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Conventional influenza vaccines fail to confer broad protection
against diverse influenza A viruses with pandemic potential.
Efforts to develop a universal influenza virus vaccine include
refocusing immunity towards the highly conserved stalk
domain of the influenza virus surface glycoprotein, hemagglu-
tinin (HA). We constructed a non-replicating adenoviral (Ad)
vector, encoding a secreted form of H1 HA, to evaluate HA
stalk-focused immunity. The Ad5_H1 vaccine was tested in
mice for its ability to elicit broad, cross-reactive protection
against homologous, heterologous, and heterosubtypic lethal
challenge in a single-shot immunization regimen. Ad5_H1 eli-
cited hemagglutination inhibition (HI+) active antibodies
(Abs), which conferred 100% sterilizing protection from ho-
mologous H1N1 challenge. Furthermore, Ad5_H1 rapidly
induced H1-stalk-specific Abs with Fc-mediated effector func-
tion activity, in addition to stimulating both CD4+ and CD8+

stalk-specific T cell responses. This phenotype of immunity
provided 100% protection from lethal challenge with a head-
mismatched, reassortant influenza virus bearing a chimeric
HA, cH6/1, in a stalk-mediated manner. Most importantly,
100% protection from mortality following lethal challenge
with a heterosubtypic avian influenza virus, H5N1, was
observed following a single immunization with Ad5_H1. In
conclusion, Ad-based influenza vaccines can elicit significant
breadth of protection in naive animals and could be considered
for pandemic preparedness and stockpiling.

INTRODUCTION
Seasonal influenza virus epidemics cause significant annual mortal-
ity, estimated at 500,000–650,000 deaths worldwide. It has been
>100 years since the 1918 H1N1 pandemic, which is believed to
have resulted in the deaths of more than 40 million individuals.1

Although subsequent pandemics (1957, 1968, and 2009) were less
This is an open access article under the CC BY-N
severe, there is an urgent need to develop a universal influenza vac-
cine capable of providing broad protection against seasonal and
pandemic viruses.2

Neutralizing antibodies (NAbs) directed toward the head of the major
surface glycoprotein, hemagglutinin (HA), can provide sterilizing
protection against infection with influenza viruses. As such, HA is
the main target for current seasonal influenza virus vaccines,
including the inactivated influenza vaccine (IIV). There are currently
18 different influenza A virus (IAV) HA subtypes (H1–H18), which
are phylogenetically subdivided into two main groups: group 1
(G1) and group 2 (G2).3 The subtypes that circulate in humans and
have caused pandemics in the past include H1, H2, and H3. However,
there is ongoing concern that sporadic introduction of viruses bearing
zoonotic HA subtypes (e.g., avian H5) into an immunologically naive
human population could result in a severe pandemic.2,4
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HA is a homotrimeric protein composed of two domains, the re-
ceptor-binding head and a highly conserved stalk (or stem)
domain. The globular head of HA is immunodominant but anti-
genically variable,5 tolerating the accumulation of drift mutations.
In contrast, the stalk is highly conserved antigenically but is im-
munosubdominant.6 Following immunization with IIVs, the im-
munodominance of the HA head results in largely strain-specific
humoral immune responses. As a result of the mutational plas-
ticity of the HA head,7–10 vaccine strains are often mismatched
to circulating viruses, resulting in vaccine effectiveness as low as
10%.11–15 Seasonal vaccine production is also hampered by the
requirement to make advance predictions as to which influenza
strains will circulate in the forthcoming influenza season. Another
issue is that the manufacturing process is protracted, taking more
than 6 months from strain identification to final delivery of the
product.2,16,17 Additional concerns include an over-reliance on
eggs and the propensity for adaptation mutations arising from
growth of vaccine strains in eggs, which negatively impacts vac-
cine effectiveness.18–20 Consequently, the requirement for annual
vaccine reformulation at a significant cost and issues associated
with egg-based manufacturing support the urgent need to develop
a universal influenza virus vaccine. To achieve this, efforts are
focused on (1) increasing vaccine breadth by redirecting immu-
nity toward highly conserved epitopes common to diverse influ-
enza viruses and (2) investigating egg-independent vaccine
platforms that could overcome some of the current vaccine
limitations.

The high degree of intra-group similarity within the stalk domain of
G1 HAs prompted efforts to refocus humoral immunity toward the
stalk to elicit within-group, multi-subtype protection (e.g., H1 and
H5). To date, pre-clinical studies have clearly demonstrated that
sequential immunization (i.e., prime:boost) with novel immunogens,
such as stabilized headless HAs21–24 or chimeric HAs (cHAs),25,26 can
elicit broadly reactive antibodies (brAbs) against the stalk, which
confer protection from heterosubtypic lethal challenge in animals.
cHAs feature a conserved stalk domain grafted to the head of an
exotic HA for which humans are naive (e.g., cH6/1)27 and are
compatible with IIV or live attenuated influenza vaccine (LAIV) plat-
forms. Stalk-focused vaccines have advanced to clinical trials
(NCT03300050, NCT03275389, and NCT03814720). In particular,
the cHA approach demonstrated that stalk-reactive antibodies can
be boosted in humans,28,29 suggesting that universal protection could
be achieved. In support of this, stalk-reactive antibodies have also
been identified as an independent correlate of protection in a human
cohort study of natural infection.30

