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Abstract

The immunogenicity and protective properties of the designed recombinant fusion peptide of 3M2e and truncated nucleo-
protein (trNP), originating from Influenza A virus, were investigated in the BALB/c mice model in comparison with the
Mix protein (3M2e+trNP). The results were evaluated by antibody response, cytokine production, lymphocyte prolif-
eration assay, and mortality rate after challenge with homologous (HIN1) and heterologous (H3N2) influenza viruses
in BALB/c mice. The animals that received the chimer protein with or without adjuvant had more specific antibody
responses and elicited memory CD4 T cells, and cytokines of Thl and Th2 cells compared to the Mix protein. Moreover,
the Mix protein, like the recombinant chimer protein, provided equal and effective protection against both homologous
and heterologous challenges in mice. Nevertheless, the chimer protein demonstrated superior immune protection com-
pared to the Mix protein. The percentage of survived animals in the adjuvanted protein group (78.4%) was less than the
non-adjuvanted one (85.7%). However, the Mix protein plus Alum could induce protective immunity in only 57.1% and
42.8% of homologous and heterologous virus-challenged mice, respectively. Regarding the sufficient immunogenicity and
protectivity of the chimer protein construct against influenza viruses, the findings of the study suggest that the chimer
protein without a requirement of adjuvant can be used as an adequate vaccine formulation to protect against a broad
spectrum of influenza viruses.

Introduction

Influenza viruses are highly contagious respiratory patho-
gens that are mainly transmitted through respiratory droplets
by coughing or sneezing of the infected people. Seasonal
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influenza epidemics cause about 3—5 million cases of severe
illness and about 290,000 to 650,000 deaths each year [1].
The antigenic evolution through the point mutations in
the genes of influenza viruses (antigenic drift) and genetic
reassortments between human and avian viruses (antigenic
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shift) have led to annual epidemics and global pandemics
[2]. Vaccination is the most effective strategy for preventing
the spread of influenza disease. However, seasonal vaccina-
tion does not afford protection against pandemic strains of
novel subtypes due to antigenic drift and needs to be refor-
mulated annually [3, 4]. Therefore, a universal influenza
vaccine could induce cross-reactive antibodies and cross-
reactive CD8" T cell responses against conserved proteins
of Influenza viruses [5, 6]. According to the data published
by the Centre for Disease Prevention and Control (CDC),
influenza vaccination reduces the risk of influenza illness
by between 40 and 60% among the overall population dur-
ing seasons when most circulating influenza viruses are well
matched to the influenza vaccine [7].

Ecto-domain of matrix protein 2 (M2e), stem subunit of
the hemagglutinin glycoprotein (HA2), and nucleoprotein
are the most conserved proteins of the influenza A viruses
[8, 9]. Matrix protein 2 (M2) is a homotetrameric proton
channel responsible for the release of the viral genome
during viral entry. M2 protein has 97 amino acids which
consist of three domains [10]. The extracellular domain of
M2 (M2e) is composed of 23 amino acid residues which
are highly conserved at its 9 N-terminal amino acids among
all influenza A subtypes and it is considered an attractive
target to produce the global vaccine [11]. Due to the pres-
ence of M2e on the surfaces of infected host cells, M2e-
specific antibodies are readily bound to these target cells.
Thus, effector Cells are capable of antibody crosslinking
via FcRs to carry out antibody-dependent cellular cyto-
toxicity (ADCC) [12-14]. However, M2e is poorly immu-
nogenic and presents at a low copy number on the surface
of the virion. Many vaccinal strategies have been applied
to improve M2e immunogenicity. For that purpose, differ-
ent approaches were explored to construct tandem copies
of the M2e peptide and/or use potent adjuvants [15]. Via
a tandem repeat of M2e sequences, more comprehensive
protection was achieved against influenza lethal challenge.
Zhang et al. showed that 3 copies of the M2e gene provided
the best protection to chickens against virus challenge [16].
They also demonstrated that virus-challenged mice that
received 3 copies of M2e protein lost weight more slowly
and recovered faster than the mice in the other groups [16].
Dabaghian and his colleagues used 4 copies of M2e fused to
HSP70c protein and showed that it was remarkably immu-
nogenic and effective in protecting mice against weight loss
and severe clinical signs; it could also improve the survival
rates after lethal influenza viral challenge [17]. Hence, we
developed a vaccine construct with three copies of the M2e
gene.

