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Abstract: Background/Objectives: An effective universal influenza vaccine is urgently
needed to overcome the limitations of current seasonal influenza vaccines, which are
ineffective against mismatched strains and unable to protect against pandemic influenza.
Methods: In this study, bovine and human adenoviral vector-based vaccine platforms
were utilized to express various combinations of antigens. These included the H5N1
hemagglutinin (HA) stem region or HA2, the extracellular domain of matrix protein 2
of influenza A virus, HA signal peptide (SP), trimerization domain, excretory peptide,
and the autophagy-inducing peptide C5 (AIP-C5). The goal was to identify the optimal
combination for enhanced immune responses and cross-protection. Mice were immunized
using a prime-boost strategy with heterologous adenoviral (Ad) vectors. Results: The
heterologous Ad vectors induced robust HA stem-specific humoral and cellular immune
responses in the immunized mice. Among the tested combinations, Ad vectors expressing
SP + HA stem + AIP-C5 conferred significant protection against group 1 (H1N1 and H5N1)
and group 2 (H3N2) influenza A viruses. This protection was demonstrated by lower
lung viral titers and reduced morbidity and mortality. Conclusions: The findings support
further investigation of heterologous Ad vaccine platforms expressing SP + HA stem + AIP-
C5. This combination shows promise as a potential universal influenza vaccine, providing
broader protection against influenza A viruses.

Keywords: human adenoviral vector; bovine adenoviral vector; nonhuman adenoviral
vector; adenoviral vector; hemagglutinin stem; extracellular domain of matrix protein 2;
influenza vaccine; universal influenza vaccine; broadly protective influenza vaccine; autophagy;
autophagy-inducing peptide; seasonal influenza vaccine; pandemic influenza vaccine

1. Introduction
Influenza viruses can result in severe respiratory infections and lead to approximately

290,000–650,000 deaths annually [1]. According to the Centers for Disease Control and
Prevention (CDC) guidelines, using seasonal influenza vaccines is considered the best ap-
proach for influenza prevention [1]. The influenza virus hemagglutinin (HA) is the primary
target immunogen of seasonal influenza vaccines since the neutralizing antibodies against
the HA head domain can restrict the infection [2,3]. The current formulation of seasonal
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influenza vaccines is primarily based on HA quadrivalent formulation representing H1N1
and H3N2 subtypes of influenza A viruses and Victoria and Yamagata lineages of influenza
B viruses [4,5]. However, the HA head domain undergoes continuous mutations, resulting
in an antigen shift that leads to a mismatch between circulating and vaccine strains [6,7],
thereby impacting vaccine efficacy [8,9]. Moreover, human infections with avian influenza
viruses of H3, H5, H7, and H9 subtypes also emphasize the public health threat from
zoonotic influenza viruses [10–12].

There is a pressing need for an effective universal influenza vaccine for both seasonal
influenza and pandemic preparedness. One of the key strategies to develop broadly
protective or universal vaccines is to stimulate robust immune responses against the
conserved influenza antigens such as the HA stem region [13], extracellular domains of
matrix protein 2 (M2e) [14], nucleoprotein (NP) [15,16], and matrix protein 1 (M1) [17].
Given that the HA head domain, due to repeated influenza exposure or vaccination, serves
as an immunodominant antigen [18], redirecting immunity against subdominant conserved
immunogen/s will be vital for developing a universal influenza vaccine.

Adenoviral (Ad) vector-based vaccine platforms are well established for their ability
to elicit potent humoral and cell-mediated immune (CMI) responses. This efficacy is
attributed to pathogen-associated molecular patterns (PAMPs) in Ad vaccines, which
are able to activate both toll-like receptors (TLR)-dependent and independent pathways,
enhancing innate immunity [19,20]. Notably, Ad vectors can be administered through the
mucosal route, thereby inducing an enhanced antigen-specific mucosal immunity, which
can be critical for protection against respiratory pathogens [21,22]. Currently, several
Ad-vectored vaccines, including those targeting SARS-CoV-2, Ebola, and hepatitis C, are
either licensed or are undergoing evaluation in clinical trials [23–25]. Our previous studies
have demonstrated that autophagy-inducing peptide C5 (AIP-C5) from Mycobacterium
tuberculosis can upregulate the autophagy-dependent antigen presentation in macrophage
and dendritic cells, leading to enhanced cell-mediated immune (CMI) responses [26].
Additionally, AIP-C5 induced higher CMI responses in animals immunized with Ad vector
vaccines for influenza [15] and SARS-CoV-2 [27].

To evaluate the potential of an Ad vaccine platform expressing the HA stem region
for a broad influenza vaccine, we investigated various combinations of the HA2 or HA
stem region, M2e, trimerization motif, HA signal peptide, excretory peptide, or AIP-
C5 expressed in human or bovine Ad vectors for their immunogenicity and protective
efficacy. Immunogenicity studies in mice revealed that Ad vectors expressing HA2 or
HA stem region in various combinations generated variable levels of humoral and CMI
responses against the HA2 region. Notably, prime-boost vaccination of mice with Ad
vectors expressing the HA stem + HA signal peptide + AIP-C5 conferred broader protection
against the homologous and heterosubtypic influenza viruses. These findings underscore
the potential of the Ad vaccine platform expressing an innovative HA stem region design
as a promising approach for developing a broadly protective influenza vaccine.

2. Materials and Methods
2.1. Cells and Viruses

The cell lines used in this study, BHH/F5 (bovine–human hybrid clone 3 cells [28]
expressing bovine E1B region), BHH/F5-I-SceI (BHH/F5 cell line that expresses I-SceI en-
donuclease), and BHH2C (bovine–human hybrid clone 2C) [28], were developed in our lab.
The 293 [human embryonic kidney cells expressing human Ad type 5 (HAd-5) E1 proteins]
was obtained from ATCC: CRL-1573TM [29] and MDCK.2 (Madin–Darby canine kidney) was
obtained from ATCC: CRL-2936TM. The 293Cre (293 cell line that expresses Cre recombinase)
was kindly gifted by Professor Frank Graham, Department of Biology, McMaster University,
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Hamilton, Ontario, Canada [30]. They were cultured as monolayers in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Corning, Corning, NY, USA) containing 10% reconstituted fetal
bovine serum (Hyclone, Logan, UT, USA) and gentamycin (50 mg/mL).

A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG [VN/1203/04] was generated through
reverse genetics (RG) in the A/Puerto Rico/8/1934(H1N1) [PR8] backbone having a dele-
tion in the polybasic cleavage site of the HA gene segment and was utilized for the homol-
ogous virus challenge. A/Puerto Rico/8/1934(H1N1) and A/Hong Kong/1/68(H3N2)
[HK68] were used for heterosubtypic challenges. Influenza viruses were propagated in
embryonated hen eggs and titrated in MDCK cells.

2.2. Generation of Replication-Defective Ad Vectors

The HA2 (347 to 568 amino acid residues of HA) and M2e (2 to 24 amino acid residues
of M2) derived from A/Vietnam/1203/2004(H5N1) were used as the model antigens for
generating Ad vectors for Study #1. The HA2 derived from A/Vietnam/1203/2004(H5N1)
and M2e from A/Vietnam/1203/2004(H5N1) and A/Anhui/1-YK_RG03/2013(H7N9)
were used as the model antigens for generating Ad vectors for Study #2. The HA and M2e
amino acid sequences of H5N1 or H7N9 were acquired from the NCBI GenBank (accession
number: ADD97095.1, ADD97099.1, and AKU41057.1). For Study #1, gene cassettes
(HA2-M2e, SP-HA2-M2e, or SP-HA2-M2e-Tri) containing the HA2 and M2e conjugated
with or without HA signal peptide (SP) or GCN4 isoleucine zipper trimerization (Tri)
motif [31] were used to generate HAd vectors. For Study #2, gene cassettes (EP-HAstem-
C5, EP-HAstem-4M2e-C5, SP-HAstem-C5, or SP-HAstem-4M2e-C5) containing different
combinations of the HA stem (the HA head region, 59 to 289 amino acid residues of HA,
was replaced by the flexible short linker to generate the HA stem region) [32], four tandem
M2e motif (H5-H7-H5-H7), immunoglobulin excretory signal peptides (EP) [33], and
AIP-C5 (C5) for generating BAd and HAd vectors. For gene cassettes containing EP, the
transmembrane cytoplasmic domain of the HA stem was removed. The H5N1 HA (FullHA)
gene construct was also used as a positive control. All constructs were codon-optimized
for rodents and synthesized by GenScript Biotech (Piscataway, NJ, USA).

