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Abstract

Purpose Influenza is one of the most important
agents of pandemic outbreak causing substantial
morbidity and mortality. Vaccination strategies of
influenza must be adapted annually due to constant
antigenic changes in various strains. Therefore, the
present study was conducted to evaluate protective
immunity of the conserved influenza proteins.
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Methods For this purpose, three tandem repeats of
M?2e (3M2e) and NP were separately expressed in
E. coli and were purified using column chromatogra-
phy. Female Balb/c mice were injected intradermally
with a combination of the purified 3M2e and NP alone
or formulated with Alum (AIOH3) adjuvant in three
doses. The mice were challenged by intranasal
administration of HIN1 (A/PR/8/34) 2 weeks after
the last vaccination.

Results The results demonstrated that recombinant
NP and M2e proteins are immunogenic and could
efficiently elicit immune responses in mice compared
to non-immunized mice. The combination of 3M2e
and NP supplemented with Alum stimulated both NP
and M2e-specific antibodies, which were higher than
those stimulated by each single antigen plus Alum. In
addition, the secretion of IFN-y and IL-4 as well as the
induction of lymphocyte proliferation in mice
received the mixture of these proteins with Alum
was considerably higher than other groups. Moreover,
the highest survival rate (86%) with the least body
weight change was observed in the mice immunized
with 3M2e and NP supplemented with Alum followed
by the mice received NP supplemented with Alum
(71%).

Conclusion Accordingly, this regimen can be con-
sidered as an attractive candidate for global vaccina-
tion against influenza.
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acute respiratory

predicaments in patients are rudimentarily triggered
by a well-known disease called as the influenza,
responsible for infection of 10-20% of global
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population, whose annual epidemics lead to 3-5
million cases of detrimental disease and
250,000-500,000 deaths for which vaccination is the
best solution to prevent infection of the influenza virus
(Rappazzo et al. 2016).

The ability for mutation and genetic recombination
frequency in these viruses, particularly in the influenza
A virus causes antigenic changes or new emerging
subtypes (Farahmand et al. 2019). Prevalent formula-
tion of the licensed influenza vaccines in human
population comprises split viral particles replicated in
embryonated eggs or eukaryotic cells. They are based
on surface glycoproteins of hemagglutinin (HA) and
neuraminidase (NA) (Fiers et al. 2009). Considering
this fact, since these two proteins are constantly
exposed to mutations, traditional influenza vaccines
cannot be effective against the current seasonal
influenza epidemics (Slepushkin et al. 1995). There-
fore, researchers have focused on using highly
conserved regions of viral proteins as effective
universal influenza vaccines (UIVs) that can be
rapidly expressed and purified by molecular biology
techniques (Rappazzo et al. 2016). The M2 extracel-
lular domain (M2e) has been discovered as the basis of
UlVs as its sequence is highly conserved in all human
isolates since 1933. M2e antigen has a small size and
vulnerable immunogenicity, so it does not seem to be a
sufficient recombinant influenza vaccine. A promising
solution to this problem is using tandem repeats of
M2e peptide and adjuvants (Mardanova et al. 2015).

Another conserved antigen that can constitute UIVs
is the nucleoprotein (NP) (Bernelin-Cottet et al. 2016).
This protein creates protection against influenza A
virus (IAV) as a protein vaccine (MacLeod et al.
2013.) Cellular immunity is propagated by protected
sequence of NP, which is one of the most significant
and ideal targets of host CD8" T cells (Thomas et al.
20006).

So far, some research groups have focused on the
use of M2e and NP proteins. In one study, De Filette
et al. showed that the UIV M2e-HBc completely
protected mice from a lethal infection when combined
with safe and effective CTA1-DD adjuvant (De Filette
et al. 2006a,b). In addition, Guo et al. studied on
immunization of recombinant nucleoprotein (rNP) of
the influenza virus and reported that rNP with cholera
toxin B as an adjuvant provides complete protection in
mice against the influenza virus (Guo et al. 2010).
Moreover, Gao et al. demonstrated that 3M2e-NP-
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HBc (consisting of three tandem copies of M2e
(3M2e), NP epitopes, and hepatitis B virus core) in
combination with an oil-in-water SPO1 adjuvant
caused protection against a lethal challenge induced
by the Beijing501 or China097 virus (Gao et al. 2013).