Nucleoprotein (NP) is an internal antigen that is highly
conserved and therefore has become an appropriate candi-
date for an efficient influenza vaccine. Besides its structural
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role in organizing the RNP complex, NP is involved in viral
transcription and replication and affects the host specificity
and virulence of viruses. In addition, NP can interact with a
variety of viral and cellular macromolecules. Viral nucleo-
protein could generate subtype cross-reactive cytotoxic T
lymphocyte (CTL) which plays an important role in con-
trolling influenza virus infection [18, 19]. As early as 1987,
Wraith et al. purified the NP protein of influenza virus X31
(H3N2) and immunized mice by i.p. injection [20]. They
found that NP immunization resulted in significant protec-
tion (75%) of mice from a lethal challenge with influenza
virus A/PR/8/34(HIN1), which may be attributed to CTL
with cross-protective activity [20]. MacLeod et al. found
that NP delivered with a universally used and safe adjuvant,
which is composed of insoluble aluminum salts, provides
protection against viruses that either express the same or an
altered version of nucleoprotein [21].

In this research, a chimer protein containing three tan-
dem repeats of M2e fused to a truncated nucleoprotein
(trNP; _55,0) Was expressed in a prokaryotic system. The
immunogenicity of chimer protein (3M2e-trNP) alone or in
combination with Alum adjuvant was assessed in BALB/c
mice in a challenge with homologous (HIN1) and heterolo-
gous (H3N2) influenza viruses. In addition, the protective
efficacy of chimer protein was compared to the combina-
tion of 3M2e and trNP supplemented with Alum which was
named Mix protein.

Materials and Methods
Materials (Viruses, Cells, and Proteins)

Mouse-adapted human influenza A viruses PR8 (HIN1) and
X47 (H3N2), E. coli strains of Top10f" and BL21 (DE3) as
well as female BALB/c mice aged 6—8 weeks old were sup-
plied by the Pasteur Institute of Iran, Tehran, Iran. The pro-
liferation of antigen-specific T lymphocytes was evaluated
using Roswell Park Memorial Institute Medium (RPMI)-
1640 cell culture medium and Fetal Bovine Serum (FBS),
and penicillin/streptomycin (Pen/Strep) were purchased
from Gibco Company (USA). The expression of Chimer Pro-
tein in the prokaryotic system was conducted using Isopro-
pyl b-D-1Thiogalactopyranoside (IPTG) (Sigma-Aldrich,
USA). The lymphocyte proliferation assay was performed
using (3-(4, 5-dimethyl tetrazolyl-2) 2,5 diphenyl) tetrazo-
lium bromide (MTT) obtained from Sigma-Aldrich Com-
pany (USA). The antibody titers to influenza vaccine were
determined using Tetramethylbenzidine (TMB), Horserad-
ish Peroxidase (HRP) conjugated anti-mouse Immunoglob-
ulin G (IgG) and HRP-conjugated rabbit antigoat IgG, and
96-well plates were obtained from Sigma-Aldrich Company
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(USA). The SDS-PAGE method was performed utilizing
Acrylamide and SDS, which were purchased from Merck
Company (Germany). The target protein was purified using
ProtinoTM Ni-TED-IDA 1000 kit supplied by Macherey
NagelTM Company (Germany) and the DNA extraction kit
was supplied by Bioneer Company (South Korea). All mate-
rials were of analytical grade. Alum adjuvant was prepared
from Alhydrogel2% (Brenntag Biosector, Denmark).