The protocol for generating HAd vectors has been described previously [34]. Briefly,
a Cre recombinase site-specific recombination technology was utilized to insert an ap-
propriate gene cassette (HA2 + M2e, SP + HA2 + M2e, SP + HA2 + M2e + Tri, FullHA,
EP-HAstem-C5, EP-HAstem-4M2e-C5, SP-HAstem-C5, or SP-HAstem-4M2e-C5) into the
E1 region of HAd-∆E1E3 (HAd-5 E1 and E3 deleted empty vector) to generate HAd vectors
(HAd-HA2 + M2e, HAd-SP + HA2 + M2e, HAd-SP + HA2 + M2e + Tri, HAd-FullHA, HAd-
EP-HAstem-C5, HAd-EP-HAstem-4M2e-C5, HAd-SP-HAstem-C5, or HAd-SP-HAstem-
4M2e-C5). All the gene constructs were regulated by the human cytomegalovirus (CMV)
promoter and the bovine growth hormone (BGH) polyadenylation signal. The recombinant
virus exhibited cytopathic effects 7–10 days after transfection into 293Cre cells. The HAd
vectors were propagated in 293 cells and titrated in BHH2C cells [28].

For the generation of bovine Ad (BAd) vectors (BAd-HA2 + M2e, BAd-SP + HA2 + M2e,
BAd-SP + HA2 + M2e + Tri, BAd-FullHA, BAd-EP-HAstem-C5, BAd-EP-HAstem-4M2e-C5,
BAd-SP-HAstem-C5, or BAd-SP-HAstem-4M2e-C5), we used the technology of I-SceI-
mediated linearization [35] of infectious vector genome containing an appropriate gene
cassette (SP + HA2 + M2e + Tri, FullHA, EP-HAstem-C5, EP-HAstem-4M2e-C5, SP-HAstem-
C5, or SP-HAstem-4M2e-C5) in the E1 region of BAd-∆E1E3 (BAd-3 empty vector with
E1 and E3 deletions) after transfection of BHH/F5-I-SecI cells. The recombinant vectors
exhibited cytopathic effects 7–10 days post-transfection. The BAd vectors were replicated
in BHH/F5 cells and titrated in BHH/F5-I-SecI cells. A cesium chloride density gradient
ultracentrifugation protocol was used for the purification of all HAd or BAd vectors [36].
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2.3. Immunoblotting

Protein expression of all HAd and BAd vectors was assessed via immunoblotting as
previously described [37]. To confirm the expression of HA2 or HA stem protein, an H5
HA-specific polyclonal antibody (Sino Biological, Wayne, PA, USA) was utilized.

2.4. Immunogenicity and Protection Studies in Mice

For immunogenicity and protection studies, six-to-eight-week-old BALB/c mice were
purchased from Harlan Sprague Dawley, Indianapolis, IN, USA. The animals were left for
one week for acclimatization before receiving the vaccination.

In Study #1, animals (10 mice/group) were vaccinated intranasally (i.n.) with
3 × 107 PFU of HAd-M2e-HA2, HAd-SP-M2e-HA2, and HAd-SP-M2e-HA2-Tri or HAd-
∆E1E3. At three weeks post-immunization, 5 animals/group were euthanized to collect
blood via retroorbital puncture and lung washes (prepared by homogenizing lungs in
PBS as previously described [37]) for evaluating antigen-specific antibody responses. To
determine cellular immune responses, the lungs, mediastinal lymph nodes (MLNs), and
spleens were collected. The remaining mice (5 animals/group) were challenged via the
i.n. route with 100 mouse infectious dose 50% (MID50) of A/Vietnam/1203/2004(H5N1)-
PR8/CDC-RG. The mouse groups were euthanized three days post-challenge, and viral
load was titrated from the lung samples.

In Study #2, mice (9 animals/group) were vaccinated i.n. with 107 PFU of BAd vectors
[BAd-FullHA-C5, BAd-EP-HAstem-C5, BAd-EP-HAstem-4M2e-C5, BAd-SP-HAstem-C5,
BAd-SP-HAstem-4M2e-C5, or BAd-∆E1E3]. Four weeks later, the mice received a booster
dose of 108 PFU of HAd vectors [HAd-FullHA-C5, HAd-EP-HAstem-C5, HAd-EP-HAstem-
4M2e-C5, HAd-SP-HAstem-C5, HAd-SP-HAstem-4M2e-C5, or HAd-∆E1E3] matching their
priming antigen. Four animals from each group were anesthetized at two weeks post-boost,
and the sample collection was the same as in Study #1. The remaining 5 mice/group were
challenged via the i.n. route with 100 MID50 of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG.
The mice were euthanized at three days post-challenge, and lung virus titers were measured.

In Study #3, mice (35 animals/group) were immunized i.n. with 108 PFU of HAd vectors
(HAd-SP-M2e-HA2-tri, HAd-SP-HAstem-C5, HAd-FullHA-C5, or HAd-∆E1E3). The animal
groups received a booster dose with 3×107 PFU of BAd vectors (BAd-SP-M2e-HA2-tri, BAd-
SP-HAstem-C5, BAd-FullHA-C5, or BAd-∆E1E3) at three weeks post-first vaccine dose. The
animals (5 mice/group) were euthanized three weeks post-boost, and the sample collection
was the same as Study #1. The remaining animals (10 mice/group) were challenged via the i.n.
route with 5 mouse lethal dose 50% (MLD50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG,
A/Puerto Rico/8/1934(H1N1), or A/HongKong/1/68(H3N2). Three days post-challenge,
half of the animals (5 mice/group) were euthanized to assess lung virus titers, while the
remaining animals (5 mice/group) were monitored for 14 days for morbidity (weight loss)
and mortality (survival rate). Mice losing more than 20% of their initial body weight were
euthanized and recorded as dead.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was conducted as described previously [37]. For coating of 96-well ELISA plates
(Immulon 2HB flat bottom; Thermo Fisher Scientific, Waltham, MA, USA), recombinant
HA protein of A/Vietnam/1194/2004 (Sino Biological, Houston, TX, USA) or the mixture
of H5 and H7 M2e peptides were used.

2.6. ELISpot Assay

The ELISpot assay was conducted as described previously [38]. In brief, the spleno-
cytes, MLNs, and lung MN cells were used for assessing interferon-gamma (IFN-γ) or
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interleukin-2 (IL-2) secretion via ELISpot assay. The cells were stimulated with the HA2
peptide array from the HA protein of A/Vietnam/1203/2004 (H5N1) (peptide 58–87, NR-
18974, BEI Resources, Manassas, VA, USA). The number of spot-forming units (SFUs) was
quantified by the AID EliSpot reader (Autoimmun Diagnostika, Straßberg, Germany).

2.7. Statistical Analyses

All statistical analyses were conducted by using GraphPad Prism software version
10.0. One-way ANOVA with Tukey post-test was used to analyze the statistical significance.
The data are shown as mean ± standard deviation (SD), while * for p < 0.05, ** for p < 0.01,
*** for p < 0.001, **** for p < 0.0001, and ns for no significance are denoted.

3. Results
3.1. Development, Immunogenicity, and Protection Efficacy of HAd Vector Expressing HA2 and
M2e of H5N1 Influenza Virus

In Study #1, gene cassettes containing the HA2 and M2e regions from A/VN/1203/04
(H5N1) with or without SP or Tri were used to generate HAd-M2e-HA2, HAd-SP-M2e-HA2,
and HAd-SP-M2e-HA2-Tri (Figure 1A). An empty vector, HAd-∆E1E3, served as a negative
control. The presence of the correct gene cassette in each vector was initially identified by
restriction enzyme analysis of the genomic DNA followed by sequencing. To verify the
protein expression, immunoblotting of HAd vector-infected cell extracts was performed
using an anti-H5HA polyclonal antibody (Figure 1B). The presence of an approximately
25, 35, or 40 kDa band in HAd-M2e-HA2, HAd-SP-M2e-HA2, or HAd-SP-M2e-HA2-Tri-
infected cell extracts, respectively, indicating successful expression of the target protein.
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A/Vietnam/1203/2004(H5N1) conjugated with/without HA signal peptide (SP) and trimerization



Vaccines 2025, 13, 95 6 of 19

motif (Tri) were used for HAd5 (human Ad type 5) vectors. The resultant HAd vectors are listed. CMV,
cytomegalovirus promoter; PA, bovine growth hormone (BGH) polyadenylation signal; ITR, inverted
terminal repeats. (B) Expression of the HA2-containing protein in each Ad vector was confirmed by
immunoblotting. Cell extract with empty vector infection was used as a negative control. (C) Eight-
week-old BALB/c mice were vaccinated intranasally (i.n.) with a single dose of HAd vectors for the
immunogenicity evaluation. Three weeks post-inoculation, mice were euthanized, and the blood,
lungs, spleen, and mediastinal lymph node (MLN) were collected to evaluate the development of
humoral and cell-mediated immune responses. To assess the protection efficacy, the mice were
challenged with 100 mouse infectious dose 50% (MID50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-
RG, and the lung viral titers were determined three days post-infection (dpi).

