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Abstract

Influenza virus neuraminidase (NA) contains a universally conserved epitope (NAe, NA222_230).
However, no studies have reported vaccines targeting this NA conserved epitope and inducing
antibodies recognizing NAe. The extracellular domain of M2 (M2e) is considered as an attractive
target for a universal influenza vaccine. We generated recombinant influenza HIN1 viruses
expressing conserved epitopes in hemagglutinin (HA) molecules: NAe (NAe-HA) or M2e (M2e-
HA) within the HA head domain. Inactivated recombinant NAe-HA and M2e-HA viruses were
more effective in inducing IgG antibodies specific for an inserted conserved epitope than live
recombinant virus. Recombinant inactivated M2e-HA virus vaccination induced cross protection
against H3N2 virus with less weight loss compared to NAe-HA and was more effective in
inducing humoral and cellular M2e immune responses. This study provides insight into developing
recombinant influenza virus vaccines compatible with current platforms to induce antibody
responses to conserved poorly immunogenic epitopes.
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Introduction

Influenza virus, belonging to the Orthomyxoviridae family, contains negative-sense single-
stranded RNA genomes composed of 8 segments facilitating the emergence of diverse
reassorted strains in nature. Influenza virus causes respiratory diseases in humans, resulting
in 300,000-500,000 deaths worldwide (luliano et al., 2018; Krammer et al., 2018). Annual
vaccination with inactivated influenza vaccines is routinely recommended in 6 months old
ages and older populations, and live-attenuated influenza virus (LAIV) vaccine for 2 to 49
years old populations. Influenza A virus exists in different serotypes with a wide range out
of 18 subtypes (H1-H18) of hemagglutinin (HA) and 11 subtypes (N1-N11) of
neuraminidase (NA) (Tong et al., 2012; Tong et al., 2013). Although current vaccination
based on HA immunity has been proven to be effective in providing strain-specific
protection, cross protective influenza vaccines remain to be developed.

Previous studies demonstrated universal vaccines targeting to conserved domains or
epitopes. An influenza A virus M2 ion channel protein extracellular domain (M2e) has been
extensively studied to develop M2e-based universal vaccines in different platforms including
protein carrier conjugates with experimental adjuvants (De Filette et al., 2008; Jegerlehner et
al., 2004; Neirynck et al., 1999), virus-like particles (Kim et al., 2013; Song et al., 2011,
Wang et al., 2012), and vectored vaccines (Hashemi et al., 2012; Hessel et al., 2014; Zhou et
al., 2010). Immunity to NA, the second major influenza virus surface protein, can provide an
independent protective correlate (Couch et al., 2013; Memoli et al., 2016; Monto et al.,
2015; Murphy et al., 1972). NA contains an epitope (NA amino acid residues 222-230,
NA222_230, termed NAe), which is universally 100% conserved across influenza A and B
viruses (Gravel et al., 2010). This NA2,_»30 sequence was identified to be located close to
the NA enzymatic active site (Doyle et al., 2013a; Doyle et al., 2013b; Doyle et al., 2013c).
The monoclonal antibody against NA»2»_230 (HCA-2 mAb) was used to quantitatively
determine NA contents in different influenza vaccine lots (Gravel et al., 2010). Point
mutations within the NA2o_»30 sequence were fatal to the virus (Doyle et al., 2013b),
suggesting a potential universal vaccine target, which has not been tested yet.

HA is composed of the highly variable antigenic head domain and relatively conserved stalk
domain (Neu et al., 2016; Steel et al., 2010). Using reverse genetics techniques, recombinant
influenza viruses expressing chimeric HAs with the same stalk but with different subtype
HA heads were generated (Chen et al., 2016). As a universal vaccination strategy, sequential
immunizations with different head and stalk chimeric HA virus vaccines were reported to
boost anti-stalk antibody responses (Choi et al., 2019; Ermler et al., 2017; Krammer et al.,
2014; Liu et al., 2019). Recombinant influenza HIN1 virus A/Puerto Rico/8/1934 (A/PRS8),
a mouse-adapted pathogenic wild type (WT) strain was used to express chimeric HA with
tandem M2e epitopes inserted in the N-terminus HA (4xM2e-HA), conferring extra cross
protection (Kim et al., 2017a). However, a pathogenic nature of WT A/PR8 virus in mice
would not represent attenuated influenza virus vaccines. A chimeric HA with a single M2e
epitope in the head domain antigenic site Ca was tested in inactivated recombinant WT
AJPRS8 viruses as a cross protective virus vaccine platform (Sun et al., 2019).
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In this study to test whether antibody responses to universally conserved NAe (NA222_230)
epitope enhance cross protection in comparison with immune responses to M2e, we
generated chimeric HA conjugates with M2e (M2e-HA) or NAe (NAe-HA) in the HA head
domain. Replication competent recombinant A/PR8 viruses expressing these chimeric HA
molecules (M2e-HA, NAe-HA) were rescued by reverse genetics techniques using an
attenuated A/PR8 backbone. Immune responses to M2e and NAe epitopes and cross
protection were determined in mice after intramuscular (IM) immunization with inactivated
chimeric A/PR8 viruses or intranasal (IN) infection with live chimeric A/PR8 viruses.
Inactivated chimeric virus vaccine platforms effectively raised antibody responses to M2e
and NAe and conferred cross protection. This study provides insight into developing
recombinant influenza virus vaccines compatible with current platforms to induce antibody
responses to conserved poorly immunogenic epitopes.