To develop a vaccine platform that is completely independent of egg-
based manufacturing, we engineered an adenoviral (Ad) vector en-
coding a secreted, trimeric H1 HA. We assessed its ability to elicit
cross-reactive, stalk-mediated cellular and humoral immunity and
protection in mice following a single shot, comparing it head to
head with conventional IIV-based vaccines in homologous (H1), het-
erologous (cH6/1), and heterosubtypic (H5) lethal challenge models.
2 Molecular Therapy Vol. 30 No 4 May 2022
RESULTS
Validation of vaccine antigen expression and structural integrity

in vitro

Inaccessibility or occlusion of stalk epitopes to B cell receptors by the
HA head through shielding or steric hindrance, or as a result of
membrane anchoring of HA on virions (such as on IIV), are mech-
anisms that have been proposed to explain the immunosubdomi-
nance of the HA stalk.31 Therefore, we reasoned that expression of
a secreted, trimeric form of H1 by a non-replicating Ad vector might
maximize accessibility of cross-reactive stalk epitopes. First, we con-
structed a vaccine immunogen based on H1 (A/California/07/2009)
in which the transmembrane domain was removed and replaced
with a heterologous trimerization domain, fibritin foldon,32 previ-
ously used to engineer soluble secreted HA33 (Figure 1A). Prior to
engineering an Ad5-based vaccine expressing H1, we confirmed
that H1 was successfully secreted into the supernatant and that it
was the correct size (Figure 1B). When purified, we verified that
the H1 immunogen was structurally intact and recognized by mono-
clonal antibodies (mAbs) that bind conformation-sensitive epitopes
on the HA stalk, including human mAbs CR911434 and FI6,35 as
well as murine mAbs KB227 and GG336 (Figures 1C and 1D). The
H1 antigen was subsequently engineered into an Ad5-based vector,
under the control of a cytomegalovirus (CMV) promoter to facilitate
in vivo expression of secreted H1 from the Ad5_H1 vaccine
construct following immunization of mice.

A single-shot of Ad5_H1 induces humoral immune responses

that are superior to a traditional H1-matched inactivated

influenza vaccine

Female BALB/cJ mice (n = 10/group) were vaccinated intramuscu-
larly (i.m.) with Ad5_H1 at doses of 106, 107, or 108 infectious units
(IFUs) at day 0 (D0) (Figure 1E). A positive control group consisted
of matched H1 IIV administered at 1.5 mg of HA per dose. This dose
represents 1/10th the human dose and is a dose of IIV regularly used
to confer sterilizing protection from homologous challenge in mice.26

Mice in negative control groups were vaccinated with Ad5 encoding
an irrelevant antigen, enhanced green fluorescent protein (EGFP)
(Ad5_EGFP) at 108 IFUs, or with sterile PBS. Following a single vacci-
nation, serum immunoglobulin G (IgG) antibody (Ab) responses
were measured by enzyme-linked immunosorbent assay (ELISA)
on D14 and D28 against full-length H1 protein, homologous to the
H1 encoded by Ad5_H1 vaccine, and matched to the H1N1 IIV pos-
itive control (Figures 2A and 2B). Anti-H1 responses were detected at
D14 and subsequently peaked at D28 in a dose-dependent manner
(geometric mean endpoint titer 1.4 � 106 for 108, 6.4 � 105 for 107,
and 2.5 � 105 for 106 IFUs Ad5_H1). More importantly, when
compared with mice vaccinated with 1.5 mg of H1 IIV, D14 geometric
mean endpoint titers were �333-fold greater for 108 Ad5_H1 (p =
0.0033) and �148-fold greater for 107 Ad5_H1 (p = 0.0287). At
D28, Ab titers elicited by Ad5_H1 (108) were �123-fold greater
than those induced by H1N1 IIV (p = 0.0019). These data demon-
strate that an Ad-based vaccine elicits rapid and strong Ab responses
following a single immunization in mice, which is superior to serum
IgG titers induced by a conventional, matched H1 IIV.



Figure 1. Adenoviral vaccine construction and schematic overview of mouse immunization and lethal challenge regimen

(A) A non-replicating adenoviral vector was engineered to encode influenza virus hemagglutinin (HA) subtype H1 (A/California/07/2009 H1), with antigen expression under the

control of a CMV promoter. Vaccine antigen design involved deletion of the transmembrane domain (DTM) and the insertion of a heterologous trimerization domain (T4 foldon

fibritin) and C-terminal 6XHIS tag. (B) Structure of a representative pandemic H1 immunogen (PDB: 4EDB), showing the HA head and stalk domain, as well as validation of H1

expression and multimerization as determined by western blot. (C and D) ELISA using monoclonal antibodies (mAbs) that recognize conformational epitopes on the HA stalk

domain. Data points show mean ±SD. Dashed gray line in (C) and (D) shows a species-specific isotype control mAb used on every plate at the input concentration. (E)

Schematic overview of vaccination and bleed schedule of mice, prior to influenza virus challenge. Mice received a single intramuscular (i.m.) vaccination on day 0 (D0) with

blood sampling at baseline, D14, and/or D28 for measuring immunogenicity, followed by intranasal (i.n.) influenza virus challenge at D30 and lung dissection for lung viral titers

on a subset of mice (n = 3) at D33 (C+3). Infected mice were monitored daily for weight loss and survival in the 2 weeks following challenge (C+14). 6XHIS, 6X histidine tag;

