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ABSTRACT

Highly contagious respiratory illnesses like influenza and COVID-19 pose serious risks to public health. A two-in-one
vaccine would be ideal to avoid multiple vaccinations for these diseases. Here, we generated a chimeric receptor
binding domain of the spike protein (S-RBD) and hemagglutinin (HA)-stalk-based vaccine for both SARS-CoV-2 and
influenza viruses. The S-RBD from SARS-CoV-2 Delta was fused to the headless HA from H1N1 (H1Delta), creating a
chimera that forms trimers in solution. The cryo-electron microscopy structure of the chimeric protein complexed
with the RBD-targeting CB6 and the HA-stalk-targeting CR9114 antibodies shows that the trimeric protein is stable
and accessible for neutralizing antibody binding. Immunization with the vaccine elicited high and long-lasting
neutralizing antibodies and effectively protected mice against the challenges of lethal HIN1 or heterosubtypic H5N8,
as well as the SARS-CoV-2 Delta or Omicron BA.2 variants. Overall, this study offers a two-in-one universal vaccine
design to combat infections caused by both SARS-CoV-2 variants of concern and influenza viruses.
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Introduction

Since the twentieth century, humanity has experienced
four influenza pandemics (1918 Spanish, 1957 Asian,
1968 Hong Kong, and 2009 swine influenza) and a
1977 Russian epidemic, each resulting in significant
economic and human losses [1]. More recently, the
world has been being struck by the coronavirus disease

(COVID-19) pandemic. These two viral pandemics
have had profound impacts on human society, leading
to unprecedented economic challenges and tragic loss
of life [2,3]. Both diseases, caused by enveloped respir-
atory virus infections, have similar respiratory illness
symptoms and can have fatal consequences. The great-
est threat to global public health has been the ongoing
COVID-19 pandemic. The effectiveness of current
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COVID-19 vaccines has been challenged by the
ongoing spread of highly transmissible variants of
concern (VOCs), including the Alpha, Beta, Gamma,
Delta, and Omicron variants, and their capacity for
breakthrough infections. Moreover, currently avail-
able vaccines may be less effective in protecting vul-
nerable populations, particularly those who are
immunocompromised or elderly, and highlights the
need for continued research and development of
new vaccines.

The influenza A virus (IAV) is the main cause of the
contagious respiratory illness known as influenza [4].
There are 16 subtypes of hemagglutinin (HA) and 9
subtypes of neuraminidase (NA) of IAVs found in
mammals and birds, as well as bat-derived H17N10
and HI18N11 [5,6]. In addition to the seasonal
influenza viruses HIN1 and H3N2, a number of
avian IAVs have recently caused sporadic human
infections, including H7N9 (7], H7N4 [8], H5N1 [9],
H5N6 [10], H5NS [11], HI0N3 [12], and H3N8
[13]. Although vaccination remains the most effective
method of preventing influenza-related illness, seaso-
nal influenza vaccine effectiveness ranges from 10%
to 60% due to vaccine strains that may not be well
matched to circulating strains. Therefore, the develop-
ment of a vaccine that can protect against both
COVID-19 and influenza is urgently needed [14,15].

Ideally, combining two antigens from these two
viruses into one chimeric immunogen through
rational design can generate a two-in-one vaccine.
The receptor binding domain of the SARS-CoV-2
spike protein (S-RBD), which is the main target of
neutralizing antibodies, is a component of almost all
vaccine candidates [16,17]. Indeed, the RBD can
induce broadly neutralizing antibodies against var-
iants [18,19]. For instance, the Delta-based RBD vac-
cine confers good protection against Omicron
subvariants [20]. Therefore, the Delta-RBD is a
reasonable choice to combat the current VOCs of
SARS-CoV-2.

For influenza, the viral HA protein, which is
responsible for receptor binding and membrane
fusion, is the major surface antigen that IAV fre-
quently mutates to evade human herd immunity.
The stalk region is less prone to mutation and more
conserved across diverse influenza subtypes than the
globular head domain [21]. By preventing the low
pH-induced HA conformational rearrangement,
which then prevents membrane fusion, anti-stalk anti-
bodies exhibit much greater cross-subtype neutraliz-
ing activity than anti-head antibodies both in vitro
and in vivo [22]. These broadly neutralizing antibodies
(NAbs) hold much promise for the development of a
universal influenza vaccine. Stalk-only or headless
HAs have been designed to induce broadly protective
anti-stalk antibodies in an effort to reduce the immu-
nodominance of the head domain of the HA [23,24].

Here, we developed a rationally designed vaccine
against SARS-CoV-2 and influenza viruses by fusing
the S-RBD of delta SARS-CoV-2 to the headless HA
of the HIN1 influenza virus. The cryo-electron
microscopy (cryo-EM) structure of the chimeric
protein in complex with the HA stalk-targeting anti-
body CR9114 [25] and the RBD-targeting antibody
CB6 [26] demonstrates that the trimeric protein is
stable and accessible for binding by NAbs. The subunit
vaccine induced high levels of NAbs against both
SARS-CoV-2 and influenza proteins in mice. In
addition, the vaccinated mice had significantly lower
respiratory viral loads and were effectively protected
against lethal challenges by HIN1 and heterosubtypic
H5NS influenza viruses, as well as SARS-CoV-2 Delta
and Omicron BA.2.