Construction of Recombinant Vector

Total RNA ofthe influenza A/PR/8/34 (HIN1) was extracted,
the virus cDNA was synthesized and a truncated form of
nucleoprotein (trNP, _55,,) Was amplified by PCR using spe-
cific forward (5'-GGATCCATGGCGTCTCAAGGCAC-3)
and reverse (5'-CTCGAGTCCGGTGCGAACAAGAG-3")
primers which incorporate a Bamhl and Xhol restriction
site into the 5’ and 3’-end of PCR product, respectively.
The amplified gene was cloned into an expression vector
(pET28a), confirmed by restriction enzyme analysis and
sequencing (pET28a/trNP) [22, 23]. Synthesized three tan-
dem repeat sequences of M2e (3M2e) cloned by BamHI
sites into pET28a vector (pET28a/3M2e) were previously
constructed in the Department of Influenza and Respiratory
Viruses, Pasteur Institute of Iran [24]. In the next step, the
3M2e synthetic fragment was subcloned upstream of the
trNP gene in BamHI enzymatic site in pET28a/trNP vector
[23]. The correct orientation of the 3M2e gene in the recom-
binant expression vector was verified by colony PCR using
specific primers, and restriction analysis by single and dou-
ble enzyme digestions, and then sequencing. The confirmed
construct was named pET28a/3M2e-trNP. Fig. S1 indicates
the nucleotide sequences and translated amino acids of

Table 1 Immunization of Experimental Animal Groups

Groups Compound injec- Ani-  Route of
tion (100 pl) mals  immunization
(Three times with  per
14-day intervals) * group

Chimer 15 pg of chimer 17 Subcutaneously

protein

15 pg of chimer 17
protein absorbed to

Chimer-Alum Subcutaneously

Alum
Mix-Alum 15 ng of Mix 17 Subcutaneously
Protein absorbed to
Alum
Control PBS 14 Subcutaneously
A/HIN1/PR8 A/HIN1/PR8 10 Subcutaneously
A/X-47(H3N2) A/X-47(H3N2) 10 Subcutaneously

*Note: The compounds were administered subcutaneously in a total
volume of 100 ul containing 15 ug of the chimer protein, either
alone or supplemented with adjuvants of Alum, and Mix protein
(3M2e + trNP) plus Alum for three times at 14 -day intervals

three recombinant vectors namely (A) pET28a/3M2e, (B)
pET28a/trNP, and (C) pET28a/3M2e-trNP.
An overview of the study design was shown in Fig. S2.

Expression and Purification of Recombinant
Proteins

The recombinant chimer constructs, pET28a/3M2e-trNP,
pET28a/trNP, and pET28a/3M2e were transformed into the
E. coli BL21 (DE3) strain chemically competent cells. A
single colony of transformed cells was cultured in 5 ml of
LB broth containing Kanamycin (50 pg/ml) and incubated
for 2-3 h at 37 °C in a shaker incubator, induced with IPTG
at the final concentration of 0.5 mM and incubated in the
shaker incubator once again (37 °C, 195 RPM). The pro-
tein expression was evaluated at various time intervals by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by staining with Coomassie blue
R250. For Western blotting, the expressed target protein
separated by SDS-PAGE was transferred to a nitrocellulose
membrane using a semi-dry transfer system [25]. Then,
the immunoblotting was carried out using horseradish per-
oxidase (HRP) conjugated anti-His antibody (Qiagen, Ger-
many). Finally, the antibody-reactive bands were revealed
by chromogenic detection by adding a diaminobenzidine
(DAB) substrate.

To purify the chimer protein, the bacterial pellet was
lysed in LEW buffer (300 mM NaCl, 50 mM NaH2PO4,
pH 8.0) containing 5 mM Imidazole, and then the cells were
lysed by sonication with 20 pulses at 20-sec intervals for
seven times on the ice. Recombinant proteins were eluted
using Ni-TED affinity columns according to the manufac-
turer’s instructions. Briefly, after loading of the lysates on
the Ni-TED column and washing steps, the proteins were
eluted using imidazole buffer containing 8 M urea. The pro-
teins were desalted by dialysis against Phosphate Buffered
Saline (PBS, pH 7.2) at 4 °C overnight to remove the urea.
The high purity of the recombinant protein was verified by
SDS-PAGE.

Immunization Schedule

Six to eight-week-old female BALB/c mice were divided
randomly into 6 groups and immunized subcutaneously,
three times at two weeks intervals with 15 pg of chimer pro-
tein either alone or supplemented with adjuvant of Alum,
and Mix protein plus Alum (Equal volumes of NP and
3M2e proteins were mixed and injected with a total con-
centration of 15 pg). The control group received phosphate-
buffered saline (PBS), and groups of Mice were immunized
with inactivated influenza viruses, either A/HIN1/PRS8 or
A/X-47(H3N2), as positive controls (Table 1). Two weeks
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after the last immunization, the mice were bled through the
orbital sinus, and the sera were kept at —20 °C for ELISA
analysis. All animal experiments were carried out in accor-
dance with the Ethics Committee of the Pasteur Institute of
Iran (IR.PII.LREC.1394.39).