Abs, antibodies; Ad, adenovirus; CMV, cytomegalovirus; ELISA, enzyme-linked immunosorbent assay; HA, hemagglutinin; kDa, kilodalton; L, ladder; mAb, monoclonal

antibody.
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An established absolute correlate of protection for influenza
virus vaccines is an Ab hemagglutination inhibition (HI) titer of
1:40.37–39 Strain-matched, head-specific Abs with HI activity can
confer sterilizing immunity and protection from homologous chal-
lenge. Therefore, we assessed the ability of Ad5_H1 to induce HI
active Abs when compared with a matched H1N1 IIV (Figure 2C).
Following a single shot of Ad5_H1, HI+ Ab titers in mouse serum
against pH1N1 virus increased in a dose-dependent manner, with
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Figure 2. A single shot of Ad5_H1 confers superior protection to an H1-matched inactivated influenza vaccine (IIV) following homologous lethal pH1N1

influenza virus challenge

BALB/cJ female mice were immunized i.m. with a single shot of Ad5_H1 (A/California/07/2009) at doses of 108–106 infectious units (IFUs), a matched monovalent split-virion

H1N1 IIV (BEI no. NR-20347) at 1.5 mg, or Ad5_EGFP, an irrelevant antigen control at 108 IFUs. (A–C) Humoral immune responses were measured at D14 or D28 post-

immunization by (A and B) serum IgG ELISA against full-length recombinant H1 (A/California/07/2009; BEI no. NR-44074) and (C) hemagglutination inhibition (HI) assay

against pH1N1 virus. For ELISA titers, the line on data points indicates the geometric mean, and the dashed gray line in (A) and (B) indicates the input serum dilution and

represents the lower limit of detection (LLD). The line on data points in the HI assay (C) denotes median. The dashed black line in (C) indicates an HI titer R1:40, which is a

correlate of protection in humans. (D–F) At D30 post-immunization, mice were challenged i.n. with 5� mLD50 (300 PFUs) wild-type pH1N1 diluted in sterile PBS (50 mL).

Vaccine efficacy was assessed bymeasuring morbidity (weight loss), mortality (survival), and lung viral titers on D3 post-challenge (C+3). (D) Weight loss data showmean and

SD. The humane endpoint was reached when mice lost 25% body weight. (F) For lung viral titers, the line on data points indicates the geometric mean and dashed line

indicates the LLD (minimum of one plaque counted � dilution factor). Statistical analyses were performed using the Kruskal-Wallis test with Dunn’s correction for multiple

comparisons against the H1N1 IIV vaccine or against irrelevant vaccine, Ad5_EGFP. *p < 0.05, **p < 0.01, and ***p < 0.001. Survival significance thresholds were calculated

using log rank (Mantel-Cox test), corrected for multiple comparisons against Ad5_EGFP using Bonferroni method with K = 4, *p < 0.05.
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100% of mice that received Ad5_H1 108 IFUs exhibiting an HI
titer of R1:40, with a median titer of 1:80. Vaccination with
Ad5_H1 at 107 IFUs induced HI+ Abs with a median titer of
1:40 and resulted in HI activity in 100% of mice. At the lowest
dose of Ad5_H1 (106), vaccination induced HI active Abs in the
serum of 70% of mice, with a median titer of 1:20. A single dose
of H1N1 IIV administered i.m. elicited an HI of R1:40, while
no HI titer activity was induced by negative control vaccines
Ad5_EGFP or PBS.

A single shot of Ad5_H1 confers superior protection to an H1-

matched IIV following homologous pH1N1 lethal influenza virus

challenge

To determine the protective efficacy of Ad5_H1 vaccine, we designed a
challenge experiment to evaluate homologous (matchedH1) protection
following a single immunization (Figure 1E). Efficacy following homol-
4 Molecular Therapy Vol. 30 No 4 May 2022
ogous influenza virus challenge was assessed using three measures: (1)
weight loss; (2) survival; and (3) viral lung titers. Mice were challenged
with five times the median mouse lethal dose (mLD50) of wild-type
pH1N1 influenza virus (A/Netherlands/602/2009). Following pH1N1
challenge, <6% mean weight loss was measured in all Ad5_H1-vacci-
nated groups (106–108 IFUs), comparable to mice vaccinated with a
matched H1 IIV, a positive control for protection in this challenge
model (Figure 2D). Survival after pH1N1 challenge was significantly
higher in Ad5_H1 (100%) and H1 IIV groups (100%) when compared
with mice vaccinated with Ad5_EGFP (�28%) or unvaccinated PBS
control animals (�14%; Figure 2E). Vaccinated mice with median HI
titer of R1:40 against pH1N1 had complete sterilizing protection,
with no virus detected in the lungs at D3 following challenge (C+3)
with pH1N1 (Figure 2F). Consistent with the dose-dependent effect
of Ad5_H1 on HI+ Abs (Figure 2C), 2/3 mice that received the lowest
dose of Ad5_H1 (106 IFUs) lacked complete sterilizing immunity,
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with virus titers of �104 plaque-forming units (PFUs)/mL detected in
the lungs on D3 post-challenge (Figure 2F).
Immunization with Ad5_H1, but not IIV-based vaccines, elicits

H1-stalk-specific T cell responses

In contrast to strain-specific immune responses, which are largely
directed toward the immunodominant HA head, stalk-specific im-
munity can be broadly cross-reactive. It would therefore be desirable
for a universal influenza vaccine candidate to elicit stalk-reactive im-
munity. It has been observed that IIV platforms do not elicit robust
stalk responses following a single shot and are limited in their ability
to induce robust T cell responses.40–44 In contrast, Ad vaccines are
known to be potent inducers of cellular immunity, particularly
CD8+ T cells.45–50 Therefore, to provide foundations for subsequent
cH6/1N5 or H5N1 challenge experiments in which stalk immunity
would be relevant to protection, we quantified stalk-specific T cell re-
sponses elicited following immunization with Ad5_H1 when
compared with IIV or irrelevant antigen controls.