Materials and methods
Cells and viruses

Exp1293FTM cells (Thermo Fisher Scientific), Vero
cells (ATCC), HEK293 T cells (ATCC), and Madin-
Darby Canine Kidney (MDCK) cells (ATCC) were
cultured at 37°C under 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 100 U/mL penicillin, 100 pg/mL streptomycin,
and 10% fetal bovine serum (FBS). All cell lines tested
negative for mycoplasma contamination.

For experiments conducted at the Institute of
Microbiology, ~Chinese Academy of Science
(IMCAS), a wildtype A/Brisbane/02/2018 (HIN1)
virus (GISAID: EPI_ISL_522424) was used as a hom-
ologous H1 challenge virus. The heterosubtypic H5N8
challenge virus was a 6:2 re-assortment virus of A/
Astrakhan/3212/2020 (H5N8) (GISAID:
EPI_ISL_1038924), in which the HA and NA from
A/Astrakhan/3212/2020 (H5N8) are encoded in a A/
Puerto Rico/8/1934 (GISAID: EPI_ISL_22622)
backbone.

For experiments conducted at the Chinese Center
for Disease Control and Prevention (China CDC),
Delta variant (NPRC 2.192100004) and Omicron var-
iant (BA.2, NPRC 2.192100010) were propagated in
Vero cells and titrated by TCIDs, assays on Vero cells.

Animals

Specific pathogen-free (SPF) female BALB/c mice
were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (licensed by Charles
River). All mice were allowed free access to water
and a standard chow diet and were provided a 12-
hour light and dark cycle (temperature: 20-25°C,
humidity: 40-70%). All mice used in this study were
in good health and were not involved in other exper-
imental procedures. They were housed under SPF



conditions in the laboratory animal facilities at
IMCAS and the China CDC. Mice were housed with
five companions per cage. The challenge studies with
SARS-CoV-2 Delta and Omicron (BA.2) variants
were conducted in an animal biosafety level 3
(ABSL3) facility at the China CDC. The age of the
mice at the time that experiments were performed is
indicated in the corresponding figure legends.

Protein expression and purification

In the H1Delta design, the RBD contained S protein
residues 319-537 of the SARS-CoV-2 Delta variant
(GenBank: OK091006.1) replacing the head region
of the A/Victoria/2570/2019 (HIN1) HA protein
(GISAID: EPI1801581), and the two pieces were con-
nected by a linker (GGGG). Four mutations (K325C,
V338 K, 1341 K and R344Q) were introduced in
HA1, and eight (I10 T, F63Y, V66I, K68C, F70Y,
L73S, R76C and T93C) were introduced in the region
of HA2 to maintain the native conformation of the HA
stalk region. At positions 76-89, the GCN4 sequence
(CMKQIEDKIEEIESK) was used to replace the viral
sequence, and a trimer tag (YIPEAPRDGQAYVRKD-
GEWVLLSTFL) was added at the C-terminus to make
the protein more favorable for trimer formation. The
signal peptide sequence of the A/Victoria/2570/2019
(HIN1) HA protein (HA protein residues 1-17) was
used for protein secretion, and a hexa-His tag was
added to the C-terminus to facilitate further purifi-
cation. The construct was codon-optimized for mam-
malian cell expression and synthesized by GenScript,
China. Then the construct was cloned into the
pCAGGS vector and transiently transfected into
Expi293F™ cells. After 2 days, the supernatant was
collected, and soluble protein was purified by Ni-
affinity chromatography using a 5-mL HisTrap™
HP column (GE Healthcare). The samples were
further purified via gel filtration chromatography
with a Superdex'™ 200 Increase 10/300 GL column
(GE Healthcare) in PBS (10 mM Na,HPO,, 1.76 mM
KH,PO,, 137 mM NaCl, and 2.7 mM KCl, pH 7.4).
The eluted peaks were analyzed by SDS-PAGE for
protein size and purity. SDS-PAGE and analytical
gel filtration analyses show that the protein had an
acceptable yield and purity.

The fragment of antibody-binding (Fab) of human
monoclonal antibodies (mAbs) CR9114 and CB6 were
transiently expressed in Expi293F Mcells. The cells
were transfected with pCAGGS plasmids containing
coding sequences for the immunoglobulin heavy
chain and light chain and harvested after 5 days. The
supernatant was then collected and purified. Purified
H1Delta, CR9114 Fab, and CB6 Fab were ready for
immunization and SPR experiments. For structural
analyses, H1Delta, CR9114 Fab and CB6 Fab were
incubated at the ratio of 1:2:2 and further purified by
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gel filtration chromatography with a Superdex™ 200
Increase 10/300 GL column was employed in a
buffer composed of 20 mM Tris-HCl (pH8.0) and
150 mM NaCl.

SPR assay

The SPR assays were performed at 25°C using a BIA-
core 8 K machine with streptavidin chips (SA chips,
GE Healthcare). The buffers for the protein used for
kinetic analyses was exchanged to PBST (10 mM Na,_
HPO, 2mM KH,PO, pH 7.4, 137mM NaCl,
27mM KCI, and 0.05% Tween 20). Purified
H1Delta protein was biotinylated and immobilized
on the chip. Serial dilutions of Fabs (CR9114 and
CB6) were prepared and flowed over the chip surface.
Data were collected over time. The apparent equili-
brium dissociation constants (apparent binding
affinity, Kp) for each antibody were calculated using
BIAcore 8000 analysis software (BIAevaluation v3.0).
Each set of equilibrium binding responses was fitted
to the 1:1 binding model.

