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SUMMARY

A quarter of all seasonal influenza cases are caused by type B influenza virus
(IBV) that also dominates periodically. Here, we investigated a recombinant
adenovirus vaccine carrying a synthetic HA2 representing the consensus
sequence of all IBV hemagglutinins. The vaccine fully protected mice from lethal
challenges by IBV of both genetic lineages, demonstrating its breadth of pro-
tection. The protection was not mediated by neutralizing antibodies but robust
antibody-dependent cellular cytotoxicity and cell-mediated immune responses.
Complete protection of the animals required the entire codon-optimized HA2
sequence that elicited a balanced immune response, whereas truncated vac-
cines without either the fusion peptide or the transmembrane domain reduced
the efficacy of protection. Finally, the vaccines did not demonstrate any sign of
disease exacerbation following lung pathology and morbidity monitoring.
Collectively, these data suggest that it could be worth further exploring this
prototype universal vaccine because of its considerable efficacy, safety, and
breadth of protection.

INTRODUCTION

Influenza viruses known to infect humans are classified into three types based on their genetic makeup: A,
B, and C. The first two are known to cause seasonal epidemics, whereas influenza C causes a mild respira-
tory illness without causing epidemics. The influenza A viruses (IAV) are divided into subtypes based on
their two surface proteins namely, hemagglutinin and neuraminidase, whereas influenza B viruses (IBV)
are classified based on their genetic lineages, i.e., B/Victoria and B/Yamagata (Zambon, 1999). IBV cases
constitute ~25% of all influenza cases annually, but it is not rare for IBV to dominate in a given season.
For example, data from Europe in the 2017-2018 season revealed IBV cases were responsible for ~65%
of influenza cases (European Center for Disease Prevention and Control, 2018; Sun et al., 2019); however,
even in lAV-dominated seasons, IBV has been shown to cause a second wave of infection as cases of IAV
infection decline (Epperson et al., 2014; Garten et al., 2018). The severity of the IBV is also notable, with co-
circulation of the two genetic lineages contributing significantly to the ~290,000-650,000 annual influenza-
attributed mortality reported globally (luliano et al., 2018).

Although the two IBV genetic lineages derived from a common ancestor, they are now antigenically
different (Rota et al., 1990). For at least the last two decades, they have been co-circulating worldwide
(Chen and Holmes, 2008; Shaw et al., 2002). Moreover, since 2015, both genetic lineages have displayed
remarkable epidemic activity likely resulting from selective sweeps across the genome, followed by alter-
nate evolutionary trajectories (Virk et al., 2020). Notably, although the evolution of the IBV viruses involve
multiple viral proteins (Virk et al., 2020), the viral hemagglutinin (HA) remains of particular interest, given its
critical impact on host immune response and annual vaccine preparations.

The hemagglutinin of IBV consists of two subunits, i.e., HA1 and HA2. Genetic analyses have revealed four
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between influenza B strains. The 4 domains, 120-loop, 150- loop, 160-loop, and 190-helix, and their respec-
tive surrounding regions have demonstrated a high degree of structural flexibility. Antigenic drift generally
does not significantly compromise the structural integrity; yet, mutations in these domains could be suffi-
cient to allow the virus to evade neutralizing antibodies (Berton et al., 1984; Hovanec and Air, 1984; Koel
et al., 2013; Kordyukova et al., 2011; Ni et al., 2013; Rivera et al., 1995).

Given the unpredictable nature of the switch in predominance, the inclusion of antigenic components from
both IBV lineages in quadrivalent vaccine formulations is currently recommended, but a good antigenic
match is still necessary (Ambrose and Levin, 2012; McCullers et al., 2004; Reed et al., 2012). Indeed, mark-
edly high epidemic activity in recent years is of concern, with an increasing likelihood of diversification of
IBV into multiple genetically distinct lineages (Virk et al., 2020). Broadly protective or universal influenza
virus vaccines which could abolish the need for annual reformulation and re-administration of seasonal
influenza virus vaccines are essential (Krammer and Palese, 2015; Wang et al., 2010).

A previous study showed that a peptide conjugate vaccine based on the maturational cleavage site of the
IBV hemagglutinin precursor induced protection against lethal challenge of IBVs from both genetic line-
ages (Bianchi et al., 2005). Sequential immunization of chimeric HA proteins comprised of IBV stalk and
the head of HA of exotic IAV provided protection against diverse strains of the IBV viruses (Ermler et al.,
2017), while similar observations were also made on a mosaic IBV HA with major antigenic sites replaced
with those from an exotic IAV counterpart (Sun et al., 2019). These findings are consistent with studies
on the conserved protective epitopes in the stalk of the IBV HA (Dreyfus et al., 2012). In this communication,
we report a recombinant adenovirus expressing the consensus sequence of the HA2 subunit that affords
full protection to mice against lethal challenge with IBVs of either genetic lineage. Furthermore, dissection
of the synthetic sequence allowed us to shed light on the mechanisms underlying immune protection as
well as pulmonary pathology.

RESULTS

Consensus sequence of HA2 affords full protection against IBV of both genetic lineages

All known hemagglutinin sequences of influenza B viruses from NCBI were downloaded and identical se-
quences removed to create a non-redundant dataset. The sequences were subjected to multiple alignments
using CLUSTALW-MPI on a 64-processor Linux cluster, followed by the extraction of the target region from the
full-gene alignment. The Shannon entropy for each amino acid position of the identified consensus sequences
was then calculated to determine the degree of variation. The consensus sequence represents the highest de-
gree of conservation of all HA2 sequences (Figure S1, supplemental information). Specifically, all positions in
the reference remain the consensus, most represented residue at or near 100% (Figure S1).