Flow cytometry with intracellular cytokine staining (ICS) was per-
formed on peripheral blood mononuclear cells (PBMCs) on D14 or
splenocytes on D28, which were stimulated with overlapping peptides
corresponding to the H1 stalk (Table S1). Preliminary studies
comparing Ad5_H1 with IIVs demonstrated that immunization
with a single shot of IIV (H1N1 or H5N1) did not elicit detectable
stalk-specific T cells in peripheral blood (Figure S1). Therefore, the
IIV groups were not included in subsequent ICS analyses. In contrast,
we detected robust T cell responses to immunization with all doses of
Ad5_H1. ICS performed on splenocytes demonstrated that the inter-
feron g (IFN-g) H1-stalk-specific response consisted of both CD4+

and CD8+ T cells (Figures 3A and 3E). The CD4+ T cell response
against the H1 stalk was a low-frequency T helper 1 phenotype,
with statistically significant frequencies of CD4+ T cells expressing
pro-inflammatory cytokines IFN-g (geometric mean frequency of
0.03%), interleukin-2 (IL-2) (0.05%), and tumor necrosis factor alpha
(TNF-a) (0.05%) following immunization with Ad5_H1 compared
with Ad5_EGFP control mice (Figures 3A–3C). CD4+ T cells also up-
regulated intracellular CD40 ligand (CD40L/CD154; 0.04%; Fig-
ure 3D), which is expressed on the surface of activated T cells and
plays a role in providing T cell help to B cells.51

In agreement with published studies for Ad5-based vaccines, CD8+ re-
sponses were of higher magnitude than CD4+ T cell responses,45–47,52

and higher frequencies of cells secreting pro-inflammatory cytokines
IFN-g (geometric mean frequency of 0.60%), IL-2 (0.12%), and
TNF-a (0.48%) were detected in Ad5_H1 immunized mice than in
Ad5_EGFP control mice (Figures 3E–3G). H1-stalk-specific induc-
tion of degranulation marker CD107a (0.48%) in CD8+ T cells sug-
gested that these cells also had cytotoxic potential (Figure 3H).
H1-stalk-specific CD8+ T cell responses following immunization
with Ad5_H1 were also detectable in the peripheral blood at D28:
IFN-g (0.69%); IL-2 (0.07%); TNF-a (0.36%); and CD107a (0.56%).
As stated above, no stalk-reactive T cell responses were measured in
peripheral blood following immunization with IIV (Figures S1A–
S1D). The phenotype of the H1-stalk-specific response was further
characterized through the degree of CD4+ and CD8+ T cell polyfunc-
tionality. The CD4+ splenocyte response was highly polyfunctional,
with dominant populations of CD40L+ IFN-g+ IL-2+ TNF-a+ and
CD40L+ IFN-g� IL-2+ TNF-a+ (Figure 3I). The dominant CD8+ sple-
nocyte T cell population was also highly polyfunctional, with CD107a
expression, IFN-g, andTNF-a production in anAd5_H1dose-depen-
dent manner (Figure 3J).

A single-shot of Ad5_H1, but not traditional IIV vaccines, elicits

HA-stalk-specific Abs with Fc-effector function activity

A long-standing goal in the development of a universal influenza vi-
rus vaccine is to elicit cross-reactive, stalk-specific humoral immunity
that can confer broad protection from heterologous or heterosubtypic
viruses, independently of strain-specific head Abs. With this in mind,
it is important to note that the mechanism of protection conferred by
broadly reactive, stalk-focused immunity is completely distinct from
classical hemagglutination inhibiting HI+, head-specific NAbs, which
provide sterilizing immunity through prevention of virus binding
and/or viral entry. Although stalk-specific Abs can have neutralizing
activity, many brAbs are non-neutralizing in vitro but can protect
in vivo through engagement of Fc-mediated effector functions, such
as Ab-dependent cellular cytotoxicity (ADCC).53–56 Stalk-specific
Abs do not generally confer sterilizing protection from infection in
the lung56–60 but, importantly, can confer broad protection from le-
thal challenge.

To determine whether Ad5_H1 could induce stalk-specific Abs
following a single immunization, female BALB/cJ mice (n = 10/
group) were vaccinated i.m. as before (Figure 1E). As these studies
were performed in preparation for a challenge to measure stalk-based
protection (using a chimeric cH6/1 challenge), as well as a subsequent
heterosubtypic H5N1 lethal challenge, we included sera from H1 IIV
and H5 IIV-immunized mice to determine whether these vaccines
could induce stalk-reactive Abs (Figures 4A and 4B). Negative con-
trols were vaccinated with Ad5_EGFP at 108 IFUs or with PBS.

To measure stalk Abs, we produced and validated recombinant head-
less, trimeric H1 protein, based on the MiniHA #4900 construct pre-
viously described by Impagliazzo et al.23 (Figures S2A and S2B). Total
IgG against MiniHA (H1 stalk) was measured by ELISA. Vaccination
with Ad5_H1 108 and 107 IFUs rapidly induced anti-H1 stalk IgG by
D14. At D28, all three doses of Ad5_H1 vaccine induced statistically
significant titers of anti-H1 stalk Abs (geometric mean endpoint titers
were 1.2 � 104 for 108, 1.1 � 104 for 107, and 2.2 � 103 for 106 IFU
Ad5_H1) as compared with the stalk-matched H1 IIV control vac-
cine. At both time points, anti-H1 stalk Ab titers were comparable be-
tween the Ad5_H1 108 and 107 IFUs dose. There was no induction of
anti-H1 stalk Abs following immunization with H1- or H5-IIV (Fig-
ures 4A and 4B). As we detected the presence of stalk-reactive Abs, we
also tested their potential for stalk-mediated neutralization of a cH6/1
reassortant virus that bears the H1 stalk matched to our vaccine
immunogen (A/California/07/2009) and an irrelevant head (H6
Molecular Therapy Vol. 30 No 4 May 2022 5
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Figure 3. H1-stalk-specific T cell responses in the spleen 28 days post-vaccination