Cryo-EM data collection and 3D reconstruction

For the HA-RBD chimeric protein bound to the CB6
Fab and CR9114 Fab, an aliquot of 4 uL solution
(0.5 mg/mL) was applied to glow-discharged Quan-
tifiol R 2/1 holey carbon grids and blotted for 2.5 s
with a humidity of 90% before being plunged into
liquid ethane using a Vitrobot Mark IV (Thermo
Fisher). The frozen grid was loaded onto a Titan
Krios  cryo-transmission  electron  microscope
(Thermo Fisher) that is equipped with a BioQuantum
energy filter, operated at 300 kV for data collection.
Automatic data collection was performed using EPU
software. Movies were recorded with a Gatan K3
direct electron detector in super-resolution counting
mode at a pixel size of 1.01 A. The exposure was per-
formed with a dose rate of 15 e/pixel/s and an
accumulative dose of 50 e /A* for each movie, which
was fractionated into 36 sub-frames. The final defocus
range of the dataset was approximately — (1.0-2.0) pm.
Drift correction for all stacks was performed with
MotionCor2 [27]. Initial contrast transfer function
(CTF) values for each micrograph were calculated
with CTFFIND4.1 [28]. Micrographs with an esti-
mated resolution limit > 6.0 A were discarded in the
initial screening. The subsequent image processing
and reconstruction were performed using Relion-3.1
[29] and cryoSPARC [30]. Particles (394,000) were
picked from 3,185 micrographs. Then, the picked par-
ticles were extracted and subjected to three rounds of
reference-free 2D classification in cryoSPARC. A clean
dataset with 208,000 particles from good 2D classes
were selected, and the initial model was generated by
cryoSPARC ab initio. Then, the model was used as a
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reference in Relion for 3D classification. After the
second round of 3D classification without applying
symmetry, the predominant class contained a subset
of 29,468 good particles. These particles were sub-
jected to 3D refinement, which yielded a reconstruc-
tion at ~13 A resolution as determined by the
Fourier shell correlation (FSC) 0.143 cut-off value.
The specific images processing and reconstruction
procedures are shown in Figure S2. Due to the fierce
flexibility between the global and stalk domain of the
chimeric protein, we could only obtain low resolution
maps as described above. However, we fitted the crys-
tal structure of the RBD/CB6 complex (PDB: 7C01) or
HA/CR9114 (PDB: 5CJQ) into the density maps using
CHIMERA [31], which showed a high degree of
matching.

Ethics statement

This study was performed in strict accordance with the
recommendations described in the Guide for the Care
and Use of Laboratory Animals of the Institute of
Microbiology, Chinese Academy of Sciences
(IMCAS) Ethics Committee. All of the animal exper-
iments were reviewed and approved by the Committee
on the Ethics of Animal Experiments of IMCAS and
the Ethics Committee of the National Institute for
Viral Disease Control and Prevention, China CDC.

Immunization of mice with the H1Delta vaccine

Six-to-eight-week-old female BALB/c mice were
immunized intramuscularly (i.m.) at day 0, day 21,
and day 42 with HlDelta-Addavax (2 pg/100 uL/
mouse or 10 pg/100 uL/mouse) or PBS (control).
Serum samples were collected at the indicated times
after vaccination and analyzed for antibody responses
and neutralizing antibodies as described below.

Challenge of mice with HIN1 and H5N8

Two-to-four weeks after boost immunization, mice
were challenged with a lethal dose of influenza A/Bris-
bane/02/2018 (HIN1) (20 LDs) [32] or A/Astrakhan/
3212/2020 (H5N8) (10 LDsp) [33]. After challenge, the
mice were monitored for 14 days to record body
weight changes and survival rates. Weight loss of >
20% was considered as the survival endpoint. For
determination of the viral load analysis, three mice
were euthanized 3 days following challenge, and the
left lobe of the lung was collected. The right lung
was used for histopathology analyses.

Determination of lung influenza viral loads

Influenza viral loads in lung homogenates were deter-
mined by a TCIDs, assay using MDCK cells. Briefly,

MDCK cells were seeded in 96-wells flat-bottom plates
and incubated overnight (37°C, 5% CO,). The cells
were washed with PBS and then incubated for 48 h
at 37°C with serial dilutions of the lung homogenates,
in quadruplicate, in DMEM supplemented with 100
U/mL penicillin, 100 pg/mL streptomycin, and 2 pg/
mL of TPCK-treated trypsin. TCIDs, values were cal-
culated using the Reed-Muench method.

