
Kamel et al. 
Journal of Genetic Engineering and Biotechnology          (2022) 20:155  
https://doi.org/10.1186/s43141-022-00436-y

RESEARCH

Immunogenicity and effectiveness 
of a bivalent influenza A/H1N2 vaccine strain 
against seasonal human influenza A viruses 
in mice
Mina Nabil Kamel1†, Sara H. Mahmoud1†, Yassmin Moatasim1†, Ahmed El Taweel1, Mahmoud Shehata1, 
Mohamed Refaat Shehata2, Elsayed Tarek AbdElSalam3, Mohamed A. Ali1* and Ahmed Mostafa1*   

Abstract 

Background: Recent studies and reports have documented the ability of the co-circulating seasonal influenza A/
H1N1 (ancestor: 2009 pandemic H1N1) and A/H3N2 to exchange their genetic segments, generating a novel H1N2 
strain in different geographical localities around the world with an ability to infect human. This raises concerns and 
triggers alarms to develop a multivalent vaccine that can protect against the documented H1- and H3-type human 
influenza A viruses (IAVs).

Results: Here, we generated a PR8-based vaccine strain that carries the HA gene segment from the contemporary 
H1N1 virus while the NA gene segment was derived from a currently circulating influenza A/H3N2 strain. A recombi-
nant PR8-based H1N2 vaccine strain (rgH1N2), engineered by reassortment between influenza A/H1N1 and A/H3N2 
to mimic the documented human influenza A/H1N2, was used for immunization to provoke immunogenicity and 
cross-antigenicity against the H1- and H3-type human IAVs and was evaluated for its immunogenicity and effective-
ness in mice. Following challenge infection of rgH1N2-vaccinated mice with contemporary influenza A/H1N1 and A/
H3N2, results revealed that rgH1N2-vaccinated mice showed less viral shedding, more survival, and less body weight 
loss compared to control unvaccinated groups and vaccinated mice with rgH1N1 and rgH3N2.

Conclusions: This study highlights the applicability of the PR8-based H1N2 vaccine strain to protect against seasonal 
IAVs and emphasizes the role of both surface proteins, HA and NA, to stimulate protective and neutralizing antibodies 
against circulating influenza A/H1N1 and A/H3N2 strains.
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Background
Influenza A virus (IAV) particles encapsulate segmented 
RNA genome, allowing viral segments exchange “reas-
sortment” to generate a variety of nascent reassortant 
viruses [1]. Nowadays, all circulating human IAVs carry 
one or more gene segments from the pandemic IAVs of 
the last century especially the ongoing seasonal versions 
of the ancestor pandemic strains, H1N1 and H3N2 [1].

The co-circulation of influenza A/H1N1 and A/
H3N2 strains since 1968 led frequently to the 
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emergence of a new subtype of IAV, namely influenza 
A/H1N2. This reassortment event was firstly reported 
in China between December 1988 and March 1989 
[2, 3]. Between 2000 and 2002, influenza A/H1N2 re-
emerged again as sporadic H1-type-positive cases in 
several geographical localities like Thailand, Singa-
pore, Malaysia, and Indonesia [4], while in the UK, 
influenza A/H1N2 virus was reported in humans for 
the first time during flu season 2001–2002 as an out-
break. Interestingly, H1N2 was the most predominant 
during this flu season, overcoming the influenza A/
H1N1 and A/H3N2 with a positivity rate of 54% of all 
IAV-positive samples [5].

The first reassortment between seasonal influ-
enza 2009 pandemic influenza A/H1N1 and seasonal 
influenza A/H3N2 was reported in India in late 2009 
[6]. This was followed by sporadic detection of clini-
cal influenza A/H1N2 in humans in several countries 
including four human H1N2 cases in the USA in 2012 
[7] and a human H1N2 case in 2018 in the Netherlands 
[8]. Interestingly, the influenza A/H1N2 in the Neth-
erlands showed a distinct genetic makeup, including 
PB2, PB1, PA, NP, NA, and M segments from influenza 
A/H3N2 and HA and NS segments from A(H1N1)
pdm09 [8]. Till 2019, all documented reports showed 
that influenza A/H3N2 acts as an acceptor while influ-
enza A/H1N1 acts as a donor. In contrast, influenza 
A/H1N2 genetic composition in Sweden was reported 
to obtain the neuraminidase gene from influenza A/
H3N2 and other genes from influenza A/H1N1 [9]. 
In late 2020, an influenza A/H1N2-infected case was 
reported in Brazil [10]. Nowadays, influenza A/H1N2 
is mainly genetically constructed from influenza A/
H1N1 and contracted only the neuraminidase from 
influenza A/H3N2. This raises the concern of an 
increased probability of circulation within the human 
population [3].