(A–H) Intracellular cytokine staining for (A–D) IFN-g+, IL-2+, TNF-a+, or CD40L+ CD4+ T cells and (E–H) IFN-g+, IL-2+, TNF-a+, or CD107a+ CD8+ T cells following H1 stalk

peptide stimulation (see Table S1). Line indicates geometric mean, based on frequencies of cytokine-positive cells as a proportion of the parent CD4+ or CD8+ T cell

population. Statistics were performed using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons against the Ad5_EGFP control group; *p < 0.05, **p <

0.01, and ***p < 0.001. Dashed line indicates the LLD of the assay. (I and J) Radar plots show polyfunctionality of the (I) H1-stalk-specific CD4+ T cell response or the (J)

H1-stalk-specific CD8+ T cell response. Geometric mean frequencies are displayed.
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from A/mallard/Sweden/81/2002). However, microneutralization
(MN) assays against the cH6/1N5 virus did not detect NAbs above
control groups for any of the vaccination regimens tested
(Figure S3A).

Cross-reactive stalk Abs have been shown to confer protection in vivo
through non-neutralizing, Fc-mediated effector functions, such as
ADCC.54,56,61,62 Therefore, using a luciferase-based reporter assay,
we measured the amount of ADCC active Abs in pooled sera of mice
vaccinated with Ad5_H1, H1- and H5-IIV, and Ad5_EGFP/PBS con-
trols (Figure 4C). This assay was performed using a Madin-Darby
canine kidney (MDCK) stable cell line expressing the cH6/1 on the
cell surface.63 HA expression in this cell line or in influenza-virus-in-
6 Molecular Therapy Vol. 30 No 4 May 2022
fected cells was confirmed prior to the assay using mAbs against the
HA stalk (Figures S4A–S4H). The ability of post-vaccination serum
to bind theHA stalk and concomitantly activate Jurkat cells expressing
murine Fcg-receptor IV (FcgRIV) through engagement via the Fc do-
main:FcgRIV results in expression of luciferase (Figures S4I and S4J).
Area under the curve (AUC) analysis of relative light units revealed
FcgRIV activation when testing sera from all Ad5_H1-vaccinated
groups but no activation when using serum from mice vaccinated
with H1 IIV, H5 IIV, Ad5_EGFP, or PBS (Figure 4C). The ADCC re-
porter assay was also performed using Ad5_H1 serum on wild-type
MDCKcells that donot express cH6/1, andno increase in FcgRIVacti-
vation was measured (Figures S4K and S4L). In summary, these data
confirmed FcgRIV engagement and activation by immune sera from



Figure 4. A single shot of Ad5_H1 confers 100% HA stalk-mediated protection from lethal challenge, which is superior to conventional H1N1 and H5N1

inactivated influenza vaccines (IIVs)

BALB/cJ female mice were immunized i.m. with a single shot of Ad5_H1 (A/California/07/2009) at doses of 108–106 IFUs, amatchedmonovalent split virion H1N1 IIV (BEI no.

NR-20347) at 1.5 mg, an unadjuvanted H5N1 whole virion IIV (BEI no. NR-12147) at 1.5 mg, or Ad5_EGFP, an irrelevant antigen control at 108 IFUs. (A–C) HA-stalk-specific

antibodies were measured at D14 or D28 by (A and B) serum IgG ELISA against headless H1 protein (MiniHA) and (C) using a reporter-based assay to measure antibody-

dependent cellular cytotoxicity (ADCC) against the H1 stalk of MDCK cells stably expressing chimeric HA, cH6/1. For the ADCC assay, data points represent pooled sera (n =

5 mice), with each replicate derived from a separate immunization experiment. Statistical analyses were performed using the Kruskal-Wallis test with Dunn’s correction for

multiple comparisons against the H1N1 IIV vaccine. *p < 0.05, **p < 0.01, and ****p < 0.0001. (D–F) Stalk-specific antibody isotype subclass responses were measured

against MiniHA headless H1. Statistical analyses were performed using the Mann-Whitney test comparing a dose of 108 Ad5_H1 with a dose of 107 IFUs. *p < 0.05; NS, not

significant. (G–I) At D30 post-immunization, mice were challenged i.n. with 10�mLD50 cH6/1N5 diluted in sterile PBS (50 mL). The cHA challenge virus, cH6/1, has the stalk

of H1 A/California/04/2009 grafted to the head of H6 A/mallard/Sweden/81/2002. Vaccine efficacy was assessed by measuring (G) morbidity (weight loss), (H) mortality

(survival), and (I) lung viral titers at D3 post-challenge (C+3). The humane endpoint was reached when mice lost 25% body weight. Weight loss data showmean and SD. The

line on data points for ELISA and lung titers indicates the geometric mean, and the dashed gray line indicates the LLD. For lung titers, this represents aminimum of one plaque

counted � dilution factor. Survival significance thresholds for Ad5_H1 (108–106 IFUs) were calculated using log rank (Mantel-Cox test), corrected for multiple comparisons

comparing Ad5_H1 (108–106) against H1 IIV using Bonferroni method with K = 3 and *p < 0.05.
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mice vaccinatedwith all doses ofAd5_H1, but notwithH1 IIV,H5 IIV,
or negative control vaccines Ad5_EGFP or PBS (Figure 4C).