Recombinant adenoviruses constructs (rAds) were designed to express a trimeric, secreted form of the
consensus HA2 (Figure S2) (for details see STAR Methods). In brief, it includes 23 amino acids from the hu-
man tyrosinase signal peptide as previously described (Hashem et al., 2014) as well, two separate frag-
ments from the HA1 subunit of influenza B/Florida/04/06, (amino acids 16-69 and 306-361), joined by a
GSGSG linker were added to the N-terminus of the HA2 consensus sequence. A 27-amino acid fragment
from the bacteriophage T4 fibritin trimerization motif was also added to the C-terminus of the HA2
sequence (rAd-HA2F), preceded by another GSGSG linker. Protein expression by the adenovirus construct
was confirmed by Western blot (Figure S3, supplemental information).

To evaluate the efficacy of the vaccine in animals, we first compared the route of administration and prime/
boost immunization regimen (Figure 1A). As shown in Figures 1B and 1C, subcutaneous administration of
the vaccine failed to protect the mice from a lethal dose of IBV, whereas intranasal administration resulted
in 60% survival. Using intranasal administration with a prime/boost dosing regimen resulted in full protec-
tion of the animals. These results were consistent with the changes in body weight (Figures 1D and 1E).
Although the difference in survival rate and morbidity was drastically different between the two routes
of administration, the HA2-specific antibody titers were similar between the two routes of administration
(Figures 1F and 1G). Moreover, the antibody titers against HA2 were similar following either the single
(Day 21) or the prime/boost (Day 49) immunization (Figures TH and 11), suggesting that the quality of im-
mune responses is drastically different following the two routes of immunization. Notably, in contrast to
the strong antibody responses to the HA2 stalk (Figures 1H and 1), neither of the two fragments derived
from HA1 (a.a. 16-69; 306-361), used as the linkers in the vaccine, induced detectable antibody responses
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Figure 1. Intranasal immunization with a prime/boost regimen provides the best protection against lethal IBV challenge compared to

subcutaneous immunization

(A-1) (A) Schematic diagram of the immunization, viral challenge, and necropsy timeline. DBA2 mice were subcutaneously (B, D, F, and H) or intranasally (C, E,
G, and |) vaccinated once or twice before an intranasal challenge with B/Victoria/02/87. Survival (B, C; n = 10), weight (D and E; n = 10), Day 21 anti-HA2 IgG

endpoint titer (F and G; n = 3-5), and Day 49 anti-HA2 IgG endpoint titer (H and I; n = 8-10) are shown.
Data shown is mean + SEM; *p < 0.05, ***p < 0.001, ****p < 0.0001 (Mann-Whitney test).

(Figure S5), even though the two sequence fragments are also very conserved, with overall conservation
rates of >99.7% except for four a.a. substitutions (Table S1, in supplemental information). These findings
suggest that the HA1-derived fragments are unlikely to contribute to antibody-mediated immune re-
sponses (see below for more discussion).

In light of these findings, we employed the intranasal administration with a prime/boost regimen in
all subsequent experiments. We found that all vaccinated animals survived the lethal challenge
by IBV from both lineages (Figures 2A and 2B), whereas unvaccinated animals were not protected
as all animals died of B/Victoria challenge and only 20% survived following B/Florida challenge
(Figures 2A and 2B). Again, the survival rates were consistent with the change of body weight (Figures
2C and 2D). Moreover, the protection induced by the vaccines was confirmed by pathological exami-
nation of the lung tissues (Figures 2E and 2F) and the assessment of viral burden in the lungs (Figures
2G and 2H). These results indicate that intranasal administration of the vaccine affords better protec-
tion of the animals from IBV of both genetic lineages, with a prime/boost regimen being the most
effective.

Recombinant adenovirus-vectored vaccine induces higher levels of antigen-specific
antibodies and antibody-dependent cellular cytotoxicity (ADCC)

Having observed the protective efficacy of the vaccine, we next investigated the immunological
correlates. We observed HA2-specific IgG1 antibodies were detectable in the sera 21 days after a prime
immunization, but the level of IgG1 appeared to decrease slightly following the boost (Figure 3A).
In sharp contrast, antigen-specific IgG2a and IgG2b antibodies, known to be potent IgG subclasses
in terms of ADCC induction (Collins, A.M. 2016), were observed to have a sustained high level of
expression in the serum (Figures 3B and 3C). Mucosal antibody responses were also detected
with high antigen-specific IgG and IgA levels in the bronchoalveolar lavage (BAL) fluid (Figures 3D
and 3E).

We tested if sera from vaccinated animals could have neutralizing activities. To this end, we
incubated the vaccine-elicited sera with the virus and tested their neutralizing activities. We found no
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Figure 2. Intranasal immunization with rAd-HA2F provides effective cross-protection against a lethal challenge
with IBV from both lineages without disease enhancement

DBA2 mice were intranasally vaccinated twice before an intranasal challenge with B/Victoria/02/87 (A, C, E, and G) or
B/Florida/04/06 from the Yamagata lineage (B, D, F, and H). Mice were euthanized 3 days post-challenge for viral titer and
histology analysis or monitored for 14 days post-challenge for survival. Survival (A and B), weight (C and D), average
pathological score (E and F), and lung viral titer (G and H) are shown. Data shown is mean + SEM representative of 2
independent experiments; In each experiment, n = 10 per group for survival and weight change, and n = 4 per group for
histology and lung viral titer; *p < 0.05 (Mann-Whitney test).

detectable neutralizing antibodies were induced in the vaccinated animals (Figure Sé, supplemental

information).
We then investigated their ADCC potential, given that IgG2a and IgG2b, not IgG1, are known to be prime

inducers of this important antiviral effector function in mice (Collins, A.M. 2016). To this end, we evaluated
sera isolated 49 days after prime vaccination. As shown in Figures 3F-3l, the antibodies demonstrated
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Figure 3. rAd-HAZ2F elicits robust HA2-specific antibody responses with high ADCC activity against multiple IBV strains

Serum from DBA2 mice collected 21 days after prime vaccination (Day 21) and 21 days after boost vaccination (Day 49) was used to determine anti-HA2
endpoint titer. IgG1 (A), IgG2a (B), and IgG2b (C) titers are shown. Bronchoalveolar lavage fluid (BALF) was collected on Day 49 to determine anti-HA2 IgG (D)
and IgA (E) endpoint titers. Day 49 serum was used to determine the ADCC activity against B/Victoria/2/87 (F), B/Florida/04/06 (G; Yamagata lineage),
B/Brisbane/60/08 (H; Victoria lineage), and B/Yamagata/16/88 (I). Data shown is mean + SEM; n = é per group in each experiment; **p < 0.01 (Mann-
Whitney test).

strong ADCC activities against viruses from both Yamagata and Victoria lineages, an observation which
may explain the lethal challenge experiments (Figure 2).