Materials and Methods

Viruses, protein, and antibodies

Influenza A viruses A/Philippines/2/1982 (A/Phil, H3N2), A/Puerto Rico/8/34 (A/PRS,
H1N1), and rgH5N1 were propagated in embryonated chicken eggs (Hy-line North America,
Mansfield, GA). The rgH5N1 virus is a reassortant containing H5 HA with the polybasic
cleavage site deleted and N1 NA derived from A/Vietnam/1203/2004 (H5N1) and the
backbone genes from A/PR8 virus (HIN1) (Song et al., 2011). The rgH9N2 virus (BEI
resources) is a low pathogenic reassortant containing HA and NA from A/chicken/Hong
Kong/1997 (H9N2) and 6 internal genes derived from A/PR8. A/PR8 (H1N1) and rgH5N1
viruses were inactivated by treating formalin (1:4000, v/v) as previously described (Kim et
al., 2019a; Ko et al., 2018). A monoclonal antibody HCA-2 against NA2,_»3¢ Was kindly
provided by Dr. Xuguang Li (University of Ottawa, Canada). Influenza A virus M2e
monoclonal antibody (mAb) 14C2 was purchased (Abcam, Cambridge, MA).

Generation and characterization of recombinant chimeric influenza viruses

Chimeric HA genes encoding conserved 9 amino acid (aa), ILRTQESES (NA222_239, NAe-
HA) and 10 aa, human M2e7_15, VETPIRNEWG (M2e-HA) were constructed (Fig. 1) by
following a similar cloning strategy as described previously (Lee et al., 2016). First, we
constructed an intermediate plasmid A/PR8-mHA in pHW?2000 where PsAl and Hinalll
restriction enzyme sites were introduced at nucleotide positions 489 and 563 of the HA gene
by site-directed mutagenesis using the Quick Change Multi Site-Directed Mutagenesis Kit
(Agilent Technologies, Boblingen, Germany). Next, two recombinant plasmids of chimeric
NAe-HA and M2e-HA were generated by inserting a gene fragment encoding the NA222_»30
or M2e7_1¢ epitope into the HA head antigenic site between residues 171-172 in the PR8-
mHA plasmid using Psfl and Hindll restriction enzyme cloning sites (Fig. 1A).

In an attempt to generate recombinant live attenuated influenza virus (LAIV) backbone
genes, we introduced mutations into polymerase PB1 and PB2 genes known to attribute
attenuation phenotypes similar to those of cold-adapted A/Ann Arbor/6/60 influenza virus
master strain (Jin et al., 2003; Jin et al., 2004). Four mutations in the PB1 (K391E, E581G,
A661T) and PB2 (N265S) polymerase encoding genes were introduced into the pHW2000
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PB1 and PB2 plasmids respectively by using the Quick Change Multi Site-Directed
Mutagenesis Kit. To rescue attenuated recombinant viruses A/PR8 NAe-HA, A/PR8 M2e-
HA, we applied reverse genetics using the pHW?2000-based eight plasmid system (kindly
provided by R.G. Webster) as described (Hoffmann et al., 2000). Briefly, 293T cells were
transfected with eight pHW2000 plasmids including PB1 (K391E, E581G, A661T) and PB2
(N265S) mutant genes and chimeric NAe-HA or M2e-HA. At 2 days after transfection,
293T cultures with rescued viruses were inoculated into 10-day old embryonated chicken
eggs at 33°C. The recombinant viruses rescued were confirmed in allantoic fluids by
hemagglutination activity assays after 3 days incubation at 33°C. The 50% egg infectious
dose (EIDgp) titers were determined in the embryonated chicken eggs. The average sizes of
chimeric influenza viruses were determined by dynamic light scattering (DLS) with a
Malvern Zetasizer Nano ZS (Malvern Instruments, Westborough, MA). The rescued
recombinant attenuated A/PR8 NAe-HA and A/PR8 M2e-HA viruses were inactivated by
treating formalin (1:4000, v/v) as described (Kim et al., 2019a; Ko et al., 2018). Expression
of NAe and M2e in HA chimeric molecules and incorporation into recombinant attenuated
AJPR8 viruses were confirmed by western blot and ELISA using HCA-2 mAbs and 14C2
mAbs and polyclonal antisera against A/PR8 virus.

Immunization and challenge of mice

The attenuation and immunogenic properties of live attenuated recombinant A/PR8 NAe-HA
and M2e-HA viruses were initially determined in BALB/c mice after intranasal (IN)
inoculation with a range of different doses (2x10* EIDsp, 2%10° EIDsg, 1x108 EIDsp). To
test an inactivated virus vaccine platform, 6 to 8 weeks old female BALB/c mice (n=10 mice
per group) were intramuscular (IM) immunized with 10 ug of inactivated A/PR8 influenza
viruses containing NAe-HA, M2e-HA, and WT-HA 3 times at 0, 4, 7 weeks. Blood samples
were collected at 3 weeks after immunization. Immunized mice were challenged with a
lethal dose of 8x LDsg A/Phil (H3N2) at 4 weeks after second boost. Body weight changes
and survival rates were monitored daily for 14 days. All animal experimental procedures in
this study were performed by the guidelines of the approved Institutional Animal Care and
Use Committee (IACUC) protocol (A18001).