Lethal Homologous and Heterologous Challenge

Three weeks after the last immunization, the mice of each
group were challenged intranasally with 10 LDs, titers of
homologous (A/HINI1/PR8) or heterologous (A/H3N2/
X47) viruses. Animals were monitored daily for mortality
rate and body weight changes for two weeks. Mice that lost
body weight by more than 25% were humanely euthanized.

Measurement of the Specific anti-M2e Antibodies

The potency of the chimer protein and Mix protein in the
production of specific antibodies was evaluated in the
mouse model using a modified enzyme-linked immunosor-
bent assay (ELISA). The mice were inoculated with Mix
protein plus Alum and chimer proteins with or without adju-
vant. The mice were bled and specific antibody responses
against the M2e protein were evaluated using an ELISA test
2 weeks after the first, second, and third immunizations.
Antibody titer increased significantly after the third injec-
tion compared to the first and second immunizations (data
not shown). Blood samples were collected from several
mice before vaccination, and these samples were used as
negative control serum. Briefly, 96-well plates were coated
overnight at 4 °C using 100 ul of 10~* mg/ml of the M2e
synthetic peptide (GenScript: RP20206). After washing the
plates with PBS buffer containing 0.05% Tween-20 (PBST),
they were blocked with 5% BSA in PBST per well for 1 h
at 37 °C. Serum samples of the mice were diluted in PBS
(1:1000). The concentrations of coated antigen and serum
dilution were obtained by a checkerboard titration assay.
To evaluate specific IgG, an Anti-mouse antibody conju-
gated with horseradish peroxidase (HRP) was added into
the wells and incubated for one hour. Finally, plates were
washed and developed for 20 min with the substrate 3, 3,
5, 5'-tetramethylbenzidine [26]. The reaction was ceased by
the addition of 1 N sulfuric acid. Optical density was mea-
sured using a microplate reader at 450 nm of wavelength.

Lymphocyte Proliferation Assay

The MTT assay was carried out to evaluate lymphocyte
proliferation. Two weeks after the last (third) immuniza-
tion, the spleens of three mice per group were removed to
evaluate the cellular immune response [27]. Briefly, spleno-
cytes were isolated by sieving through a 40-pm cell strainer,
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depleting red blood cells with NH4CI lysis solution, and
washing twice with RPMI 1640 medium. The suspension
of isolated spleen cells was cultured in RPMI-1640 medium
supplemented with 10% of FBS, 1% of 4-(2-hydroxyethyl)-
1-piperazine ethane sulfonic acid (HEPES), 1% of pen/
strep, and 2 mM L-glutamine to reach a final density of
2x10° cells/ml. The splenocytes were cultured in 96-well
plates and incubated at 37 °C in 5% CO, for 4 h, induced
in the presence of 2 pg/ml M2e synthetic peptide, and 3 pg/
ml NP-specific antigen or left without stimulation and incu-
bated at 37 °C for 48 h. Lymphoproliferation assay was per-
formed using MTT assay in which mitochondrial activity of
living cells turns MTT to purple formazan. The results were
indicated as stimulation index (SI). The SI was calculated
using the following formula: SI= (Cs-Cu)/Cu, where Cs is
the OD value of stimulated cells, and Cu is the OD value
of the unstimulated cells. All the tests were performed in
triplicate for each mouse.

Cytokine ELISA

A cytokine assay was performed to investigate the ability
of chimer protein and Mix protein to elicit specific cellular
immune responses. Spleen cells were stimulated for 24 h
with the same antigens and concentrations used in prolif-
erative assays (NP and M2e). Cell-free supernatants were
collected and analyzed for the incidence of IFN-y and IL-4
using Sandwich-Based ELISA kits (R&D Systems, Minne-
apolis, USA) following the manufacturer’s instructions. All
tests were performed in duplicate for each mouse and read
at 450 nm on an automatic ELISA plate reader. The concen-
trations were measured with reference to a standard curve.