Challenge of mice with Delta and Omicron
SARS-CoV-2 variants

To evaluate the protection efficacy of vaccine candi-
dates against Delta and Omicron variants, the immu-
nized mice were challenged with 5 x 10° TCIDs5, of
Delta variant (NPRC 2.192100004) or Omicron var-
iant (BA.2, NPRC 2.192100010) via the intranasal
route. For Delta variant challenge experiments, the
BALB/c mice were transduced intranasally with 8 x
10° vp of Ad5-hACE 5 days before the SARS-CoV-2
infection. Three days post challenge, all mice were
euthanized and necropsied, and lung tissues were col-
lected for virus titration and pathological examination.
The mice experiments with Delta and Omicron var-
iant challenge were conducted in ABSL3 facilities at
the China CDC. SARS-CoV-2-specific qRT-PCR
assays were performed using a TaqgMan Fast Virus
1-Step Master Mix kit (Thermo Fisher Scientific,
USA) on a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad, USA) according to the manufac-
turer’s protocol. Two sets of primers and probes
were used to detect a region of the N gene of the
viral genome [34] and a region of the E gene of the
sgRNA of SARS-CoV-2 [35], respectively, with
sequences as follows: gRNA-F, GACCCCAAAATC
AGCGAAAT; gRNA-R, TCTGGTTACTGCCAG
TTGAATCTG; gRNA-probe, ACCCCGCATTACG
TTTGGTGGACC (Omicron variant gRNA-probe:
ACTCCGCATTACGTTTGGTGGACC); sgRNA-F,
CGATCTCTTGTAGATCTGT TCTC; sgRNA-R,
ATATTGCAGCAGTACGCACACA; and sgRNA-
probe, ACACTAGCCATCCTTACTGCGCTTCG.
Mice lung tissues were stained with H&E for patho-
logical examination. Due to the tight schedule at P3
laboratory, our animal protection experiment for
SARS-CoV-2 was postponed for more than two
months. However, based on our long-term immunity
test results, antibody titers remained at high levels. As
a result, we were still able to complete the animal
experiment as planned.

ELISA

Influenza virus HA- and SARS-CoV-2 RBD-specific
antibodies were determined in sera by ELISAs.
Briefly, ELISA plates were coated overnight with 2
pg/mL of HA or RBD recombinant protein in 0.05



M carbonate-bicarbonate buffer, pH 9.6, and blocked
with 5% fat-free milk in PBS. Serum samples were
twofold serially diluted and added to each well. Plates
were incubated with goat anti-mouse IgG-HRP
(1:5,000) antibody (Abcam) for 1 h at 37°C and devel-
oped with 3,3°,5,5-tetramethylbenzidine (TMB) sub-
strate. Reactions were stopped with 2 M H,S0,, and
the absorbance was measured at 450 nm using a
microplate reader (PerkinElmer, USA). The endpoint
titers were defined as the highest reciprocal dilution of
serum to yield an absorbance > 2.1-fold of the back-
ground values. Antibody titer below the limit of detec-
tion was determined as half the limit of detection.

Pseudotyped virus neutralization assay

The VSV-AG-GFP based SARS-CoV-2 pseudotyped
virus was constructed as previously described [36].
For neutralization assays, the heat-inactivated (56°C
for 30 min) serum samples were serially diluted and
incubated with equivalent pseudovirus (1000 transdu-
cing units, TU) at 37°C for 1 h. The mixture was trans-
ferred to pre-plated Vero cells in 96 well plates in a
100-uL volume. The TU values were read on a CQl
confocal image cytometer (Yokogawa) after a 15-h
incubation.

Histopathology assay

For histopathology, lung tissues from mice were fixed
in 4% neutral-buffered formalin for 48 h, embedded in
paraffin, and stained with hematoxylin and eosin
(H&E). Images were captured using a LEICA Versa
200 and were processed using software K-Viewer
1.5.5.8.

Statistical analysis

Statistical details of experiments can be found in the
figure legends. All data plotted with error bars are
expressed as means with s.d. unless otherwise indi-
cated. The P values were generated by analysis data
with a two-tail unpaired t test using the Prism 7 pro-
gram (GraphPad Software). For all figures, p values
are represented by the following symbols: *p < 0.05,
**p <0.01, and **p < 0.001.

Result

Rational design and development of the
H1Delta protein vaccine

We report a design to combine two antigens together.
In the H1Delta design (Figure 1A), the RBD domain
contains S protein residues 319-537 of the SARS-
CoV-2 Delta variant in place of the head region of
the A/Victoria/2570/2019 (HIN1) HA protein
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(GISAID: EPI1801581), and they were connected by
a linker (GGGG). The HA stalk is composed of the
N- and C-terminal portions of HA1 and the majority
of the HA2 subunit. Four mutations (K325C, V338 K,
1341 K and R344Q) were introduced in HAI, and
eight (I10 T, F63Y, Ve66l, K68C, F70Y, L73S, R76C
and T93C) were introduced in HA2 to maintain the
native conformation of the HA stalk [23]. These
included the formation of both an intermolecular
(K68C and R76C) disulfide bond and an intramolecu-
lar (K325C and T93C) disulfide bond (Supplementary
information, Figure S1A). At positions 76-89 of HA2,
a GCN4 sequence was used to replace the viral
sequence, and a trimer tag was added at the C-termi-
nus to make the protein more favorable for trimer for-
mation [23]. We then expressed the protein in
Expi293F™ cells using transient transfection, purified
it from the supernatant, and verified it as a trimer
(molecular weight ~ 174 kDa) by analytical gel
filtration, reducing and non-reducing SDS-PAGE,
and analytical ultracentrifugation (Supplementary
information, Figures S1B and S1C). Surface plasmon
resonance (SPR) also indicated that the H1Delta
protein trimer was correctly folded and could bind
both the anti-IAV HA-stalk CR9114 antibody [25]
and anti-SARS-CoV-2 S-RBD CB6 antibody [26]
(Figure 1B), with affinities similar to those reported
previously.