Determination of antibody responses and the levels of cytokines

Antibody responses specific for influenza virus or peptide antigens (NAe, M2e) were
determined by enzyme-linked immunosorbent assay (ELISA) in immune sera, in
bronchoalveolar lavage fluids (BALF) and lung lysates harvested on 6 days post infection
(dpi). The samples including serially diluted immune sera, BALF, and lung lysates were
applied to a 96 well plate coated with 2ug/ml of NAe, M2e peptides, inactivated A/PR8 or
rgH5N1 (A/Vietnam). The levels of 1gG and isotypes were determined by using horseradish
peroxidase (HRP)-conjugated anti-mouse 1gG, 1gG1, 1gG2a, IgA (SouthernBiotech,
Birmingham, AL) and tetramethylbenzidine (eBioscience, San Diego, CA) as previously
described (Kim et al., 2019a). The levels of IL-6 cytokine in BALF and lung lysates were
measured using cytokine ELISA kit (eBioscience, San Diego, CA) according to the
manufacturer’s instructions.
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Lung virus titration

Lung viral titers were determined in embryonated chicken eggs. Lung homogenates were
10-fold serially diluted and inoculated into 10 days old embryonated chicken eggs at 37 °C
for 3 days. The allantoic fluids from eggs were collected and hemagglutination activity titers
measured using chicken red blood cells (RBC) (Lampire Biological Laboratories,
Pipersville, PA). Virus titers as EIDsg/ml were evaluated as described (Kim et al., 2019a).

Hemagglutination inhibition (HAI) assay

Immune sera were treated with receptor destroying enzymes (RDE, Sigma Aldrich, St.
Louis, MO) at 1:4 ratio (serum: RDE) and then incubated for 16 hours at 37 °C. The RDE-
treated sera were inactivated at 56 °C for 30 min then serially 2-fold diluted and incubated
with 4 hemagglutination unit of A/PR8, rgH5N1, and A/Phil for 30 min, then admixed with
0.5% chicken RBC. Both chicken and turkey erythrocytes are known to be appropriate for
HA and HAI assays with seasonal influenza strains (Thontiravong et al., 2016; Trombetta et
al., 2018). The highest serum dilutions interfering with the red spot formation were
determined for HAI titers.

Cytokine ELISpot assay

Intracellular

T cell responses in lung and splenocyte were determined at day 6 post infection by an
enzyme-linked immunospot (ELISpot) assay as described (Kim et al., 2019a). Briefly, lung
cells (2x10° cells per well) or spleen cells (5x10° cells per well) were cultured on the multi-
screen 96 well plates (Millipore, Billerica, MA) coated with cytokine specific capture
antibody in the presence of NAe or M2e peptides (5 pg/ml), inactivated A/PR8 (4 pg/ml) as
an antigenic stimulators for 48 hours. The spots of IFN-y secreting cells were developed
with biotinylated anti-mouse IFN-y and alkaline phosphatase-labeled streptavidin (BD
Pharmingen) and visualized with 3,3’-diaminobenzidine (DAB) substrates, then the spots
were counted using an ELISpot reader (BioSys, Miami, FL).

cytokine staining analysis by flow cytometry

Bronchoalveolar lavage (BAL) fluids (BALF) were obtained by infusing 1 ml of phosphate-
buffered saline (PBS) into the trachea using a 25-gauge catheter (Exelint International Co.,
Los Angeles, CA) to collect non-adherent cells in the airways. The lung tissues were
homogenized and spun on 44/67% Percoll gradients (GE Healthcare Bio-Sciences,
Pittsburgh, PA) at 2,800 rpm for 15 min. The layers containing lymphocytes were harvested
and washed with cold PBS. For intracellular cytokine staining, BAL and lung cells were in
vitro stimulated with the synthetic NAe or M2e peptides (5 pg/ml), with inactivated A/PR8
virus (4 pg/ml) in the presence of Golgi-stop (BD Biosciences, San Jose, CA) for 5 hours at
37 °C incubator. The cells were stained with surface markers (CD45 and CD4), then the
cells secreting cytokines (IFN-y and TNF-a) were fixed and permeabilized using a Cytofix/
Cytoperm kit according to the manufacturer’s instructions (BD Biosciences). All samples
were analyzed on a Becton-Bickinson LSR-1I/Fortessa flow cytometer (BD, San Diego, CA)
and analyzed using the Flowjo software (FlowJo V10, Tree Star, Inc., Ashland, OR).
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Microneutralization assay

Microneutralization assay was performed by a modified method as described (Laurie et al.,
2015). Sera collected from immunized mice were pooled per group and heat inactivated at
56 °C for 30 min. Two-folds serially diluted sera were mixed with 100x TCIDsq of influenza
A viruses (A/PR8, A/Phil, rgH5N1) at room temperature for 40 min. This mixture was
added to Madin Darby Canine Kidney cells and then incubated at 37 °C. After three days
culture in DMEM with 1 pg/ml TPCK-Trypsin, microneutralizing antibody titers were
determined by a hemagglutination activity assay using 0.5% chicken RBC.

Statistical analysis

Results

All results are presented as the mean = the standard errors of the mean (SEM). The statistical
significance for all experiments was performed by one- or two-way analysis of variance
(ANOVA). Prism software (GraphPad Software, Inc., San Diego, CA) was used for all data
analysis. The comparison used to generate a P value is indicated by horizontal lines (*;
p<0.05, **; p<0.01, ***; p<0.001).

Generation of attenuated recombinant influenza A viruses expressing chimeric HA
conjugates carrying a conserved epitope

Current influenza vaccination induces strain specific immunity particularly for
immunodominant HA globular head domains. In an approach to enhance the efficacy of
cross protection, we constructed chimeric HA molecules with an insertion of a conserved
linear epitope, 9 amino acid (aa) residues of NAe (NA222_230) [NAe-HA] or 10 aa residues
of central M2e (M2e;_16) [M2eHA], between the E;71 and G177 in the head domain
antigenic site Sa of HA derived from A/PR8 virus (Fig. 1A). Recombinant A/PR8 influenza
viruses containing chimeric NAe-HA, M2e-HA were generated using the reverse genetics
system. Replication competent recombinant chimeric NAe-HA and M2e-HA influenza
AJPR8 viruses were successfully rescued and generated as confirmed by hemagglutination
activity units (HAU) and growth of infectious titers (EIDsg) in embryonated chicken eggs
(Fig. 1B). These data suggest that chimeric recombinant NAe-HA and M2e-HA proteins
retain functional activities in replicating virus. The average sizes of inactivated chimeric
influenza viruses were 100 — 130nm similar (M2e-HA) to or slightly larger (NA2e-HA) than
wild type (WT) A/PR8 virus as measured by Malvern Zetasizer Nano ZS through dynamic
light scattering (DLS) property (Fig. 1C).