It is well established that the isotype or IgG subclass of Ab can differ-
entially affect the activation of FcgRs. Mouse IgG2a and IgG2b anti-
bodies bind activatingmouse FcgRI and FcgRIVwith high affinity (in
mice, the hierarchy is IgG2a > IgG2b > IgG1).64,65 Therefore, deter-
mining the IgG subclass of the stalk-reactive immune response eli-
cited by vaccination is informative, as these classes of Abs differen-
tially engage with activating FcgRs on the surface of diverse effector
cells in vivo and could have an impact on protection. To investigate
whether this was consistent with our ADCC data (Figure 4C), further
characterization of the cross-reactive stalk Ab response was per-
formed to identify the subclass of anti-stalk IgG induced (Figures
4D–4F). As no stalk Abs were induced following immunization
with the H1 IIV orH5 IIV, these groups were not included in the anal-
ysis. Sera from Ad5_EGFP and PBS groups were included as negative
controls. Following Ad5_H1 vaccination, the dominant IgG subclass
detected was IgG2a > IgG1 > IgG2b, consistent with a prior study.46

No significant difference was observed between the 108 and 107

Ad5_H1 doses for stalk-specific IgG1 (Figure 4D). However,
endpoint titers of IgG2a antibodies against the MiniHA H1 stalk
were induced in a dose-dependent manner, with responses �3.3-
fold higher following Ad5_H1 vaccination at 108 IFUs compared
with 107 or �24-fold higher when compared with a dose of 106

IFUs (Figure 4E). IgG2b induction was low across all Ad5_H1 groups,
although slight differences were observed between 108 and 106

Ad5_H1 groups (Figure 4F).

A single shot of Ad5_H1 confers 100% HA stalk-mediated

protection from chimeric cH6/1N5 lethal challenge in the

absence of matched head-specific immunity

We established that a single-shot immunization with Ad5_H1 can
elicit H1-stalk-reactive T cell responses and stalk-specific Abs that
exhibit Fc-mediated effector function using an in vitro reporter
assay. Therefore, we wanted to evaluate whether this phenotype of
immune response could provide protection in vivo, in the absence
of head-specific HI+ Abs. Vaccine efficacy following influenza virus
challenge was assessed using three measures: (1) weight loss; (2)
survival; and (3) viral lung titers. Mice were challenged with
10� mLD50 of a cH6/1N5 reassortant virus bearing a chimeric
H6/1 HA. The HA stalk of the cH6/1N5 virus is homologous to
the H1 encoded in the Ad5_H1 vaccine, but the head is mismatched
and derived from H6 A/mallard/Sweden/81/2002. To negate any
confounding results with anti-N1 antibodies induced by the
H1N1/H5N1 IIVs, the cH6/1N5 virus bears an avian N5 from A/
mallard/Sweden/86/2003 and all other internal proteins from A/
Puerto Rico/08/1934.58

Similar to the results obtained in the homologous pH1N1 challenge
(Figure 2D), weight loss was minimal (<5%) in all Ad5_H1-vacci-
nated groups (106–108 IFUs), whereas humane endpoints were
reached in negative control groups (Ad5_EGFP and PBS), and there
was substantial weight loss in mice vaccinated with conventional H1
8 Molecular Therapy Vol. 30 No 4 May 2022
IIV or H5-IIV-based vaccines (Figure 4G). Protection against mortal-
ity (survival) was statistically significant in all Ad5_H1 groups (100%)
when compared with H1 IIV (Figure 4H). All mice vaccinated with
Ad5_EGFP or PBS reached the humane weight loss endpoint by D9
(Figure 4H). Although not found to be statistically significant, viral
lung titers were also substantially reduced in animals immunized
with Ad5_H1, with �335-fold, �174-fold, and �11-fold reductions
for doses of 108–106, respectively, as compared with PBS (Figure 4I).

Ab binding to the HA stalk and triggering Fc-mediated effector func-
tions through FcgR activation has the potential to protect against
influenza virus challenge in vivo, through the induction of
ADCC.54,55 In support of this, the dose-dependent FcgRIV activation
we previously measured in sera from Ad5_H1-vaccinated mice (see
Figure 4C) is consistent with a non-significant yet substantial reduc-
tion in lung viral titers on D3 post-challenge with H1 stalk-matched
cH6/1N5 virus (Figure 4I). The ADCC data also align with increased
titers of stalk-specific Abs of the IgG2a isotype in mice immunized
with Ad5_H1 (see Figure 4E). In addition, it is clear that conventional
IIV-based vaccines, which did not elicit detectable stalk Abs, fail to
reduce viral lung titers following challenge with a mismatched heter-
ologous virus. Despite the stalk of H1 IIV being matched to the H1
stalk of the cH6/1N5 challenge virus, the H1 IIV provided no protec-
tion from lung infection, with high titers of virus in the lungs that were
comparable to lung titers in mice immunized with PBS/Ad5_EGFP.

For pathological evaluation, lung tissue was harvested from a subset of
animals that reached humane endpoints on D7–D10 post-challenge
(i.e., H1- andH5-IIV-, Ad5_EGFP-, andPBS-vaccinatedmice). Similar
sampleswere taken from surviving animals atD14 post-challenge upon
termination of the experiment, includingH1 IIV (n= 2),H5 IIV (n=2),
PBS “mock” challenged mice, and all doses of Ad5_H1 (n = 3/group).
Tissuewas embedded inparaffin and sections stainedwithhematoxylin
and eosin (H&E). A veterinary pathologist blinded to treatment groups,
with the exception of the PBS-vaccinated + cH6/1 challenge and PBS
mock challenge group, scored and imaged the sections (Figures 5A
and 5B). A composite pathological score out of a total of 36 (see details
in SupplementalMethods) is shown in Figure S5A. As expected, overall
scores following euthanasia on D7–D10 for PBS-vaccinated (16/36)
and Ad5_EGFP- (14/36) and H1- and H5-IIV-immunized animals
(20/36) were relatively similar and were substantially higher than
PBS mock-challenged control sections (3/36). Upon termination of
the experiment at D14, scores for Ad5_H1 at doses of 108 (6/36) and
107 (7/36) were low, suggesting that immunization with Ad5_H1 re-
sulted in increased protection from lung damage. Scores for Ad5_H1
at 106 IFUs (14/36) were comparable to the small numbers of surviving
mice from the H1 IIV (n = 2) and H5 IIV groups (n = 2).

