) were immunized
i.n. with NVT-adjuvanted recombinant H3N2 HA (H3N2 rHA), recombinant H3N2 NP
(H3N2 rNP), or H3N2 (whole vaccine) twice at two-week intervals. Two weeks after
the last immunization, immune response analysis (n =4 per group) (b-e) and HIN1
virus (A/Korea/2785/2009) challenge (n=35 per group) (e) were performed. Sche-
matic image was created in BioRender. Han, S. (2024) BioRender.com/162g951. b, ¢
(b) The HAI titer and (c) PRNTso titer against HIN1 virus in serum were measured.
d Lung CD4" Tgy, cells were evaluated by flow cytometry. e After stimulating the
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lung cells with HIN1, HINI1 rHA, HIN1 rNP, H3N2, H3N2 rHA, or H3N2 rNP, IFN-
Y'CD4" T-cell response was determined via flow cytometry. d, e Box and whisker
plots showing the median (center), 25th and 75th percentiles (box), and lowest and
highest values (whiskers). f Mice were infected i.n. with 4 LDso of HIN1 virus, and
body weight and survival were monitored daily. Weight-loss data are shown as
mean value + SD. Survival data are represented as Kaplan-Meier survival curves.
This study was performed once. BW body weight, N.D. not detected, NT non-
treated. Source data are provided as a Source Data file.

H3N2 vaccine in combination with NVT (10 pg) twice at two-week
intervals. To study whether the protective immunity induced by
the NVT-adjuvanted vaccine depends on type I IFN signaling, wild-
type (WT) or IFNARI” mice were immunized in. with
H3N2 + NVT twice at two-week intervals. Two weeks after these vac-
cinations, immune responses were analyzed, or the mice were chal-
lenged i.n. with 4 LDso of HIN1 (A/Korea/2785/2009) virus. For the
CD4" T-cell depletion experiment, mice were given 200 pg of anti-
CD4 (GK1.5) monoclonal antibody intraperitoneally two weeks after
the second vaccination, three times for one week, and then
challenged.

To study cross-protection against type B influenza virus, BALB/c
mice were immunized i.m. with BV (1 ug), BY (1 ug) or i.n. with BV + NVT
or BY + NVT twice at two-week intervals and infected i.n. with 4 LDsg of
BV (B/Shandong/7/97) virus. To study the cross-protective effects of
type A and B influenza viruses, BALB/c mice were immunized i.m. with
HINI (1 pg), BY (1 pg) or i.n. with HIN1 + NVT or BY + NVT twice at two-
week intervals and challenged i.n. with 4 LDsq of HIN1 (A/Korea/2785/
2009). To explore cross-protection against viruses of different origins,
mice were immunized i.m. with 1 pg of H3N2 or i.n. with H3N2 + NVT
twice at two-week intervals and infected i.n. with 10 LDsg of canine
H3N2 (A/canine/VC378/2012) virus. In all challenge experiments, mice
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that lost 25% of their initial body weight were euthanized and recorded immunosorbent assays (ELISAs). To determine the vaccine-specific

as dead. antibody titers of mouse samples relative to standard mouse IgG,
wells for standard curves were coated with goat anti-mouse IgG
Determination of influenza virus-specific antibodies antibody, and wells for samples were coated with the vaccine antigen

Influenza virus-specific total IgG, IgGl, and IgG2a antibodies in the used in the study in a 96-well immunoplate. After the plates were
serum or IgA antibodies in the nasal wash and bronchoalveolar blocked with 1% skim milk, serially diluted mouse IgG antibodies (for
lavage fluid (BALF) were measured via enzyme-linked the standards) or samples were added and incubated for 2 h at room
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Fig. 8 | The principle of cross-protection was verified between the various
subtypes. a Mice (n =5 per group) were immunized i.m. with BV or BY, or i.n. with
BY + NVT twice at two-week intervals. Two weeks after the last vaccination, the mice
were i.n. challenged with BV virus (B/Shandong/7/97). Body weight and survival
were monitored daily. b Mice (n=5 per group) were immunized i.m. with H3N2 or
i.n. with H3N2 + NVT twice at two-week intervals. Two weeks after the last vacci-
nation, the mice were i.n. challenged with canine H3N2 virus (A/canine/VC378/
2012). Body weight and survival were monitored daily. ¢ Mice (n =5 per group) were
immunized i.m. with QIV or i.n. with QIV + NVT twice at two-week intervals. Two
weeks after the last vaccination, the mice were i.n. challenged with pandemic HIN1

virus (A/Puerto Rico/8/34). Body weight and survival were monitored daily.

