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ABSTRACT
Classic chimeric hemagglutinin (cHA) was designed to induce immune responses against the conserved stalk domain of
HA. However, it is unclear whether combining more than one HA head domain onto one stalk domain is immunogenic
and further induce immune responses against influenza viruses. Here, we constructed numerous novel cHAs comprising
two or three fuzed head domains from different subtypes grafted onto one stalk domain, designated as cH1-H3, cH1-H7,
cH1-H3-H7, and cH1-H7-H3. The three-dimensional structures of these novel cHAs were modelled using bioinformatics
simulations. Structural analysis showed that the intact neutralizing epitopes were exposed in cH1-H7 and were predicted
to be immunogenic. The immunogenicity of the cHAs constructs was evaluated in mice using a chimpanzee adenoviral
vector (AdC68) vaccine platform. The results demonstrated that cH1-H7 expressed by AdC68 (AdC68-cH1-H7) induced
the production of high levels of binding antibodies, neutralizing antibodies, and hemagglutinin inhibition antibodies
against homologous pandemic H1N1, drifted seasonal H1N1, and H7N9 virus. Moreover, vaccinated mice were fully
protected from a lethal challenge with the aforementioned influenza viruses. Hence, cH1-H7 cHAs with potent
immunogenicity might be a potential novel vaccine to provide protection against different subtypes of influenza virus.
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Introduction

Influenza viruses can cause acute respiratory diseases,
leading to severe pneumonia or cardiopulmonary dys-
function, which results in approximately 3–5 million
severe infections worldwide annually and 290,000–
650,000 cases of respiratory death [1]. With the severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) outbreak, the influenza virus has gained
renewed attention. Numerous studies have shown
that the risk of death doubles in patients concomitantly
infected with the SARS-CoV-2 and influenza virus [2,
3]. As SARS-CoV-2 cases have decreased, China has
experienced a significant increase in cases of influenza,
starting from early February 2023. This trend inten-
sified towards the end of February and peaked in
mid-March 2023. According to the weekly report on
influenza surveillance from the National Influenza
Center at China CDC, 5,703 outbreaks of influenza-
like illness were reported across China from week 14

in 2022 through week 14 in 2003. Vaccination is the
most economical and efficient means of controlling
influenza virus infection, while the currently available
strain-specific seasonal influenza vaccine has a
decreased effectiveness due to the antigenic drift and
shift of the virus. The effectiveness of the seasonal
influenza vaccine crucially depends on the match
between vaccine strains and the circulating influenza
virus [4]. Although annual reformulations are per-
formed based on conscientious surveillance and predic-
tion, mismatches of the seasonal influenza vaccine have
occurred occasionally in the past, such as in 1997/1998,
2003/2004, 2007/2008, 2012/2013, and 2014/2015
influenza seasons [5, 6], that resulted in dramatic
drops in vaccine effectiveness. Furthermore, the pro-
duction of commonly used trivalent inactivated split
vaccines (TIV) relies heavily on the supply of chicken
embryos and is time-consuming, making it impossible
to respond rapidly to global influenza pandemics.
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Therefore, developing a vaccine that induces a broadly
cross-protective and durable immunity capable of rapid
and large-scale production is urgently needed.

Massive efforts have been undertaken to develop a
universal influenza vaccine by eliciting strong immune
responses to highly conserved antigens, such as the
stalk domain of hemagglutinin (HA), the ectodomain
of the M2 ion channel (M2e), and the internal proteins
nucleoprotein (NP) and matrix protein (M1) [7, 8].
HA, the primary antigen of the influenza virus, is a
homotrimeric glycoprotein present on the virion sur-
face and is composed of a membrane distal globular
head domain and a proximal stalk domain [9]. The
globular head domain with abundant neutralizing epi-
topes is immunogenic but frequently undergoes anti-
genic drift, enabling virus evasion from herd
immunity [10]. Compared to the variable head domain,
the stalk domain is highly conserved, thereby being an
ideal target for a universal influenza vaccine [11]. How-
ever, owing to shadowing effects from the globular head
domain, the stalk domain is poorly immunogenic. To
address this issue and enhance immune responses
towards the stalk, a prominent immunogen design
known as chimeric HA (cHA) was first developed by
Peter Palese, which has been applied to the develop-
ment of a universal influenza vaccine against the
influenza A or influenza B virus [12–14]. Numerous
stable cHA candidates could be constructed by combin-
ing the HA stalk domain from one influenza virus sub-
type with an exotic globular head domain, which can
induce broadly stalk-reactive antibodies through
sequential vaccination regimens. However, due to the
weak immunogenicity of the stalk, adjuvant sup-
plementation is indispensable, and sequential immu-
nization schedules could be complicated.

Recombinant virus vector-based vaccines have
become an attractive alternative to classical inactivated
vaccines for delivering diverse antigens due to their
easy manipulation and rapid production. The chim-
panzee adenovirus has demonstrated superiority
over the widely used vaccine vector adenovirus sero-
type 5 (AdHu5) due to its lower seroprevalence in
humans; thus, the efficacy of a vaccine based on it is
barely crippled by the pre-existing immunity. More
recently, the efficacious vaccine ChAdOx1 nCoV-19
(AZD1222) based on the chimpanzee adenovirus
type Y25 vector (ChAdOX1) has been successfully
licensed for combating the worldwide pandemic
caused by SARS-CoV-2, which has shown potent
immunogenicity and acceptable tolerability in various
populations [15, 16]. Moreover, chimpanzee-derived
vectors have demonstrated a robust capacity to elicit
humoral and cellular responses [17–21], making it a
promising and appealing vaccine platform.

Notoriously, HA protein can naturally form stable
homotrimers with the help of stalk and the classical
cHA design has proved that the conformation of the

heterologous HA head domain in cHA would maintain
intact. Several broadly neutralizing antibodies targeting
head domains on the trimer such as the interface
between two head domains, the interface of three head
domains at the trimer apex have recently been isolated
[22–25]. Based on it, we adapted HA stalk domain as
backbone and innovatively developed a series of novel
cHAs. Different from the current classical cHA, cHAs
were constructed by combining multiple head domains
from different virus subtypes onto one stalk domain to
display the influenza HA head in its native-like trimeric
conformation and keep the conformation of the anti-
genic sites as intact as possible to stimulate immune
response against multiple subtypes of influenza virus.
Moreover, this strategy can alsominimize the total num-
ber of HA constructs and enable incorporation of other
antigenic components in the vaccine formulation. The
three-dimensional (3D) structures and neutralizing epi-
topes of these cHAs were predicted and analyzed using
structural bioinformatics and immunoinformatics
approaches. Furthermore, a chimpanzee adenoviral vec-
tor (AdC68) was utilized to express these novel cHAs,
later named as AdC68-cHAs. The immunogenicity
and protective efficacy of AdC68-cHAs were then eval-
uated in amousemodel, and the results highlighted that
AdC68-cH1-H7 elicited bothH1 andH7 specific potent
humoral immune response and protected mice from
lethal challenges with both H1 and H7. Therefore, the
innovative cHAs immunogen strategy reported in this
study efficiently displayed protective antigens of two
different head domains in one construct without loss
of immunogenicity, which is the first study to devise
suchnovelmulti-HAhead-based cHAs as immunogens.