The design of immunogenicity and protection studies are outlined (Figure 1C). Three
weeks post-immunization with HAd vectors, samples from serum, lung wash, spleen, MLN,
and lungs were collected to evaluate humoral and cellular immune responses. The serum and
lung wash samples were used to assess the HA- or M2e-specific humoral immune responses
by ELISA. In serum samples of HAd-SP-M2e-HA2- or HAd-SP-M2e-HA2-Tri-inoculated
animals, there were inductions of significantly higher titers of HA-specific IgG, IgG1, and
IgG2a antibodies compared to the empty vector (Figure 2A), while HAd-M2e-HA2 did not
induce enough HA-specific antibodies. However, none of the HAd vectors induced significant
M2e-specific IgG titers. In lung washes of HAd-SP-M2e-HA2- or HAd-SP-M2e-HA2-Tri-
inoculated animals, there were significantly higher titers of HA-specific IgG, IgG1, IgG2a, and
IgA antibodies (Figure 2B), suggesting the induction of mucosal immunity. Again, none of the
HAd vectors induced significant M2e-specific IgG titers in the lung washes.
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M2e-HA2-Tri elicited robust HA2-specific systemic and local CMI responses. 

Figure 2. HA-specific antibody responses in the serum and lung washes of mice following adenoviral
vector vaccine inoculation in Study #1. Eight-week-old BALB/c mice (5 animals/group) were
vaccinated intranasally with 3 × 107 PFU (plaque-forming units) of HA2-based HAd vectors as
outlined in Figure 1C. Three weeks post-vaccination, the blood and lung washes were collected. The
serum samples were used for determining HA-specific IgG, IgG1, and IgG2a titers (A), while lung
washes were examined for HA-specific IgG, IgG1, IgG2a, and IgA titers (B) using ELISA. The ELISA
data are expressed in the area under curve (AUC) with a cut-off value determined by the average of
blank wells. Each symbol represents an individual animal, and error bars indicate SD. Data were
analyzed using one-way analysis of variance (ANOVA) with Dunnett’s post hoc test. Statistical
significance compared to the empty vector group is denoted as follows: *, significant at p ≤ 0.05;
**, significant at p ≤ 0.01; ***, significant at p ≤ 0.001; and ****, significant at p ≤ 0.0001.
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Splenocytes, MLN cells, and lung MN cells from immunized groups were analyzed
using ELISpot assay to quantify IFN-γ- or IL-2-secreting T cells in response to the HA2
peptide array (Figure 3A,B). All three HAd vectors induced significantly higher amounts of
INF-γ- or IL-2-secreting HA2-specific T cells in splenocytes compared to the empty vector.
However, HAd-SP-M2e-HA2 or HAd-SP-M2e-HA2-Tri induced higher numbers of INF-γ-
and IL-2-secreting HA2-specific T cells in MLN cells and lung MN cells, indicating the
development of local CMI responses. Overall, both HAd-SP-M2e-HA2 and HAd-SP-M2e-
HA2-Tri elicited robust HA2-specific systemic and local CMI responses.
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Figure 3. HA2-specific cellular immune responses and protective efficacy in mice vaccinated with
adenoviral vector vaccines in Study #1. Eight-week-old BALB/c mice (5 animals/group) were
inoculated intranasally (i.n.) with 3 × 107 PFU (plaque-forming units) of HA2-based HAd vectors as
shown in Figure 1C. At 3 weeks after vaccination, splenocytes, mediastinal lymph node (MLN) cells,
and lung mononuclear (MN) cells were collected and stimulated with HA2 overlapping peptide array.
The number of HA2-specific cytokine-expressing T cells was quantified using ELISpot assay. The
number of HA2-specific T cells expressing IFN-γ (A) or IL-2 (B) in splenocytes, MLN cells, or lung MN
cells is presented. To assess the protective efficacy, animals (5 animals/group) were challenged with
100 mouse infectious dose 50% (MID50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG influenza
virus. Lung tissues were collected three days post-infection for viral load titration (C). Each symbol
represents an individual animal, and error bars indicate SD. Data were analyzed using one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test. Statistical significance compared to
the empty vector group is denoted as follows: *, significant at p ≤ 0.05; **, significant at p ≤ 0.01;
***, significant at p ≤ 0.001; and ****, significant at p ≤ 0.0001.

To assess the protective efficacy of HA2-specific immune responses, vaccinated mice
were challenged with VN/1203/04(H5N1)-PR8/CDC-RG, and lung viral titers were mea-
sured three days post-challenge. Mice vaccinated with HAd-SP-M2e-HA2-Tri or HAd-M2e-
HA2 showed a significant reduction in lung viral titers (Figure 3C). However, no significant
reductions in lung viral titers were observed in the HAd-SP-M2e-HA2-inoculated group.
Based on immunogenicity and protection studies, HAd-SP-M2e-HA2-Tri was considered
the best vaccine candidate in Study #1 and was used for further investigation in Study #3.



Vaccines 2025, 13, 95 8 of 19

3.2. Development, Immunogenicity, and Protection Efficacy of BAd and HAd Vectors Expressing
Headless HA (HA Stem) and Repetitive M2e Motifs of Influenza Virus