Chimeric HA with an insertion of NAe and M2e were determined in the western blot assay
of recombinant influenza viruses by using monoclonal antibodies (mAbs) specific for M2e
(14C2 mAD) and NAe (HCA-2 mADb) epitopes and A/PR8 virus-specific polyclonal
antibodies (Fig. 2A). HCA-2 mAb or 14C2 mAb reactive bands were observed in the
recombinant NAe-HA and M2e-HA A/PR8 virus respectively but not in the WT A/PR8
virus (Fig. 2A), suggesting the expression of chimeric NAe-HA and M2e-HA molecules.
The antigenic properties of recombinant NAe-HA and M2e-HA A/PRS8 viruses were
determined by ELISA (Fig. 2B-C). The chimeric attenuated backbone NAe-HA A/PR8
virus displayed higher levels of reactivity to NAe specific HCA-2 mAb by 4 to 5 folds than
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M2e-HA and WT-HA A/PR8 viruses which show moderate HCA-2 reactivity to intrinsic
NA proteins (Fig. 2B). The chimeric attenuated backbone M2e-HA A/PR8 virus exhibited
highest reactivity to M2e specific 14C2 mAb, suggesting reactivity to chimeric M2e-HA
whereas low reactivity to intrinsic M2 proteins in control viruses (Fig. 2C). Attenuated
backbone NAe-HA and M2e-HA A/PR8 viruses displayed higher levels of HCA-2 and 14C2
mAD reactivities than WT backbone NAe-HA and M2e-HA A/PR8 viruses (data not shown).
AJPR8 virus polyclonal immune sera were highly reactive to recombinant NAe-HA and
M2e-HA A/PRS8 viruses (Fig. 2D). These results showed that NAe and M2e epitopes are
presented on the head domain of HA conjugate molecules in replication competent influenza
viruses.

Vaccination with inactivated recombinant influenza virus enhances IgG2a antibody
responses specific for a conserved mono epitope inserted into the HA head domain

First, we determined the pathogenic phenotypes and immunogenicity of chimeric influenza
viruses since these recombinant viruses were generated using the backbone genes containing
the polymerase encoding genes (PB1, PB2) with mutations conferring LAIV-like phenotypes
in addition to a chimeric HA mutant gene (Supplementary Fig. S1). The mice that were
intranasally (IN) inoculated with a range of infectious egg titers (2x10% and 2x10° EIDsp) of
chimeric HA recombinant viruses did not show any sign of weight loss disease, while mice
inoculated with a range of 108 EIDsg were observed to display a slight weight loss (2.8%),
confirming the attenuated phenotypes of recombinant virus pathogenicity in mice. In
contrast, the WT A/PR8 backbone virus caused severe weight loss and lethality to the mice
with a titer of 2x10% EIDsq (Supplementary Fig. S1). High levels of 1gG antibodies specific
for A/PR8 virus antigen were induced in mice with prime inoculation of infectious egg titers
(2x10% to 1x10° EIDsp) of chimeric HA recombinant viruses (Supplementary Fig. S2A-B).
In contrast, antibody responses specific for M2e and NAe epitope antigens were induced to
minimal or below the levels of detection in mice with prime inoculation of chimeric M2e-
HA or NAe-HA recombinant viruses (Supplementary Fig. S2C—F). These data indicate that
M2e or NAe epitope inserted into the HA head domain was not effective in generating 1gG
antibodies in mice after prime inoculation with live virus platforms. IN boost inoculation
(1x107 EIDsp) resulted in further enhanced levels of IgG antibodies specific for A/PR8 and
inducing low levels of 1gG specific for M2e but no significant levels of 1gG for NAe
epitopes (data not shown).

To determine the immunogenicity of inactivated recombinant influenza virus platforms, the
groups of mice were intramuscularly (IM) immunized with chimeric HA inactivated viruses
(10 pg per mouse) as indicated (Fig. 3). 1gG antibodies specific for A/PR8 virus were
induced at significant levels after prime dose, which were further enhanced after boost dose
(Fig. 3C, Supplementary Fig. S3). 1gG responses specific for M2e single epitope but not for
NAe was induced at detectable levels after prime dose in the M2e-HA group, suggesting that
M2e epitope might be more immunogenic than NAe (Supplementary Fig. S4A-B). After
boost dose, 1gG antibody responses specific for NAe and M2e epitopes in the NAe-HA and
the M2e-HA groups were induced respectively but not in the control WT-HA group
(Supplementary Fig. S4C-D). After the 2" boost, total 1gG antibodies specific for NAe or
M2e were further increased to high levels in the NAe-HA or M2e-HA immunized mouse
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groups respectively whereas WT-HA immunization did not (Fig. 3A-B). Interestingly, both
NAe-HA or M2e-HA vaccine groups induced dominant IgG2a isotype antibodies specific
for NAe or M2e peptides (Fig. 3D-E). It is interesting to find that the 1gG responses for NAe
and M2e epitopes were 1gG2a isotype dominant, whereas 1gG2a and 1gG1 isotype
antibodies for A/PR8 virus were induced at a similar level in all three groups with NAe-HA,
M2e-HA, and WT-HA (Fig. 3F).