Materials and methods

Cells and viruses

Human embryonic kidney 293 (HEK293) and Madin-
Darby canine kidney (MDCK) cells were purchased
from ATCC and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco) and 100 units/mL of penicillin and
100 g/mL of streptomycin at 37°C with 5% CO2. The
influenza virus pH1N1 (A/California/07/2009), seaso-
nal H1N1 (A/Christchurch/16/2010 NIB-74), H7N9
(A/Shanghai/4664 T/2013), and H3N2 (A/Aichi/2/
1968) were preserved in our laboratory. All influenza
viruses were titrated using a 50% tissue culture infec-
tious dose (TCID50) assay on MDCK cells and median
lethal dose 50 (LD50) assay in C57BL/6 mice.

Constructions of recombinant adenoviruses

TheHA genes of pandemic H1N1 (pH1N1) (A/Califor-
nia/07/2009), H3N2 (A/Aichi/2/1968), and H7N9 (A/
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Zhejiang/DTID-ZJU01/2013) were downloaded from
NCBI GenBank (accession number: KU933485.1,
EF614248.1, KC885956.1) and synthesized by Gen-
Script Biotech (Nanjing, China) after human codon
optimization. Accordingly, a pair of conserved cysteines
at positions 52 and 277 (H3 numbering) of HA was
recognized as a demarcation line for the head/stalk
interface of the influenza A virus [26, 27]. We then
acquired the HA head domains from the influenza A
virus pH1N1, H3N2, and H7N9 mentioned above.

To construct novel cHAs consisting of multiple
head domains atop one stalk, sequential fusions con-
taining two or three head domains were initially
assembled. The head domains from H1 and H3
with a conserved pair of cysteines were fuzed by a
flexible linker GGG (Gly–Gly–Gly) through overlap
PCR and named H1-H3. Similarly, the head domains
from H1 and H7 were also fuzed and named H1-H7.
Moreover, H1-H3 was further fuzed with the head
domain from H7 through the same method and
named H1-H3-H7; H1-H7 was fuzed with the head
domain from H3 and named H1-H7-H3. After
that, the fuzed head domains were grafted onto the
stalk domain derived from H1 via overlap PCR.
Therefore, numerous novel cHAs consisting of mul-
tiple heads atop one stalk were attained, named cH1-
H3, cH1-H7, cH1-H3-H7, and cH1-H7-H3, respect-
ively. In addition, classical cHAs (cH3 and cH7)
composed of a single head atop the H1 stalk were
also constructed along with the H1 full-length HA
to serve as controls.

To obtain recombinant adenoviruses expressing HA,
the full-length HA of H1, classical cHAs (cH3, cH7),
and novel cHAs (cH1-H3, cH1-H7, cH1-H3-H7, and
cH1-H7-H3) were firstly cloned into the pShuttle plas-
mid (Clontech, San Francisco, USA) under the CMV
promoter. Subsequently, the CMV-HA expression cas-
setteswere respectively inserted into the E1 region of the
adenoviral plasmid AdC68-empty which was generated
in our lab [28]. The recombinant adenoviral plasmids
AdC68-H1, AdC68-cH3, AdC68-cH7, AdC68-cH1-
H3, AdC68-cH1-H7, AdC68-cH1-H3-H7, and
AdC68-cH1-H7-H3 were then linearized with PacI
and transfected into HEK293 cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). When the
recombinant adenoviruses were rescued, they were
amplified in HEK293 cells and purified through CsCl
density gradient ultracentrifugation.

Western blot

HEK293 cells were seeded in 6-well plates (1 × 106

cells/well). After 24 h, the cells were infected with
different adenoviruses (AdC68-empty, AdC68-H1
AdC68-cH3, AdC68-cH7, AdC68-cH1-H3, AdC68-
cH1-H7, AdC68-cH1-H3-H7, or AdC68-cH1-H7-
H3) at a dose of 5 × 109 vp per well. After 24 h

post infection (hpi), all cells were harvested and
washed twice with PBS and then incubated with
RIPA lysis buffer containing proteinase inhibitors
(Beyotime Biotechnology, Shanghai, China) on ice
for 20 min. After centrifugation, the supernatant
was harvested for Western blot analysis under redu-
cing and non-reducing conditions. After sodium
dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE), the proteins were transferred
onto a PVDF membrane. The expression of cHAs
was detected using antibodies against influenza
pH1N1 (Sino Biological, Beijing, China, 11085-
T54), H3N2 (Sino Biological, 11707-T38), or H7N9
(Sino Biological, 40104-RP02).

Structural modelling

The 3D structure of the cHAs was constructed via
structure modelling, including monomer structure
modelling and trimer structure construction. The
monomer structures of cHAs were modelled using
the online tools of Robetta, including the algorithms
of RoseTTAFold [29]. Rosetta Comparative Model-
ling (CM) [30], and Ab Initio Modelling (AB) [31].
Among them, the parameters of CM were defined
as models = 10, register shifts = 4, and fragments =
0.5, while the parameters of the other algorithms
used the default settings for prediction. After predic-
tion, the Robetta server provided the top five model-
ling structures and their corresponding confidence
scores.

The trimer structures were constructed based on
the corresponding monomer structures. Considering
that all the cHAs shared the same stalk sequences of
H1, the trimer structure of influenza A virus H1N1
(A/Netherlands/002P1/1951) derived from the PDB
database (PDB ID: 6N41) [32] was selected as the tem-
plate for model construction. The process of trimer
structure simulation involved the transformation of
residue coordinates. Specifically, the atomic coordi-
nates of the stalk region of the monomer structure
obtained from monomer structure modelling will be
super-positioned with the atomic coordinates of the
individual chain from the template trimer. Then, the
residue coordinates of the other regions from the
monomer structure will be transformed according to
the same pattern. Here, we used the console mode of
Pymol to achieve the above goal with the following
steps.