One of the adjuvants used in human and animal
vaccines, involving aluminum hydroxide adjuvant is
briefly called as the Alum (Eisenbarth et al. 2008).
This adjuvant can increase antigen absorption at the
site of injection and enhance immunogenicity of an
antigen (Mbow et al. 2010; Morefield et al. 2005).
Furthermore, Alum is an inexpensive and safe adju-
vant. Predominantly, Alum adjuvant is responsible for
spurring T Helper 2 (Th2) cytokines and B cells
producing Th2-related antibodies, immunoglobulin
Gl (IgGl), and immunoglobulin E (IgE) and con-
tributes to boosting humoral immunity (Awate et al.
2013; Jordan et al. 2004; Reed et al. 2009). Addition-
ally, Alum adjuvant raises secretion of interleukin 1
beta (IL-1p), CC-chemokine ligand 2 (CCL2; mono-
cyte chemoattractant protein 1 (MCP1)), CC-chemo-
kine ligand 11 (CCL11) (exotoxin), histamine, and
interleukin 5 (IL-5) (Kool et al. 2008).

Therefore, in the present study, NP and 3M2e were
expressed in Escherichia coli and were purified using
Ni-TED columns. Immunogenic potency and protec-
tion efficacy of mixture of these two proteins supple-
mented with or without Alum adjuvant were evaluated
as a universal subunit vaccine against influenza
infection in Balb/c mice.

Materials and methods
Materials

Protino™ Ni-TED-IDA 1000 kit and DNA extraction
kit were supplied by Macherey Nagel TM Company
(Germany) and Bioneer Company (South Korea),
respectively. Mouse-adapted human influenza A virus
(HIN1, PR/8/34), two E. coli strains [TOP10 and
BL21 (DE3)], and 6-8-week-old female BALB/c mice
were supplied from the Pasteur Institute of Iran,
Tehran, Iran. Acrylamide and sodium dodecyl sul-
phate (SDS) were prepared from Merck Company
(Germany). Isopropyl [-p-1-thiogalactopyranoside
(IPTG), dialysis membrane bag, tetramethylbenzidine
(TMB), MTT salt (3-(4,5-dimethyl tetrazolyl-2) 2,5
diphenyl), and horseradish peroxidase (HRP)

conjugated anti-mouse immunoglobulin G (IgG) were
supplied from Sigma-Aldrich Company (USA).
Enzyme-linked immunosorbent Assay (ELISA) plate
was obtained by Greiner Company. Alum adjuvant
was prepared from Alhydrogel®2% (Brenntag Bio-
sector, Denmark) (CAS Number:21645-51-2).

Production of recombinant proteins (M2e and NP)
in prokaryotic system

NP and 3M2e genes were previously cloned and
expressed (Shokouhi et al. 2018; Yousefi-Najafabadi
et al. 2013). Confirmed pET28a-3M2e and pET28a-
NP plasmids were multiplied by transformation into
competent E. coli BL21 (DE3) using a heat shock
method. After an overnight incubation of the plates at
37 °C, positive clones were cultured in Luria—Bertani
(LB) broth to an ODg of 0.6, and the bacteria were
agitated by adding 1 mM IPTG solution and were
incubated for more than 3 h. After harvesting the
bacteria by centrifugation, for cell disruption and
extraction of recombinant proteins, bacterial pellets
were lysed in the lysis-equilibration-wash (LEW)
buffer, were incubated at 4 °C for 30 min and then,
were sonicated. This process was repeated two more
times so that, all the proteins were extracted. After-
wards, for purification of target proteins, Protino™™
Ni-TED affinity chromatography technique was used.
The purified proteins were evaluated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis. Low-weight substances, such
as urea and salt were removed by a dialysis membrane
bag. Finally, NP and 3M2e concentrations were
determined by Bradford method.