Structural analysis of H1Delta by cryo-EM

We next determined the cryo-EM structure of
Hl1Delta in complex with the CR9114 Fab and CB6
Fab (Figure 1C). After image reconstruction by 2D
classification and 3D refinement, a 13-A resolution
density map was determined, and the previously pub-
lished atomic models of the SARS-CoV-2 RBD, RBD/
CB6 complex, HA, and HA/CR9114 complex were
fitted into the map for rebuilding. The rebuilt models
showed their overall conformations. The HlDelta
forms a mushroom shaped trimer and can be divided
into two parts: a globular head and a stalk region.
Three CB6 Fabs bound to three RBD protomers in
the globular region, whereas three CR9114 Fabs
bound to the headless HA trimer in the stalk region
(Figure 1C). This structure demonstrated that the
recombinant chimeric immunogen correctly present
both the RBD and HA-stalk neutralizing epitopes
(Figure 1D). Notably, both the RBD and HA-stalk
neutralizing epitopes were well exposed and did not
interfere with each other.

Immunogenicity of a H1Delta protein vaccine in
mice

To evaluate the immunogenicity potential of the
HlDelta protein against influenza and COVID-19,
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Figure 1. H1Delta protein vaccine design and structure. (A) Schematic of the H1Delta vaccine design. SP, signal peptide. (B) Repre-
sentative BlAcore diagrams of H1Delta bound to the SARS-CoV-2 RBD antibody CB6 and influenza HA antibody CR9114. The Kp
value was calculated using BlAevaluation Version 4.1 (GE Healthcare). (C) Cryo-EM structure of the chimeric protein in complex
with the RBD-targeting CB6 antibody and the HA-stalk-targeting CR9114 antibody. (D) Overall structure of the trimeric H1Delta.

three immunizations including two groups [high dose
(10 pug) and low dose (2 ug)] were given to BALB/c
mice, with the combination of AddaVax as adjuvant,
3 weeks apart. PBS plus adjuvant was administered
as a control. Serum samples were collected 35 and
56 days after initial vaccination as indicated (Sup-
plementary information, Figure S1D). We first used
an ELISA assay to measure H1-specific binding anti-
bodies in the sera of the mice. As shown in Figure
2A, after three immunizations of mice with 2 or
10 ug of HlDelta, the mean endpoint titer of H1-
specific IgG rose by nearly 10°. As expected, the
H1Delta-immunized (10 pg) group elicited cross-reac-
tive H5-specific IgG up to an endpoint titer of ~10°
after the second and third immunizations (Figure 2B).

ELISA-based binding assays demonstrated that
vaccinated sera obtained from BALB/c mice after the
second and third immunizations exhibited a strong
(> 10°) binding capacity to the Delta variant RBD
(Figure 2C). Meanwhile, we used a panel of pseudo-
typed viruses (vesicular stomatitis virus backbone)
[18,19] displaying SARS-CoV-2 spikes to test the
sera neutralizing activities against variants, including
Delta, Omicron (BA.2), and Omicron (BA.4/5).

H1Delta elicited high levels of NAbs against pseudo-
virus displaying the Delta spike, with a geometric
mean titer (GMT) of 50% neutralization titer (NT5g)
> 10* after two and three injections (Figure 2D). How-
ever, the NTso, GMT was variably reduced against
pseudovirus displaying variant spikes. Impressively,
56 days after initial immunization, the NT5o GMT in
mice immunized with 10 pg of H1Delta approached
~10,960 (BA.2) and 3,034 (BA.4/5), respectively
(Figures 2E and 2F). These results indicate that the
H1Delta protein vaccine is highly effective at eliciting
a broad immune response.

Protection efficacy to homologous H1IN1 and
heterologous H5N8 influenza virus by the
H1Delta protein vaccine in mice

Next, we evaluated the in vivo efficacy of our H1Delta
vaccine against HIN1 IAV. BALB/c mice (n = 8) were
immunized with a low dose (2 pg) or high dose (10 pg)
of H1Delta, with the combination of AddaVax as an
adjuvant, three times. PBS plus adjuvant was injected
as a control. The immunized mice were then intrana-
sally challenged with 20 LDs, of A/Brisbane/02/2018
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Figure 2. Immunogenicity of the H1Delta vaccine in mice. (A) ELISA assays showing the H1-specific IgG titers. (B) ELISA assays
showing the H5-specific IgG titers. (C) ELISA assays showing the SARS-CoV-2 Delta-specific IgG titers. (D-F) 50% neutralization
titer of pseudotyped virus (Delta, BA.2, and BA.4/5) in serum. P-values were analyzed with two-tail unpaired t test (*p < 0.05,

**p < 0.01, ***p <0.001, and ****p < 0.0001).

(HIN1) virus (Supplementary information, Figure
S1E). The H1Delta-vaccinated group exhibited signifi-
cant high efficacy of protection against lethal HIN1
IAV infection, as evidenced by less weight loss
(~5%) and a 100% survival rate (Figure 3A and B).
Compared to the PBS control group, the viral loads
in the lungs of the mice in the immunized group
decreased significantly (Figure 3C). All lung tissue
samples harvested from mice vaccinated with PBS
exhibited severe interstitial pneumonia, diffuse
inflammatory cell infiltration, pulmonary alveolitis,
and necrosis of bronchial epithelial cells (Figure 3D).
Milder lesions were observed in mice immunized
with Hldelta because the pulmonary alveolus was
highly visible with lower infiltration of inflammatory
cells (Figure 3D). Therefore, H1Delta significantly
reduced the lung injury caused by homologous
HINI IAV.