Structure alignment

Three chains of the trimer structure were labelled in
Pymol version 2.0 as chain A, chain B, and chain
C. Then, the HA monomer was opened to align with
chain A with the parameters extra_fit 1-3-
7_MODEL_2, Chain A, method = align, cycles = 5,
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cutoff = 2.0, mobile_state =−1, and target_state =−1.
The RMSD score was then calculated for rational
analysis in equation (1) as follows:

RMSD =
�������������������∑N

i=0 [(Xi − Yi)
2]

N

√
(1)

where N is the number of considered atoms, Xi is the
coordinate vector for the target atom i, and Yi is the
coordinate vector for the reference atom i. Here, we
used the cutoff of RMSD < 0.5 Å and saved the object
as new object 1 (new-obj1).

The above process was repeated for chain B and
chain C from the same trimer structure to complete
the construction of the new objects new-obj2 and
new-obj3. After setting new-obj1 as the benchmark
protein domain of the trimer structure, the other
domains that completed the coordinate conversion
can then be added to new-obj1 to generate a new
trimer structure. The new trimer structure can be
saved in the PSE file format for subsequent energy
optimization. Finally, the energy-optimized structure
can be saved as a new PDB structure for the cHA
trimer.

Structure evaluation

To evaluate the rationality of the generated trimer
structure model, the Ramachandran plot (RP) was
introduced as the reference. The principle of the
RP is based on the minimum contact distance
between unbound atoms in a protein to determine
whether the conformations of two adjacent peptide
units defined by the pair-wise dihedral angles (Φ
and Ψ) are allowed. Then, the RP is drawn by taking
Φ as the horizontal coordinate and Ψ as the vertical
coordinate. Here, the RP was generated using
PDBsum [33]. From the coordinate plot, the protein
structure can be divided into four regions: the most
favoured regions (ABL), additional allowed regions
(ablp), generously allowed regions (∼a,∼b,∼l,∼p),
and disallowed regions (disallowed). When the total
number of residues in the most favoured regions
and other allowed regions reaches more than 90%,
it indicates that the whole protein structure is a
reasonable structure; otherwise, it is an unreasonable
structure.

Epitope extraction

The epitope structures of HA from H1, H3 and H7
were extracted from the crystallized HA-antibody
complex structures from Protein Data Bank [32],
including the PDB ID of 4GXU, 4HKX, 5UGY, and
6ML8 for H1, 1KEN, 1QFU, 4FP8, 4GMS, 5UMU,
and 4O58 for H3, 5VAG and 6II4 for H7, respectively.
For each HA-antibody complex, epitope residues were

defined by the distance of the closest atom to antibody
residues according to equation (2) as follows:

agri [ EpR, if ∃ Aj

[ agri & Dmin(agriAj, AbRA) ≤ 4 A
◦

(2)

where EpR represents the set of epitope residues if atom
Aj is in antigen residue agri, meeting the condition that
if the minimum distance between agriAj and any atom
from a corresponding antibody (AbRA) is less than 4 Å,
then agri belongs to EpR. Finally, the epitope residues
were mapped on the 3D structure of HA. For better
illustration, nearby or highly overlapped epitopes
were merged together, and three epitope regions were
derived for H1, H3 and H7, respectively.

Calculation of SASA values

The SASA values were calculated using Naccess V2.1.1
[34]. Residues with a SASA value of more than 1 Å2

can be considered surface residues. The SASA of
each residue on the epitope regions can be calculated
within the model of the trimer structures. The SASA
of each epitope for different HAs was also calculated
based on the original structures of H1 (PDB ID:
5XHV), H3 (PDB ID: 3VUN), and H7 (PDB ID:
4KOL) as benchmarks.

Animal experiments

All experiments were performed in accordance with
the Animal Care and Use Committee of the Biosafety
Committee of the Institut Pasteur of Shanghai
(approval number: A2019038). Female C57BL/6
mice aged 6–8 weeks were bought from Vital River
Laboratory (Beijing, China) and housed in the Biologi-
cal Safety Level 2 laboratory of the Institut Pasteur of
Shanghai. Experiments related to H7N9 were con-
ducted in a biosafety level 3 laboratory following the
standard operating protocols approved by the Insti-
tutional Biosafety Committee of the Shanghai Public
Health Clinical Center, Fudan University.

The mice were divided into seven groups and
immunized intramuscularly with different adeno-
viruses, including AdC68-empty, AdC68-H1,
AdC68-cH7, and AdC68-cH1-H7 at a dose of 5 ×
1010 vp (in 100 μL PBS) per mouse. At weeks 2, 4,
and 6 post-vaccination, the mice were bled, and
their sera were preserved at −80 °C until further ana-
lyses. Six weeks post-immunization, the mice were
anesthetized intraperitoneally with 0.5% pentobarbital
sodium (75 mg/kg) and then challenged intranasally
with 10 LD50 of different subtypes of influenza A
virus (30 μL per mouse), including pH1N1 (A/Califor-
nia/07/2009), seasonal H1N1 (A/Christchurch/16/
2010 NIB-74) or H7N9 (A/Shanghai/4664 T/2013).
The body weight and survival of the mice were
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monitored for 14 days post-challenge. Additionally,
the mice were euthanized and defined dead when
they lost more than 30% of their initial body weight.

Enzyme-linked immunosorbent assay (ELISA)

Briefly, 96-well plates (Corning, NY, USA) were coated
with inactivated influenza virus pH1N1, seasonal
H1N1, H7N9, or H3N2 HA protein (Sino Biological,
11707-V08B) at 4°C overnight. The plates were washed
five times with PBS containing 0.5% Tween-20 (PBST)
and then blocked with 5% skim milk (200 μL/well) for
2 h at 37°C. The inactivated mouse sera collected at
week 4 were diluted in 1% skim milk (1:400) and added
to each well. After incubation for 2 h at 37°C, the plates
were washed with PBST and then incubated with HRP-
conjugated goat anti-mouse IgG Fc (1:10000, 100 μL/
well) for 1 h at 37°C. The substrate TMB (New Cell &
Molecular Biotech Co., Ltd, Suzhou, China) was then
added to each well and the reaction was stopped with 2
M sulfuric acid (H2SO4) solution (50 μL/well). The opti-
cal density was then read at 450 nm using a microtiter
plate reader (Thermo Scientific, Waltham, MA).