Vaccination is still the primary defense line to com-
bat IAV infection [11]. Reverse genetics (rg) systems 
have been employed to rescue recombinant influ-
enza vaccine strains (IVS) in a timely and controlled 
manner during seasonal epidemics or pandemics to 
overcome [1, 12–15]. This frequent emergence of reas-
sortant influenza A/H1N2 alarms for preparedness 
to control it in case it emerges as a pandemic strain. 
Moreover, rare studies have tested the applicability of 
heterogenous influenza A/H1N2 as a multivalent vac-
cine against all human H1- and H3-type IAVs.

In this study, we aim to use a generated PR8-based 
influenza A/H1N2 virus as a candidate vaccine strain 
to provide multiple protection against influenza A/
H1N1, A/H3N2, and A/H1N2 viruses in vaccinated 
mice.

Methods
Cells and viruses
The Madin–Darby canine kidney (MDCK) cells and the 
293T human embryonic kidney cells expressing the SV40 
large T-antigen were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM; Invitrogen), supplemented 
with 10% fetal bovine serum (FBS, Invitrogen), penicil-
lin (Pen, 100 IU/ml), and streptomycin (Strep, 100 μg/
ml) (Pen/Strep). All cells were cultured and stored in 
a humidified incubator at 37°C and 5%  CO2. Human 
influenza A/H1N1 (A/Egypt/NRC098/2019 (H1N1)), A/
H3N2 (A/Egypt/NRC107/2019 (H3N2)), and A/Puerto 
Rico/8/1934 (H1N1, PR8) viruses were obtained from 
the virus stocks of the Center of Scientific Excellence for 
Influenza Viruses, National Research Centre, Egypt. To 
prepare virus stocks, both viruses were propagated in 
MDCK cells as previously described [16].

Phylogenetic analysis
The evolutionary history was inferred using the neigh-
bor-joining method [17]. The percentage of replicate 
trees in which the associated taxa clustered together in 
the bootstrap test (1000 replicates) are shown next to the 
branches [18]. The evolutionary distances were computed 
using the maximum composite likelihood method [19]. 
Phylogenetic analyses were conducted using MEGA-6 
software [20].

Plasmids and reverse genetics
The HA and NA gene segments from influenza human 
influenza A/H1N1 (A/Egypt/NRC098/2019 (H1N1)) and 
A/H3N2 (A/Egypt/NRC107/2019 (H3N2)) viruses were 
amplified by reverse transcription polymerase chain reac-
tion (RT-PCR) using universal primers for reverse genet-
ics (rg) of IAV [21]. The purified PCR product of each 
viral segment was digested with either BsmBI for the 
HA segment or BsaI for the NA segment and then indi-
vidually ligated with an AarI-linearized pMPccdB vector 
as previously described [16]. The correct constructs, as 
confirmed by enzymatic digestion and sequencing, were 
subsequently used to generate recombinant rg viruses in 
the genetic background of well-replicating influenza A/
Puerto Rico/8/1934 (H1N1, PR8).

Rescue of 6+2 rg viruses which are genetically com-
posed of 6 internal genes from A/Puerto Rico/8/1934 
(H1N1, PR8) and surface glycoproteins (HA and NA) 
from seasonal influenza A/H1N1 was done to generate 
the rgH1N1 vaccine strain and their counterparts from 
seasonal influenza A/H3N2 to generate the rgH3N2 
vaccine strain and then the surface glycoprotein from 
the seasonal IAVs was shuffled to generate rgH1N2 and 
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rgH3N1 candidate vaccine strains. The genetic constel-
lations of the parental and rescued viruses are listed in 
Fig. 1.

Virus propagation, titration, and antigen preparation
Virus stock was propagated in MDCK cells cultured in 
a T-175 flask (Greiner bio-one GmbH, Germany); then, 
cells were microscopically investigated daily. The virus-
infected culture supernatant was clarified by centrifuga-
tion at 2500 rpm for 15 min at 4°C twice. The harvested 
virus was titrated by plaque titration assay. Harvested 
influenza A/H1N1, A/H3N2, rgH1N1, rgH3N2, rgH1N2, 
and rgH3N1 were inactivated with 0.1% β-propiolactone 
(BPL) (Sigma-Aldrich); then, the treated virus was incu-
bated at 4°C for 2 days in a cooling shaking incubator. 
The β-propiolactone-treated viruses were tested for 
loss of viral infectivity by inoculating them into MDCK 
monolayers for up to 5 days. No cytopathic effect (CPE) 
was observed on MDCK cells that were inoculated with 
inactivated viruses. The inactivated viruses were further 
concentrated by ultracentrifugation (80,000×g, 4 °C, 1 
h with 20% sucrose as a cushion). Total protein content 
was measured by the Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific).