Moreover, we analyzed germinal center (GC) B cells (B220" GL7") following vaccination, as higher levels of
GC B cells are correlated with enhanced affinity maturation to the antigen. We isolated cells from the drain-
ing lymph nodes of immunized mice on Day 49 and stained the cells with corresponding antibodies for flow
cytometry analysis (Figure S4). As shown in Figure 4, a modest but significant increase of B220" GL7™" cells
was observed in the vaccinated group compared to the vector control.

Immunization with truncated HA2 vaccines reduces efficacy

As the full length HA2 had shown robust protection, we next investigated if two regions known to be of
critical importance for the virus were involved in inducing protection. Specifically, the N-terminus of the
HA2 and the transmembrane domain were deleted from the vaccine construct. The N-terminus of the
HA2 contains the only universally conserved linear sequence (fusion peptide) (Chun et al., 2008) and is indis-
pensable for virus entry (Skehel and Wiley, 2000). The transmembrane domain is not only indispensable for
the IBV virus but also has high immunogenicity (Muralidharan et al., 2018; Zhang et al., 2017). These two
truncated vaccines, designated as rAd-HA2AN30F and rAd-HA2ATMF, respectively, were compared
head-to-head with the full-length rAd-HA2F.

As shown in Figure 5, both truncated forms of the vaccine had modest but significant reductions in protect-
ing the mice from lethal challenge, i.e., a loss of protection rate by 30% (rAd-HA2AN30F) and 20% (rAd-
HA2ATMF), respectively (Figure 5A), whereas, interestingly, no significant difference in lung and nasal virus
burdens were found between them and the full length HA2 vaccine (Figures 5C and 5D). Notably,

iScience 24, 103328, November 19, 2021 5
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Figure 4. Immunization with rAd-HA2F increases the number of germinal center B cells

Cells isolated from draining lymph nodes of immunized mice at Day 49 were stained for flow cytometry analysis.
Percentage of germinal center B cells (B220 + GL7+) among total live cells is shown. Data shown is mean £+ SEM; n = 5per
group; **p < 0.01 (Mann-Whitney test).

pathological examination of the lung tissues revealed higher scores of vessel mural inflammation and
septal thickening because of increased cellularity and congestion in the vector control and rAd-HA2AN30F
(Figure 5B). These results indicate that the full length of HA2 is needed for complete protection and the
removal of the N-terminal 30 a.a. sequence and the transmembrane domain reduces but does not abolish
this protective effect. In addition, the inability of the rAd-HA2AN3OF to effectively reduce pulmonary
inflammation (Figure 5B) may be because of immunopathology associated with this vaccine (see below
for more discussion).

Potent IgG effector functions require the N-terminal sequence of the HA stalk

As 1gG2a is a more potent ADCC mediating 1gG subclass than IgG1 in mice (Collins, A.M. 2016), we inves-
tigated the effect of removing the N-terminal and transmembrane domain regions on the IgG1/IgG2a ratio
and ADCC activity of the antibodies induced by vaccination. As shown in Figure 6A, the full-length vaccine
(rAd-HAZ2F) had the lowest level of IgG1 antibodies compared to the two truncated vaccines, after a prime/
boost immunization, with rAd-HA2AN30F displaying the highest level. rAd-HA2AN30F vaccination also
induced a higher 19G1/IgG2a ratio than immunization with rAd-HA2F (Figure 6B). Consistent with the
observed higher level of IgG2a (Figure 6C), rAd-HA2F was found to induce the highest level of ADCC ac-
tivity, with the lowest activity by rAd-HA2FAN3OF (Figure 6D). The ADCC activity induced by the vaccine
devoid of the transmembrane domain (rAd-HA2ATMF) was lower than the full-length vaccine but not sta-
tistically significant. Taken together, deletion of the fusion peptide containing N-terminal 30 a.a. sequence
led to higher IgG1/IgG2a ratio and a reduction in ADCC activities.

Truncated forms of the vaccine induce altered cytokine profiles

We next investigated antigen-specific cytokine levels following vaccination by the three vaccines. To
this end, splenocytes from vaccinated animals were stimulated with peptides identified to be immuno-
genic for the quantitation of cytokines (Muralidharan et al., 2018). Specifically, P1 (FFGAIAGFL), located
in the fusion peptide, was used to stimulate the splenocytes from animals vaccinated with rAd-
HA2AN3OF, in comparison with the full-length rAd-HA2F, to assess the role of the fusion peptide in
one set of experiments. In another set of experiments, P2 (YYSTAASSL), situated within the transmem-
brane domain, was used to stimulate splenocytes from animals vaccinated with rAd-HA2ATMF, in
comparison with the full-length rAd-HA2F. In both experiments, splenocytes from mice vaccinated
with the empty vector were included as a control and the levels of secreted cytokines were measured
in the cell supernatants.