Statistical Analysis

Statistical analyses were performed using Microsoft Excel
and GraphPad Prism 6.0 software. The Kaplan—Meier curve
was used for the analysis of the survival rate. Pearson’s
chi-squared test was performed. Results were indicated
as mean*SD. * (P<0.05) and **** (P<(0.0001) indicate
statistically significant and highly significant differences,
respectively between the designated groups as determined
by one-way ANOVA.

Results
Biological Information Analysis
The physicochemical properties of chimer protein (3M2e-

trNP) obtained using ProtParam and ProtScale software
were as follows: the average molecular weight of 28 kDa,
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approximate half-life of more than 10 h in E. coli, the sta-
bility index of about 32.91, estimated isoelectric pH of 6.3,
aliphatic index of 74.65, and GRAVY of about —0.494. The
negative GRAVY value indicates the nonpolar characteristic
of the protein.

The allergenicity and toxicity of (3M2e-trNP) chimer
protein were evaluated using the Structural Database of
Allergenic Proteins (SDAP) and the results showed that the
protein is not allergenic or toxic. Moreover, it is predicted
that the chimer protein is soluble in E. coli. B-cell epitopes
of chimer protein were analyzed using web-based B-cell
epitope prediction tools and T-cell epitopes were screened
using ProPred software (Imtech server) and IEDB for pre-
dicting MHC Class-I and II alleles. The results showed
numerous shared peptide regions with high-scored immuno-
genic epitopes over multiple mouse and human alleles from
the chimer protein.

Preparation of Chimer Protein

The results of SDS-PAGE and Western blotting confirmed
the expression of recombinant chimer protein with a molec-
ular weight of about 32 kDa. After comparing the results, the
best expression occurred after 4 h of induction with IPTG.
A large scale of recombinant proteins was produced and the
Protino Ni-TED Nickel column was employed to purify the
recombinant chimer protein containing His-tag (Fig. 1).

Fig. 1 Analysis of expression and purification of the recombinant
chimer protein in E. coli by gel electrophoresis (SDS-PAGE) and
western blotting: Lane (1) marker protein; Lane (2) before induction;
Lanes (3, 4, 5, 6) 1, 2, 3, 4 h after induction by IPTG, respectively;

Humoral Inmune Responses

Results of the last immunization indicated that antibody pro-
duction in all immunized groups was considerably higher
compared to the control group (PBS). Results showed that
chimer-receiving groups with or without adjuvant elicited a
significantly higher antibody response than the Mix group
plus Alum and control group (P < 0.0001). Moreover, Ani-
mals that received chimer proteins alone showed a higher
specific IgG titer compared to animals receiving chimer
proteins adjuvanted with Alum. Although the differences
observed between these two groups were not highly signifi-
cant (P < 0.05) (Fig. 2).

Lymphocyte Proliferation Assay

To evaluate specific cellular immunity against the chimer
protein, the stimulation indices in different groups were
stimulated with (A) NP-specific antigen or (B) M2e antigen
(Fig. 3).

The results showed that lymphocytes were effectively
and almost similarly stimulated and proliferated in response
to NP or M2e antigens. Mice in the group immunized with
chimer protein with or without adjuvant showed a signifi-
cantly higher stimulation index, compared to the Mix group
plus Alum, on day fourteen after the last immunization (P
< 0.0001). Mice immunized with the chimer protein sup-
plemented with Alum had almost similar responses to the

1 8 9 10
chimer protein b :
&nmnwi-n— Chimeric Protein

| 32K0a

Lane (7) purified chimer protein; Lane (8) marker protein (rainbow);
Lanes (9,10) immunostaining of recombinant protein before and after
induction, respectively
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015 E
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Fig. 2 Measurement of IgG antibodies in sera of immunized mice
using human type M2e peptide coated ELISA plates: Values for indi-
vidual serum were measured at 450 nm of OD and were indicated
as mean+ SD obtained from the experiment. According to ANOVA
results, the differences between all treatment and control groups were
statistically highly significant (¥****P < 0.0001). *P <0.05, ****P <
0.0001

mice that received the chimer protein alone; the differences
observed between these two groups were not statistically
significant. As expected, negligible cell proliferation was
detected in mice that received PBS (Fig. 3A, B).