Preparation of inactivated candidate vaccine
The desired concentration (15 μg) was diluted in 1× PBS 
and then mixed with Imject Alum adjuvant (Invitrogen) 
in a ratio of 2:1 (v/v). The formulated inactivated vaccines 
plus adjuvant were mixed for 30 min under cooling con-
ditions to confirm the adsorption of viral antigen into the 
surface of the alum.

Immunogenicity of the generated H1‑ and H3‑type vaccine 
strains (VS)
To evaluate the immunogenicity of the generated vac-
cine strains, 8-week-old black/6 mice were used. Mice 

were obtained from the Animal House Colony of the 
National Research Centre (NRC), Egypt. All mice were 
verified to be seronegative for H1 and H3 antibodies 
using the plaque reduction neutralization assay (PRNT). 
The animals were maintained at a controlled temperature 
of 24 ± 1 °C with a 12–12-h light-dark cycle (light cycle, 
07:00–19:00) and were allowed free access to water and 
standard feed ad libitum. Animals were allocated into six 
groups (n = 16) (rgH1N2, rgH3N1, rgH1N1, rgH3N2, 
control non-infected, and control infected). As illustrated 
in Fig. 2, black/6 mice were intramuscularly (IM) immu-
nized with 50 μl of inactivated vaccine strain (VS) con-
taining 15 μg viral antigen(s) of each inactivated virus. In 
the second-week post-vaccination, a subsequent booster 
dose was administrated with the same composition for 
each group. The animals were then followed up for 3 
weeks post-vaccination (WPV). All animal sera were 
separated and stored at −20 °C until used. Serum sam-
ples were collected weekly from immunized animals until 
week 5 post-vaccination.

Plaque reduction neutralization assay (PRNT)
MDCK cells were seeded in 6-well plates at a cell count of 
1 ×  105 cells/well and incubated overnight at 37°C and 5% 
 CO2. Subsequently, collected sera were diluted to 1:10, 
followed by bifold serial dilutions using DMEM media 
containing 0.2% bovine serum albumin (BSA) and 1% 
Pen/Strep mixture, mixed with either influenza A/H1N1 
or A/H3N2, and incubated for 1h to allow neutralization. 
Following cell-free neutralization, the mixtures of diluted 
sera/virus were transferred into MDCK cell monolay-
ers to all viral adsorption of non-neutralized viral parti-
cles and incubated at RT for 1 h. The inocula containing 
mixture residuals were aspirated, and cells were over-
laid with an overlay composite containing 1% agarose, 
1× MEM, 0.2% bovine serum albumin (BSA), 1% Pen/
Strep mixture, and TPCK-trypsin (1 μg/ml) for 72 h. Cell 

Fig. 1 Genetic illustration of rescued viruses that were tested as candidate vaccine seed strains and their parent strains
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monolayers were then fixed with 10% paraformaldehyde, 
and plaques were visualized using 1% crystal violet solu-
tion and counted to calculate viral reduction (%). PRNT 
endpoint titers were expressed as the reciprocal of the 
last serum dilution. The PRNT titer was calculated based 
on a 50% reduction in plaque count  (PRNT50).

Challenge infection
At week 5 post-vaccination, each vaccinated group was 
separated into 2 subgroups (8 mice/each) for nasal chal-
lenge infection by the parental seasonal influenza A/
H1N1 or A/H3N2 viruses (Fig.  2). The virus concentra-
tion in the inoculum was unified at  5log10 pfu/20 μl. Mice 
were inoculated by 20 μl intranasally. Mice were moni-
tored daily within 14 days post-infection (dpi) for mor-
tality and morbidity. Nasal wash samples were obtained 
from each mouse, using the saline solution on days 3, 5, 
and 7 post-infection for virus titration using quantita-
tive real-time RT-PCR of the influenza M gene [10]. On 
day 3 post-infection, 3 mice from each subgroup were 
dissected, and the lung and nasal termination were col-
lected. Organ homogenization was done by using a Tis-
sueLyser at 1/1 weight/volume for 30 s at 50 Hz/s. The 
supernatant was collected and titration was performed 
by using quantitative real-time RT-PCR as described pre-
viously [10].