Inactivated influenza virus vaccines containing chimeric HA with a conserved epitope
improve the efficacy of cross protection

We determined whether inactivated chimeric HA influenza virus vaccination would enhance
the efficacy of cross protection. Mice immunized with inactivated NAe-HA, M2e-HA, and
WT-HA were intranasally infected with a lethal dose A/Philippines/82 (A/Phil, H3N2,
8xLDgp) at 4 weeks after second boost immunization. Body weight changes of WT-HA
immunized mice started to decrease rapidly from day 3 post challenge, displayed
approximately 20% weight loss, but survived better (60%) than naive mice showing 0%
survival rates (Fig. 4A-B). Notably, chimeric M2e-HA and NAe-HA immunized groups
displayed slight to moderate weight loss of approximately 9% and 13% respectively with
100% protection, and in particular, the chimeric M2e-HA group quickly recovered the
weight by day 6 post infection compared to the NAe-HA vaccine group (Fig. 4A-B). Lung
samples were collected at day 6 post challenge to determine the viral loads in embryonated
chicken eggs (Fig. 4C). The chimeric M2e-HA and NAe-HA groups showed approximately
150-fold to 400-fold lower of lung viral titers compared to the naive infection group and 4-
to 10-folds lower lung viral titers than those in the WT-HA group (Fig. 4C).

Consistent with mortality and lung viral titers, a lower level of 1L-6 production was observed
in BALF and lungs of chimeric HA- as well as WT-HA immunized group than those of
naive infection group which induced the highest level of IL-6 (Fig. 4D). Furthermore, we
investigated hemagglutination inhibition (HAI) titers to homologous (A/PR8) or
heterosubtypic influenza viruses (rgA/Vietham/H5N1 or A/Phil) from boost immune sera of
chimeric HA and WT-HA groups (Fig. 4E). Vaccination with inactivated chimeric HA and
WT-HA virus induced high HAL titers against A/PR8 virus only (Fig. 4E). NAe-HA immune
sera showed 2—4 folds higher HAI titers than those of M2e-HA immune sera (Fig. 4E). A
similar pattern was observed in the microneutralization titers against homologous (A/PR8)
virus in immune sera, displaying lower titers in the M2e-HA group (Fig. 4F). These results
suggest that inactivated chimeric HA influenza virus vaccination induces HAI activity
against homologous virus but not against heterosubtypic viruses, IgG antibodies specific for
the inserted M2e or NAe, and improves cross protection.

We extended testing cross-protective efficacy against reverse genetic (rg) reassortant
rgHIN2 virus [A/chicken/Hong Kong/1997 (HIN2)/A/PR8 reassortant]. Inactivated NAe-
HA virus or M2e-HA virus vaccination induced lower body weight loss than control WT-
HA virus vaccination, suggesting higher efficacy of cross protection against rgHIN2 virus
(Fig. 4G-H). We further tested the protective capacity of NAe-HA virus and M2e-HA virus
vaccination against reassortant rgH5N1 virus. All vaccinated mice showed 100% survival
cross-protection against rgH5N1 without displaying differences among the NAe-HA, M2e-
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HA, and WT-HA groups probably due to the induction of stalk antibodies at similar levels
within the same group 1 HA virus (data not shown).

Chimeric HA containing inactivated virus immunization induces systemic or mucosal IgG
and IgA specific for NAe and M2e mono epitopes

We determined NAe and M2e mono epitope specific 1gG and IgA antibody responses in
BALF and lung lysates collected day 6 post challenge with heterosubtypic A/Phil (H3N2)
virus (Fig. 5). The NAe-HA group showed higher levels of IgG and IgA specific for NAe
peptide in their BALF and lungs compared to those in the M2e-HA and WT-HA groups
(Fig. 5A, 5C). Similarly, M2e-specific mucosal antibody responses were observed at higher
levels in the chimeric M2e-HA immunized group compared to NAe-HA and WT-HA-
immunized groups (Fig. 5B, 5D). A similar level of 1gG for A/PR8 virus was observed in all
vaccinated groups (Fig. 5E). These results indicate that inactivated chimeric HA virus
immunization induces 1gG and IgA antibodies specific for NAe and M2e mono epitopes.

Chimeric M2e-HA inactivated virus immunization induces T cells responsive to M2e

stimulation

The immune cells from the BAL, lung, and spleen tissues at day 6 post challenge were
stimulated with M2e and virus antigens to analyze cellular responses secreting IFN-y or
TNF-a by an ELISpot (Fig. 6A—C) or an intracellular cytokine staining assay (Fig. 6D-E).
A significant level of cellular responses secreting IFN-y was detected in the lung of the
chimeric M2e-HA group by in vitro stimulation with an M2e peptide, which is
approximately 6.8-fold higher than those induced by the chimeric NAe-HA or WT-HA
groups (Fig. 6A). Meanwhile, the effector cellular responses by virus antigen stimulation
were observed in the chimeric NAe-HA or WT-HA immune groups at similar levels (lung,
Fig. 6B) or at slightly higher levels (spleens, Fig. 6C), compared to those by the chimeric
M2e-HA group (Fig. 6B-C).

We further confirmed M2e specific cellular responses by intracellular cytokine flow
cytometry assay. BAL and lung cells from chimeric M2e-HA immunization exhibited
significantly higher numbers of M2e specific CD4* T cells secreting IFN-y or TNF-a. than
the chimeric NAe-HA or WT-HA groups (Fig. 6D-E). IFN-y secreting T cells in response to
NAe /n vitro stimulation was not observed in the lungs of the chimeric NAe-HA immune
group (Supplementary Fig S5). Thus, these results provide evidence that chimeric M2e-HA
but not NAe-HA inactivated virus vaccine is effective in inducing M2e-specific effector T
cell responses.