a-c Weight-loss data are shown as mean value + SD. Survival data are represented
as Kaplan-Meier survival curves, and the significant differences in survival rates
were calculated by the log-rank test. d Mice (n = 20 per group) were immunized i.m.
with 2020-2021 season QIV, or i.n. with QIV + NVT twice at two-week intervals. Two
weeks after the last immunization, pooled sera and pooled lung cells were used to
measure the serum HAI titer and lung CD4" T-cell response to each indicated sea-
sonal influenza vaccine strain. The data are expressed as dot plots, with horizontal
lines representing the medians. These experiments were performed once. ns, not
significant. Source data are provided as a Source Data file.
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Fig. 9 | NVT-adjuvanted intranasal vaccine contributes to cross-protection in
the ferret model. Ferrets (n= 6 per group) were vaccinated i.m. with H3N2 or i.n.
with H3N2 + NVT twice at two-week intervals. Two weeks after the last immuniza-
tion, immune response analysis (n =3 per group) (a, b) and HIN1 virus (A/Korea/
2785/2009) challenge (n =3 per group) (c) were performed. a HAI antibody titers
against H3N2 or HINI in serum were measured by HAI assay. An HAI antibody titer
of 1:40 (red dotted line) was considered protective against influenza infection.

b Lung and spleen cells were stimulated with HIN1 or H3N2 for 3 days, and the
production of IFN-y in the culture supernatant was measured using ELISA. a, b Data
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are expressed as dot plots, with horizontal lines representing the medians. ¢ The
vaccinated ferrets were infected i.n. with 1x 107 PFU of HIN1 virus. Nasal wash
samples were collected on days 0, 1, 3, and 5 post-challenge, and viral titers were
determined using a plaque assay. Data are shown as mean value + SD. a-c Statistical
analyses were performed using one-way ANOVA with Tukey’s multiple comparisons
test or two-sided Mann-Whitney U test. The ferret study was performed inde-
pendently three times, and one representative set is shown. N.D., not detected; ns,
not significant. Source data are provided as a Source Data file.

temperature. After washing the plate, HRP-conjugated anti-mouse
antibodies against IgG, IgGl, IgG2a, or IgA were added as secondary
antibodies and incubated for 1 h at room temperature. The color in
the wells was developed using 3,3",5,5-tetramethylbenzidine sub-
strate solution (Sigma-Aldrich, St. Louis, MO) and stopped by the
addition of 0.5 M HCI. The absorbance was read at 450-590 nm by a
Multiskan Sky microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA). Antibody titers were calculated as arbitrary units relative
to the standard curve.

Measurement of cytokines and chemokines
Relative levels of cytokines and chemokines in lung lysates and serum
from vaccinated mice were determined by a Proteome Profiler Mouse

Cytokine Array Kit (Panel A, R&D Systems, Minneapolis, MN, USA) in
accordance with the manufacturer’s recommendations. ImageJ soft-
ware was used for the measurement of pixel density. The concentra-
tions of cytokines (IL-1B, IL-6, and TNF-a) and chemokines (CCL2,
CCL5, CXCL9, and CXCL10) in lung lysates and serum were measured
using the appropriate ELISA kits.

Hemagglutination inhibition (HAI) assay

HAI titers were determined in serum, nasal wash, and BALF samples
collected from vaccinated mice or from serum samples from vacci-
nated ferrets. All the samples were treated with receptor-destroying
enzyme (RDE) and PBS at a 1:3:6 ratio overnight at 37 °C to remove
nonspecific interference. Serum samples were inactivated at 56 °C for

Nature Communications | (2024)15:10368

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54620-4

30 min after RDE treatment. The samples were serially diluted 2-fold in
a 96-well V-bottom plate, 4 hemagglutination units of HIN1 or H3N2
antigen were added to each well of the diluted serum sample, and the
mixture was incubated at room temperature for 30 min. The mixture
was then reacted with 1% chicken red blood cells for 30 min at room
temperature, after which the presence of aggregation was evaluated.
The HAI titer was expressed as the dilution factor of the highest serum
dilution that completely inhibited hemagglutination. An HAI titer of
1:40 was considered to provide protection against influenza
infection®.