As shown in Figure 7A, rAd-HA2AN30F vaccine resulted in reduced levels of IL-2, IL-9, IL-17, and GM-CSF.
Although IL-2 is a strong proinflammatory cytokine secreted by Th1 cells, IL-9 was shown to be involved in
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Figure 5. Deletion of the extended fusion peptide (AN30) or the transmembrane domain (ATM) attenuates
protection

DBA2 mice were intranasally immunized twice before an intranasal challenge with B/Victoria/02/87. Mice were euthanized
3 days post-challenge for viral titer and histology analysis or monitored for 14 days post-challenge for survival. Survival (A),
average pathological score (B), lung viral titer (C), and nose viral titer (D) are shown. Data shown is mean + SEM; n=10per
group for survival and n = 4 per group for histology, lung and nose viral titer; **p < 0.01, ***p < 0.001 (Mann-Whitney test
or one-way ANOVA with Tukey's post-test); ns: not significant.

suppressing influenza immunopathology (Murphy-Schafer and Paust, 2021). Moreover, the drastically
reduced IL-17 level in the rAd-HA2AN3OF group is noteworthy, as IL-17 plays an important role in mucosal
immunity against pathogens (Florido et al., 2018; Khader et al., 2009; Kumar et al., 2013).The rAd-
HA2AN3OF vaccination also resulted in decreased level of GM-CSF, known to improve vaccine efficacy
against influenza (Huang et al., 2011; Littauer et al., 2018). In addition, the immunodominant epitope in
the N-terminus did not appear to effectively stimulate IFN-y response as neither IFN-y and IL-18 (an
IFN-vy inducer) (Nakanishi, 2018; Okamura et al., 1995) were elevated by vaccinations with rAd-HA2F or
rAd-HA2AN30F.

The antigen-specific cytokine profile following vaccination with rAd-HA2ATMF was slightly different from
that obtained with rAd-HA2AN30F. As shown in Figure 7B, although deletion of the transmembrane
domain (rAd-HA2ATMF) also resulted in decreased levels of IL-2, IL-17, and GM-CSF, similar to what
was observed with rAd-HA2AN3O0F (Figure 7A), IFN-y and IL-18 (IFN-y inducer) were also greatly reduced,
an observation different from that achieved with rAd-HA2AN30F vaccination.

We did not find any significant differences in other cytokines (IL-1B, IL-4, TNF-a,, or IL-6), which could be due
to the limitation of the cytokine assays or the different signaling pathways induced by these cytokines.
Nonetheless, these results collectively indicate that both epitopes in the N-terminus and transmembrane
domain contribute to the robust antiviral activities against IBV infection.

DISCUSSION

IBV infections are a serious public health issue and disease severity is comparable to that caused by IAV in
both adults (Gaglanietal., 2021; Hu et al., 2021; Suet al., 2014; Xie et al., 2021) and children (Chi et al., 2008).
Furthermore, although IBV cases usually constitute about /4 of all cases, IBV viruses are predominant in
some seasons (Ambrose and Levin, 2012; McCullers et al., 2004; Reed et al., 2012; Sun et al., 2019). The cur-
rent vaccines against influenza are not optimal in that the vaccine seeds must be selected to produce the
vaccines several months before the next flu season starts. Mismatches between the vaccine seeds used for
vaccine production and the viruses circulating in the upcoming season could substantially weaken the vac-
cine effectiveness. Indeed, the success rate in the prediction of the correct B strain to be included in the
vaccine was less than 50% in the US from 2000 to 2010 (Reed et al., 2012). Although the quadrivalent influ-
enza vaccine containing viral proteins from both genetic lineages would help improve vaccine coverage
against IBV (Heikkinen et al., 2014), the rapid and divergent trajectories of the IBV viruses could potentially
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Figure 6. Truncated vaccines elicit higher Th2 antibody isotypes than rAd-HA2F affecting ADCC activity

Serum from DBA2 mice collected 21 days after boost vaccination (Day 49) was used to determine anti-HA2 endpoint titer. IgG1 (A), and IgG2a (C) endpoint
titers, and IgG1:1gG2a ratios (B) are shown. (D) Day 49 serum was used to determine the ADCC activity against B/Victoria/2/87. Fold induction over 'no

antibody’ controls is shown. Data shown is mean + SEM; n = 6 per group in each experiment; *p < 0.05, **p < 0.01 (one-way ANOVA with Tukey's post-test in
panels (A-C) and two-way ANOVA with Tukey’s post-test in panel (D)). In (D), rAd-HA2AN3O0F is significantly different from rAd-HAZ2F at the first 2 points

(dilution (log) = 1.48 and 1.95).

result in the emergence of 3 or more distinct IBVs, underlining the urgency for developing universal influ-
enza vaccines (Virk et al., 2020). Although numerous studies have been conducted to develop vaccines
capable of inducing broadly reactive immune responses against IAV (Chen et al., 2016; Fan et al., 2015;
Hai et al., 2012; Hashem et al., 2010; Impagliazzo et al., 2015; Krammer et al., 2013, 2014; Laursen et al.,
2018; Lu et al., 2014; Sui et al., 2009; Ueda et al., 2020), much fewer studies on universal vaccines against
IBV have been reported (Bianchi et al., 2005; Ermler et al., 2017; Sun et al., 2019).

In this communication, we reported that a recombinant adenovirus expressing a consensus sequence of
the IBV HA2 domain afforded complete protection in mice against IBVs from both genetic lineages.
Several lines of evidence prompted us to conduct the current study on the IBV HA stalk-based vaccine.
First, the effects of different administration routes on the IBV stalk-induced protection remains poorly
understood (Sun et al., 2019), particularly for virally vectored vaccines. Second, the protective epitopes
in the stalk of IBV remain to be better delineated although the targets of a monoclonal antibody
(CR9114) (Dreyfus et al., 2012) and a monospecific antibody (Uni-1) capable of binding to both IAV
and IVB have been located in the stalk (Chun et al., 2008). Third, the immunological mechanisms under-
lying the stalk-induced protection require further elucidation. Fourth, disease exacerbation has been
associated with antibodies against the stalk (Khurana et al., 2013) and intranasal delivery of inactivated
and split whole virus vaccine adjuvanted with strong TLR4 agonist (Maroof et al., 2014), respectively.
To this end, we constructed a recombinant adenovirus expressing the full length or truncated forms
of the HA2 stalk and investigated some specific questions related to the aforementioned knowledge
gaps with animal studies.