HAI assay

The mouse sera collected at weeks 2, 4, and 6 post-
immunization were mixed with receptor-destroying
enzyme (RDE) from Vibrio cholerae (Denka Seiken)
at 37°C overnight, and then heat-treated for 30 min
at 56°C. After that, the sera were 2-fold serially diluted
in PBS and incubated with 4 HA units of pH1N1, sea-
sonal H1N1, H3N2, or H7N9 in equal volumes (25 μL)
for 1 h at room temperature. Later, the mixture of
serum and viruses (50 μL) was added to 96-well V-bot-
tom plates, and 50 μL of 0.5% chicken red blood cells
(RBCs) were added to each well. After 15 min of incu-
bation at room temperature, the HAI titre was deter-
mined as the reciprocal of the highest dilution of
serum that completely blocked RBC agglutination.

Microneutralization assay

MDCK cells were seeded in 96-well plates (1 × 104

cells/well) and cultured overnight. The inactivated
mouse serum collected at weeks 2, 4, and 6 post-
immunization were 2-fold serially diluted in a virus
growth medium, comprising DMEM supplemented
with 1% BSA, 100 U/mL of penicillin, 100 g/mL of
streptomycin, and 2 μg/mL L-1-tosylamide-2-pheny-
lethyl chloromethyl ketone (TPCK)-treated trypsin.
The diluted serum was incubated with an equal
volume of 100 TCID50 of pH1N1, seasonal H1N1,
H3N2, or H7N9 for 1 h at room temperature. The
mixture of serum and viruses was then added to the
MDCK cells, which were washed twice before the mix-
ture was added. After 48 h of incubation at 37°C, 50 μL

of the culture supernatant was added to each well of a
96-well V-bottom plate, and then 50 μL of 0.5% RBC
was added to each well. After 15 min of incubation at
room temperature, the neutralizing (NT) titre was
determined as the reciprocal of the highest dilution
of serum that completely blocked RBC agglutination.

Quantification of viral load in the lungs

The mice were euthanized on day 5 post-pH1N1 chal-
lenge. The lung tissues were collected, weighed, and
then homogenized in 1 mL TRIzol reagent (Invitro-
gen, CA, USA). Total RNA was extracted and
reverse-transcribed to cDNA using a One-Step RT–
PCR Kit according to the manufacturer’s protocol
(Roche, Basel, Switzerland). After that, quantitative
real-time PCR was conducted to determine the viral
loads using specific primers of the M gene (Forward:
5′-AAGACCAATCCTGTCACCTCTGA-3′; Reverse:
5′-CAAAGCGTCTACGCTGCAGTCC-3′). The viral
copies were expressed as the M gene copy number
per 10 milligrams of the lung, which were calculated
using a standard curve generated from a series of
diluted pHW2000-M plasmids.

Histology

To examine the pathological changes in the lungs,
lung tissues were first fixed in 4% formaldehyde.
After 24 h of incubation at 4°C, the tissues were sent
to a company for hematoxylin and eosin (H&E) stain-
ing, and the pathological damage was scored accord-
ing to the following principles, as previously
described [35]: 1, no observable pathology; 2, perivas-
cular infiltrates; 3, perivascular and interstitial infil-
trates affecting <20% of the lobe section; 4,
perivascular and interstitial infiltrates affecting 20–
50% of the lobe section; 5, perivascular and interstitial
infiltrates affecting >50% of the lobe section. Five fields
of each sample were randomly selected for score
evaluation according to the principles above.

Statistical analysis

All statistical analyses were performed using Graph-
Pad Prism software version 9.0. Significance was
determined using one-way analysis of variance
(ANOVA). Data are represented as the mean ± stan-
dard deviation (SD), wherein *, P < 0.05; **, P < 0.01;
***, P < 0.001; and ns, no significance.

Results

Construction and expression of novel cHAs

To construct novel cHAs, a conserved stalk domain
derived from pandemic H1N1 (pH1N1) was used
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as a scaffold. Initially, cHAs with two head domains
on the top of the stalk were created by linking the
head domain from pH1N1 with that of H3N2 or
H7N9 using a flexible glycine linker (GGG). These
fuzed head domains were then incorporated into
the stalk of pH1N1 to generate cH1-H3 or cH1-
H7. After that, three-headed cHAs (cH1-H3-H7
and cH1-H7-H3) were constructed by fuzing the
H7 or H3 head domain with cH1-H3 or cH1-H7
in tandem, also through the GGG linker. A sche-
matic was illustrated in Figure 1A. To produce ade-
noviral vector-based vaccines, the cHAs cH1-H3,
cH1-H7, cH1-H3-H7, and cH1-H7-H3 were sub-
cloned into a replication-deficient chimpanzee ade-
noviral vector (AdC68) to yield AdC68-cH1-H3,
AdC68-cH1-H7, AdC68-cH1-H3-H7, and AdC68-
cH1-H7-H3, respectively. In addition, control vectors
were also constructed by subcloning the full-length
HA of pH1N1 (H1) or the classical cHA expressing
the pH1N1 stalk combined with the H3 or H7
head domain (cH3 or cH7, respectively) into
AdC68, which were named AdC68-H1, AdC68-
cH3, and AdC68-cH7, respectively.

To verify the expression of cHAs, HEK293 cells
were infected with the above recombinant chimpanzee
adenoviruses, including AdC68-H1, AdC68-cH3,

AdC68-cH7, AdC68-cH1-H3, AdC68-cH1-H7,
AdC68-cH1-H3-H7, and AdC68-cH1-H7-H3, as well
as the negative control virus AdC68-empty at a dose
of 5 × 109 virus particle (vp). After 24 h post infection
(hpi), the cells were collected to performWestern blot-
ting under reducing and non-reducing conditions. As
depicted in Figure 1B, cHAs bands were detected in
AdC68-cH1-H3-infected cells in both monomer and
trimer forms when probed with anti-H1 or anti-H3
polyclonal antibodies, demonstrating that some epi-
topes of H1 and H3 can be concurrently expressed.
Similarly, AdC68-cH1-H7 and AdC68-cH1-H7-H3
samples also showed cHAs bands when probed with
the corresponding polyclonal antibodies. However,
no cHAs bands were detected in the AdC68-cH1-
H3-H7 sample; hence, we speculated that the order
of the head domains might affect the conformation
of the cHAs. Notably, the molecular weight of the
cHAs in AdC68-cH1-H3, AdC68-cH1-H7, and
AdC68-cH1-H7-H3 increased with an increasing
number of head domains (in either monomer or tri-
mer form) compared to AdC68-H1, AdC68-cH3, or
AdC68-cH7. Overall, these results revealed that
cHAs from AdC68-cH1-H3, AdC68-cH1-H7, and
AdC68-cH1-H7-H3 were successfully expressed in
vitro.