A Lymphocyte prolifration

Stimulated with NP
4 2 Chimer
5 35 ; T OChimer-Alum
'g 3 3 e oMix-Alum
= 25 ErS - @ Control
L 9 3
-
S51.5 5
05 f
0 B
'S A\
.\((\0 v\\)é\ v\\\é\ (‘\60
o) & ®+, P
o
Groups

Fig. 3 Results regarding lymphocyte proliferation after in vitro stim-
ulation with: (A) NP; (B) M2e. Splenocyte proliferation levels of
immunized mice (three per group) were determined using MTT assay
14 days after the last immunization. The values were indicated as
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Cytokine Assay

The results of the cytokine assay showed that NP and
M2e almost similarly increased IFN- and IL-4 produc-
tion in all immunized mice as shown in Fig. 4 (A, B) and
(C, D), respectively. The concentration of IFN-y in groups
that received chimer protein alone or supplemented with
Alum was significantly higher than Mix protein plus alum
and control groups (P < 0.0001). In addition, animals that
received chimer proteins alone showed higher INF- pro-
duction compared to animals receiving chimer proteins
adjuvanted with Alum. Although, the differences observed
between these two groups were not highly significant (P <
0.05) (Fig. 4A, C).

The results also indicated that the secretion of IL-4 in
mice that received chimer protein alone was significantly
higher than those which received chimer protein supple-
mented with Alum and Mix protein plus Alum (P< 0.0001).
Moreover, highly significant levels of IL-4 were detected
in mice immunized with chimer protein supplemented with
Alum compared to the Mix protein plus Alum (P < 0.0001)
(Fig. 4B, D).

Viral Challenge; Morbidity and Mortality rate

To confirm the potency of protective immunity, mice were
challenged with two mouse-adapted subtypes of the influ-
enza A virus, PR8 and X47. The 50% lethal dose (LD50)
for each virus was calculated using the method of Reed and
Muench.

Lymphocyte prolifration

o

Stimulated with M2e
4 -
o Chimer

x 35 hahaadhd 0 Chimer-Alum
(0] s
LA T o Mix-Alum
‘=l [ %3] @ Control
2 2
© E
515 F
£ 1}
Pos E

0

S A\
4 ((\Q’ \\)((\ \0@ ’60
N X 9
@) & ¥ d
& A\
0‘0
Groups

mean+SD obtained from the 2 independent experiments. According
to ANOVA results, the differences between all treatment and control
groups were statistically highly significant (¥****P < 0.0001). ****P
< 0.0001
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Fig.4 Detection of IFN-y after stimulation of splenocytes culture from
immunized mice (three per group) were obtained 14 days after the last
immunization and were stimulated with: (A) NP; (C) M2e and concen-
tration of (IL-4) in splenocytes culture was stimulated with: (B) NP;
(D) M2e. The levels of Cytokines in splenocytes culture supernatants

As shown in Fig. 5A and B, the chimer-vaccinated
groups supplemented with or without adjuvant, A/HIN1/
PR8 or A/X-47(H3N2), exhibited a significantly higher sur-
vival rate in comparison with the Mix group plus Alum or
PBS (P<0.0001). The Mix protein, similar to the recombi-
nant chimer protein, protected mice equally and effectively
against both homologous and heterologous challenges. In
this connection, 14 days after the challenge, the chimer
group with or without adjuvant had 78.4% and 85.7% sur-
vival, respectively. However, the Mix protein plus Alum
could protect only 57.1% and 42.8% of homologous and
heterologous virus-challenged mice, respectively. All ani-
mals in the control groups, which received PR8 or X-47
survived at the end of the experiment and all mice in the
non-vaccinated control group died 9—12 days after the chal-
lenge date.

were measured by ELISA. The values were indicated as mean+SD
obtained from the 2 independent experiments. According to ANOVA
results, the differences between all treatment and control groups were
statistically highly significant (****P < 0.0001). *P <0.05, ****P <
0.0001