Immunization of Balb/c mice

Eighty female mature Balb/c mice were housed in the
animal facility at the Pasteur Institute of Iran, Tehran,
Iran; and they were randomly assigned into eight
groups of ten animals. Two groups of animals were
injected by recombinant proteins (3M2e and NP)
alone or supplemented with Alum. Other two groups
were injected by the mixture of 3M2e and NP alone or
plus Alum. Two negative control groups received
Alum adjuvant or phosphate-buffered saline (PBS).
Mice were injected subcutaneously in 2-week interval
in three doses. The recombinant proteins’ dose used in
all the study groups was equal to 15 pg per injection in
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a total volume of 100 pl (Table 1). All these proce-
dures were performed based on the protocols approved
by the Ethics Committee of the Pasteur Institute of Iran
(IR.PII.LREC.1395.82).

Antibody responses in mice

Fourteen days after the last immunization, sera
samples were collected and assayed for total specific
anti-M2e and anti-NP IgG using ELISA technique. In
brief, M2e synthetic peptide (GeneScripte: RP20206)
and NP synthetic peptide (Biomatik: RPC20340) with
a final concentration of 10 and 10~ mg/ml were
coated, respectively, were placed in ELISA plate and
were incubated overnight at 4 °C. Mice sera were
prepared at 1:1000 dilutions. Total specific anti-M2e
and anti-NP IgG were evaluated by a number of
reagents composed of HRP conjugated anti-mouse
IgG (Sigma), or secondary antibody; the TMB
substrate, and stop solution (H2SO4). Absorbance
was measured by ELISA reader at 450 nm (Saleh et al.
2020).

Cell proliferation assay

For determining T-lymphocyte functions, the spleens
of three mice from each group were removed and the
cells were prepared as described previously (Shokouhi
et al. 2018). Briefly, spleen cells were cultured in 96-
well plates (2 x 10* cells/well) in triplicate, were
incubated at 37 °C in 5% CO, atmosphere for 1 h and
were agitated by stimuli consisting of M2e peptide
(accession number: ACF41880), NP (accession

number: LC120392), PBS, and phytohemagglutinin
(PHA). Amount of each stimulus was equal to 2 pg per
well. After 48 h, 30 pl of 5 mg/ml MTT salt was
added to each well and was incubated at 37 °C for4 h
in darkness. When, MTT was reduced to formazan,
100 pl of dimethyl sulfoxide (DMSO) was added to
dissolve formazan crystals. The ODy45, was measured
using the microplate reader. Finally, stimulation index
(SI) was obtained for each mouse using the following
formula.

SI— OD of stimulated cultures — OD of unstimulated

OD of unstimulated cultures

Cytokine assay

Cytokine profile was investigated in the immunized
mice. Briefly, 48 h after isolation of splenocytes’
culture and stimulation, interferon-y (IFN-y) and
interleukin 4 (IL-4) were detected using commercial
ELISA kit (R&D). The optical density was measured
at 45 nm.

Influenza challenge

Fifteen days after the last vaccination, the immunized
mice were challenged by intranasal administration of
one LDyq (lethal dose of the HIN1 (A/PR/8/34) to
90% of mice) and were kept under safety cabinet.
Survival rate and weight loss were monitored daily for
2 weeks. Weight percentage of each mouse was
assessed by comparing daily weight with the pre-
challenge weight.