Figure 1. Construction, expression, and structural modelling of novel cHAs. (A) Schematic diagram of cHAs construction. The
head domain from pH1N1 was linked with the head domains from H3N2 and H7N9 using the flexible linker Gly-Gly-Gly (GGG). The
fuzed two or three head domains were then incorporated into the pH1N1 stalk and designated as cH1-H3, cH1-H7, cH1-H3-H7, or
cH1-H7-H3. The full-length HA of pH1N1 and classical cHA, including cH3 and cH7, were also constructed as controls. The H1 stalk,
H1 head, H3 head, and H7 head were marked in gray, red, green, and blue, respectively. (B) HEK293 cells were infected with the
indicated adenoviruses. After 24 hpi, the cells were collected to detect the expression of cHAs via Western blotting using HA-
specific anti-pH1N1, anti-H3N2, and anti-H7N9 polyclonal antibodies. (C) Monomer structures of cH1-H3 and cH1-H7. (D) Mono-
mer structures of cH1-H3-H7 and cH1-H7-H3. (E) Trimer structures of cH1-H3 and cH1-H7 were shown in the vertical view and
front view. (F) Trimer structures of cH1-H3-H7 and cH1-H7-H3 were shown in the vertical view and front view. The stalk, H1
head, H3 head, and H7 head were marked in gray, red, green, and blue, respectively.
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Structural simulation and analysis of the
expressed cHAs

To further investigate the conformation of the
expressed cHAs, we simulated the structures of
cHAs using the Robetta server [29–31]. The monomer
structures of cH1-H3, cH1-H7, cH1-H3-H7, and cH1-
H7-H3 were shown in Figure 1C and D; and the trimer
structures of these cHAs were shown in Figure 1E and
F. After structural modelling, Ramachandran plots
(RP) were built to evaluate the rationality of each
modelled structure. Most of the residues in the mod-
elled structures were found to locate in reasonable
regions, as the most favoured regions (ABL) and
additional allowed regions (ablp) could cover over
95.9% of the spaces in the RP (Supplement Table 1).
Furthermore, structural simulation results showed
that the stalk regions of all monomers could success-
fully form the secondary structures α-helices and β-
sheets. The root-mean-square deviations (RMSDs)
between the four monomer structures and the real
PDB structure of the H1 stalk (template ID: 5K9O)
ranged from 1.271–2.08 Å (Table 1), indicating that
the stalk region could maintain almost the same con-
formational structure as the wild-type H1 HA stalk.
Meanwhile, the results in this study showed that the
H1 head domain in all four monomers could maintain
structural integrity, and the RMSDs between the four
monomer structures and the original H1 structure
(PDB ID: 5XHV) ranged from 1.132 Å to 2.112 Å,
which suggested that the H1 structure could maintain
its complete spatial conformation as the backbone of
the novel cHAs structure.

The cHAs of cH1-H3 and cH1-H7 were then ana-
lyzed for their structural similarity with the wild-
type HA structure. Our results indicated that cH1-
H7 possessed a structure very similar to the wild-
type HA structure. The RMSD between the H7 head
of cH1-H7 and the original H7 PDB structure (PDB
ID: 4KOL) was only 2.707 Å, suggesting that its struc-
tural integrity was maintained, which may contribute
to its good immunogenicity in vivo. In contrast,
although the structural integrity of the H1 head in
cH1-H3 was high (RMSD = 1.132 Å), the relatively
high RMSD between the H3 head of cH1-H3 and
the original H3 PDB structure (PDB ID: 3VUN;
RMSD = 5.209 Å) demonstrated that the structural
integrity of the H3 head in cH1-H3 was decreased,
which could potentially reduce the immunogenicity
of cH1-H3.

For the cHAs with three heads on one stalk (cH1-
H3-H7 and cH1-H7-H3), significant damage was
observed in the monomer and trimer structures, no
matter the order of the HA head domain (Figure 1D,
F). Specifically, the modelling results indicated that
embedding three heads onto one stalk resulted in highly
unstable structures, as evidenced by the large RMSDs
between the simulated structures and the original
PDB structures (22 and 29 Å for the H3 head and H7
head, respectively). Although the structure of the H1
and H3 heads in cH1-H7-H3 remained intact and
shared a highly similar shape with the original PDB
structure, the floating loop completely damaged their
epitope presentations. Based on these findings, it was
suggested that cHAs with three head domains atop
one stalk might not be able to present the complete epi-
topes and stimulate immune responses in vivo.

Epitope mapping

Next, we analyzed the epitope exposure of the novel
cHAs. Considering that the epitope region displayed
on the monomer may be obscured in the trimer struc-
ture, we performed epitope mapping analysis based on
the cHA trimeric structures (Figure 2). Using the crys-
tallized HA-antibody complex structures from PDB,
we extracted the epitopes from different structural iso-
forms and mapped them onto the templates of H1
(Figure 2A), H3 (Figure 2B), and H7 (Figure 2C)
based on their spatial proximity. Since the cH1-H3-
H7 and cH1-H7-H3 structures were incomplete or
fragmented, epitope mapping analysis was only per-
formed for cH1-H3 (Figure 2D) and cH1-H7 (Figure
2E). For each HA, three crystalized epitope regions
were derived from the HA-antibody complexes and
marked as H1-e1, H1-e2, H1-e3, H7-e1, H7-e2, H7-
e3, H3-e1, H3-e2, and H3-e3. Compared with the clas-
sical epitope sites of H1, H1-e1 was a broadly protec-
tive epitope of antibody C179 [36]; H1-e2 contained
the classical Ca2 epitope for H1 and H1-e3 contained
the classical Sa/Sb epitope for H1 [37, 38]. Similarly,
H3-e1 contained the classical H3 epitopes C and E;
H3-e2 contained the classical H3 epitope A and H3-
e3 contained the classical H3 epitopes B and D [39].