Overall, at D7–D10 post-challenge, inflammation affecting the alveoli
was predominantly neutrophilic, mixed with lesser numbers of lym-
phocytes, plasma cells, and macrophages (Figure 5A). Inflammation
of the bronchi and bronchioles was also neutrophilic, mixed with lym-
phocytes, though lesser numbers of plasma cells andmacrophageswere
observed. Perivascular inflammationwas alsonoted andwas composed



Figure 5. Hematoxylin and eosin (H&E) staining of murine lung sections following challenge with cH6/1N5 virus

BALB/cJ femalemice were challenged i.n. with cH6/1N5 virus at D30 following i.m. immunization with (A) PBS, an H1 or H5 IIV at 1.5 mg, or Ad5_EGFP at 1� 108 IFUs or with

(B) Ad5_H1 at doses of 1� 108–1� 106 IFUs. Control groups were mock challenged with PBS. Lungs were harvested when animals reached the humane endpoint (%25%

body weight loss). For groups where survival was 100% (shown in B), lungs were harvested upon termination of the experiment at D14 post-challenge (n = 3/group). Lungs

were inflated with 10% formalin, fixed and processed for paraffin embedding, and 5-mm sections stained for H&E. Lung anatomical regions are indicated on sections; AS,

alveolar septa; BE, bronchiolar epithelium; E, endothelium. Arrows indicate histological observations, including perivascular inflammation (Ai, Aiii, and Avi), goblet cell hy-

perplasia (Aiii and Avi), intraluminal debris (Aii, Aiii, and Avii), or the formation of clusters of lymphocytes and plasma cells (Aix, Ax, Bii, and Biii). Sections shown were selected

on the basis of a score closest to the average pathological score (Figure S5A), as determined by a veterinary pathologist blinded to the vaccine treatment groups. Imageswere

captured using an Olympus BX43 and an Olympus DP21 Digital Camera system under 200� magnification. Scale bars represent 100 mm.
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of lymphocytes and plasma cells. The lungs of mice immunized with
PBS,H1/H5 IIV, orAd5_EGFPhad large areas of consolidation, where
alveolar spaces were completely effaced by inflammatory infiltration
and/or pneumocyte hyperplasia, with loss of septal architecture. Of
note, a mix of proteinaceous fluid and cells, as well as intraluminal
debris, was observed in the lungs of H1- and H5-IIV-vaccinated ani-
mals (i.e., Figures 5Aii and5Avii). In addition, thesemice had increased
numbers of goblet cells. When compared with PBS mock challenge
mice, the lungs of unvaccinated + cH6/1N5 animals, as well as mice
immunized with H1/H5 IIV or Ad5_EGFP, had significant cellular
inflammation (Figure 5A). For high doses of Ad5_H1 (108 and 107)
on D14, there was minimal lymphoplasmacytic inflammation (0%–
25% lung affected), but this was increased (25%–50% lung affected)
in the lungs of challenged mice immunized with Ad5_H1 at 106

IFUs, although some areas of the lungwere also unaffected (Figure 5B).
Overall, these data demonstrate that, in the absence of head-specific
Abs, a single immunization with high-dose Ad5_H1 can provide
stalk-mediated protection from lung infection anddamage. This repre-
sents an advance on conventional IIV vaccines, which fail to protect
fromvaccine-mismatched viruses that have undergone significant drift
in the HA head domain.
Immunization with Ad5_H1 induces stalk-specific CD4+ T cells

that are cross-reactive against H5 stalk

To investigate whether a single shot of Ad5_H1 could induce cross-
reactive T cells to the H5 stalk, responses were characterized by flow
cytometry with ICS (Figure 6), stimulating splenocytes with overlap-
ping H5 stalk peptides (Table S2). Interestingly, unlike H1-stalk-spe-
cific T cell responses that were predominantly CD8+ (Figure 3),
cross-reactive H5-stalk-specific T cells were exclusively CD4+ (Figures
6A–6D). Although low in magnitude, the frequencies of cross-reactive
CD4+ T cells were statistically significant for expression of IFN-g (geo-
metric mean frequency of 0.01%), IL-2 (0.02%), TNF-a (0.03%), and
CD40L (0.02%), with these H5-specific CD4+ T cells present at similar
frequencies to H1-stalk-specific CD4+ T cells. Polyfunctional analyses
showed the dominant cross-reactive CD4+ populations were of the
same highly polyfunctional profile as H1-stalk-specific CD4+ T cells
(Figure 6I). Cross-reactive CD8+ T cell responses against the H5 stalk
were not increased over baseline (Figures 6E–6H).