The mice were monitored daily for weight loss for 2
weeks after the challenge with PR8 and X47 viruses. As
shown in Fig. 5C and D, mouse groups injected with chimer
protein alone or adjuvanted with alum, A/HIN1/PR8 or
A/X-47(H3N2), experienced only a small and transient
weight loss after challenge with homologous and heterolo-
gous viruses compared to groups injected with Mix protein
plus Alum or PBS; the differences observed between these
groups were statistically significant (P<0.0001). Other
observed differences between groups were not significant.
Moreover, in the challenge against heterologous viruses,
weight decrease in All groups was almost similar to the
homologous challenge, and the differences were not statisti-
cally significant. Mice injected with PBS died 9-12 days
after the challenge date.
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Fig.5 Protection of mice groups against homologous and heterologous
lethal challenges: (A) Homologous challenge: survival% post-infec-
tion with acute mouse-adapted HIN1 influenza A virus in immunized
mice groups with different antigens. (B) Heterologous challenge: sur-
vival% in days post-infection with acute mouse-adapted H3N2 influ-
enza A virus in immunized mice groups with different antigens. (C)
Homologous challenge: body weight changes post-infection with acute

Discussion

In this study, a recombinant chimer protein (3M2e-trNP)
was produced in a prokaryote system and was purified suc-
cessfully. The immunogenicity of the chimer protein was
assessed in the BALB/c mice model compared to Mix
protein (3M2e+NP). The fusion of truncated nucleopro-
tein (trNP1-158aa) as an internal antigen with conserved
epitopes, and three tandem repeats of M2e as a surface
antigen with immunogenic epitopes, resulted in a greater
increase in both humoral (antibody-mediated) and cellular
(T-cell-mediated) responses than the Mix protein. However,
the reason behind the chimer protein’s superior immune
response compared to the Mix protein remained uncertain.
The presence of antigens on the surface of pathogens can
stimulate the production of specific antibodies, which can
provide protection against infection. Due to the presence of
M2e on the surfaces of infected host cells, M2e can give rise
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mouse-adapted HIN1 influenza A virus in immunized mice groups
with different antigens. (D) Heterologous challenge body weight
changes post-infection with acute mouse-adapted H3N2 influenza A
virus in immunized mice groups with different antigens. Error bars
show standard deviations. According to ANOVA results and Kaplan-
Meier curves, the differences between all treatment and control groups
were statistically highly significant (¥****P < 0.0001). ****P < (0.0001

to humoral immunity (antibodies), which protect against
virus infection. Also, Protection by M2e-based influenza
vaccines is provided mainly by M2e-specific IgG antibodies
[28, 29]. Whereas, Nucleoprotein (NP) is an internal antigen
and could generate subtype cross-reactive cytotoxic T lym-
phocyte (CTL) which plays an important role in controlling
influenza virus infection [30]. It was found that the chimer
receiving group alone or adjuvanted with Alum is effective
in inducing significantly higher Ab responses against M2e
compared to Mix group plus Alum.

In addition to inducing strong humoral immune responses,
chimer proteins were reported to elicit robust specific T-cell
responses in stimulation with M2e and NP antigens.

In a lymphocyte proliferation assay, results indicated
that the mice immunized with chimer protein alone or adju-
vanted with Alum led to a significantly stronger lympho-
cyte proliferation than Mix group plus Alum. Regarding
cytokine responses, the influenza vaccine caused a marked
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increase in IL-2 and IFN-y production. Since these cyto-
kines act as stimulators of cellular and humoral activity and
are pivotal for the antiviral defense of the organism. High
levels of IFN-y reduce viral replication, activate cytokine
production by T cells, and enhance cytotoxic T lymphocyte-
killing activity, but these levels are not sustained [31]. On
the other hand, IL-4 levels may inhibit naive CD4 +cells
from proceeding to Thl maturation or block IFN-y gene
transcription, consequences of influenza virus vaccination.
Therefore, an effective Thl response is not sustained, and
the adaptive immune system probably evaluates the bal-
ancing between the Thl and Th2 response followed by the
development of the Th2 immune adaptive response [31, 32].
Cytokine profiles of splenocytes from the group of immu-
nized mice with the chimer protein alone or adjuvanted with
Alum showed a significantly stronger response of INF-y
compared to Mix group plus Alum. Also, we found that
IL-4 levels significantly increased in the lymphocytes iso-
lated from the splenocytes of the mice which were immuno-
stimulated with chimer protein alone compared to the other
groups. Furthermore, the chimer-receiving group compared
to the chimer-Alum-receiving group could induce better
results in response to IgG evaluation and cytokine assay,
but the statistical differences between these two groups were
not highly significant.