In Study #2, to examine the effect of adding SP, EP, AIP-C5, and multiple domains of M2e
to the HA stem, HAd (HAd-EP-HAstem-C5, HAd-EP-HAstem-4M2e-C5, HAd-SP-HAstem-
C5, and HAd-SP-HAstem-4M2e-C5) and BAd (BAd-EP-HAstem-C5, BAd-EP-HAstem-4M2e-
C5, BAd-SP-HAstem-C5, and BAd-EP-HAstem-4M2e-C5) vectors carrying EP-HAstem-C5,
EP-HAstem-4M2e-C5, SP-HAstem-C5, or SP-HAstem-4M2e-C5 were generated, respectively.
The FullHA-C5 gene cassette carrying HAd (HAd-FullHA-C5) and BAd (BAd-FullHA-C5)
vectors were developed as positive controls. The gene construct organizations and their
nomenclatures are shown (Figure 4A). The presence of the correct gene cassette in each vector
was initially identified by restriction enzyme analysis of the genomic DNA followed by
sequencing. To confirm the protein expression by HAd and BAd vectors, the immunoblotting
of vector-infected cell extracts was performed using an anti-H5HA polyclonal antibody.
The presence of an approximately 45, 65, 50, or 70 kDa band in HAd (HAd-EP-HAstem-
C5, HAd-EP-HAstem-4M2e-C5, HAd-SP-HAstem-C5, and HAd-SP-HAstem-4M2e-C5) and
BAd (BAd-EP-HAstem-C5, BAd-EP-HAstem-4M2e-C5, BAd-SP-HAstem-C5, and BAd-SP-
HAstem-4M2e-C5) vectors (Figure 4B) suggested the expression of the target protein.
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Figure 4. Diagrammatic representation of adenoviral (Ad) vector constructs and experimental plan of
Study #2. (A) The expression cassettes containing the hemagglutinin stem region (HA stem) gene of
A/Vietnam/1203/2004(H5N1) conjugated with immunoglobulin excretory signal peptides (EP) or HA
signal peptide (SP) and with/without repetitive extracellular domains of matrix protein 2 (4M2e) were
used for BAd3 (bovine Ad type 3) or HAd5 (human Ad type 5) vectors. An expressing cassette containing
whole HA region (Full HA) was also generated. The resultant BAd and HAd vectors are listed. TND,
transmembrane domain; CD, cytoplasmic domain; CMV, cytomegalovirus promoter; PA, bovine growth
hormone (BGH) polyadenylation signal; ITR, inverted terminal repeats. (B) Expression of the HA stem-
containing protein in each BAd and HAd vector was confirmed by immunoblotting. Cell extracts with
empty vector infection were used as the negative control. (C) For the immunogenicity evaluation, 8-week-
old BALB/c mice were vaccinated intranasally (i.n.) with BAd vectors and boosted with HAd vectors
after 4 weeks. Two weeks after the second-dose inoculation, mice were euthanized, and the blood, lungs,
spleen, and mediastinal lymph node (MLN) were collected to evaluate the development of humoral
and cell-mediated immune responses. To assess the protection efficacy, the mice were challenged with
100 mouse infectious dose 50% (MID50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG, and the lung
viral titers were determined three days post-infection (dpi).
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The immunogenicity and protection study outlines for Study #2 are depicted in
Figure 4C. Mice were primed with BAd vectors and boosted with HAd vectors as de-
scribed in the Material and Methods. The blood, lung wash, spleen, MLN, and lungs were
collected three weeks post-booster immunization to evaluate humoral and cellular immune
responses. The serum and lung wash samples were used to assess the HA- or M2e-specific
humoral immune responses by ELISA. Vectors expressing FullHA-C5, EP-HAstem-C5, EP-
HAstem-4M2e-C5, SP-HAstem-C5, or SP-HAstem-4M2e-C5 induced significantly higher
titers of HA-specific IgG, IgG1, and IgG2a antibodies than the empty vector (Figure 5A).
Notably, vectors expressing multiple M2e domains (EP-HAstem-4M2e-C5 or SP-HAstem-
4M2e-C5) induced significantly higher levels of M2e-specific IgG and IgG2a antibodies
(Figure 5B), indicating that the use of repetitive M2e motifs with prime-boost strategy
enhanced the development of M2e-specific humoral immune responses. In addition, HA-
specific IgG, IgG2a, and IgA antibodies were detected in lung washes of immunized animal
groups, suggesting the development of mucosal immunity (Figure 5C). Meanwhile, the
higher induction of IgG2a than IgG1 indicated a Th1-biased immune response.
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Figure 5. HA-specific antibody responses in the serum and lung washes of mice after adenoviral
vector vaccine inoculation in Study #2. Eight-week-old BALB/c mice (4 animals/group) were
vaccinated intranasally with 107 PFU (plaque-forming units) of HA stem-based BAd vectors and
boosted with 108 PFU of HA stem-based HAd vectors as outlined in Figure 4C. The blood samples
and lung washes were collected 2 weeks post-second dose. The serum samples were analyzed for
HA-specific (A) or M2e-specific (B) IgG, IgG1, and IgG2a titers, while lung washes were examined
for HA-specific IgG, IgG1, IgG2a, and IgA titers (C) by ELISA. The ELISA data are expressed as the
area under curve (AUC), with a cut-off value determined by the average of blank wells. Each symbol
represents an individual animal, and error bars indicate SD. Data were analyzed using one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test. Statistical significance compared to
the empty vector group is denoted as follows: *, significant at p ≤ 0.05; **, significant at p ≤ 0.01;
***, significant at p ≤ 0.001; and ****, significant at p ≤ 0.0001.
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To determine CMI responses, splenocytes, MLN cells, or lung MN cells from vaccinated
groups were stimulated with an HA2 peptide array, and IFN-γ- or IL-2-secreting T cells
were enumerated by ELISpot assay. All immunized groups showed significantly higher
numbers of INF-γ and IL-2-secreting T cells in splenocytes, MLN cells, and lung MN cells
compared to the empty vector (Figure 6A,B).
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Figure 6. HA2-specific cellular immune responses and protective efficacy in mice vaccinated with
adenoviral vector vaccines in Study #2. Eight-week-old BALB/c mice (4 animals/group) were
vaccinated intranasally with 107 PFU (plaque-forming units) of HA stem-based BAd vectors and
received a booster with 108 PFU of HA stem-based HAd vectors as shown in Figure 4C. Two weeks
post-booster dose, splenocytes, mediastinal lymph node (MLN) cells, and lung mononuclear (MN)
cells were collected and stimulated with an HA2 overlapping peptide array. The number of HA2-
specific cytokine-expressing T cells was quantified using ELISpot assay. The number of HA2-specific
T cells expressing IFN-γ (A) or IL-2 (B) in splenocytes, MLN cells, or lung MN cells are presented. To
assess the protective efficacy, vaccinated animals (5 animals/group) were challenged with 100 mouse
infectious dose 50% (MID50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG influenza virus. Lung
tissues were collected three days post-infection for viral load titration (C). Each symbol represents
an individual animal, and error bars indicate SD. Data were analyzed using one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test. Statistical significance compared to the empty vector
group is denoted as follows: *, significant at p ≤ 0.05; **, significant at p ≤ 0.01; ***, significant at
p ≤ 0.001; and ****, significant at p ≤ 0.0001.

To evaluate the protection efficacy, immunized mouse groups were challenged with
VN/1203/04(H5N1)-PR8/CDC-RG two weeks post-booster immunization, and the lung
virus titers were measured. As expected, the vector expressing FullHA-C5 provided
sterilizing immunity against the homologous virus (Figure 6C). In contrast, the mice
vaccinated with the vector expressing SP-HAstem-C5 showed the most reduction in lung
virus titers compared to other formulations expressing the HA stem (Figure 6C). Based on
these findings, SP-HAstem-C5 was identified as the best candidate in Study #2; therefore, it
was selected for further evaluation in Study #3.
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3.3. Immunogenicity and Protection Efficacy of Mice Immunized with Prime-Boost Strategy Using
HAd and BAd Vectors Expressing SP-M2e-HA2-Tri or SP-HAstem-C5

The immunogenicity and protection results from Study #1 and Study #2 identified that
the optimal antigen formulations were SP-M2e-HA2-Tri and SP-HAstem-C5, respectively.
In addition, the prime-boost approach with HAd and BAd vectors indicated that it induced
robust humoral and CMI responses. Therefore, BAd and HAd vectors expressing SP-M2e-
HA2-Tri and SP-HAstem-C5 were selected for Study #3 to evaluate their protection efficacy
against homologous and heterosubtypic influenza viruses. The BAd vector (BAd-SP-M2e-
HA2-Tri) expressing SP-M2e-HA2-Tri was generated and characterized for the correct
antigen expression (Supplementary Figure S1A). The empty vectors and vectors expressing
FullHA-C5 were used as negative and positive controls, respectively. The outline of the
immunogenicity and protection study in mice primed with HAd vectors and boosted
with BAd vectors is illustrated in Figure 7A. The mouse groups immunized with vectors
expressing SP-M2e-HA2-Tri, SP-HAstem-C5, or FullHA-C5 induced significantly higher
titers of HA-specific IgG, IgG1, IgG2a, and IgA antibodies in serum samples and lung
washes compared to the empty vector (Supplementary Figure S1B,C); however, differences
in antibody titers among vaccine groups were not statistically significant. Notably, the
prime-boost approach did not induce significant M2e-specific IgG titers in the SP-M2e-
HA2-Tri-vaccinated group, likely due to the presence of only a single M2e motif.

To evaluate CMI responses, splenocytes, MLN cells, or lung MN cells from vacci-
nated groups were stimulated with an HA2 peptide array for enumerating IFN-γ- or
IL-2-secreting T cells by ELISpot assay. All immunized groups showed significantly higher
numbers of INF-γ and IL-2-secreting T cells in splenocytes, MLN cells, and lung MN cells
compared to the empty vector (Supplementary Figure S1D,E).