Discussion

This study first time demonstrated the immunogenic comparison and protection of a
conserved M2e and NAe (NA222_230) epitope which was presented on the Sa antigenic site
of HA head domain of replication competent A/PR8 attenuated backbone. The technology of
reverse genetics enables the generation of recombinant influenza viruses expressing foreign
epitopes. We generated replication competent recombinant influenza A/PR8 viruses
expressing chimeric NAe-HA and M2e-HA with a conserved epitope in the head domain.
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IM immunization with inactivated chimeric NAe-HA and M2e-HA viruses was more
effective in inducing IgG antibody responses to a conserved NA»»o_»309 (NAe) or M2e
epitope within the HA head domain than IN inoculation with live chimeric NAe-HA or M2e-
HA attenuated virus. Enhanced cross protection was observed in mice after IM
immunization with inactivated chimeric NAe-HA and M2e-HA viruses compared to
inactivated WT A/PR8 virus vaccination. 1gG antibody recognizing NA»»o_»3g were induced
by IM vaccination with inactivated chimeric NAe-HA virus, providing less weight loss and
lower lung viral replication after heterosubtypic challenge. This study supports a proof-of-
concept of developing recombinant influenza virus vaccines generating antibody responses
to poorly immunogenic but conserved epitopes in nature.

NA222_230 sequence was identified to be universally conserved and located near to the NA
enzymatic active site (Doyle et al., 2013a; Doyle et al., 2013b; Gravel et al., 2010). Despite
this universal antigenic property of an NAe epitope, neither live PR8 virus infection nor
inactivated virus immunization of mice did not induce 1gG antibodies recognizing the
NA222_230 epitope, indicating its poor immunogenic nature. Consistent, M2e epitope was
also poorly immunogenic in mice after live virus infection or inactivated virus
immunization. Presenting NA22>_p30 0r M2e7_14 epitope within the HA head domain
antigenic site could be a novel approach compatible with licensed vaccine platforms
inducing 1gG responses to these highly conserved monomeric epitopes. An M2e epitope
appears to be more immunogenic and cross protective against A/Phil H3N2 virus than NAe
when compared in HA chimeric recombinant influenza virus vaccines. Both inactivated
NAe-HA and M2e-HA virus vaccines provided higher efficacy of cross protection against
rgHIN2 virus than control WT-HA virus vaccine. This study provides further evidence for a
new approach to improve cross protective efficacy of influenza vaccination by engineering
recombinant influenza viruses expressing a conserved epitope.

There was no difference between M2e-HA and NAe-HA viruses in the levels of
hemagglutination activity units of virus stocks harvested from the eggs and in the capacity to
replicate in the egg substrates. Nonetheless, M2e-HA virus was able to induce M2e 1gG
antibodies at relatively higher levels, compared to NAe-HA virus which induces NAe IgG
antibodies after IM immunization. In contrast, NAe-HA virus caused slight weight loss and
induced higher levels of 1gG antibodies specific for A/PR8 after live virus infection. In
contrast, M2e-HA virus displayed compromise in inducing HAI and microneutralization
titers by 2 to 4 folds compared to chimeric NAe-HA virus vaccination. These differences
between M2e-HA and NAe-HA viruses were observed in immune sera after live virus IN
inoculation (Supplementary Fig. S6). It appeared that the receptor binding domain of NAe-
HA molecules from NAe-HA virus might be in a more immunogenic conformation than
corresponding M2e-HA molecules in M2e-HA virus. An alternative interpretation is that
more immunogenic conformation of M2e in the head domain M2e-HA might be slightly
interfering with B cell receptor interactions, compromising HA immunogenicity.

It is notable that 1gG2a isotype dominant antibody responses to NAe and M2e were induced
after IM immunization with inactivated chimeric NAe-HA and M2e-HA viruses, in contrast
to the similar levels of both IgG1 and 1gG2a antibodies specific for virus. M2e specific IFN-
v or TNF-a secreting cellular responses were induced in lung and BAL samples from the
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mice with M2e-HA chimeric virus but not with chimeric NAe-HA virus vaccination. M2e
has epitopes stimulating B cells and T cells (Kim et al., 2018; Kim et al., 2019b; Kim et al.,
2017b; Kolpe et al., 2017; Schepens et al., 2018) but NAe was not able to stimulate cytokine
expressing cellular responses in mice after vaccination. Thus, higher levels of M2e specific
antibody responses in systemic and mucosal sites and induction of T cell responses might be
contributing to more effective cross protection in mice with M2e-HA chimeric virus
vaccination, compared to chimeric NAe-HA virus.

In this study, BALB/c mice were IM immunized 3 times with a high dose (10 ug) of whole
inactivated virus vaccines to induce significant levels of 1gG responses to a single epitope,
M2e or NAe. Whole inactivated virus contains multiple antigens (HA, NA, NP, M1, NS1) at
enough amounts to induce cellular CD4 and CD8 T cell responses, which is consistent with
a previous study using trivalent inactivated influenza vaccines (T1V) (Richards et al., 2012).
The induction of cellular immune responses is likely contributing to broad protection against
H3N2 (A/Phil), A/PR8 reassortant rgHIN2 viruses in mice after 3 times IM immunization
with M2e-HA or NAe-HA in the absence of cross-reactive HAI titers. In contrast, a clinical
study reported that inactivated virus vaccines were more effective in inducing anti-stalk
antibody responses after prime dose than the live attenuated influenza vaccine (LAIV) in
healthy adult individuals (Bernstein et al., 2019). In young children, LAIV was more
effective in inducing T cell responses than TIV (Hoft et al., 2017). Another clinical study
reported that TIV can also induce a certain level of influenza A virus-reactive T cell
responses in young children but with no comparative LAIV (He et al., 2006). In previous
studies, mice with prior exposure to live influenza virus acquired heterosubtypic immunity at
a certain level through the induction of cross-reactive T cell and B cell responses (Guo et al.,
2011; Nguyen et al., 1999; O’Neill et al., 2000). In this study, the mice that were IN
inoculated with boost dose (2x10"7 EID) of live NAe-HA, M2e-HA virus, or WT A/PR8
virus were all similarly protected against H3N2 virus (data not shown), suggesting that cross
protective cellular responses overwhelmed M2e (or NAe) immunity. Nonetheless, it needs to
be cautious in interpreting cellular responses and protective outcomes of influenza vaccines
in mouse models.