In the epitope mapping analysis of cH1-H3, it was
observed that the epitopes H1-e2 and H1-e3 showed
similar or greater exposure compared to the original
H1 template, which led to the H3 head in cH1-H3
forming a different structural pattern from the H3
template, as evidenced by its RMSD being greater
than 5 Å. For example, the H3-e1 epitope can be
fully exposed in the original H3 trimer (solvent-acces-
sible surface area [SASA] = 56.76 Å2); however, it was
covered in cH1-H3, with an 86% lower SASA of 7.97
Å2. Meanwhile, H3-e2 and H3-e3 in cH1-H3 were
both divided into two regions, failing to form com-
plete epitope structures. For example, the amino acid

Table 1. RMSD between modelled structures and
corresponding original PDB structures.
Structure domain cH1-H3 cH1-H7 cH1-H3-H7 cH1-H7-H3

stalk 1,271 Å2 1.574 Å2 2.08 Å2 1.497 Å2

H1 1.132 Å2 1.243 Å2 1.643 Å2 2.112 Å2

H3 5.209 Å2 — 22.098 Å2 0.815 Å2

H7 — 2.707 Å2 22.36 Å2 29.54 Å2
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96Y in the H3 trimer (labelled as 342Y in cH1-H3) can
form a continuous spatial patch in H3-e2, while it
remains an individual site in cH1-H3. Additionally,
the H3 structure of cH1-H3 was found to block the
H1 head from forming the “up” conformation,
which resulted in a portion of the H1-e1 epitope
being covered by the H3 structure, leading to the
incomplete exposure of the H1-e1 epitope (Table 2).
The incomplete exposure of H1-e1 and the disrupted
H3 domain in cH1-H3 indicated that cH1-H3 might
not exhibit diverse epitopes efficiently, potentially
affecting its immunogenicity.

In contrast, in the epitope mapping analysis of cH1-
H7, structural visualization illustrated that H1-e1,

H1-e2, H1-e3, H7-e1, H7-e2, and H7-e3 retained their
complete epitope structures. Moreover, the H1-e1, H1-
e2, and H1-e3 epitopes shared similar surface exposure
patterns,with errorsof less than8%(forH1-e3).Theepi-
topes H7-e1 and H7-e3 also shared similar surface
exposure levels, with errors less than 7% (for H7-e3),
while for H7-e2, the exposure level even increased by
15%, indicating enhanced exposure (Table 2). These epi-
tope-mapping results demonstrated that both the H1
and H7 head domains in cH1-H7 formed complete
structures and retained similar or increased epitope
exposure than the original HA trimer.

Among the novel cHAs, the epitope-mapping
analysis suggested that cH1-H7 could be a potent

Figure 2. Epitope mapping on cH1-H3 and cH1-H7. (A) Trimer structure for H1. The H1 head is marked in red, while the epi-
topes H1-e1, H1-e2, and H1-e3 are marked in yellow, magenta, and cyan, respectively. (B) Trimer structure for H3. The H3 head is
marked in green, while the epitopes H3-e1, H3-e2, and H3-e3 are marked in orange, light blue, and limon, respectively. (C) Trimer
structure for H7. The H7 head is marked in dark blue, while the epitopes H7-e1, H7-e2, and H7-e3 are marked in pink, ruby, and
white, respectively. (D) Trimer structure of cH1-H3, with three versions of the vertical view, plan view (H1 version), and plan view
with 90 degrees turning (H3 version). (E) Trimer structure for cH1-H7, with three versions of the vertical view, plan view (H1 ver-
sion), and plan view with 90 degrees turning (H7 version). (F) Trimer structure for cH1-H7, with three versions of the vertical view,
plan view (H1 version), and plan view with 90 degrees turning (H7 version).

Table 2. SASA of different epitopes on the trimer structure of original H1, original H3, original H7, cH1-H3 and cH1-H7.
Epitope Color H1 H3 H7 cH1-H3 cH1-H7

H1-e1 Yellow 25.021 Å2 – – 10.854 Å2 25.015 Å2

H1-e2 Magenta 43.761 Å2 – – 47.546 Å2 45.541 Å2

H1-e3 Cyan 60.373 Å2 – – 69.173 Å2 65.247 Å2

H3-e1 Orange – 56.76 Å2 – 56.76 Å2 –
H3-e2 Light Blue – 53.19 Å2 – 53.19 Å2 –
H3-e3 Limon – 57.76 Å2 – 57.76 Å2 –
H7-e1 Pink – – 37.41 Å2 – 37.36 Å2

H7-e2 Ruby – – 69.7 Å2 – 80.45 Å2

H7-e3 White – – 44.5 Å2 – 47.45 Å2
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immunogen with the potential to induce effective
immune responses in vivo, while cH1-H3 was not an
ideal immunogen due to the disrupted structure of
its epitopes.

Immunogenicity of AdC68-cHAs in mice

To evaluate the immunogenicity of AdC68-cHAs in
vivo, C57BL/6 mice were immunized intramuscularly
with AdC68-cH1-H3, AdC68-cH1-H7, or AdC68-
cH1-H7-H3. Mice vaccinated with AdC68-empty,
AdC68-H1, AdC68-cH3, or AdC68-cH7 were served
as controls. As shown in Figure 3A, four weeks after
immunization, ELISA was performed in the sera to
determine the presence of binding antibodies against
a panel of influenza viruses, including pH1N1, drifted
seasonal H1N1, H3N2, and H7N9. Notably, similarly
to the positive control group AdC68-H1, AdC68-
cH1-H7 elicited specific binding antibody responses
against pH1N1 and seasonal H1N1 (Figure 3B,C).
Furthermore, AdC68-cH1-H7 also triggered binding

antibody responses against H7N9, of which the level
was comparable to that of AdC68-cH7 (Figure 3D).
The specific binding antibody response against
H3N2 was only detected in AdC68-cH3 (Figure 3E),
suggesting no cross-reaction was induced by any of
two or three-headed cHAs. Distinct from AdC68-
cH1-H7, AdC68-cH1-H3 or AdC68-cH1-H7-H3
failed to elicit antibody responses to any strains of
the tested influenza viruses, possibly resulting from
deficient structures or insufficient epitope exposure
from the structural models shown in Figures 1 and 2.