Ethical statement and biosafety
All animal experiments and procedures were conducted 
following the guidelines and regulations approved by 
the Medical Research Ethics Committee (MREC) of the 
National Research Centre (NRC), Egypt (permission 
code: 19–274). All experiments involving IAVs were per-
formed using biosafety level 2 laboratories and isolators 

approved for such use by the local authorities (NRC, 
Giza, Egypt).

Statistical data analysis
Statistical data analysis was done by using GraphPad 
Prism V5 (GraphPad Inc., San Diego, CA, USA). A one-
way ANOVA test was performed, followed by Tukey’s 
post hoc test. Data were represented as mean ± SD. P 
values of ≤0.05 were considered statistically significant.

Results
Characterization of isolated influenza A/H1N1 and A/H3N2 
viruses used to generate studied candidate vaccine strains 
against H1‑ and H3‑type human IAVs
Candidate vaccine viruses (CVVs) are usually selected 
by the end of the influenza season to protect against the 
viruses that are likely to circulate during the upcoming 
influenza season. Herein, two fully characterized viral 
human influenza A isolates, A/Egypt/NRC098/2019 
(H1N1) (GSAID number: EPI_ISL_12995118) and A/
Egypt/NRC107/2019 (H3N2) (GSAID number: EPI_
ISL_12995401), representing the circulating seasonal 
IAVs were selected to generate a panel of PR8-based can-
didate vaccine strains.

Phylogenetic analysis of the HA and NA in compari-
son with the ancestor strains for influenza A/H1N1 and 
influenza A/H3N2, namely A/California/07/2009 (H1N1) 
(Fig. 3a, b) and A/Perth/16/2009 (H3N2) (Fig. 4a, b), and 
recently used/recommended vaccine strains by WHO, 
revealed the phylogenetic relation to our isolates.

Rescue and propagation of candidate vaccine
To evaluate the protection efficiency of the rgH1N2 and 
rgH3N1 compared to the classical control rgH1N1 and 
rgH3N2 vaccine strains, the four PR8-based vaccine 

Fig. 2 The experimental timeline includes initial immunostimulation, booster vaccination, and challenge infection of immunized mice for up to 
7 weeks post-vaccination (WPV). Eight-week-old black/6 mice were immunized at zero time of the experiment, followed by a booster vaccination 
at week 2 post-initial immunization to stimulate neutralizing antibodies against candidate vaccine strain (CVS) in mice. Challenge infection of 
immunized mice with the parent strains (PS) was done at week 5 post-vaccination and followed up for 2 weeks post-infection
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strains were successfully rescued using reverse genet-
ics (Fig.  5). The rgH1N2 acquires the internal backbone 
segments from PR8, the surface glycoproteins from cir-
culating IAVs (HA from an influenza A/H1N1 and NA 
from an influenza A/H3N2 strain). However, the rgH3N1 
acquires the HA gene segment from influenza A/H3N2 
and NA from influenza A/H1N1 strains, with the other 
internal proteins encoding segments from PR8.

For the control PR8-based vaccine strains, rgH1N1 
and rgH3N2, the two main surface glycoproteins (HA 
and NA) were derived from their corresponding parental 

strains. The genetic composition of each rescued vaccine 
strain was confirmed by subtyping using RT-PCR.

Historically, candidate vaccine viruses are required to 
be isolated and grown in chicken eggs or certain mamma-
lian cell cultures including Madin–Darby canine kidney 
(MDCK) cells or African green monkey kidney (Vero) 
cells. Expectedly, the influenza A/Egypt/NRC107/2019 
(H3N2) virus grows poorly in eggs, making it challenging 
to get a good candidate vaccine strain for vaccine produc-
tion. It grows well in MDCK cells (virus titer = 2.3 ×  107 
PFU/ml). Accordingly, the rgH1N1, rgH3N2, rgH1N2, 

Fig. 3 Phylogenetic analysis of the full HA (a) and NA (b) genetic segments from the studied candidate influenza vaccine strain A/Egypt/
NRC098/2019 (H1N1). The tree was rooted with A/California/07/2009. Our candidate vaccine strain A/Egypt/NRC098/2019 (H1N1) is indicated in 
blue color. Vaccine strains A/Brisbane/02/2018 (egg-based, 2019–2020 NH influenza season), A/Guangdong-Maonan/SWL1536/2019 (egg-based, 
2020–2021 influenza season), A/Hawaii/70/2019 (cell-based, 2020–2021 influenza season), A/Victoria/2570/2019 (egg-based, 2021–2022 influenza 
season), and A/Wisconsin/588/2019 (cell-based, 2021–2022 influenza season) are indicated with black circles
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and rgH3N1 were propagated in mammalian MDCK 
cell cultures. Nevertheless, the rgH1N1, rgH1N2, and 
rgH3N1 showed good titers when propagated in embryo-
nated eggs at 36 h post-inoculation (data not shown).