We next assessed whether H1Delta could protect
mice against lethal challenge with heterologous
H5N8 IAV. BALB/c (n=8) mice were immunized
using the same three-dose vaccination regimen as
above (Supplementary information, Figure S1E). The
immunized mice were then intranasally challenged
with 10 LDs, of reassortant A/Astrakhan/3212/2020
(H5N8) virus. Similar to the results obtained during
the homologous pHINI challenge, weight loss was

minimal (< 4%) in all vaccinated groups, whereas
humane end points were reached in the PBS control
group (Figure 3E and F). Furthermore, vaccinated
mice had lower viral loads in the lung compared to
PBS controls (Figure 3G). Histopathological analyses
also indicated that control mice had extensive lung
damage, with consolidated lesions and inflammatory
cell infiltration across larger areas. In contrast, the vac-
cine prevented tissue damage to a large degree, with
only minor perivascular and alveolar infiltrates
observed in very few areas (Figure 3H). In conclusion,
the H1Delta vaccine conferred complete protection
from mortality and partial protection from lung
damage, even against lethal challenge with a heter-
ologous, potentially pandemic influenza virus.

Protection efficacy to SARS-CoV-2 by the
H1Delta protein vaccine in mice

To further explore the protective efficacy of the
HlDelta protein vaccine, BALB/c mice (n=10)
immunized with 10 pug vaccine were randomly divided
into two groups (n=>5) and challenged with SARS-
CoV-2 Delta or Omicron BA.2 variant (Supplemen-
tary information, Figures SIF and S1G). Because
BALB/c mice are sensitive to Omicron variant but
not Delta variant, the mice for the Delta variant
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Figure 3. Protection efficacy of the H1Delta protein vaccine to homologous HIN1 and heterologous H5N8. (A-D) Groups of 6-to-8-
week-old female BALB/c mice (n = 8) were vaccinated with three immunizations of 2 or 10 pg immunogen with an adjuvant of
AddaVax in 3-week intervals. PBS with the adjuvant was given as a control. Serum samples were collected 35 and 56 days after
initial immunization. Mice were intranasally challenged with 20 LDs, of A/Brisbane/02/2018 (H1N1) virus. Lung tissues were har-
vested and split for virus titer detection (n = 3) and pathological examination (n = 3), respectively. Vaccine efficacy was assessed
by measuring (A) morbidity (weight loss), (B) mortality (survival), (C) lung viral titers on day 3 post challenge, and (D) histological
pathology analyses. (E-H) Groups of 6-to-8-week-old female BALB/c mice (n = 8) were vaccinated with three immunizations of 2 or
10 ug immunogen with an adjuvant of AddaVax in 3-week intervals. PBS with the adjuvant was used as a control. Serum samples
were collected 35 and 56 days after initial immunization. Mice were intranasally challenged with 10 LDsq of reassortment A/Astra-
khan/3212/2020(H5N8) virus. Lung tissues were harvested and split for virus titer detection (n = 3) and pathological examination
(n = 3), respectively. Vaccine efficacy was assessed by measuring (E) morbidity (weight loss), (F) mortality (survival), (G) lung viral
titers on day 3 post challenge, and (H) histological pathology analyses. Differences were compared using two-tail unpaired t test
(**p < 0.01 and ***p < 0.001).

challenge were transduced with adenovirus serotype 5 at 3 days post infection (DPI) to quantify viral geno-
(Ad5) expressing hACE2 five days before virus inocu- mic (g) RNA and subgenomic (sg) RNA, an indicator
lation [37]. All mice were euthanized and necropsied  of viral replication in the lung and turbinate. For mice
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Figure 4. Protection efficacy of the H1Delta protein vaccine to SARS-CoV-2. (A-E) Random selection of five mice in each group that
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mice were given the Delta variant challenge. (A) Pulmonary Delta viral gRNA levels were detected by gRT-PCR. (B) Pulmonary Delta
viral sgRNA levels were detected by qRT-PCR. (C) Turbinate Delta viral gRNA levels were detected by gRT-PCR. (D) Turbinate Delta
viral sgRNA levels were detected by qRT-PCR. (E) Plots showing correlations and corresponding two-sided p values between the
pVNTs, of Delta variant (serum samples were collected 140 days after initial immunization) and Delta viral gRNA. (F) Pulmonary
Omicron viral gRNA levels were detected by qRT-PCR. (G) Pulmonary Omicron viral sgRNA levels were detected by qRT-PCR. (H)
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PCR. (J) Plots showing correlations and corresponding two-sided p values between the pVNT;, of Omicron variant (serum samples
were collected 140 days after initial immunization) and Omicron viral gRNA. (K) Histological pathology analyses of lung sections of
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0.0001).

challenged with the Delta variant, high levels of viral =~ neutralization, high levels of viral sgRNA were
gRNA were detected in both the lung (average: 1.01  detected in both the lungs (average: 9.13 x 10’
x 10° copies/g) and turbinate (average: 3.91 x 10°  copies/g) and the turbinate (average: 8.32 x 10°
copies/g) of PBS-immunized mice (Figure 4A and  copies/g) of PBS-treated mice (Figure 4B and D).
C). By contrast, significantly reduced viral loads (p < However, HIlDelta-immunized mice displayed
0.0001) were detected in the lungs (average: 1.45 x  undetectable pulmonary and turbinate viral sgRNA,
10° copies/g) and turbinates (average: 7.07 x 10°  indicating that viral replication was completely con-
copies/g) of vaccine-immunized mice, with a two-to-  trolled (Figure 4B and D). Following vaccination,
three log;o reduction compared to the PBS group  immune correlates of protection analysis revealed
(Figure 4A and C). In line with the trends in  that, according to a linear model, NAb titers strongly
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correlated with the decline in pulmonary Delta SARS-
CoV-2 gRNA (r=-0.8998, p = 0.0004) (Figure 4E). In
addition, total anti-RBD IgG titers also show a nega-
tive correlation with the viral gRNA load of SARS-
CoV-2 (r=-09282, p=0.0001) (Supplementary
information, Figure S3A).