To assess the protection efficacy, immunized groups were challenged with
VN/1203/04(H5N1)-PR8/CDC-RG, PR8 (H1N1), or HK68 (H3N2), and the morbid-
ity, mortality, and lung virus titers were determined. Following the homologous
VN/1203/04(H5N1)-PR8/CDC-RG challenge, no morbidity (weight loss) or mortality was
observed in any vaccinated group, while the empty vector group displayed severe weight
loss and 80% mortality (Figure 7B,C). All vaccinated groups also demonstrated significant
reductions in lung virus titers compared to the empty vector group (Figure 7D). In the PR8
(H1N1) challenge, vectors expressing SP-HAstem-C5 or FullHA-C5 provided complete pro-
tection from morbidity and mortality. In contrast, significant morbidity and 100% mortality
were observed in the SP-M2e-HA2-Tri or empty vector group (Figure 7E,F). Substantial
reductions of lung virus titers were also observed in vectors expressing SP-HAstem-C5 or
FullHA-C5 (Figure 7G). During the HK68 (H3N2) challenge, only the SP-HAstem-C5 vector
conferred partial protection, resulting in approximately 15% weight loss on average and an
80% survival rate (Figure 7H,I). In contrast, there was significant morbidity and mortality
in the SP-M2e-HA2-Tri, FullHA-C5, or empty vector group. In addition, there were sub-
stantial reductions of lung virus titers in the SP-HAstem-C5-vaccinated group compared to
the empty vector group (Figure 7J). Overall, vectors expressing SP-HAstem-C5 provided
broader protection across homologous, heterosubtypic group 1, and group 2 influenza A
viruses, indicating its potential as a vaccine candidate for broad influenza protection.
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Figure 7. Experimental plan of Study #3 and morbidity, mortality, and lung viral load in the im-
munized mice challenged with homologous and heterosubtypic influenza viruses. (A) Vaccine
candidates were selected based on the findings from Study #1 and Study #2. Eight-week-old
BALB/c mice (5 animals/group) were immunized intranasally (i.n.) with HAd vectors, followed by
a booster dose with BAd vectors at 3-week intervals. Immunized mice were challenged with 5 mouse
lethal dose 50% (MLD50) of A/Vietnam/1203/2004(H5N1)-PR8/CDC-RG [VN/1203/04], A/Puerto
Rico/8/1934(H1N1) [PR8], or A/HongKong/1/68(H3N2) [HK68] to evaluate the protection effi-
cacy. The morbidity (weight loss) (B,E,H) and mortality (survival rates) (C,F,I) were monitored
over 14 days post-challenge. The animals with weight loss exceeding 20% were euthanized and
recorded as deceased. Data are shown as the mean with the error bars representing SD. The lungs
were collected three days post-challenge for virus titration (D,G,J), expressed as Log10 TCID50 (50%
tissue culture infectious dose), with a detection limit of 0.5 Log10 TCID50. Each symbol represents
an individual animal, and error bars indicate SD. Data were analyzed using one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test. Statistical significance compared to the empty vector
group is denoted as follows: **, significant at p ≤ 0.01; and ****, significant at p ≤ 0.0001.
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4. Discussion
The current strategy for seasonal influenza vaccination predominantly relies on de-

veloping HA head-specific neutralizing antibodies, which are effective but have limita-
tions [39]. However, the HA head domains of seasonal influenza viruses frequently mutate,
altering their antigenic properties and thereby significantly reducing vaccine efficacy. More-
over, several avian influenza viruses have demonstrated their substantial risk as potential
pandemic strains. Recent cases of avian A/H5N1 influenza virus (clade 2.3.4.4b) infecting
cattle and spreading among cattle, humans, poultry, cats, and other wild mammals further
underscore the potential danger of avian influenza viruses [40–42]. These implications
highlight the critical global need to develop a broadly protective or universal influenza
vaccine that offers better protection than current seasonal or pandemic influenza vaccines.
Efforts have been made to target relatively conserved influenza antigens, such as the HA
stem region, M2e domain, or NP, with varying degrees of success [15,43,44].

Unlike conventional influenza vaccine formulations, such as inactivated and subunit
vaccines, which mainly induce humoral immune responses, Ad vector-based vaccines are
considered a robust platform capable of stimulating both humoral and CMI responses [45].
We used the replication-defective BAd vector platform to circumvent the preexisting HAd
vector immunity [46]. The BAd vector platform boosts innate immunity and triggers higher
levels of CMI responses than the HAd vector system [37]. In addition, the BAd vector
platform exhibits improved biodistribution to the lungs, enhancing its potential for deliver-
ing respiratory vaccines [47]. Furthermore, unlike many HAd or chimpanzee Ad vectors
that use the coxsackievirus and adenovirus receptor (CAR) for cell entry, BAd3 exploits
sialic acid-containing receptors, making it a better-suited vector for nasal delivery [48].
We used the prime-boost strategy with BAd and HAd vectors to boost antigen-specific
immune responses.

The hepatic toxicity induced by Ad can be a concern of Ad vector-based vaccines. This
issue is particularly prominent with HAd5 vectors administered intravenously at a high
dose [49]. To address this, we utilized an intranasal route at a significantly low vector dose,
which mitigates the risk of hepatic toxicity and effectively induces robust mucosal immunity.
Another concern relates to vaccine-induced thrombotic thrombocytopenia (VITT), a rare
condition primarily reported in individuals receiving AstraZeneca’s ChAdOx1 vaccine (a
chimpanzee Ad-based SARS-CoV-2 vaccine). This condition may be due to the interaction
between Ad hexon and platelet factor-4 (PF4), forming immune complexes that activate
platelets and lead to thrombocytopenia [50]. However, the exact mechanism remains
unclear, and there is ongoing debate about whether VITT is related to interactions with the
SARS-CoV-2 spike protein [51]. Moreover, natural infections with HAds are not associated
with VITT, and the use of Ad vector vaccines via the intranasal route, as in our study, may
further mitigate the risk of this rare adverse event.

The HA stem domain of the influenza virus is essential for cell membrane fusion [52].
Unlike the more variable HA head region, the HA stem domain is relatively conserved
due to lower immune pressure [6]. Monoclonal antibodies targeting the HA stem do-
main have demonstrated broad protective efficacy in mice, making it an ideal target for
developing broadly protective influenza vaccines [13,53]. Various approaches have been
employed to redirect the immune response toward the HA stem domain. For instance,
sequential immunization with chimeric HAs (cHAs), consisting of exotic head domains
with identical stem domains, can induce strong HA stem-specific immune responses [54].
The hyperglycosylation of the HA head region can also mask the antigenic sites from
recognition by neutralizing antibodies, potentially enhancing the recognition of HA stem
domain-specific epitopes [55]. In addition, headless HAs can be designed by removing the
globular head domain to create modified HAs that include the HA1 and HA2 components
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of the stem domain [32]. Meanwhile, the HA stem domain has not naturally evolved to
fold and trimerize independently without the presence of the head domain. Therefore, the
modification has to be included to maintain the integrity of the HA stem region and the
conformational epitopes [56,57]. In this study, we conducted two strategies to maintain
trimer conformation in the HA2 or HA stem region. The trimerization motif was included
with HA2 in Study #1 [58]. The replacement of the HA head domain with a flexible linker
peptide was used to generate a headless HA stem in Study #2 [32].

The M2, derived from the gene segment 7 of the influenza virus, functions as a proton-
selective ion channel and is vital in viral replication, morphogenesis, and assembly [59].
It comprises three regions: the N-terminal extracellular domain (M2e, residues 2–24),
the transmembrane domain (residues 25–46), and the C-terminal intracellular domain
(residues 47–97). Since the first nine amino acids of M2e share high similarity among
influenza A viruses, it is considered a potential target for broadly protective influenza
vaccine [60]. However, the main drawback of M2e is its low immunogenicity in natural
infection and vaccination [14,61], likely due to steric hindrance by anti-HA antibodies,
thereby restricting M2e’s accessibility to the immune system [62]. Here, we include a single
M2e in Study #1, which did not induce any marked M2e-specific immune response. To
address the drawback, we added repetitive M2e motifs to the C-terminal of the transgene
constructs in Study #2, which strengthened the M2e-specific humoral immune responses.
However, adding repetitive M2e did not result in significant protective immunity, and the
construct without M2e showed better protection. Therefore, we excluded the constructs
with repetitive M2e in Study #3.

SPs are short sequences located at the N-terminus of proteins that direct the proteins
for cytoplasmic trafficking and are critical for protein expression [63]. A previous study
demonstrated that the functional expression can be defective in vitro when the HA of an
influenza virus lacks SP or has mutations in SP [64]. The exclusion of SP also negatively
affects the stimulation of antibody and CD8+ T cell responses [65]. In Study #1, we observed
a considerable decrease in protein expression and stimulation of immune responses without
SP, consistent with the previous findings. In addition, the conjugation of SPs from different
origins alters immunogenicity. It was demonstrated that the conjugation of SP from a
secreted molecule can enhance immunogenicity in DNA vaccines compared to that from
a transmembrane molecule [66]. The inclusion of the IgG SP also increases the cellular
immunogenicity in a simian Ad-vectored vaccine [67]. Therefore, we hypothesized that
replacing the original HA SP with immunoglobulin EP can induce a better immune response
and evaluated the hypothesis in Study #2. However, there is no apparent difference between
EP and SP in either protein expression or induction level of immune responses. In addition,
we demonstrated that AIP-C5 can increase the expression of genes related to the autophagy
pathway and can be utilized as a molecular adjuvant to facilitate autophagy and antigen
presentation and induce more potent immune responses [26,68]. The expression of AIP-C5
can stimulate robust CMI responses in Ad vector-based vaccines against Mtb, SARS-CoV-2,
or influenza virus [15,27,68]. Therefore, we included the AIP-C5 in the construct design to
enhance the CMI responses.