Mice received a single vaccination of recombinant
adenovirus with blood sampling fortnightly
(Figure 4A). The neutralizing (NT) antibody responses
were further analyzed (Figure 4B-E). AdC68-cH1-H7
group exhibited detectable NT antibody responses

Figure 3. Binding antibody responses of mice immunized
with AdC68-cHAs after 4 weeks. (A) Mice received a single
vaccination of recombinant adenovirus. At 4 weeks post-
immunization, the mice were bled to determine the binding
antibody response against different influenza virus subtypes,
including (B) pH1N1, (C) seasonal H1N1, (D) H7N9, and (E)
H3N2 through ELISA. Data are shown as the mean ± SD. Stat-
istical significance was determined using one-way ANOVA. ns,
no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 4. Neutralizing antibody and hemagglutination
inhibition antibody responses of mice immunized with
AdC68-cHAs. (A) The mice were intramuscularly vaccinated
with the indicated adenoviruses. At 2, 4, and 6 weeks post-
immunization, the mice were bled, and the levels of neutraliz-
ing (NT) antibodies and hemagglutination inhibition (HAI)
antibodies in the serum against different subtypes of influenza
virus were determined. (B-E) NT titres in the serum against
pH1N1 (B), seasonal H1N1 (C), H7N9 (D), and H3N2 (E); hori-
zontal dashed line represents limit of detection. (F-I) HAI titres
in the serum against pH1N1 (F), seasonal H1N1 (G), H7N9 (H),
and H3N2 (I); horizontal dashed line represents HAI titres
equal to 40. Data are shown as the mean ± SD. Statistical sig-
nificance was determined using one-way ANOVA. ns, no sig-
nificance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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against pH1N1, seasonal H1N1, and H7N9 at 2 weeks
post-vaccination. At 6 weeks, the AdC68-cH1-H7
group showed even higher levels of NT antibodies,
with geometric mean titres of 1408 (Figure 4B), 1664
(Figure 4C), and 768 (Figure 4D) against pH1N1, sea-
sonal H1N1, and H7N9, respectively, which were
equivalent to those induced by AdC68-H1 or AdC68-
cH7. Consistent with the binding antibody responses,
only AdC68-cH3 elicited a specific NT antibody
response against H3N2 (Figure 4E). AdC68-cH1-H3
and AdC68-cH1-H7-H3 did not induce NT antibody
responses against any strains of the tested influenza
viruses, similar to the negative control, AdC68-empty.

The HAI antibody has been recognized to correlate
with protection against influenza virus infection, of
which titres over 40 could confer a 50% protective
effect [40–43]. A similar tendency was observed in
the HAI antibody responses as in the NT antibody
responses (Figure 4F-I). Following AdC68-cH1-H7
vaccination, robust HAI antibody responses were con-
currently induced against pH1N1, seasonal H1N1, and
H7N9 with geometric mean titres of 448 (Figure 4F),
176 (Figure 4G), and 192 (Figure 4H) at 6 weeks,
respectively. Importantly, the HAI antibody titres in
mice in the AdC68-cH1-H7 group all greatly exceeded
40 at 6 weeks, suggesting that potent and comprehen-
sive HAI responses were successfully elicited post-vac-
cination. In contrast, AdC68-cH1-H3 and AdC68-
cH1-H7-H3 failed to induce HAI antibody responses
to the tested influenza virus strains.

Overall, in line with the structural modelling and
epitope mapping analysis of the cHAs, AdC68-cH1-
H7 was highly immunogenic in mice, which elicited
binding, NT, and HAI antibody responses against
multiple strains of influenza virus, including pH1N1,
drifted seasonal H1N1, and H7N9.

Protection against challenges with multiple
strains of influenza virus

As AdC68-cH1-H7 demonstrated robust immuno-
genicity, the authenticity of its protective effectiveness
was further evaluated. Mice were intramuscularly
immunized with the AdC68-empty, AdC68-H1,
AdC68-cH7, or AdC68-cH1-H7 and challenged with
10 LD50 of influenza A virus (Figure 5A), including
pH1N1 (A/California/07/2009), seasonal H1N1 (A/
Christchurch/16/2010 NIB-74), and H7N9 (A/Shang-
hai/4664 T/2013) at 6 weeks post-vaccination. The
body weight and survival of the mice were monitored
daily for 14 days following the lethal infection. The
results demonstrated that AdC68-cH1-H7 provided
100% protection as AdC68-H1 against lethal chal-
lenges of pH1N1 and seasonal H1N1 with minimal
to no weight loss observed (Figure 5B-E). In contrast,
all mice in the AdC68-cH7 and negative control
groups (AdC68-empty) exhibited severe weight loss

and succumbed to infection within 10 days. Following
H7N9 infection, no weight loss was observed in the
AdC68-cH1-H7-vaccinated and AdC68-cH7-vacci-
nated groups, and all mice survived, indicating that
AdC68-cH1-H7 also conferred 100% protection
against lethal challenge of H7N9 virus (Figure 5F,G).

Analysis of pulmonary pathology and viral load
post-pH1N1 challenge

To further investigate the pathological changes in the
lungs, mice were challenged with 10 LD50 of pH1N1
and euthanized on day 5 post infection (dpi)
(Figure 6A). Afterward, the lung tissues were collected
for pathological evaluation and detection of viral loads.
Mice that were vaccinated with AdC68-H1 or AdC68-
cH1-H7 showed milder lung lesions, characterized by
intact pulmonary alveoli, and reduced infiltration of
inflammatory cells, which resulted in significantly
lower pathological scores when compared to the
AdC68-cH7-treated or negative control groups (Figure
6B,C). These observations were mainly attributed to
the high levels of serological NT and HAI antibodies

Figure 5. Protection efficacy elicited by AdC68-cH1-H7
against lethal challenges of multiple subtypes of
influenza virus in vivo. (A) The mice were intranasally chal-
lenged with 10 LD50 of multiple subtypes of influenza virus
at 6 weeks post-immunization. The body weight change and
survival were recorded for 14 days after pH1N1 (B, C), seasonal
H1N1 (D, E), and H7N9 (F, G) challenge. Body weight was pre-
sented as the mean ± SD.
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against pH1N1 in thesemice. In contrast, all lungs from
mice vaccinated with the AdC68-cH7 or AdC68-empty
exhibited severe interstitial pneumonia, pulmonary
alveolitis, and diffuse inflammatory cell infiltration,
resulting in higher pathological scores. Moreover, the
viral copies in the lungs of mice of the AdC68-cH1-
H7 or AdC68-H1 groups decreased∼10,000-fold com-
pared to those treated with the AdC68-empty or
AdC68-cH7. These results demonstrate that AdC68-
cH1-H7 could significantly reduce the viral infection
and thus efficiently protect mice from lethal pH1N1
challenge as AdC68-H1 (Figure 6D).