We found a sharp distinction depending on the route of vaccine administration; namely, although subcu-
taneous administration of the vaccine failed to provide protection, intranasal administration afforded full
protection of the animals from a lethal dose (Figure 1). The complete absence of protection by subcutane-
ous administration was rather surprising, given that both routes of administration resulted in robust and
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Figure 7. Truncated vaccines diminish antigen-specific cytokine responses. Cells were isolated from the spleen of twice-immunized DBA2 mice at
Day 49

(A) Cells were stimulated ex vivo with P1 (FFGAIAGFL), an epitope missing in rAd-HA2AN30F.

(B) Cells were stimulated with P2 (YYSTAASSL), an epitope missing in rAd-HA2ATMF. Following 48-h stimulation, the supernatant was used with the Luminex
system to quantify cytokines. pg/ml of IL-2, IFN-y, IL-9, IL-17, IL-18, and GM-CSF is shown.

Data shown is mean + SEM; n = 4 per group in each experiment; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA with Tukey's post-test).

comparable levels of HA2-specific antibodies. Although additional investigations focused on elucidating
the specific mechanisms underlying this vaccine failure are needed, we elected instead to focus on better
understanding the effects of the intranasal route of administration. In sharp contrast to that with the sub-
cutaneous route, nasal administration afforded full protection against lethal challenges of viruses from
both genetic lineages. Even though the nasal administration is absolutely required, the breadth of the
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protection is because of the synthetic sequence representing the highest degree of conservation of all HA2
sequences. All positions in the reference (synthetic gene) remain the consensus, most represented residue
at or near 100% (Figure S1).

The intranasal administered vaccine did not induce disease enhancement whereas bronchiolar epithelial
apoptotic necrosis and bronchiolitis were notable in the vector control group (Figure 2). It is also of note
that intranasal administration of adenoviral-vectored IAV nucleocapsid protein did not cause injury to pul-
monary tissue (Dhakal et al., 2021).The vaccine induced higher levels of antigen-specific IgG2a and 1gG2b
antibodies than IgG1. Interestingly, IgG2a/2b displayed different dynamics from IgG1, with the titer of the
latter declining slightly (not statistically significant) even after the boost (Figure 3). Importantly, vaccine-
induced antibodies had no neutralizing activities but demonstrated strong ADCC effects against two
IBV strains from each of the genetic lineages. These results were consistent with the more potent charac-
teristics of IgG2a and IgG2b for the FcyR-mediated effector functions (Bachmann and Jennings, 2010;
Collins, 2016; Ermler et al., 2017; Nimmerjahn et al., 2010; Sun et al., 2019). The efficacy of the vaccine
was also demonstrated by an increased pool of GC B cells in the draining lymph nodes (Figure 4), an impor-
tant process for the generation of long-lived antibody secreting plasma cells and memory B cells (Stebegg
et al., 2018).

Our characterization of the two truncated forms of the vaccine yielded additional interesting findings.
Consistent with our recent immunoinformatics analyses (Muralidharan et al., 2018), deletion of either the
N-terminus or transmembrane domain reduced the vaccine efficacy by ~ 30% and ~20%, respectively (Fig-
ure 5). The partial reduction instead of a complete abolition of protection by the two truncated vaccines is
not surprising, as the vaccine-induced protective immunity does not depend on neutralizing antibodies of
which the potency could be drastically reduced or even abolished if a few key amino acids are mutated or
substituted. As such, vaccines inducing protection independently of neutralizing activities could be advan-
tageous in this regard.

The role of the N-terminus in inducing protection is noteworthy, as truncation of the N-terminus encom-
passing the fusion peptide (rAd-HA2AN30F) was associated with a higher 1gG1/19G2a ratio, in agree-
ment with reduced ADCC activities (Figure 6). However, the exact mechanisms underlying the reduction
of the ADCC remain to be understood. Interestingly, the 30 a.a. sequence at the N-terminus of the HA2
is extremely conserved (close to 99.96%), whether missing this region would affect the exposure of ADCC
epitopes would need further investigation in future studies. Moreover, it also remains to be understood
as to how this region could be involved in reducing lung inflammation, which was shown by the rAd-
HA2AN3OF vaccine resulting in higher pulmonary pathology score equal to the vector control (Figure 5B).
A human CD4+ T cell epitope has also been reported in this region (Babon et al., 2012), whereas anti-
bodies against this region could inhibit the entry of the virus (Hashem et al., 2010). Finally, the transmem-
brane domain appeared to play a more minimal role in terms of affecting the 1gG1/IgG2a ratio,
compared with the full-length vaccine (rAd-HA2F), with a slight but not statistically significant reduction
in ADCC activities.

Cytokine profiling shed some light on the mechanisms underlying the N-terminal fusion peptide sequences
and the transmembrane domains (Figure 7). It is worth noting that the epitope (YYSTAASSL) in the trans-
membrane domain of the HA2 is a very potent stimulator for IFNy and its inducer IL-18 (Nakanishi, 2018;
Okamura et al., 1995) as deletion of the transmembrane domain resulted in a drastic reduction of both cy-
tokines. Finally, both N-terminus and transmembrane domain regions were found to be important in
inducing IL-2, IL-17 and GM-CSF. As mentioned earlier, IL-2 and GM-CSF are well known to be a strong,
secreted, Th1 proinflammatory cytokine and molecular adjuvant for influenza vaccine, respectively (Huang
etal., 2011; Littauer et al., 2018). The drastically decreased levels of IL-17 with both truncated vaccines are
of particular interest as IL-17 has been suggested to be involved in strengthening mucosal immunity
against pathogens (Counoupas et al., 2020; Flérido et al., 2018; Khader et al., 2009; Kumar et al., 2013).
Clearly, both the epitopes in the N-terminus and transmembrane domain may contribute to the mobiliza-
tion of mucosal immunity. Interestingly, mice vaccinated with inactivated and detergent-split influenza vac-
cines adjuvanted with TLR agonist induced transient weight loss through Th17-mediated immunity (Maroof
et al., 2014), an observation made in a different experimental condition from ours. Indeed, we did not
observe any transiently exacerbated inflammation and weight loss with any of the vectored vaccines, in
agreement with the other study using adenoviral vector for intranasal administration of IAV nucleocapsid
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protein (Dhakal et al., 2021). Nonetheless, induction of a balanced immune response is of critical impor-
tance in the development of safe and efficacious vaccine against influenza. With that said, the vectored
vaccine described here merits further exploration as a potent universal vaccine due to its efficacy, safety
and breadth of protection against virtually all influenza B viruses.