Immunogenicity of reassortant candidate vaccine strains
Black/6 mice were immunized by candidate vaccine 
strains (rgH1N1, rgH3N2, rgH3N1, or rgH1N2) via the 
intramuscular route (15 μg/dose), followed by admin-
istration of the same dose 2 weeks post-vaccination as a 
booster vaccination. Collected serum samples were ana-
lyzed weekly as illustrated in Fig. 2 every week to monitor 
the immunogenicity in immunized animals till the 4th-
week post-vaccination (WPV) (Fig. 6).

Plaque neutralization assay for sera collected from 
immunized mice showed that the groups vaccinated by 
either rgH1N1 or rgH1N2 showed antibody titer within 
the second-week post-vaccination while the group vac-
cinated by rgH3N1 showed antibody titer within the 
third-week post-vaccination against influenza A/H1N1. 
In contrast, the groups which were vaccinated by either 
rgH3N2 or rgH3N1 or rgH1N2 showed antibody titer 
within the second-week post-vaccination against influ-
enza A/H3N2. This confirms the high immunogenicity of 
the reassortant rgH1N2 vaccine strain and its ability to 
stimulate neutralizing antibodies against both parental 
strains, with comparable higher efficiency than the con-
trol vaccine strains.

Fig. 4 Phylogenetic analysis of the full HA (a) and NA (b) sequences from the studied candidate influenza vaccine strain A/Egypt/NRC107/2019 
(H3N2). The tree is rooted with A/Perth/16/2009 (H3N2). Our studied candidate vaccine strain is indicated in blue color. Vaccine strains A/
Kansas/14/2017 (egg-based, 2019–2020 season), A/Hong Kong/2671/2019 (egg-based, 2020–2021), A/Hong Kong/45/2019 (cell-based, 2020–2021 
season), and A/Cambodia/e0826360/2020 (2021–2022 season) are indicated with black circles
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Vaccine effectiveness following challenge infection
To confirm that the stimulated neutralizing antibodies 
can neutralize the virus and disrupt the viral infection 
with circulating strains, challenge infection of the vac-
cinated mice occurred using circulating seasonal IAVs. 
After 4 weeks post-vaccination, each group was divided 
into two subgroups for challenge infection. One sub-
group was challenged with the parental influenza A/
H1N1 virus, while the other subgroup was challenged 
with the parental influenza A/H3N2 virus. The virus 
concentration that was used for the challenge infection 
was set at  5log10 PFU/20 μl. This dose was consistent 

with the viral infectious dose used in previous patho-
genicity studies of influenza A/H3N2 [22] and A/H1N1 
[23].

All groups of mice challenged with influenza A/
H3N2 survived with a non-significant difference in 
body weight loss (Fig.  7a, b), while mice challenged 
by influenza A/H1N1 showed that unvaccinated chal-
lenged mice and those vaccinated with rgH3N2 have a 
survival rate of 67% without a significant difference in 
body weight loss (Fig. 7c, d). Interestingly, rgH1N2-vac-
cinated mice and control (uninfected) groups showed 
a comparable pattern in body weight gain, suggesting 

Fig. 5 Graphical representation of the parental and rescued viruses that were tested as candidate vaccine seed strains

Fig. 6 Immunogenicity of inactivated candidate vaccine strains as measured by plaque reduction neutralization assay (PRNT) for the collected sera 
from vaccinated and control mice groups (n = 16 per group) at different time points post-vaccination. The sera plaque neutralization assay was 
done against influenza A/H1N1 (a) and A/H3N2 (b). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. The 
significant differences are indicated (*P < 0.05 and non-significant = ns)
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that those rgH1N2-vaccinated mice are well protected 
against infection with seasonal influenza A/H1N1 chal-
lenge strain.