In Study #3, immunization with Ad vectors containing HA2, HA stem, or whole HA
provided complete protection against the homologous virus [A/Vietnam/1203/2004(H5N1)].
The SP-HAstem-C5 provided complete protection after the challenge with A/Puerto
Rico/8/1934(H1N1), while severe weight loss and 100% mortality were observed in SP-
M2e-HA2-Tri. Based on the HA phylogenetic characteristics, influenza A viruses can be
categorized into two groups (group 1 includes H1, H2, H5, H6, H8, H9, H11, H12, H13, and
H16, and group 2 includes H3, H4, H7, H10, H14, and H15). The HA stem-specific anti-
bodies that provide cross-protection were usually observed within the same group [69,70].
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It seems that H5N1 HA stem-specific immune responses stimulated by SP-HAstem-C5
can be cross-reactive toward the H1 influenza virus. Interestingly, the FullHA-C5 also
provides complete protection against A/Puerto Rico/8/1934(H1N1). Since the amino acid
identity of the HA1 region between the vaccine strain [A/Vietnam/1203/2004(H5N1)] and
challenge strain [A/Puerto Rico/8/1934(H1N1)] is only 56.88% and HA2 region is 80.18%,
it implies that the Ad vector platform can generate a different pattern of the immune
responses targeting both HA1 and HA2 regions. Surprisingly, partial protection against
A/HongKong/1/68(H3N2), which belongs to group 2 influenza viruses, was observed in
SP-HAstem-C5-vaccinated animals, even though the amino acid identity of the HA2 region
between the vaccine strain and challenge strain is only 50.45%. A trimeric H1 HA stem
was able to induce cross-reactive antibodies against group 1 (H1 and H5) and 2 (H3) in-
fluenza virus strains in vitro [71]. Moreover, a trimeric HA stem with M2e epitope subunit
vaccine also confers complete cross-protection against groups 1 and 2 influenza A viruses
in mice [72]. Collectively, these studies and our results may indicate that the stem-directed
immune responses can still confer cross-group protection, and conformational epitopes on
the trimeric HA stem may be critical. However, noticeable weight loss and partial mortality
are noticed in SP-HAstem-C5-immunized animals, suggesting that a further improvement
of antigen design is needed for better protection.

5. Conclusions
An effective universal influenza vaccine is needed to address the drawbacks of current

seasonal influenza vaccines and to prepare for the next influenza pandemic. Our work
demonstrated that the expression of headless HA stem with the original SP and AIP-C5
utilizing prime-boost vaccination scheme using HAd and BAd vectors elicited robust
HA2-specific humoral and CMI responses conferring broad protection against group 1 and
2 influenza A viruses. Further modifications in the antigen design with the assistance of
protein structure prediction are required to build a better trimeric conformation with or
without the repetitive M2e motifs. The durability of HA2-specific memory T and B cells
and the longevity of protective immunity against different influenza viruses should be
assessed to determine the practical use of such vaccine formulations.

Supplementary Materials: The following supporting information can be downloaded at https://
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Author Contributions: W.-C.W. and E.E.S. generated Ad vector-based candidate vaccines. W.-
C.W., E.E.S., M.A., A.E., V.G. and M.S.T.M. conducted the animal experiments. W.-C.W. and E.E.S.
performed the immunogenicity and protection assessment and acquired the data. W.-C.W. analyzed
the data, wrote the manuscript, and designed the figures. S.K.M. and S.S. finalized the concept and
revised the manuscript. All co-authors were involved in the manuscript preparation process for
important intellectual content. All co-authors had full access to the data and approved the manuscript
before it was submitted for publication by the corresponding author. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was funded by the National Institute of Allergy and Infectious Diseases (Public
Health Service award AI059374).

Institutional Review Board Statement: Animal studies were pursued following the Purdue Animal
Care and Use Committee (PACUC) protocol #1201000580 and the Institutional Biosafety Committee
(IBC) guidelines. The PACUC protocol is renewed every three years, and the recent date of approval
was 13 July 2023.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/vaccines13010095/s1
https://www.mdpi.com/article/10.3390/vaccines13010095/s1


Vaccines 2025, 13, 95 16 of 19

Data Availability Statement: The data are included in the article and Supplementary Materials and
are available upon request from the corresponding authors.

Acknowledgments: This work was supported by the Public Health Service award AI059374 from the
National Institute of Allergy and Infectious Diseases. The following reagent was obtained through
the NIH Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH: Peptide
Array, Influenza Virus A/Vietnam/1203/2004 (H5N1) Hemagglutinin Protein, NR-18974.

Conflicts of Interest: The authors declare no conflicts of interest.

Disclaimer: The findings and conclusions in this report are those of the authors and do not necessarily
represent the views of the Centers for Disease Control and Prevention, Department of Health and
Human Services, USA.

References
1. WHO. Influenza (Seasonal) Fact Sheet. Available online: https://www.who.int/news-room/fact-sheets/detail/influenza-

(seasonal) (accessed on 8 November 2024).
2. Stevens, J.; Blixt, O.; Tumpey, T.M.; Taubenberger, J.K.; Paulson, J.C.; Wilson, I.A. Structure and receptor specificity of the

hemagglutinin from an H5N1 influenza virus. Science 2006, 312, 404–410. [CrossRef] [PubMed]
3. Zost, S.J.; Wu, N.C.; Hensley, S.E.; Wilson, I.A. Immunodominance and antigenic variation of Influenza virus hemagglutinin:

Implications for design of universal vaccine immunogens. J. Infect. Dis. 2019, 219, S38–S45. [CrossRef] [PubMed]
4. Harding, A.T.; Heaton, N.S. Efforts to improve the seasonal Influenza vaccine. Vaccines 2018, 6, 19. [CrossRef] [PubMed]
5. Tisa, V.; Barberis, I.; Faccio, V.; Paganino, C.; Trucchi, C.; Martini, M.; Ansaldi, F. Quadrivalent influenza vaccine: A new

opportunity to reduce the influenza burden. J. Prev. Med. Hyg. 2016, 57, E28–E33.
6. Wang, W.C.; Sayedahmed, E.E.; Sambhara, S.; Mittal, S.K. Progress towards the development of a universal Influenza vaccine.

Viruses 2022, 14, 1684. [CrossRef]
7. Yeo, J.Y.; Gan, S.K. Peering into Avian Influenza A(H5N8) for a Framework Towards Pandemic Preparedness. Viruses 2021,

13, 2276. [CrossRef]
8. Flannery, B.; Kondor, R.J.G.; Chung, J.R.; Gaglani, M.; Reis, M.; Zimmerman, R.K.; Nowalk, M.P.; Jackson, M.L.; Jackson, L.A.;

Monto, A.S.; et al. Spread of antigenically drifted Influenza A(H3N2) viruses and vaccine effectiveness in the United States
during the 2018–2019 season. J. Infect. Dis. 2020, 221, 8–15. [CrossRef]

9. Skowronski, D.M.; Masaro, C.; Kwindt, T.L.; Mak, A.; Petric, M.; Li, Y.; Sebastian, R.; Chong, M.; Tam, T.; De Serres, G. Estimating
vaccine effectiveness against laboratory-confirmed influenza using a sentinel physician network: Results from the 2005–2006
season of dual A and B vaccine mismatch in Canada. Vaccine 2007, 25, 2842–2851. [CrossRef]

10. WHO. Cumulative Number of Confirmed Human Cases for Avian Influenza A(H5N1) Reported to WHO, 2003–2021,
15 April 2021. Available online: https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-
for-avian-influenza-a(h5n1)-reported-to-who-2003-2021-15-april-2021 (accessed on 8 November 2024).

11. Lam, T.T.; Wang, J.; Shen, Y.; Zhou, B.; Duan, L.; Cheung, C.L.; Ma, C.; Lycett, S.J.; Leung, C.Y.; Chen, X.; et al. The genesis and
source of the H7N9 influenza viruses causing human infections in China. Nature 2013, 502, 241–244. [CrossRef]

12. Bi, Y.; Li, J.; Shi, W. The time is now: A call to contain H9N2 avian influenza viruses. Lancet Microbe 2022, 3, e804–e805. [CrossRef]
13. Ekiert, D.C.; Friesen, R.H.; Bhabha, G.; Kwaks, T.; Jongeneelen, M.; Yu, W.; Ophorst, C.; Cox, F.; Korse, H.J.; Brandenburg, B.; et al.