Flow cytometry

Lungs and spleens from vaccinated mice were harvested and dis-
sociated into single cells. To examine antigen-specific T-cell responses,
single-cell suspensions were stimulated with 5pg/ml of the antigen
used for vaccination overnight at 37 °C. Then, the protein transport
inhibitor GolgiPlug (BD Bioscience, Franklin Lakes, NJ, USA) was added
to the cells, which were further incubated for 4-6 h. After the Fc
receptor was blocked with the CD16/CD32 antibody, the cells were
subjected to live/dead staining with a fixable viability dye and surface
staining with anti-mouse CD4, CD8a and CD44 antibodies. The cells
were then fixed and permeabilized using Cytofix/Cytoperm solution
(BD Bioscience) and stained intracellularly with anti-mouse IFN-y, IL-4
and IL-17A antibodies. After washing, the cells were resuspended in
FACS buffer (PBS containing 1% FBS and 0.1% NaN3) and analyzed by
flow cytometry. To analyze lung Tgy, cell subsets, single lung cells were
stained with surface antibodies specific for CD4, CD8a, CD44, CD62L,
CD69, and CD103 and analyzed by flow cytometry.

Lung histopathology

For pathological examination, lungs isolated from mice at 6 dpi were
fixed in 4% paraformaldehyde for 1-2 days and dehydrated sequen-
tially in 20% and 30% sucrose in PBS at 4 °C until the tissues sank. After
the lung tissues were embedded in OCT compound freezing medium
(Leica Biosystems, Deer Park, IL, USA), the frozen samples were cut at
10 um and mounted on silane-coated glass slides (Muto Pure Chemi-
cals Co., Ltd., Tokyo, Japan). Conventional hematoxylin and eosin
staining of the sectioned lung tissues was performed.

Acute Lung Injury (ALI) Scoring
Lung injury scoring of infected lungs was determined by a previously
described method”. To assess the lung tissue, 20 images were ran-
domly selected from scanned H&E stained sections of lung slides at
400x magnification using the digital pathology software QuPath. The
evaluation includes scoring five parameters, each rated on a scale from
0 to 2. The parameters are as follows:

(A) Neutrophils in the alveolar space: none =0, 1-5=1, or >5=2

(B) Neutrophils in the interstitial space: none =0,1-5=1, or >5=2

(C) Hyaline membranes: none=0,1=1, or >1=2

(D) Proteinaceous debris filling the airspaces: none = 0, 1=1,

or>1=2

(E) Alveolar septal thickening: <2x=0, 2x-4x =1, or >4x=2

The score for each field is computed where A through E represent
the factors mentioned. The overall scores are obtained by adding the
scores in each field. An overall score of zero suggests a healthy lung,
while a score of 1 indicates severe acute lung injury. Scores are calcu-
lated using the following equation:

Score = (20 A+14B +7 C+ 7D + 2E)/Total field number 20 * 100.

Ferret studies

Prior to this study, ferrets were confirmed to be seronegative by the
HALI assay against the vaccine and challenge strains. For vaccination,
healthy 1-year-old male ferrets were immunized im. with 1ml of
2022-2023 seasonal H3N2 (20 pg) or in. with 1ml (0.5ml in each
nostril) of H3N2 (20 pg) + NVT (100 pg) on days 0 and 14. On day 28,

the lungs, spleens, and serum from vaccinated ferrets were collected.
Sera were used for the HAI assay. Lung and spleen cells were stimu-
lated with 5 pg/ml HINI (2022-2023 season) or H3N2 (2022-2023 sea-
son) and incubated for 3 days at 37 °C in a humidified atmosphere of
5% CO,. The culture supernatants were used for the measurement of
ferret IFN-y. In a challenge study, ferrets were administered 10’ PFU of
HINI1 (A/Victoria/2570/2019) virus i.n., and nasal wash samples were
collected at 0, 1, 3, and 5 dpi.

Coomassie Staining and Western blot analysis

Two sets of QIV, H3N2, and H3N2 rNP were loaded onto 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel.
One set of gels was stained with Coomassie Protein Stain (Abcam,
Cambridge, UK) for 30 min at room temperature. The other set of
unstained gels was transferred onto nitrocellulose transfer mem-
brane (GenDEPOT, Katy, TX, USA) using a tank transfer system (Bio-
Rad, Hercules, CA, USA). Then, the membrane was washed with Tris-
buffered saline containing Tween 20 (TBST), blocked with 5% skim
milk, and incubated overnight with serum from H3N2 rNP-vaccinated
mouse at 4 °C. After washing with TBST, the membrane was further
incubated with HRP-conjugated anti-mouse IgG. The bands on the
membrane were detected with ECL pico plus solution (DyneBio,
South Korea). Reactive bands were detected by the Vilber Fusion FX
(Vilber, France). Intensities of the bands were measured by Image)
software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version
6.00 for Windows (GraphPad Software, La Jolla, CA, USA; www.
graphpad.com). Comparisons between two groups were statistically
evaluated using the nonparametric Mann-Whitney U test. Significant
differences among multiple groups were determined using one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test.

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

Data availability

The data that support the findings of this study are available within the
paper (and supplementary information files). Source data are provided
with this paper.
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