Table 1 Vaccination of experimental animal groups: the recombinant proteins’ dose used in all the study groups was equal to 15 pg

per injection in a total volume of 100 pl

Immunized with

Compound dose per injection
(Total volume: 100 pl)

Number of animals per group

3M2e 15 pg of 3M2e 10
3M2e + Alum 15 pg of 3M2e adsorbed to Alum 10
NP 15 pg of NP 10
NP + Alum 15 pg of NP adsorbed to Alum 10
3M2e + NP 15 pg of each protein 10
3M2e + NP + Alum 15 ng of each protein adsorbed to Alum 10

Negative controls PBS, Alum

10 mice PBS/10 mice Alum

Mice were injected subcutaneously in three doses with 15-day interval

@ Springer
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Data analysis

Data were analyzed using the Excel software and
Graph Pad Prism 6.0 software. We have used ANOVA
with Tukey’s honestly significant difference (HSD)
post hoc test which indicates the groups which are
significantly different from each other while correct-
ing alpha for multiple comparisons. Additionally,
significant differences between body weight curves
were evaluated via Kaplan—Meier survival analysis.

Results

Expression, extraction, and purification
of recombinant proteins (3M2e and NP)

Expression of 2 peptides, 3M2e and NP with molec-
ular mass corresponding to 14 and 57 KD, respectively
was analyzed by SDS-PAGE (Fig. 1). Recombinant
proteins reached their maximum level of expression
4 h after IPTG induction. Also, extraction and purifi-
cation steps of recombinant proteins are shown in
Fig. 1.
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Fig.1 SDS-PAGE results related to expression and purification
of the recombinant proteins in (DE3) BL21 E. coli. Lane 1:
protein marker; Lanes 2 & 3: expression of 3M2e before

Measurement of specific antibodies

For measuring IgG antibodies, blood samples of the
vaccinated mice were taken 14 days after the last
immunization and were tested by the ELISA tech-
nique. The results obtained from measuring anti-M2e
IgG demonstrated that antibody induction was signif-
icantly higher in all the vaccinated groups than the
control groups. Mice immunized with the mixture of
3M2e and NP with Alum adjuvant indicated the
highest level of specific anti-M2e antibodies (Fig. 2a).

The results of anti-NP IgG evaluation also showed
that the group vaccinated by the mixture of 3M2e and
NP formulated with Alum had the increased anti-NP
antibody titer considerably more than the groups
immunized by NP, NP plus Alum, and the combina-
tion of 3M2e and NP (Fig. 2b).

Lymphocyte proliferation assay

For determining T lymphocyte activation, three mice
from each group were sacrificed; the spleen cells were
cultured, and were stimulated by 3M2e and NP for
measuring specific cellular responses. PBS was also
used for induction as negative control. The results of
lymphocyte proliferation assay are shown in Fig. 3a
and b. All the vaccinated groups could induce
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induction and 4 h after IPTG induction, Lanes 5 & 6: expression

of NP before induction and 4 h after IPTG induction, Lanes 4 &
7: purification of 3M2e and NP, respectively
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Fig.2 Analysis of IgG antibody responses in the blood samples
of the vaccinated mice against M2e protein (A) and NP peptide
(B) using ELISA test. Value of each serum was evaluated at OD

significantly higher level of lymphocyte proliferation
than the control groups when they were stimulated by
antigen peptide. Among the vaccinated groups, the
group immunized with the combination of 3M2e and
NP plus Alum had the highest SI.

Cytokine assay

The results of cytokine assay indicated that 3M2e and
NP stimulated cell immunity responses and raised
production of IFN-y and IL-4 in the immunized mice
compared to the unvaccinated control groups.

a Lymphocyte proliferation

*kkk

KAk

Stimulation index

Fig.3 Measurement of lymphocyte proliferation in response to
in-vitro specific stimulation by M2e (A) and NP (B) peptides.
Proliferation of splenocytes was measured via the MTT method
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450 nm. Antibody induction in all the immunized groups
showed significant results compared to control groups (p
value < .01-.0001)

The group that received the mixture of these two
proteins showed a significantly higher difference in
production of IFN-vy and IL-4 compared to the groups
that received the protein alone. Furthermore, the
combination of 3M2e and NP plus Alum caused
secretion of higher concentrations of IFN-y and IL-4
than the other groups (Fig. 4). In this group, IFN-y
concentration of NP-stimulated splenocytes (mean =