A highly conserved neutralizing epitope on group 2 influenza A viruses. Science 2011, 333, 843–850. [CrossRef] [PubMed]
14. Kolpe, A.; Schepens, B.; Fiers, W.; Saelens, X. M2-based influenza vaccines: Recent advances and clinical potential. Expert Rev.

Vaccines 2017, 16, 123–136. [CrossRef]
15. Sayedahmed, E.E.; Elshafie, N.O.; Dos Santos, A.P.; Jagannath, C.; Sambhara, S.; Mittal, S.K. Development of NP-Based universal

vaccine for Influenza A Viruses. Vaccines 2024, 12, 157. [CrossRef] [PubMed]
16. Amoah, S.; Cao, W.; Sayedahmed, E.E.; Wang, Y.; Kumar, A.; Mishina, M.; Eddins, D.J.; Wang, W.C.; Burroughs, M.; Sheth, M.;

et al. The frequency and function of nucleoprotein-specific CD8+ T cells are critical for heterosubtypic immunity against influenza
virus infection. J. Virol. 2024, 98, e0071124. [CrossRef] [PubMed]

17. Wei, C.J.; Crank, M.C.; Shiver, J.; Graham, B.S.; Mascola, J.R.; Nabel, G.J. Next-generation influenza vaccines: Opportunities and
challenges. Nat. Rev. Drug Discov. 2020, 19, 239–252. [CrossRef]

18. Andrews, S.F.; Cominsky, L.Y.; Shimberg, G.D.; Gillespie, R.A.; Gorman, J.; Raab, J.E.; Brand, J.; Creanga, A.; Gajjala, S.R.; Narpala,
S.; et al. An influenza H1 hemagglutinin stem-only immunogen elicits a broadly cross-reactive B cell response in humans. Sci.
Transl. Med. 2023, 15, eade4976. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://doi.org/10.1126/science.1124513
https://www.ncbi.nlm.nih.gov/pubmed/16543414
https://doi.org/10.1093/infdis/jiy696
https://www.ncbi.nlm.nih.gov/pubmed/30535315
https://doi.org/10.3390/vaccines6020019
https://www.ncbi.nlm.nih.gov/pubmed/29601497
https://doi.org/10.3390/v14081684
https://doi.org/10.3390/v13112276
https://doi.org/10.1093/infdis/jiz543
https://doi.org/10.1016/j.vaccine.2006.10.002
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2021-15-april-2021
https://www.who.int/publications/m/item/cumulative-number-of-confirmed-human-cases-for-avian-influenza-a(h5n1)-reported-to-who-2003-2021-15-april-2021
https://doi.org/10.1038/nature12515
https://doi.org/10.1016/S2666-5247(22)00232-4
https://doi.org/10.1126/science.1204839
https://www.ncbi.nlm.nih.gov/pubmed/21737702
https://doi.org/10.1080/14760584.2017.1240041
https://doi.org/10.3390/vaccines12020157
https://www.ncbi.nlm.nih.gov/pubmed/38400140
https://doi.org/10.1128/jvi.00711-24
https://www.ncbi.nlm.nih.gov/pubmed/39082839
https://doi.org/10.1038/s41573-019-0056-x
https://doi.org/10.1126/scitranslmed.ade4976


Vaccines 2025, 13, 95 17 of 19

19. Rhee, E.G.; Blattman, J.N.; Kasturi, S.P.; Kelley, R.P.; Kaufman, D.R.; Lynch, D.M.; La Porte, A.; Simmons, N.L.; Clark, S.L.;
Pulendran, B.; et al. Multiple innate immune pathways contribute to the immunogenicity of recombinant adenovirus vaccine
vectors. J. Virol. 2011, 85, 315–323. [CrossRef]

20. Kawasaki, T.; Kawai, T. Toll-Like Receptor Signaling Pathways. Front. Immunol. 2014, 5, 461. [CrossRef]
21. Deal, C.; Pekosz, A.; Ketner, G. Prospects for oral replicating adenovirus-vectored vaccines. Vaccine 2013, 31, 3236–3243. [CrossRef]
22. Santosuosso, M.; McCormick, S.; Xing, Z. Adenoviral vectors for mucosal vaccination against infectious diseases. Viral. Immunol.

2005, 18, 283–291. [CrossRef]
23. van Doremalen, N.; Lambe, T.; Spencer, A.; Belij-Rammerstorfer, S.; Purushotham, J.N.; Port, J.R.; Avanzato, V.A.; Bushmaker, T.;

Flaxman, A.; Ulaszewska, M.; et al. ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature
2020, 586, 578–582. [CrossRef] [PubMed]

24. Ledgerwood, J.E.; DeZure, A.D.; Stanley, D.A.; Coates, E.E.; Novik, L.; Enama, M.E.; Berkowitz, N.M.; Hu, Z.; Joshi, G.; Ploquin,
A.; et al. Chimpanzee adenovirus vector Ebola vaccine. N. Engl. J. Med. 2017, 376, 928–938. [CrossRef] [PubMed]

25. Barnes, E.; Folgori, A.; Capone, S.; Swadling, L.; Aston, S.; Kurioka, A.; Meyer, J.; Huddart, R.; Smith, K.; Townsend, R.; et al.
Novel adenovirus-based vaccines induce broad and sustained T cell responses to HCV in man. Sci. Transl. Med. 2012, 4, 115ra111.
[CrossRef] [PubMed]

26. Khan, A.; Bakhru, P.; Saikolappan, S.; Das, K.; Soudani, E.; Singh, C.R.; Estrella, J.L.; Zhang, D.; Pasare, C.; Ma, Y.; et al. An
autophagy-inducing and TLR-2 activating BCG vaccine induces a robust protection against tuberculosis in mice. NPJ Vaccines
2019, 4, 34. [CrossRef]

27. Sayedahmed, E.E.; Araújo, M.V.; Silva-Pereira, T.T.; Chothe, S.K.; Elkashif, A.; Alhashimi, M.; Wang, W.-C.; Santos, A.P.; Nair, M.S.;
Gontu, A.; et al. Impact of an autophagy-inducing peptide on immunogenicity and protection efficacy of an adenovirus-vectored
SARS-CoV-2 vaccine. Mol. Ther. Methods Clin. Dev. 2023, 30, 194–207. [CrossRef]

28. van Olphen, A.L.; Mittal, S.K. Development and characterization of bovine x human hybrid cell lines that efficiently support the
replication of both wild-type bovine and human adenoviruses and those with E1 deleted. J. Virol. 2002, 76, 5882–5892. [CrossRef]

29. Graham, F.L.; Smiley, J.; Russell, W.C.; Nairn, R. Characteristics of a human cell line transformed by DNA from human adenovirus
type 5. J. Gen. Virol. 1977, 36, 59–74. [CrossRef]

30. Chen, L.; Anton, M.; Graham, F.L. Production and characterization of human 293 cell lines expressing the site-specific recombinase
Cre. Somat. Cell Mol. Genet. 1996, 22, 477–488. [CrossRef]

31. Cornelissen, L.A.; de Vries, R.P.; de Boer-Luijtze, E.A.; Rigter, A.; Rottier, P.J.; de Haan, C.A. A single immunization with soluble
recombinant trimeric hemagglutinin protects chickens against highly pathogenic avian influenza virus H5N1. PLoS ONE 2010,
5, e10645. [CrossRef]

32. Steel, J.; Lowen, A.C.; Wang, T.T.; Yondola, M.; Gao, Q.; Haye, K.; García-Sastre, A.; Palese, P. Influenza virus vaccine based on the
conserved hemagglutinin stalk domain. mBio 2010, 1, 10–1128. [CrossRef]

33. Challa, D.K.; Bussmeyer, U.; Khan, T.; Montoyo, H.P.; Bansal, P.; Ober, R.J.; Ward, E.S. Autoantibody depletion ameliorates disease
in murine experimental autoimmune encephalomyelitis. mAbs 2013, 5, 655–659. [CrossRef]

34. Ng, P.; Parks, R.J.; Cummings, D.T.; Evelegh, C.M.; Sankar, U.; Graham, F.L. A high-efficiency Cre/loxP-based system for
construction of adenoviral vectors. Hum. Gene Ther. 1999, 10, 2667–2672. [CrossRef] [PubMed]

35. Du, E.; Tikoo, S.K. Efficient replication and generation of recombinant bovine adenovirus-3 in nonbovine cotton rat lung cells
expressing I-SceI endonuclease. J. Gene Med. 2010, 12, 840–847. [CrossRef] [PubMed]