Positioning the foreign epitopes in the different sites of HA might influence the outcomes of
immune responses to the epitopes inserted into HA, after live virus infection or inactivated
virus immunization. In this comparison study of live and inactivated virus vaccination, it is
unexpected that IN inoculation of mice with live chimeric NAe-HA and M2e-HA viruses did
not effectively induce IgG antibody responses to NAe or M2e epitope inserted into the HA
head domain. Induction of 1gG antibody responses to M2e was reported with live virus
infection of mice with recombinant WT A/PR8 virus containing chimeric HA tandem repeat
4xM2e at the N-terminus of HA (Kim et al., 2017a). IM vaccination with inactivated
chimeric viruses containing foreign neutralizing epitopes inserted into the antigenic site Sa
of HA derived from WT A/PR8 virus was shown to be effective in inducing protective
immune responses to human respiratory syncytial virus (Lee et al., 2016). Inactivated virus
platforms with M2e inserted within the HA head domain induced antibody responses to M2e
and stalk domains after sequential IM vaccination with different subtypes (Sun et al., 2019).
IM immunizations of mice with inactivated whole A/PR8 H1N1 virus induced significant
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levels of 1gG antibodies specific for HA stalk domains, contributing to cross protection.
Overall, these previous reports are consistent with results in this current study.

Inactivated virus vaccine platforms appear to be more effective in raising antibody responses
to M2e and NAe inserted into the HA head domain than live virus inoculation. In mice, live
virus inoculation generally induces stronger immunity than inactivated virus vaccine
platforms. For fair comparison, we carried out additional analysis of 1gG responses specific
for virus, NAe, and M2e in sera of boost dose (20 folds higher dose [2x10"7 EIDsgg] than
prime dose [2x10"4 to 1x10"6 EIDsgg] live virus inoculation to overcome prior prime
immunity. Virus (A/PR8) specific 1gG levels were higher in sera from prime and boost dose
of live virus inoculation compared to prime and boost dose inactivated virus vaccination
respectively. In contrast, IgG responses to NAe were substantially high in sera from
inactivated virus vaccination after prime boost dose whereas live virus inoculation failed to
induce NAe specific 1gG responses even after boost dose. 1gG responses to M2e were higher
in sera from inactivated virus vaccination after boost dose than those in boost live virus
inoculation. The 2" boost with inactivated NAe-HA and M2e-HA virus was required to
further increase the levels of 1gG antibodies to NAe and M2e respectively. In summary,
recombinant influenza NAe-HA and M2e-HA vaccination induces 1gG responses to virus
and inserted mono NAe and M2e epitopes and cellular responses contributing to cross
protection. M2e might be a desirable target for incorporation into a universal vaccine due to
its both B cell and T cell responses. There is a limitation in this approach, requiring multiple
immunizations to induce high levels of antibody responses to an inserted single epitope.
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Figure 1. Generation of replication competent recombinant A/PR8 viruses containing chimeric
HA constructs with a conserved epitope inserted into the head domain.

Recombinant A/PR8 influenza viruses containing chimeric NAe-HA and M2e-HA were
generated via the reverse genetics system using the attenuated pHW2000-based eight-
plasmid system. (A) Chimeric HA constructs with a conserved epitope inserted into the head
domain. NA22o_»39 (NAe-HA) or human M2e7_15 (M2e-HA) were inserted between
positions 171 and 177 as indicated by the color boxes, respectively. (B) /n vitro growth of
recombinant A/PR8 influenza viruses containing chimeric HA. The 293T cell culture
supernatants at 48h from co-transfected with eight pHW2000 plasmids including the
chimeric HA constructs and attenuated PB1 and PB2 genes were inoculated into
embryonated chicken eggs. Hemagglutination activity units (HAU, left panel) and the egg
infective dose titers (right panel) in allantoic fluids containing rescued virus were
determined using the chicken red blood cells and an egg infection assay. EIDsgg; 50% egg
infective dose. (C) Size distribution of influenza PR8 viruses containing chimeric HA
molecules.
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Figure 2. Expression of chimeric NAe-HA and M2e-HA proteins in recombinant attenuated
AJ/PRS viruses.

The expression of chimeric NAe-HA and M2e-HA proteins in recombinant A/PR8 viruses
was determined by Western blot and ELISA. HCA-2 or 14C2 mAbs specific for NA22o_»30
(NAe) and M2e epitope respectively were used to probe chimeric NAe-HA and M2e-HA
proteins. Mouse immune sera collected from mice infected with sublethal A/PR8 virus were
used to prove A/PR8 HA proteins. (A) Western blot analysis. Lane 1: NAe-HA A/PR8 virus
(10 pg), Lane 2: M2e-HA A/PR8 virus (10 ug), Lane 3: WT-HA A/PR8 virus (10 pg). Red
color arrows indicate chimeric HA proteins with NAe or M2e, and WT-HA. (B-D) The
reactivity of recombinant PR8 viruses to specific HCA-2 and 14C2 mAbs or polyclonal
antibodies was determined by ELISA. (B) The reactivity of recombinant PR8 viruses to
NA222_230 specific HCA-2 mAb. (C) The reactivity of recombinant PR8 viruses to M2e
specific 14C2 mAb. (D) The reactivity of recombinant PR8 viruses to A/PR8 polyclonal
anti-sera.
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Figure 3. Immunization with recombinant inactivated PR8 viruses containing chimeric HA

induces 1gG2a dominant isotype antibody specific for NAe and M2e.