Impact of vaccination with candidate vaccine strains 
on viral shedding
Viral loads in the lungs and nasal termination of the dis-
sected immunized mice post-challenge infection were 
determined following homogenization using quantitative 
rtRT-PCR (Fig. 8). The lowest viral shedding in both lung 
and nasal turbinates in mouse groups that were chal-
lenged by influenza A/H3N2 was detected in nasal ter-
minates and lungs of rgH1N2-vaccinated mice (Fig. 8a). 
In line with these results, the mouse groups immunized 
with rgH3N1, rgH1N2, or rgH1N1 and challenged with 
influenza A/H1N1 showed the lowest viral shedding 
among all influenza A/H1N1-infected mice. Compared 
to other vaccinated groups, the rgH3N2-vaccinated mice 
showed higher viral loads that were comparable to non-
vaccinated control when challenged with influenza A/
H1N1 strain (Fig. 8b).

To estimate the viral loads in the nasal washes of the 
challenged vaccinated and control groups, nasal washing 
was applied for all groups on days 3, 5, and 7 post-chal-
lenge and titrated for the viral loads by quantitative rtRT-
PCR. The rgH1N2-vaccinated mice showed lower viral 
shedding post-infection, compared to the rgH1N1- and 
rgH3N2-vaccinated and control non-vaccinated mice 
(Fig. 8c, d).

Discussion
Influenza A viruses (IAVs) are known for their high 
mutation rates due to the non-proof-reading polymerase 
activity of the influenza polymerase complex. Besides, 
the segmented nature of the IAV genome leads to genetic 
segment exchange or reassortment among replicating 
viruses in the host cell. Two main human IAVs are cir-
culating among human populations for decades, namely 
influenza A/H1N1 and A/H3N2. The co-circulation of 
both subtypes leads occasionally to the emergence of a 
new human subtype, namely influenza A/H1N2, in dif-
ferent geographical localities around the world. Cur-
rently, two surface glycoproteins, HA and NA, are used 

Fig. 7 Survival rate and body weight losses of vaccinated mice (n = 8 per each virus challenge) against circulating IAVs. Vaccinated mice that 
were infected with influenza A/H3N2 followed by monitoring the survival rate percent (a) and body weight loss percent (b). The second group of 
vaccinated mice was challenged with influenza A/H1N1 and protectiveness was investigated by following up on the survival rate percent (c) and 
body weight loss percent (d)
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in vaccine production because they are hosting the main 
antigenic sites required to induce a robust humoral 
immune response. Besides, studies showed that the NA 
can stimulate the humoral and cellular immune responses 
[24]. Until now, the standard WHO-recommended vac-
cines against seasonal IAVs are based on three or four 
human influenza viruses including two human IAVs.

The occasional occurrence of influenza A/H1N2 and 
the challenges of the current seasonal influenza vaccine 
strains, including difficulties in production within rea-
sonable times before flu season, urged us to study the 
applicability of a hybrid vaccine strain from the two sea-
sonal influenza viruses as a bivalent vaccine strain. To 
this point, we selected two seasonal influenza viruses as 
a representative for currently circulating lineages of influ-
enza A/H1N1 and A/H3N2 to generate a panel of clas-
sical and hybrid PR8-based vaccine strains. Consistent 
with our rationale, the incidence of influenza A/H1N2 as 

a reassortant subtype of both seasonal influenza viruses 
might potentiate the necessity of generating a multiva-
lent vaccine strain to control the three human influenza 
subtypes.

Several studies suggest that antibodies against the 
influenza surface neuraminidase (NA) protein led to pro-
tection against infection with the corresponding IAVs. 
Due to the low immune selective pressure on NA and the 
low mutation rate compared to HA, the applicability of 
the NA-based vaccine as a protective agent against IAV 
infection was highlighted [25].

On the other hand, pigs and humans share the same 
pattern of influenza receptors in their respiratory tract, 
and the inter-species transmission of influenza A viruses 
from pigs to humans and humans to pigs occurs in both 
directions [1]. Therefore, the development and use of this 
A/H1N2 vaccine strain in the veterinary field could be 
deepened as prevention and control of swine IAVs and 

Fig. 8 Viral shedding or viral loads in lungs, nasal terminates, and nasal washes of the vaccinated and control mice (n = 8). The viral loads in the 
lungs and nasal terminates were detected in challenged mice with influenza A/H3N2 (a) and A/H1N1 (b) at day 3 post-infection. The viral loads in 
nasal washes were detected on days 3, 5, and 7 post-infection with H3N2 (c) or H1N1 (d) using semi-quantitative rtRT-PCR
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this may be a benefit not only for pig health, but also for 
human health.