For mice challenged with Omicron variant, the
averages of pulmonary and turbinate viral gRNA
were 4.37 x 10° copies/g and 3.53 x 10" copies/g in
the PBS group but reduced to (236-fold) 1.85 x 10°
copies/g and (172-fold) 2.05 x 10® copies/g in the
H1Delta vaccine group, respectively (Figure 4F and
H). In line with this, the pulmonary and turbinate
viral sgRNA loads were detected in all mice in PBS
group at high levels (average: 9.98 x 10° copies/g
and 6.52 x 10° copies/g) but undetectable in the
mice receiving H1Delta vaccine, suggesting the com-
plete control of Omicron viral replication (Figure 4G
and I). In the context of Omicron SARS-CoV-2 chal-
lenge, NADb titers and pulmonary viral gRNA were also
strongly inversely correlated with one another accord-
ing to a linear model (r = —0.8849, p = 0.0007) (Figure
4]). Similarly, total anti-RBD IgG titers also show a
negative correlation with the viral gRNA load of
SARS-CoV-2 (r=-0.9044, p=0.0003) (Supplemen-
tary information, Figure S3B).

Histopathological analyses revealed that at 3 DPI
with either Delta or Omicron variant, PBS-immunized
mice showed moderate-to-severe histopathological
changes in lung tissue, including diffuse inflammatory
cell infiltration, pulmonary vascular congestion, and
the disappearance of alveolar cavities (Figure 4K). As
a comparison, mice treated with the H1Delta vaccine
exhibited decreased lung injury (Figure 4K). The his-
topathology results were consistent with the levels of
pulmonary and turbinate viral gRNA shown above,
demonstrating that H1Delta provided strong protec-
tion against both the Delta and Omicron variants.

Duration and long-lasting protection of the
humoral response induced by the H1Delta
protein vaccine

To evaluate the durability and length of protection of
H1Delta, BALB/c mice were bled at designated times
to explore the kinetics of the induced humoral
response (Figure 5A). Notably, at 182 days after the
initial immunization, the Delta RBD-specific antibody
titer remained > 10* (Figure 5B). Although the anti-
body titer against the BA.2 RBD decreased slightly, it
was near 10%, and the influenza H1- and H5-specific
antibody titers were both > 10* (Figure 5C, D and E).
The mice were ultimately challenged with 20 LDsq of
A/Brisbane/02/2018 (HIN1) virus 7 months post vac-
cination. We found that the body weights of both the
2 pg and 10 pg vaccination group mice showed a mod-
erate decrease (<15%) at 1 DPI but a faster increase
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after 4 DPI compared to the placebo group (Figure
5F and G). The lungs of H1Delta-immunized mice
displayed significantly reduced infectious viral burden
(Figure 5H). Histopathological examination revealed
severe bronchopneumonia and interstitial pneumonia
in the placebo mice. In contrast, only very mild
bronchopneumonia was observed in the HlDelta-
immunized mice (Figure 5I). These data demonstrated
that our H1Delta protein is an effective candidate vac-
cine and can induce a persistent antibody response
and protection.

Discussion

It is clear that the SARS-CoV-2 and influenza viruses
pose serious risks to public health. It is highly likely
that the two viruses will co-circulate globally and regu-
lar vaccination against both viruses will be required to
minimize the impact of these infections. While the
seasonality of SARS-CoV-2 is not yet known, it is
reasonable to consider combining vaccination efforts
for both viruses to make interventions more cost-
effective. Several randomized controlled trials have
been started to investigate the potential of providing
simultaneous protection against SARS-CoV-2 and
influenza viruses by co-administering licensed and/
or experimental vaccines against both viruses. While
the immune responses generated by these combi-
nation vaccines against both viruses are generally
comparable to those produced by each vaccine indivi-
dually, it is anticipated that the public may be less
accepting of receiving two different vaccines together
compared to being willing to receive either vaccine
separately [38]. Nevertheless, the bivalent vaccine
has significant potential to offer improved protection,
ensure quality control during production, and be easy
to use, making it an attractive option for future vac-
cine development. Although strategies have been pro-
posed to develop universal vaccines against individual
viruses [23,24,37,39,40], a combined “universal” vac-
cine to prevent these two respiratory virus diseases is
urgently needed. During the preparation of this manu-
script, Cao K. et al. described a chimpanzee adeno-
virus 68-based vaccine (AdC68-CoV/Flu) that targets
SARS-CoV-2 and H7N9 IAV and uses a chimeric
immunogen comprised of the S-RBD, the HA2 of
H7N9 IAV, and ferritin [41]. However, the N- and
C-terminal portions of HA1 are missing from their
design. The portions of HA1 involved in the conserved
conformational epitopes targeted by broadly targeting
NAbs against the HA-stalk, including CR9114,
CR6261, FI6, and C179 [25,32,42-46], could help the
immunogen remain in the prefusion conformation
[47]. Lack of HA1 components could be one of the
reasons why the immunogen was not secreted, and
we suspect that the recombinant protein might not
exist as a stable trimer as ours does [41]. In addition,
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live-attenuated influenza virus was used for virus vec-
tor-based SARS-CoV-2 vaccine development, and
intracellular RBD [48,49] or transmembrane RBD
[50] were encoded to induce an immune response.
However, a unique subunit vaccine is urgently needed.
We therefore seek to develop a stable, straightforward-
to-produce protein that exposes native-like epitopes
for broad-spectrum NAD recognition.