279.14) was detected more than that of 3M2e-
stimulated splenocytes (mean = 150.89).

b Lymphocyte proliferation
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Stimulation index

\\@
Jv\
Y

Qxﬁ)

one week after the final vaccination. P-values less than 0.001
(***) and 0.0001 (***%*) indicate high significant differences
among the specified groups
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Fig. 4 Detection of IFN-y after stimulation of splenocytes’
culture with M2e peptide (a) and NP protein (b) and concen-
tration of IL-4 in splenocytes’ culture stimulated with M2e
peptide (c¢) and NP protein (d). Cytokine concentration was

Lethal challenge

Two weeks after the last immunization, all animal
groups were challenged with one LDy, of the A/PR8/
HINI1 virus and were monitored for 15 days to
measure mortality and morbidity rate. The highest
survival rate (86%) was observed in the mice immu-
nized with 3M2e and NP supplemented with Alum
followed by the mice received NP supplemented with
Alum (71%), while all the animals in negative control
groups died at the end of 11 days (Fig. 5a). The least
protection (29%) was seen in the mice injected with
3M2e alone. Since, number of the survived mice in
3M2e-vaccinated group was not adequate for statisti-
cal analysis; this group was not considered for
calculation of morbidity rate. As shown in Fig. 5b,
body weight was reduced quickly in both vaccinated
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measured using ELISA test one week after the last vaccination.
P-values less than 0.05 (*), 0.01 (*¥*), 0.001 (**%), and 0.0001
(*¥***) demonstrate significant differences among the specified
groups

and control groups after viral inoculation and it was
recovered 7 days post-challenge. Among the vacci-
nated groups, change in body weight was slower in the
mice vaccinated by the combination of 3M2e and NP
plus Alum than the other groups and remaining
animals in this group achieved their primary body
weight at the end of experiment.

Discussion

Regarding the use of subunit vaccines, it should be
mentioned that they have insufficient immunogenicity
of most protein antigens when rendered as pure
substances. For eliminating this restriction, these low
immunogen proteins should be linked to immune-
enhancing substances or appropriate adjuvants (Rafati
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Fig. 5 Challenging of the mice by intranasal administration of
one lethal doseqgy of the HIN1 (A/PR/8/34) 2 weeks after the
final vaccination. Percentages of survival rate (a) and body

et al. 2007). Alum has been most commonly used as a
safe adjuvant for over 70 years. It acts as an antigen
depot in the administration site and releases antigen
slowly in a particular form to the antigen-presenting
cells (APCs), thereby, stability and immunogenicity of
the antigen are enhanced. Alum has been shown to
stimulate innate immune system and likely promoting
secretion of T Helper 2 (Th2) cytokines and B cells
resulting in robust antibody production (Lee et al.
2014). Vaccination strategies of influenza must be
adapted annually, due to high variability of hemag-
glutinin and neuraminidase (Huleatt et al. 2008).
A UIV consisting of virus conserved antigen induces
broader spectrum protection against multiple strains.
Among these conserved antigens, an 18-24 amino
acid region of the M2 protein and NP are candidate
target antigens of the current studies on influenza
vaccination (Kaiser 2006; Pica and Palese 2013;
Tompkins et al. 2007). It has been shown that M2e
raised adequate antibody titers in blood of the mice
after vaccination (Zheng et al. 2014); anti-M2e
antibodies blocked the virus replication in lungs of
the mice and protected them effectively against IAV
infection (Ebrahimi and Tebianian 2011). It is con-
ceived that protection against influenza infection is
somewhat related to specific cytotoxic T lymphocyte
(CTL) responses against NP (Li et al. 2013) and anti-
NP antibodies could not play a critical role in virus
neutralization. However, Carragher et al. demon-
strated that anti-NP induced high titers of antibodies,
which could interact with NP in early stage of
infection likely reducing virus replication and mor-
bidity (Carragher et al. 2008). Since, new subunit
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weight change (b) in different groups of mice were monitored
daily for 2 weeks post-challenge