Conclusions
In this study, we developed a hybrid vaccine strain, 
rgH1N2, expressing the HA protein of the influenza A/
H1N1 and NA protein from influenza A/H3N2, which 
are circulating as seasonal influenza viruses. In black/6 
mice (total protein content = 15 μg), the rgH1N2 vaccine 
was superior to other generated hybrid and control vac-
cine strains to protect against viral infection with influ-
enza A/H1N1 or A/H3N2. Despite that, both seasonal 
influenza viruses, especially influenza A/H3N2, showed 
attenuated behavior in black/6 mice, and the robust effec-
tiveness of inactivated rgH1N2 as a bivalent vaccine was 
documented by the high neutralizing capacity and the 
low viral loads/shedding following challenge infection. 
This study highlights the applicability of hybrid vaccine 
strain rgH1N2 against seasonal IAVs.

Abbreviations
VS: Vaccine strain; CVVs: Candidate vaccine viruses; IAV: Influenza A virus; rg: 
Reverse genetics; PR8: Influenza A/Puerto Rico/8/1934 (H1N1); PS: Parent 
strain; WPV: Weeks post-vaccination; CVS: Candidate vaccine strain.

Acknowledgements
Not applicable.

Authors’ contributions
Conceptualization, A.M.; methodology, M.N., A.M., Y.M., S.H.M., and M.S.; formal 
analysis, A.M., M.R.S., E.T.A., and M.A.A.; investigation, A.M., Y.M., S.H.M., and M.S.; 
data curation, A.M. and M.A.A.; writing—original draft preparation, A.M. and 
M.N.; writing—review and editing. The authors read and approved the final 
manuscript.

Funding
This research was funded by the Science and Technology Development 
Fund (STDF) in Egypt, under contract number (5175 to MAA). This work 
was also supported by Egyptian National Research Centre (NRC)-funded 
projects (TT110801 and 12010126 to AM). The funders had no role in study 
design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experiments and procedures were conducted following the 
guidelines and regulations approved by the Medical Research Ethics Commit-
tee (MREC) of the National Research Centre (NRC), Egypt (permission code: 
19–274). All experiments involving IAVs were performed using biosafety level 
2 laboratories and isolators approved for such use by the local authorities 
(NRC, Giza, Egypt).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Center of Scientific Excellence for Influenza Viruses, National Research Centre, 
Giza 12622, Egypt. 2 Chemistry Department, Faculty of Science, Cairo Univer-
sity, Giza, Egypt. 3 Department of Botany and Microbiology, Faculty of Science, 
Cairo University, Gamaa Street, Giza 12613, Egypt. 

Received: 14 July 2022   Accepted: 23 October 2022

References
 1. Mostafa A, Abdelwhab EM, Mettenleiter TC, Pleschka S (2018) Zoonotic 

potential of influenza A viruses: a comprehensive overview. Viruses 
10:497

 2. Guo YJ, Xu XY, Cox NJ (1992) Human influenza A (H1N2) viruses isolated 
from China. J Gen Virol 73(Pt 2):383–387

 3. Komadina N, McVernon J, Hall R, Leder K (2014) A historical perspective of 
influenza A(H1N2) virus. Emerg Infect Dis 20:6–12

 4. Barr IG, Komadina N, Hurt A, Shaw R, Durrant C, Iannello P et al (2003) 
Reassortants in recent human influenza A and B isolates from South East 
Asia and Oceania. Virus Res 98:35–44

 5. Ellis JS, Alvarez-Aguero A, Gregory V, Lin YP, Hay A, Zambon MC (2003) 
Influenza AH1N2 viruses, United Kingdom, 2001-02 influenza season. 
Emerg Infect Dis 9:304–310

 6. Mukherjee TR, Agrawal AS, Chakrabarti S, Chawla-Sarkar M (2012) Full 
genomic analysis of an influenza A (H1N2) virus identified during 2009 
pandemic in Eastern India: evidence of reassortment event between 
co-circulating A(H1N1)pdm09 and A/Brisbane/10/2007-like H3N2 strains. 
Virol J 9:233

 7. Lorusso A, Vincent AL, Gramer ME, Lager KM, Ciacci-Zanella JR (2013) 
Contemporary epidemiology of North American lineage triple reassor-
tant influenza A viruses in pigs. Curr Top Microbiol Immunol 370:113–132