Limitations of the study

We were unable to quantitatively determine the resident T cells in the lungs because of technical diffi-
culties. We have not conducted investigation of the longevity of the induced immune responses and pro-
tection of aged animals in this study either. Although we succeeded in identifying important epitopes in the
N terminus and transmembrane domains, we did not conduct dissection of more domains. For example,
although the two HA-1 derived fragments have been found to be less likely to be involved in inducing anti-
body-mediated protection, we did not conduct experiments to investigate if they are able to induce pro-
tective cell mediated immune responses. Nonetheless, given the high degree of conservation rates of
these viral sequences, the inclusion of these two viral sequences is likely to be beneficial rather than detri-
mental. It should be mentioned that we only tested adenovirus 5 as the vector as it is a well characterized
viral vector. Future studies should be considered to include different vectors or delivery systems, along with
better understanding of structures of the consensus stalk vaccine and the deletion mutants. These studies
are currently ongoing in our laboratories.
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this study; the animals were purchased from
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Sinobiologcals

Cat: 11053-VO1H2

Critical commercial assays

Promega ADCC Reporter Bioassay
Bio-Glo™ luciferase assay
Adeno-X Rapid Titer Kit

Gateway®-adapted ViraPower ™ adenoviral
expression system

ProcartaPlex Multiplex Immunoassay kit
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Promega
Takara Bio USA Inc

Life Technologies

Life Technologies
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Experimental models: Cell lines

FcyRIV effector cell Promega M1212
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Experimental models: Organisms/strains

DBA/2J mice (The Jackson Laboratory) 000671
Recombinant DNA

pBluescript Il SK+ vector Bio Basic Canada Inc. N/A
PENTR™/SD/D-TOPO vector Life Technologies K242020
pAd/CMV/V5-DEST vector Life Technologies V493-20

Software and algorithms

Geneious Prime

GraphPad Prism 8

BD FACSDIVA 6.2

MILLIPLEX Analyst version 5.1

Original Code for Bioinformatics Analysis

Geneious.

GraphPad Software Inc.
BD Biosciences

Merck Millipore

Zenodo

Geneious Prime

GraphPad Prism 8

BD FACSDIVA 6.2

MILLIPLEX Analyst version 5.1
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RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to the lead contact, Xuguang Li (sean.li@canada.ca).

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and code availability

® All data have been deposited in the Government of Canada (Health Canada) data deposition site and will
be available to any interested party upon request.

® All original code has been deposited at Zenodo and is publicly available as of the date of publication.
DOls are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request. The interested party should contact the lead contact Xuguang Li (XL)
(sean.li@canada.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Design of universal influenza B HA2 sequence and generation of recombinant adenoviruses
A bioinformatics approach was used to identify a universally conserved consensus sequence for the HA2
subunit of influenza B, as described before (Chun et al., 2008). Briefly, generation of consensus sequence
was accomplished by first downloading two sets of Influenza B HA sequences from the NCBI Flu Database
with the following filters: Flu B, Human, All Countries/Regions, HA, Any Subtype, Full-length only. For the
first set the additional filter of "Collapse identical sequences” was also applied. Set 1 included 3699 HA
sequences and Set2 16011. Sequences with ambiguous codons (BJOUX) were filtered out using perl scripts
prior to alignment against the generated peptide sequence. Alignment was accomplished with MAFFT

16 iScience 24, 103328, November 19, 2021



iScience

using the —add-fragments and —keeplength options to restrict the alignment length to that of the peptide
sequence. Per position Shannon entropy and the consensus sequence were calculated using perl scripts
and the EMBOSS toolkit respectively. Result and figure presentation were finalized in R. This analysis re-
vealed only 4 positions where variability exceeded 5% of the total dataset and 2 positions with ~5% vari-
ability. At the four positions of higher variability the dataset has an approximately even distribution
between one of two residues (minor allele frequency from 46-49%). The reference remains the consensus
in two of the positions (158 N/D, 208 1/V) for both sets. A slight shift is seen at positions 132(ref E 49.5%—> D
50.5%) and 204(ref L 46%—> 1 53.7%) in set 1 (collapsed identical sequences) and only at position 132(ref E
47.4%—> D 52.6%) in set 2 (all available sequences considered).

Recombinant adenoviruses constructs (rAds) were designed to express a trimeric, secreted form of the
consensus HA2 by including 23 amino acids from the human tyrosinase signal peptide (; GenBank acces-
sion #AH003020) at the N-terminus as described (Hashem et al., 2014). Two separate fragments from the
HA1 subunit of influenza B/Florida/04/06, corresponding to amino acids 16-69 and 306-361 and joined
by a GSGSG linker, were added to the N-terminus of the HA2 consensus sequence, to stabilize its
conformation in a similar approach described for the trimeric influenza A (H1N1, A/California/ 05/2009)
hemagglutinin stem proteins (Lu et al., 2014). A 27 amino acid fragment from the bacteriophage T4 fibritin
trimerization motif (YIPEAPRDGQAYVRKDGEWVLLSTFLG) was also added to the C-terminus of the HA2
sequence (rAd-HA2F), preceded by another GSGSG linker. Adenovirus constructs containing truncated
HA2 genes were also generated, by deleting the extended fusion peptide region (aa 362-392) (rAd-
HA2AN30F) and the transmembrane domain (aa 549-574) (rAd-HA2ATMF), as well as an empty vector con-
trol (rAd-empty). rAds were generated using the Gateway®-adapted ViraPower™ adenoviral expression
system (Life Technologies), following the manufacturer’s instructions.