Discussion

The HA has been the primary target of influenza virus
vaccines owing to its ability to induce efficient protec-
tion via virus neutralization, hemagglutination inhi-
bition, and Fc effector functions [44–47]. To further
broaden the protective efficacy of HA in this study,
we proposed a new design for HA called cHAs and
delivered various cHAs through a chimpanzee adeno-
viral vector. Here, the results showed that one of the
novel cHAs, cH1-H7, demonstrated excellent immu-
nogenicity in mice. Specifically, a single vaccination

with AdC68-cH1-H7 induced robust humoral
responses and conferred complete protection against
homologous pH1N1, drifted seasonal H1N1, and
H7N9. Furthermore, reduced viral loads and relatively
milder pathological damage were observed in the lungs
of the AdC68-cH1-H7 group post-pH1N1 challenge
compared to those treatedwith other recombinant ade-
noviruses. The success of the cH1-H7 immunogen soli-
difies the rationale that combining multiple individual
HA head domains to form cHAs could ultimately
enhance the breadth of immune responses.

The strategies to fuze H1 and H7 head domains as
chimera may maximize and shape cross-reactive anti-
body responses against target epitopes. Kanekiyo et al.
[48] found that co-displaying eight different HA head
domains from diverse H1 strains on a single nanopar-
ticle (NP) was able to elicit broader antibody responses
compared to those induced by a “cocktail” immuno-
gen containing equimolar amounts of individual
HA-displaying nanoparticles. Moreover, a mono-
clonal antibody induced by this heterotypic mosaic
NP was identified to broadly neutralize H1N1 viruses
spanning over 90 years. Consistently, a recent study by
Kang et al. [49] also reported that a mosaic NP pre-
senting spike antigens from SARS-CoV-2 prototype

Figure 6. Lung pathological changes and viral load of mice challenged with pH1N1. (A) The mice were intranasally chal-
lenged with 10 LD50 of pH1N1 at 6 weeks post-immunization. On day 5 post infection (DPI), all mice were sacrificed, and the lungs
were collected, which were used for (B) H&E staining, (C) pathology score evaluation, and (D) viral copies detection. Data were
shown as the mean ± SD. Statistical significance was determined using one-way ANOVA. ns, no significance; *, P < 0.05; **, P <
0.01; ***, P < 0.001.
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and three major variants (including Alpha, Beta, and
Gamma variants) demonstrated a slight but stable pre-
ponderance over the cocktail NP in antibody
responses against multiple SARS-CoV-2 variants.
The mechanisms of the aforementioned results were
proposed that the heterotypic mosaic antigen array
was able to selectively activate cross-reactive B cells
by offering a higher affinity advantage when the anti-
gen-binding regions of the B cell receptor can recog-
nize multiple antigen specificities, while a simple
admixture of heterotypic immunogens failed to
achieve such effect on account of separate distribution
and presentation of antigens. Thus, we reasoned that
the epitopes of H1 and H7 presented simultaneously
as a chimera may make the antigenic sites accessible
to B cells and create an opportunity for cross-reactive
antibody responses between diverse antigens, which
was thus superior to those mixed simply or expressed
separately in eliciting cross-reactive B cell response.
However, this hypothesis will require further investi-
gation in our next study.

Unfortunately, despite the detection of the cH1-H3
and cH1-H7-H3 cHAs in vitro, AdC68-cH1-H3 or
AdC68-cH1-H7-H3 failed to induce NT or HAI anti-
body responses to any strains of tested influenza virus.
The poor immunogenicity of these cHAs in vivo may
be due to the interactions of their head domains, which
affected the conformation of cHAs and limited the
exposure of key antigenic sites to the immune system.
Nevertheless, bioinformatic structure analysis indicated
that cH1-H7 retained the immunogenicity of H1 and
H7 concurrently. The in vivo results further confirmed
that, compared to vaccination with AdC68 encoding a
single HA antigen (AdC68-H1 or AdC68-cH7 control),
no substantial differences in the magnitude of humoral
immune responses against H1 or H7 were detected in
mice administrated with AdC68-cH1-H7. Thus, the
rational optimization for cHAs remains to be conducted.

Immunity against adenoviral vectors is a concern,
particularly when repeated vaccination of the same
vector is applied. In a study by Sayedahmed et al.
[50], mice were primed with AdHu5 and subsequently
vaccinated with AdHu5-H5HA (AdHu5 vector
expressing the HA of H5N1) at 1, 3, 6, or 10 months
after the initial intramuscular inoculation. Results
showed a decline in the neutralizing titres against
the AdHu5 vector over time. However, there was a sig-
nificant progressive increase in the levels of humoral
and cellular immune responses against H5N1, demon-
strating that annual vaccination with an influenza
virus vaccine based on the same adenoviral vector
may be viable. Additionally, the outbreak of an emer-
ging influenza virus requires the production and deliv-
ery of vaccines to be convenient, efficient, and rapid.
Adenoviral vector-based vaccines can be considered
as alternative platforms for rapid production and
efficient delivery through mucosal vaccination. The

current licensed COVID-19 vaccine based on
AdHu5 [51–53] has demonstrated superior protective
immunity in inducing widespread protection span-
ning both mucosal and systemic immunity to limit
virus infection and transmission. Of note, the cHAs
may likely provide only sub-type or strain-specific
protection based on the antibody response; while
given the capacity of adenoviral vectors for delivering
large amounts of transgenes [54], immune responses
induced by AdC68-cH1-H7 can be further enhanced
by arming divergent conserved antigens such as NA,
M2e, or NP in the deleted E3 region, resulting in
broader and more robust humoral and cellular
responses against the influenza virus.

In summary, the success of AdC68-cH1-H7 demon-
strated that more than one HA head domain could be
combined with a stalk domain without loss of immuno-
genicity. To our knowledge, this is the first study to
devise such novelmulti-HAhead-based cHAs as immu-
nogens, which deserves further investigation as an
alternative strategy to develop influenza virus vaccines.

The current study has several limitations that
require further investigation. Obtaining accurate crys-
tal structures containing multiple loop regions is con-
ventionally arduous, making the structural analysis in
this study reliant upon structural bioinformatics.
However, crystal structures would provide more com-
pelling evidence for the structural integrity and display
patterns of the designed novel cHAs. The assessment
of AdC68-cHAs has primarily focused on antibody
response efficiency and protective outcomes, while
cellular responses, especially the contributions of
CD4+ T and CD8+ T cells, remain insufficiently
explored. In the future, the purification of cHAs pro-
teins and exploration of general rules for cHAs design
will be quintessential to effectively design optimal
cHAs that can provide broad-spectrum protection.
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