 8. Slepushkin VA, Katz JM, Black RA, Gamble WC, Rota PA, Cox NJ (1995) 
Protection of mice against influenza A virus challenge by vaccination 
with baculovirus-expressed M2 protein. Vaccine. 13:1399–1402

 9. Wang TT, Tan GS, Hai R, Pica N, Ngai L, Ekiert DC et al (2010) Vaccination 
with a synthetic peptide from the influenza virus hemagglutinin provides 
protection against distinct viral subtypes. Proceed Natl Acad Sci U S A 
107:18979–18984

 10. WHO. WHO information for the molecular detection of influenza viruses. 
Influenza. 7th revision ed2021.

 11. Houser K, Subbarao K (2015) Influenza vaccines: challenges and solutions. 
Cell Host Microbe 17:295–300

 12. Hoffmann E, Krauss S, Perez D, Webby R, Webster RG (2002) Eight-
plasmid system for rapid generation of influenza virus vaccines. Vaccine 
20:3165–3170

 13. Mostafa A, Kanrai P, Ziebuhr J, Pleschka S (2016) The PB1 segment of 
an influenza A virus H1N1 2009pdm isolate enhances the replication 
efficiency of specific influenza vaccine strains in cell culture and embryo-
nated eggs. J Gen Virol 97:620–631

 14. Mostafa A, Pleschka S (2018) Influenza H3N2 vaccines: recent challenges. 
Trends Microbiol 26:87–89

 15. Nogales A, Martinez-Sobrido L (2016) Reverse genetics approaches for 
the development of influenza vaccines. Int J Mol Sci:18

 16. Mostafa A, Kanrai P, Ziebuhr J, Pleschka S (2013) Improved dual promotor-
driven reverse genetics system for influenza viruses. J Virol Methods 
193:603–610

 17. Saitou N, Nei M (1987) The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol Biol Evol 4:406–425

 18. Felsenstein J (1985) Confidence limits on phylogenies: an approach 
using the bootstrap. Evolution; international journal of organic evolution. 
39:783–791

 19. Tamura K, Nei M, Kumar S (2004) Prospects for inferring very large phy-
logenies by using the neighbor-joining method. Proc Natl Acad Sci U S A 
101:11030–11035

 20. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: 
molecular evolutionary genetics analysis version 6.0. Mol Biol Evol 
30:2725–2729



Page 11 of 11Kamel et al. Journal of Genetic Engineering and Biotechnology          (2022) 20:155  

 21. Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR (2001) Universal 
primer set for the full-length amplification of all influenza A viruses. Arch 
Virol 146:2275–2289

 22. Baz M, M’Hamdi Z, Carbonneau J, Lavigne S, Couture C, Abed Y et al 
(2019) Synergistic PA and HA mutations confer mouse adaptation of a 
contemporary A/H3N2 influenza virus. Sci Rep 9:16616

 23. Otte A, Sauter M, Daxer MA, McHardy AC, Klingel K, Gabriel G (2015) 
Adaptive mutations that occurred during circulation in humans of H1N1 
influenza virus in the 2009 pandemic enhance virulence in mice. J Virol 
89:7329–7337

 24. Oh S, Belz GT, Eichelberger MC (2001) Viral neuraminidase treatment of 
dendritic cells enhances antigen-specific CD8(+) T cell proliferation, but 
does not account for the CD4(+) T cell independence of the CD8(+) T 
cell response during influenza virus infection. Virology 286:403–411

 25. Sylte MJ, Suarez DL (2009) Influenza neuraminidase as a vaccine antigen. 
Curr Top Microbiol Immunol 333:227–241

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Immunogenicity and effectiveness of a bivalent influenza AH1N2 vaccine strain against seasonal human influenza A viruses in mice
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cells and viruses
	Phylogenetic analysis
	Plasmids and reverse genetics
	Virus propagation, titration, and antigen preparation
	Preparation of inactivated candidate vaccine
	Immunogenicity of the generated H1- and H3-type vaccine strains (VS)
	Plaque reduction neutralization assay (PRNT)
	Challenge infection
	Ethical statement and biosafety
	Statistical data analysis

	Results
	Characterization of isolated influenza AH1N1 and AH3N2 viruses used to generate studied candidate vaccine strains against H1- and H3-type human IAVs
	Rescue and propagation of candidate vaccine
	Immunogenicity of reassortant candidate vaccine strains
	Vaccine effectiveness following challenge infection
	Impact of vaccination with candidate vaccine strains on viral shedding

	Discussion
	Conclusions
	Acknowledgements
	References