vaccines only consist of disease antigenic proteins,
and they have insufficient auxiliary stimuli to provoke
the immune system; researchers have focused on
improving immunogenicity of subunit vaccine.
Huleatt et al. reported that four copies of M2e in
fused form to the toll-like receptor S(TLRS) ligand
flagellin boosted potency of specific immune response
to antigens and protected mice after challenging with
influenza virus (Huleatt et al. 2008). Other reports
have indicated that repeated copies of M2e induced
significantly stronger antibody responses when fused
to the protein carriers (De Filette, et al. 2006a,b; Zhao
et al. 2010a,b). In our previous study, the 3M2e was
conjugated with Leishmania major heat shock protein
(HSP70) as an adjuvant and improved the ability of
3M2e to elicit an effective immune response in mice
(Shokouhi et al. 2018). Another study has shown that
NP is capable of protecting mice against challenge
with IAV when encoded by heterologous viral carriers
(Liet al. 2013). Yang et al. showed that fusion of full-
length NP and M1 proteins and HSP60 induced high
levels of specific IgG antibodies, Th1/Th2-associated
immune responses, and completely protected mice
from lethal challenge with influenza H7N9 virus
(Yang et al. 2014). Also, protection against a heterol-
ogous TAV using an NP-M2e fusion protein supple-
mented with AI(OH)3 adjuvant in a mouse model has
been also reported (Wang et al. 2012). In this study, a
UIV was produced based on NP and M2e proteins and
was expressed in prokaryotic system. For assessing
immunogenicity of these conserved proteins, measur-
ing the specific antibody responses, lymphocyte
proliferation test, and cytokine assay were done and



Biotechnol Lett (2021) 43:2137-2147

2145

finally, mice were challenged with LDy, of the HINTI.
The results of ELISA tests in this study indicated that
IgG antibody responses were elevated in all the
vaccinated groups. A vaccine regimen containing
3M2e and NP formulated with Alum induced the
highest anti-M2e and anti-NP antibodies. In fact, Co-
administration of two different antigens -elicited
stronger antigen-specific IgG responses in comparison
with the single-antigen vaccines that might due to
synergistic effects. Similarly, in a recent study, a dual-
antigen influenza vaccine with interior NP/exterior
M2e or with interior M2e/exterior NP concurrently
induced humoral immune responses—that is—M?2e
and NP-specific antibodies for which synergistic
effects were observed (Wei et al. 2020).

Although, M2 is scarcely present on influenza virus
envelope, it is expressed on the influenza-infected cell
surface abundantly and is accessible to antibodies
(Lamb et al. 1985). In our study, 3M2e promoted more
antibody induction than internal NP protein and NP
could enhance cellular immune responses as a major
internal virion protein that can be recognized by host
CTLs (Thomas et al. 2006). Considering this fact,
results of this study revealed that vaccination with the
combination of NP and 3M2e plus Alum led to the
highest induction of lymphocyte proliferation, IFN-v,
and IL-4. Th2 cytokines (IL-4, IL-5, interleukin 6 (IL-
6), and interleukin 10 (IL-10)) are associated with
antibody production, whereas Thl cytokines (IFN-y
and interleukin 2 (IL-2)) are related to both B- and
T-cell activities (Bernstein et al. 1998). Thus, as
observed in this study, the combination of 3M2e and
NP supplemented with Alum induced superior
humoral and cellular immune responses and was able
to provide protection against infection by reducing
weight loss and increasing survival rate. Although, the
mechanism by which this cocktail vaccine could
improve immunogenicity and protection of the subunit
protein is not clear, it can be said that this phenomenon
is mostly related to stimulation of T cells by NP.
However, further cytokines involving in immune
responses including IL-2, interleukin 12 (IL-12),
interleukin 17 (IL-17), and tumor necrosis factor
alpha (TNF-o) should be investigated and the immu-
nized animals should be challenged against other
mouse-adapted [AVs in order to be more confident
about immunogenicity and effectiveness of these
proteins.
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