The high viral diversity of IAV poses a challenge to
influenza vaccines. Enhancing the cross-reactivity of
the immune response is the key to develop a universal
influenza vaccine. Targeting the more conserved stalk
region is one strategy for stimulating broadly reactive
antibodies against the large diversity of HAs [51].
Stalk-directed antibodies display cross-reactivity
between subtypes, and even between IAV and type B
viruses [52-54]. To induce these stalk-directed anti-
bodies, researchers have investigated a number of vac-
cination  strategies. In spite of this, the
immunodominant head domain makes it difficult to
induce antibodies against the immuno-subdominant
stalk domain [55]. Efforts to overcome this challenge
include the development of “headless” HA constructs
[23,24,56], hyperglycosylation of the head domain
[57], and the development of chimeric [58-61] or
mosaic HAs [62] via sequential immunization with
“exotic” heads. No one, however, has ever attempted
to replace the head with proteins from other viruses.
In contrast, the S-RBD is a viable immunogen for
COVID-19 vaccine development with few side
effects. Numerous studies demonstrate that modified
RBD proteins, such as an RBD Fc dimer [63], tan-
dem-repeat dimer [37,64], HR (heptad-repeat
sequence)-induced trimer [65], and multivalent nano-
particles can produce more neutralizing antibodies,
suggesting that polymeric protein vaccines may stimu-
late immune responses more potently than mono-
meric antigens.

In this study, we developed a rationally designed
bivalent vaccine against SARS-CoV-2 and influenza
viruses using the S-RBD and HA stalk, which we
named Hl1Delta. To preserve a broad spectrum of
HA-stalk epitopes and maintain a stable trimer con-
formation, stabilizing H1 stalk mutations were based
on a previous report [23]. The H1Delta protein was
correctly folded as a trimer and could be recognized
by both the anti-influenza HA-stalk antibody
CR9114 and the anti-SARS-CoV-2 S protein antibody
CB6, according to the results of analytical ultracentri-
fugation and SPR assays. Seeing is believing, and the
cryo-EM structure of H1Delta in complex with the
CR9114 and the CB6 Fabs demonstrates that the tri-
meric protein is stable and accessible to binding by
NAbs. It was encouraging to observe that each RBD
monomer is in a relatively stable state. We speculate
that this RBD trimer design further enhances its
immunogenicity like the SARS-CoV-2 S trimer. The

RBD antibody levels produced by this vaccine and
our previous dimeric RBD vaccine are comparable
[37,64]. Antigenicity data suggest the presentation of
native-like conserved epitopes for recognition by
broadly neutralizing NAbs. Furthermore, mice immu-
nized with the vaccine had significantly lower respirat-
ory viral loads and were effectively protected against
both lethal HIN1 and heterosubtypic H5N8 influenza
viruses, as well as the SARS-CoV-2 Delta and Omi-
cron BA.2 VOCs. Notably, long-term durability of
high-level antibodies and protection were observed
for at least 180 days with only a slight decrease. The
longevity of the antibodies against RBD was as good
as, if not superior to, those produced by the multi-
valent nanoparticle vaccine [66]. However, we did
not establish a strict control to systematically compare
the immunological effect induced by the RBD mono-
mer, HA headless construct, and RBD trimer, which
might be done in the future. Whether the two immu-
nogens from two viruses have synergistic effects for
inducing immune responses also requires further
study. In addition, further studies are needed to evalu-
ate the performance of our chimeric antigen in human
populations with pre-existing immunity to SARS-
CoV-2 and IAV. Nonetheless, we believe that our chi-
meric antigen has the potential to overcome the chal-
lenges posed by pre-existing immunity through its
targeting of the highly conserved regions of both
viruses, and could be an important tool in the fight
against the COVID-19 pandemic and future influenza
or coronavirus outbreaks. More importantly, anti-
bodies of both COVID-19 and influenza declined in
a very short period and repeated vaccinations are rec-
ommended. Two recent publications of the IAV HA-
stalk alone vaccines support our HA-stalk-targeting
vaccine for pre-existing immunity population [67,68].

Here, we transduced replication-defective adeno-
viruses encoding human ACE2 into BALB/c mice
through intranasal injection and established hACE2-
transduced mice as an infection model. Despite
being a well-established mouse model, transduced
mice may show mouse-to-mouse variance in hACE2
expression and the possibility for pulmonary tissue
and bronchial inflammation associated with AdV
delivery. hACE2 knock-in mice or a hamster model
may be more suitable for SARS-CoV-2 infection. In
addition, the immunogenicity and protection efficacy
of the H1Delta chimeric vaccine were not evaluated
in a ferret or non-human primate model due to the
limited animal supply at this moment.

Our findings indicate that this design could elicit
broadly neutralizing NAbs against SARS-CoV-2
Delta and Omicron VOCs, as well as cross-protection
against group 1 IAVs such as HIN1 and H5NS8. This
rational design would thus be a feasible approach for
rapidly adapting group 2 IAVs, influenza B viruses,
and new SARS-CoV-2 variants in the future. In



conclusion, this study proposes a proof-of-concept
two-in-one vaccine strategy to fight infections brought
on by the new SARS-CoV-2 variants and influenza
viruses.
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