Briefly, the HA2F, HA2AN30F and HA2ATMF sequences were codon-optimized for mouse, synthesized and
cloned in a pBluescript I SK+ vector by Bio Basic Canada Inc. The genes were isolated from the pBluescript
Il SK+ plasmid by PCR. The PCR products were cloned into a pENTR™/SD/D-TOPO vector (Life Technologies)
and transformed into E. coli as per manufacturer’s instructions. Following isolation of the plasmid, the genes
were transferred into a pAd/CMV/V5-DEST vector (Life Technologies) by a recombination reaction. Sequencing
was performed at every step of the subcloning procedure to confirm the integrity of the gene sequences.
Following digestion with Pacl restriction enzyme, the resulting pAd-DEST vectors were purified by phenol-chlo-
roform extraction/ethanol precipitation before transfection into HEK-293A cells for packaging of the recombi-
nant adenoviruses. Cells and supernatant were harvested once the cytopathic effect reached 80%. Cell lysates
obtained by freeze-thawing were combined with the supernatant and rAds were purified by ultracentrifugation
with a 30% sucrose cushion. rAd stocks were titrated using the Adeno-X Rapid Titer Kit (Takara Bio USA Inc.).

Animal studies (Mice)

All animal procedures were approved by the Health Canada Ottawa Animal Care Committee and performed in
accordance with institutional guidelines. Six-week-old female DBA/2J mice (The Jackson Laboratory) were used
for all animal experiments. Mice were immunized subcutaneously or intranasally with 10° PFU of each rAd
construct. Subcutaneous and intranasal inoculations were given in 200ul and 25ul, respectively. Mice were first
immunized on day 0 and received a boost vaccination on day 28, when applicable. Serum was collected from
each animal 3 weeks after the prime and boost immunizations for measurement of antibody levels. Spleens and
axillary lymph nodes were harvested from some of the vaccinated animals on day 49 and single cell suspensions
were prepared for flow cytometry and cytokines analysis. Bronchoalveolar lavage fluid (BALF) was also collected
from some mice 3 weeks following the second immunization for mucosal antibodies analysis. Mice were chal-
lenged intranasally, 4 weeks after the boost immunization, with 3.75x10° PFU of the B/NVictoria/2/87 or
1.66x10* PFU of the B/Florida/4/06 virus, in 25ul. Following the challenge, mice were weighed daily and moni-
tored for signs of illness for 14 days. 3 days post challenge, lung and nasal tissues were collected from 4 mice per
group for viral load determination and pathology analysis. Survival data is presented as the percentage of sur-
viving animals at each time point, compared to the initial number of animals in each group. Weight loss data is
presented as the percentage of animal weight relative to their initial body weight on the day of challenge.

METHODS DETAILS
In vitro protein expression

Generated rAds were used to infect confluent Hela cells at a multiplicity of infection (MOI) of 200. After
48 hours, infected cells were washed twice with PBS, lysed with RIPA buffer and slightly sonicated. Cell
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lysate proteins were separated using 4-15% gradient SDS-PAGE and transferred to a PYDF membrane. Pro-
tein expression was confirmed by Western blot using a polyclonal rabbit antibody against influenza B HA
(Sino Biological Inc.).

ELISA

The end-point titers of serum and BALF anti-HA2 antibodies were determined by ELISA as described pre-
viously, with minor modifications (Hashem et al., 2014). Briefly, 96-well plates were coated with 100ul/well of
0.5ug/ml of recombinant influenza B/Florida/4/06 HA2 protein (Sino Biological Inc.), overnight at 4°C.
Plates were washed with PBS containing 0.05% Tween 20 (PBS-0.05T) and blocked for 2 hours at 37°C
with 3% BSA in PBS-0.05T. Following a wash step, two-fold serial dilutions of the mouse serum or BALF
in blocking buffer were added for 1 hour at 37°C. After washing, HRP-conjugated anti-mouse 1gG (Cytiva),
anti-mouse 1gG1, 19Gza, 19G2, (Jackson Immunoresearch Laboratories) or anti-mouse IgA (Life Technolo-
gies) were added at a 1:2000 dilution, for 1 hour at 37°C. After additional washing, Tetramethylbenzidine
(TMB) substrate (Cell Signaling Technology) was added. The reaction was stopped by addition of 0.16M
sulfuric acid and absorbance was read at 450nm. End-point antibody titers were expressed as the recipro-
cals of the final detectable dilution, with a cut-off defined as the mean of rAd-Empty samples plus 3 stan-
dard deviations.

Lung and nose viral titer

The right lobe of the lungs and nasal tissues were harvested 3 days post challenge and viral titers were
measured by plaque assay. Briefly, tissues were collected and flash frozen in liquid nitrogen prior to anal-
ysis. Following thawing on ice, lungs and nasal tissues were homogenized in 300ul and 250ul of PBS,
respectively. The homogenates were clarified by centrifugation and filtered using a 0.45um syringe filter.
Ten-fold serial dilutions of the homogenates were prepared in serum-free complete DMEM medium sup-
plemented with 25mM Hepes, 0.2%BSA and 2ug/ml TPCK-treated trypsin and incubated on confluent
MDCK cells for 2 hours, at 35°C. The inoculum was removed, cells were washed with dilution media, and
overlaid with complete DMEM medium containing 25mM Hepes, 0.2% BSA, 2ug/ml TPCK-treated trypsin
and 0.8% agarose. After incubation for 4 days at 35°C/5% CO,, the overlay was removed and cell mono-
layers were stained with crystal violet for plaque counting. Results are expressed as PFU/lung tissue or
PFU/nasal tissue.