BALB/c mice (n=10) were intramuscularly (IM) immunized with recombinant A/PR8
influenza viruses containing NAe or M2e inserted into the HA head domain. Antigen-
specific antibody responses in immune sera collected after second boost immunization were
determined by ELISA. (A and B) Total 1gG to NAe or M2e peptides. (C) Total 1gG to
AJ/PRS8 virus. (D and E) 1gG2a and 1gG1 isotype antibodies against NAe or M2e peptides in
100-fold diluted immune sera harvested after second boost immunization. (F) 1gG2a and
IgG1 isotype antibodies to PR8 virus in 100-fold diluted boost immune sera. Statistical
significance was determined by using two-way ANOVA. Data of optical density (OD) values
are representative of individual animal out of two independent experiments. Error bars
indicate the means + SEM. ***; p<0.001.
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Figure 4. Immunization with inactivated chimeric HA A/PR8 viruses confer cross protection
against heterosubtypic influenza virus.

The groups of mice (n=6) immunized with chimeric HA (NAe-HA or M2e-HA) and WT-HA
AJPR8 viruses were infected with A/Phil (H3N2, 8x LDsp) or reassortant rgA/HK (HIN2,
8% LDsgp) virus and then monitored body weight changes daily for 14 days. (A) Body weight
changes. P<0.001; compared between M2e-HA and WT-HA, ###; p<0.001, ##; p<0.01, #;
p<0.05; compared between NAe-HA and WT-HA. (B) Survival rates. Another set of the
groups of mice (n=4) was sacrificed at 6 days after infection (dpi) with the same challenge
dose A/Phil (H3N2) to determine the lung viral loads and the level of IL-6 cytokine. (C)
Lung viral titers at 6 dpi. Viral loads were determined by using embryonated chicken eggs
and presented in EIDgg. (D) The level of IL-6 was determined from BALF and lung lysates
by ELISA. (E) HAI titers to homologous or heterosubtypic influenza viruses. (F)
Microneutralization antibody titers in pooled immune sera after second boost immunization.
(G and H) Body weight changes and survival rates after challenge of mice (n=6) with
rgA/HK HIN2 (8% LDgp) virus. *; p<0.05 between NAe-HA and WT-HA, ##; p<0.01, #;
p<0.05 between M2e-HA and WT-HA. Statistical significance was determined by using one-
way ANOVA and Dunnett’s multiple comparison test. Data are representative of individual
animals out of two independent experiments. Error bars indicate the means + SEM. ***;
p<0.001, **; p<0.01. *; p<0.05. ns; no significant difference between groups.
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Figure 5. Mucosal 1gG and IgA specific for NAe or M2e in mice immunized with inactivated
chimeric HA A/PR8 viruses after heterosubtypic influenza virus infection.

At day 6 post infection, BALF and Lung samples were collected and total 1gG and IgA
antibodies specific for NAe or M2e peptides were presented by ELISA. (A and B) Total 1gG
specific for NAe or M2e peptides. (C and D) IgA specific for NAe or M2e peptides. (E)
Total 1gG specific for A/PR8 virus. Statistical significance was determined by using one-
way ANOVA and Tukey’s multiple comparison test. Antibody levels are presented in
concentrations calculated with antibody standards and ELISA OD values. Data are
representative of individual animal out of two independent experiments. Error bars indicate

the means £ SEM. ***; p<0.001, **; p<0.01, *; p<0.05.

Virology. Author manuscript; available in PMC 2021 November 01.

[ Naive

Bl NAe-HA
Bl M2e-HA
3 WT-HA
Bl Naive inf



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 21
A IFN+ to M2e (Lung) B IFN-y to PR8 (Lung) C  IFNyto PRS (Spleen)
100+ e, 200- 200~
w ke 4 g =
3 g 150- F 150- - -
2 60 ° L ® I
& & 100+ et X 1004
~ 404 - -
2 2 @
£ i v
0~ 0- T 0- T
I N RN I N ORI . T
& o 3 2 & z’b @ 2 g o’b o G
¥y S ¥y s vV e S
D M2e-specific CD4 T cells (BAL) E
101 -
e p.i. B [ Naive [ Naive
8 e BN NAe-HA BN NAe-HA
a B M2e-HA _— Bl M2e-HA
2 o [ WT-HA T B3 WT-HA
[&] (¥
2- ﬂ ﬂ
0
IFN-¢ TNF-u IFN-y TNF-a

Figure 6. Immunization with inactivated recombinant A/PR8 virus containing chimeric M2e-HA
enhance M2-specific T cell responses.

The cells were harvested from BALF, lung, and spleen tissues of immunized mice at day 6
after challenge with A/Phil/H3N2 (8% LDsg). To determine IFN-y secreting cells, lung and
spleen cells were stimulated with M2e peptide or virus antigen for 3 days and then the cell
spots secreting cytokine were determined by ELISpot analysis. (A) M2e-specific IFN-y
secreting cell spots in the lungs. (B and C) Virus antigen-specific IFN-y secreting cell spots
in the lung and spleen. (D and E) Antigen-specific T cell responses were analyzed by
intracellular cytokine staining flow cytometry after /n vitro stimulation with M2e peptide.
Statistical significance was determined by using one-way ANOVA and Dunnett’s multiple
comparison test. Data are representative of individual animal out of two independent
experiments. Error bars indicate the means £ SEM. ***; p<0.001, **; p<0.01, *; p<0.05.
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