Our study aimed to evaluate the protective efficacy of
chimer and Mix proteins against homologous and heterolo-
gous influenza A viruses in mice. Both proteins contained
3M2e and trNP antigens, which are highly conserved among
various influenza virus strains, allowing for good cross-pro-
tection against challenges with 10 LD50 titers of either virus
type. Specifically, the presence of both proteins, either as a
chimer or cocktail (Mix protein), provided at least 78.4%
and 42.8% protection, respectively, against different strains
of the influenza virus. However, the chimer protein dem-
onstrated superior immune protection compared to the Mix
protein, and the reason for this difference remained unclear.
Additionally, fusing the two gene fragments into a single
protein allowed for more efficient expression and purifica-
tion, leading to significant savings in time and production
expenses. The group receiving the chimer protein, with or
without the Alum adjuvant, demonstrated a significantly
higher survival rate and less weight loss compared to both
the Mix protein plus Alum group and the control group.
Moreover, during the challenge with heterologous viruses,
the weight loss observed in all groups was nearly equivalent
to that observed during the homologous challenge.

We showed that the recombinant chimer protein with-
out the requirement of Alum adjuvant can induce humoral
and cellular immune responses, which can protect against
both homologous (HIN1) and heterologous (H3N2) lethal
virus challenges in mice. Although adjuvants are crucial in

improving immune responses to purified protein-based anti-
gens with low immunogenicity, there are instances where
additional immune system activation may not necessarily
provide better responses against the influenza virus in ani-
mals [33].

Firstly, the immune response to a vaccine can depend on
the specific formulation of the vaccine, such as the type and
amount of antigen or the method of delivery. The effective-
ness of an adjuvant can depend on how it interacts with the
vaccine components to stimulate the immune system [34].

Secondly, Alum can cause local and systemic side
effects, such as injection site pain, redness, swelling, fever,
and fatigue. These side effects can affect patient adherence
to vaccination and limit Alum’s use in certain populations,
such as pregnant women and individuals with allergies [35].

Lastly, the immune response to a vaccine is complex and
may involve multiple immune system components [36]. We
hypothesize that adjuvants were able to stimulate different
aspects of the immune response, which were not investi-
gated in this study. For instance, Alum-induced innate
immune responses consist of an influx of neutrophils, eosin-
ophils, NK cells, CD11b+monocytes, and dendritic cells
(DCs) to the site of injection were found to play an essential
role in the immune response against influenza infection [37,
38]. Moreover, other factors limited the study, including the
insufficient number of animals in each group to draw statis-
tically and medically significant conclusions about the effi-
cacy of the chimer protein without an adjuvant.

Overall, the choice to use an adjuvant in a vaccine for-
mulation depends on multiple factors, including the vaccine
antigen, the desired immune response, safety considerations,
and the efficacy of the adjuvant itself. In some cases, a vac-
cine without an adjuvant may be a more effective and safer
option [39, 40]. Consequently, using an adjuvant, like alum,
with chimer protein would be an advantage for an influenza
virus vaccine, but chimer protein containing influenza virus
trNP and 3M2e were found to be effective in inducing pro-
tective immune responses in the absence of the adjuvant.

Conclusion

The construct of the chimer protein (3M2e-trNP) is charac-
terized as a potential universal vaccine candidate due to the
conserved nature regions of the human influenza A virus,
and its efficacy was evaluated against influenza infection in
an animal model in comparison to Mix protein (3M2e + NP).
This research showed that immunization with chimer pro-
tein with or without adjuvant induced significantly higher
humoral and cellular immune responses in comparison to
Mix protein plus Alum. Moreover, the chimer protein and the
Mix protein, both containing 3M2e and trNP antigens from
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the HIN1 subtype virus, provided effective cross-protection
against HIN1 and H3N2 challenges in mice. However, the
chimer protein demonstrated superior immune protection
compared to the Mix protein. Therefore, the chimer pro-
tein, constructed without any adjuvant, could be a potential
universal vaccine candidate, but its immunogenicity needs
to be studied in animal models along with other influenza
virus-conserved proteins. While additional activation of the
immune system is critical for protecting animals against the
influenza virus, it may not always be advantageous.
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supplementary material available at https://doi.org/10.1007/s00284-
023-03331-y.
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