Histopathology

The lungs were collected from DBA/2J mice 3 days after challenge with influenza B viruses and were fixed in
10% neutral buffered formalin. They were then trimmed to produce sections from different areas of the
lobe, routinely processed, and embedded in paraffin. Four-micron sections were cut and stained with He-
matoxylin and Eosin (H and E), for evaluation. Scoring was done by a veterinary pathologist who was
blinded to the experimental design. The lung lesions were classified using the Society of Toxicologic Path-
ology'’s International Harmonization and Diagnostic Criteria INHAND) for the respiratory tract publication,
by Renne et al. (Renne et al., 2009). A numeric lesion severity score was assigned to each lesion where
0 means no lesion, 1 means a minimal degree of severity, 2 means mild, 3 means moderate, 4 signifies
marked and 5 means severe. An average of individual scores are shown.

Microneutralization

Microneutralization assay was carried out as described in the 2011 version of the WHO Manual for the lab-
oratory diagnosis and virological surveillance of influenza (WHO, 2011). Briefly, serum samples were treated
with receptor-destroying enzymes (RDE) (Denka Seiken Co.) for 18 hours at 37°C, followed by a 30-minute
incubation at 56°C. One hundred TCIDsq of the tested influenza B viruses were mixed with equal volume of
2-fold serial dilutions of the treated samples in a 96-well tissue culture plate and were incubated for 1 hour
at 37°C. Pelleted MDCK cells were washed twice and resuspended with serum-free complete DMEM
medium supplemented with 25mM Hepes and 1%BSA and were added to the plate at a density of
1.5x10% cells/well, following the 1-hour incubation. The plate was then incubated for 20 hours, at
37°C/5% CO,. After the incubation, the media was removed, cells were washed twice with PBS and were
fixed with cold 80% acetone, for 10 minutes. Following a wash with PBS containing 0.1% Tween 20 (PBS-
0.1T), the viral NP antigen was detected by indirect ELISA with a rabbit polyclonal antibody to influenza
B virus NP (GeneTex), diluted to a concentration of 0.5ug/ml, in PBS-0.1T containing 5% skim milk,
and incubated at 37°C for 1 hour. Cells were then washed again with PBS-0.1T and incubated with a
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1:2000 dilution of an HRP-conjugated anti-rabbit IgG antibody (Cytiva) for 1 hour, at 37°C. After additional
washes with PBS-0.1T, TMB substrate (Cell Signaling Technology) was added. The reaction was stopped by
addition of 0.16M sulfuric acid after 10 minutes and absorbance was read at 450nm. Inhibition was calcu-
lated as a percentage of the average absorbance of 5 biological replicates from virus-antibody mixture
relative to no antibody control.

Secreted cytokines

H-2K%-restricted MHC class | binding and immunogenicity predictions were performed using syfpeithi. de,
NeTMHC3.4, and Immune Epitope Database (IEDB) Analysis Resource (Kim et al., 2012; Lundegaard et al.,
2008; Nielsen et al., 2003; Peters and Sette, 2005; Rammensee et al., 1999; Sidney et al., 2008). The selected
peptides (FFGAIAGFL (P1) and YYSTAASSL (P2)), where P1 is absent from rAd-HA2AN30F and P2 is absent
from rAd-HA2ATMF, were synthesized with over 95% purity (New England Peptides). Four million spleen
cells were then stimulated with 10 ug/ml of each of the selected peptides. Following a 48-hour incubation,
secreted cytokines levels in the supernatant were measured using a ProcartaPlex Multiplex Immunoassay
kit (Life Technologies). The plates were read on a Luminex 200 system (MilliporeSigma). Data analysis was
performed using MILLIPLEX Analyst version 5.1 software for determining pg/ml of each cytokine.

Flow cytometry

Axillary lymph nodes were collected from immunized mice 21 days after receiving a second immunization
and single cell suspensions were prepared. Cell suspensions were washed with FACS wash buffer (PBS with
1% BSA and 0.05% sodium azide) and were first stained with Fixable Viability Dye eFluor 506 (eBioscience)
for 15 minutes, at 4°C. Following another wash with FACS wash buffer, cells were incubated with purified
anti-mouse CD16/CD32 (eBioscience) as a Fc block, for 5 minutes. Lymph node cells were then stained for
30 minutes, at4 °C, with AF647-conjugated anti-mouse Ly77/GL7 (clone GL7) and PE-Cy7-conjugated anti-
mouse CD45R/B220 (clone RA3-6B2) (BD Biosciences). After washing the cells with FACS wash buffer, cells
were resuspended with PBS containing 1% formaldehyde and 0.02% sodium azide. Single-stained/FMO
controls and compensation beads were used where appropriate to correct for spectral overlap. Using a
BD LSRF Fortessa flow cytometer, 50,000 singlet events were recorded. Data analysis was performed using
BD FACSDIVA 6.2 software.

Antibody-dependent cellular cytotoxicity (ADCC)

The ADCC function of the serum antibodies was measured with the Promega ADCC Reporter Bioassay, ac-
cording to the manufacturer’s instructions. Briefly, 50,000 MDCK cells were seeded in a white clear bottom
96-well plate and grown overnight. Cells were infected with influenza B viruses at a MOl of 5 for 20-24 hours.
The following day, the serum samples were heat-inactivated for 30 minutes, at 56°C, serially diluted, and
added to the infected cells. Mouse FcyRIV effector cells (Promega) were then added to each well
(100,000 cells/well) and the plate was incubated at 37°C/5% CO, for 5 hours. Bio-Glo™ luciferase assay
substrate (Promega) was then added and luminescence values were read in relative luminescence units
(RLU) after 5 minutes. ADCC activity is expressed as fold induction, relative to a 'no antibody’ control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted using Mann-Whitney test, one-way ANOVA or two-way ANOVA when
appropriate. Tukey's post-test was used to adjust for multiple comparisons between different test groups.
Tests were done at 5% significance level. All statistical analyses were performed using GraphPad Prism 8
software.
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