36. Jager, L.; Hausl, M.A.; Rauschhuber, C.; Wolf, N.M.; Kay, M.A.; Ehrhardt, A. A rapid protocol for construction and production of
high-capacity adenoviral vectors. Nat. Protoc. 2009, 4, 547–564. [CrossRef] [PubMed]

37. Sayedahmed, E.E.; Hassan, A.O.; Kumari, R.; Cao, W.; Gangappa, S.; York, I.; Sambhara, S.; Mittal, S.K. A Bovine Adenoviral
Vector-Based H5N1 Influenza -Vaccine Provides Enhanced Immunogenicity and Protection at a Significantly Low Dose. Mol. Ther.
Methods Clin. Dev. 2018, 10, 210–222. [CrossRef]

38. Hoelscher, M.A.; Garg, S.; Bangari, D.S.; Belser, J.A.; Lu, X.; Stephenson, I.; Bright, R.A.; Katz, J.M.; Mittal, S.K.; Sambhara, S.
Development of adenoviral-vector-based pandemic influenza vaccine against antigenically distinct human H5N1 strains in mice.
Lancet 2006, 367, 475–481. [CrossRef]

39. Ellebedy, A.H.; Krammer, F.; Li, G.M.; Miller, M.S.; Chiu, C.; Wrammert, J.; Chang, C.Y.; Davis, C.W.; McCausland, M.; Elbein, R.;
et al. Induction of broadly cross-reactive antibody responses to the influenza HA stem region following H5N1 vaccination in
humans. Proc. Natl. Acad. Sci. USA 2014, 111, 13133–13138. [CrossRef]

40. Burrough, E.R.; Magstadt, D.R.; Petersen, B.; Timmermans, S.J.; Gauger, P.C.; Zhang, J.; Siepker, C.; Mainenti, M.; Li, G.; Thompson,
A.C.; et al. Highly Pathogenic Avian Influenza A(H5N1) Clade 2.3.4.4b Virus Infection in Domestic Dairy Cattle and Cats, United
States, 2024. Emerg. Infect. Dis. 2024, 30, 1335–1343. [CrossRef]

41. Caserta, L.C.; Frye, E.A.; Butt, S.L.; Laverack, M.; Nooruzzaman, M.; Covaleda, L.M.; Thompson, A.C.; Koscielny, M.P.; Cronk, B.;
Johnson, A.; et al. Spillover of highly pathogenic avian influenza H5N1 virus to dairy cattle. Nature 2024, 634, 669–676. [CrossRef]

https://doi.org/10.1128/JVI.01597-10
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.vaccine.2013.05.016
https://doi.org/10.1089/vim.2005.18.283
https://doi.org/10.1038/s41586-020-2608-y
https://www.ncbi.nlm.nih.gov/pubmed/32731258
https://doi.org/10.1056/NEJMoa1410863
https://www.ncbi.nlm.nih.gov/pubmed/25426834
https://doi.org/10.1126/scitranslmed.3003155
https://www.ncbi.nlm.nih.gov/pubmed/22218690
https://doi.org/10.1038/s41541-019-0122-8
https://doi.org/10.1016/j.omtm.2023.06.009
https://doi.org/10.1128/JVI.76.12.5882-5892.2002
https://doi.org/10.1099/0022-1317-36-1-59
https://doi.org/10.1007/BF02369439
https://doi.org/10.1371/journal.pone.0010645
https://doi.org/10.1128/mBio.00018-10
https://doi.org/10.4161/mabs.25439
https://doi.org/10.1089/10430349950016708
https://www.ncbi.nlm.nih.gov/pubmed/10566894
https://doi.org/10.1002/jgm.1505
https://www.ncbi.nlm.nih.gov/pubmed/20963806
https://doi.org/10.1038/nprot.2009.4
https://www.ncbi.nlm.nih.gov/pubmed/19373227
https://doi.org/10.1016/j.omtm.2018.07.007
https://doi.org/10.1016/S0140-6736(06)68076-8
https://doi.org/10.1073/pnas.1414070111
https://doi.org/10.3201/eid3007.240508
https://doi.org/10.1038/s41586-024-07849-4


Vaccines 2025, 13, 95 18 of 19

42. Neumann, G.; Kawaoka, Y. Highly pathogenic H5N1 avian influenza virus outbreak in cattle: The knowns and unknowns. Nat.
Rev. Microbiol. 2024, 22, 525–526. [CrossRef]

43. Darricarrère, N.; Qiu, Y.; Kanekiyo, M.; Creanga, A.; Gillespie, R.A.; Moin, S.M.; Saleh, J.; Sancho, J.; Chou, T.H.; Zhou, Y.; et al.
Broad neutralization of H1 and H3 viruses by adjuvanted influenza HA stem vaccines in nonhuman primates. Sci. Transl. Med.
2021, 13, eabe5449. [CrossRef] [PubMed]

44. Neirynck, S.; Deroo, T.; Saelens, X.; Vanlandschoot, P.; Jou, W.M.; Fiers, W. A universal influenza A vaccine based on the
extracellular domain of the M2 protein. Nat. Med. 1999, 5, 1157–1163. [CrossRef] [PubMed]

45. McCann, N.; O’Connor, D.; Lambe, T.; Pollard, A.J. Viral vector vaccines. Curr. Opin. Immunol. 2022, 77, 102210. [CrossRef]
[PubMed]

46. Mennechet, F.J.D.; Paris, O.; Ouoba, A.R.; Salazar Arenas, S.; Sirima, S.B.; Takoudjou Dzomo, G.R.; Diarra, A.; Traore, I.T.; Kania,
D.; Eichholz, K.; et al. A review of 65 years of human adenovirus seroprevalence. Expert Rev. Vaccines 2019, 18, 597–613. [CrossRef]
[PubMed]

47. Sharma, A.; Bangari, D.S.; Tandon, M.; Pandey, A.; HogenEsch, H.; Mittal, S.K. Comparative analysis of vector biodistribution,
persistence and gene expression following intravenous delivery of bovine, porcine and human adenoviral vectors in a mouse
model. Virology 2009, 386, 44–54. [CrossRef]

48. Li, X.; Bangari, D.S.; Sharma, A.; Mittal, S.K. Bovine adenovirus serotype 3 utilizes sialic acid as a cellular receptor for virus entry.
Virology 2009, 392, 162–168. [CrossRef]

49. Muruve, D.A.; Barnes, M.J.; Stillman, I.E.; Libermann, T.A. Adenoviral gene therapy leads to rapid induction of multiple
chemokines and acute neutrophil-dependent hepatic injury in vivo. Hum. Gene. Ther. 1999, 10, 965–976. [CrossRef]

50. Cines, D.B.; Bussel, J.B. SARS-CoV-2 Vaccine-Induced Immune Thrombotic Thrombocytopenia. N. Engl. J. Med. 2021, 384,
2254–2256. [CrossRef]

51. Toh, C.H.; Wang, G.; Parker, A.L. The aetiopathogenesis of vaccine-induced immune thrombotic thrombocytopenia. Clin. Med.
2022, 22, 140–144. [CrossRef]

52. Hamilton, B.S.; Whittaker, G.R.; Daniel, S. Influenza virus-mediated membrane fusion: Determinants of hemagglutinin fusogenic
activity and experimental approaches for assessing virus fusion. Viruses 2012, 4, 1144–1168. [CrossRef]

53. Yamayoshi, S.; Uraki, R.; Ito, M.; Kiso, M.; Nakatsu, S.; Yasuhara, A.; Oishi, K.; Sasaki, T.; Ikuta, K.; Kawaoka, Y. A Broadly
Reactive human anti-hemagglutinin stem monoclonal antibody that inhibits Influenza A virus particle release. eBioMedicine 2017,
17, 182–191. [CrossRef] [PubMed]

54. Hai, R.; Krammer, F.; Tan, G.S.; Pica, N.; Eggink, D.; Maamary, J.; Margine, I.; Albrecht, R.A.; Palese, P. Influenza viruses
expressing chimeric hemagglutinins: Globular head and stalk domains derived from different subtypes. J. Virol. 2012, 86,
5774–5781. [CrossRef]

55. Eggink, D.; Goff, P.H.; Palese, P. Guiding the immune response against influenza virus hemagglutinin toward the conserved stalk
domain by hyperglycosylation of the globular head domain. J. Virol. 2014, 88, 699–704. [CrossRef] [PubMed]
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