Immunization with Ad5_H1 induces cross-reactive H5 stalk Abs

To facilitate the detection of cross-reactive anti-H5 Abs, we also pro-
duced H5 ectodomain (A/Vietnam/1203/2004) with a GCN466
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Figure 6. H5-stalk-specific T cell responses in the spleen 28 days post-vaccination

(A–H) Intracellular cytokine staining of splenocytes for (A–D) IFN-g+, IL-2+, TNF-a+, or CD40L+ CD4+ T cells and (E–H) IFN-g+, IL-2+, TNF-a+, or CD107a+ CD8+ T cells

following H5 stalk peptide stimulation (see Table S2). Line indicates geometric mean, based on frequencies of cytokine-positive cells as a proportion of the parent CD4+ or

CD8+ T cell population. Statistics were performed using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons against the Ad5_EGFP control; *p < 0.05 and

**p < 0.01. Dashed line indicates the LLD of the assay. (I) Radar plot shows polyfunctionality of the H5-stalk-specific CD4+ T cell response. Geometric mean frequencies are

displayed.
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trimerization domain (Figures S2C and S2D). As cross-reactive Abs
are generally directed toward the HA stalk, the use of recombinant
H5 would allow us to measure H5-stalk-reactive Abs. At D14 post-
immunization, a dose-dependent anti-H5 IgG response was
measured across the Ad5_H1 groups, with comparable responses be-
tween Ad5_H1 108 IFUs and the positive control H5 IIV (Figure 7A).
Anti-H5 IgG responses in Ad5_H1 groups peaked at D28 (geometric
mean endpoint titers 3.1 � 103 for 108, 2.5 � 103 for 107, and 6.1 �
102 for 106 IFUs Ad5_H1). Comparable responses were measured
following Ad5_H1 108 and 107 IFUs at D28, with anti-H5 responses
in both groups statistically higher than H1 IIV (Figure 7B). Low to
undetectable levels of anti-H5 Ab titers were induced by H1 IIV, con-
firming its inability to induce cross-reactive Ab responses following a
10 Molecular Therapy Vol. 30 No 4 May 2022
single shot. High-level anti-H5 IgG responses were elicited in mice
immunized with a matched H5 IIV.

The ADCC reporter assay was also used to evaluate the potential of
H5-stalk Abs in vaccinated pooled mouse sera to activate FcgRIV.
MDCK cells were infected with H5N1 virus, and following addition
of pooled sera and Jurkat cells expressing FcgRIV, AUC analysis of
relative light units was measured to reflect the activation of Fc-
effector function. A dose response was observed for Ad5_H1 at
doses of 108–106 IFUs, although responses were low and there
was variability between different experiments, which limits inter-
pretation (Figure 7C). For completeness, we also performed MN
assays against H5N1 but did not observe MN titers increased



Figure 7. A single shot of high-dose Ad5_H1 (108 IFUs) confers 100% heterosubtypic protection from lethal challenge with H5N1

BALB/cJ female mice were immunized i.m. with a single shot of Ad5_H1 (A/California/07/2009) at doses of 108–106 IFUs, amatchedmonovalent split virion H1N1 IIV (BEI no.

NR-20347) used at 1.5 mg, an unadjuvanted H5N1 whole virion IIV (BEI no. NR-12147) at 1.5 mg, or Ad5_EGFP, an irrelevant antigen control at 108 IFUs. (A–C) H5-specific

humoral immune responses were measured at D14 or D28 post-immunization by (A and B) serum IgG ELISA against recombinant H5 protein (produced in-house) and (C)

using a reporter-based assay to measure antibody-dependent cellular cytotoxicity (ADCC) against the H5 stalk onMDCK cells infected with H5N1 virus. For the ADCC assay,

data points represent pooled sera (n = 5mice), with each replicate derived from a separate immunization experiment. Statistical analyses were performed using the Kruskal-

Wallis test with Dunn’s correction for multiple comparisons against the H1N1 IIV vaccine. *p < 0.05, **p < 0.01, and ****p < 0.0001. (D–F) H5-specific antibody isotype

subclass responses were measured against H5-GCN4. Statistical analyses were performed using the Mann-Whitney test comparing a dose of 108 Ad5_H1 with a dose of

107 IFUs. **p < 0.01. (G–I) At D30 post-immunization, mice were challenged i.n. with 5�mLD50 H5N1 on a PR8 background diluted in sterile PBS (50 mL). Vaccine efficacy

was assessed by measuring (G) morbidity (weight loss), (H) mortality (survival), and (I) lung viral titers on D3 post-challenge (C+3). The humane endpoint was reached when

mice lost 25% body weight. Weight loss data show mean and SD. For ELISA and lung viral titers, line on data points indicates the geometric mean, and the dashed gray line

indicates the input serum dilution and LLD. For lung titers, this represents aminimum of one plaque counted� dilution factor. Survival significance thresholds were calculated

using log rank (Mantel-Cox test), corrected for multiple comparisons comparing Ad5_H1 (108–106) and H5 IIV against H1 IIV using Bonferroni method with K = 4, with both

Ad5_H1 108 and IIV = **p < 0.01.
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over baseline following immunization with Ad5_H1 (Figure S3B).
MN titers against H5N1 were detected following immunization
with H5 IIV.
We also measured the IgG subclass of Ab induced against H5 on D28
(Figures 7D–7F). We detected a dose dependency in H5-specific Ab
responses, with levels of IgG2a being higher following immunization
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with Ad5_H1 at 108 than with 107 IFUs (p = 0.009). Ad5_H1 elicited
predominantly IgG2a > IgG1 > IgG2b Abs, mirroring findings for
ELISAs against the H1 stalk (MiniHA) shown in Figures 4D–4F.
Again, this IgG subclass hierarchy is also consistent with other mouse
studies using Ad5-based vaccines.46,67 H5 IIV elicited a largely IgG1 >
IgG2b > IgG2a response, which was likely directed toward the immu-
nodominant HA head domain, as supported by detectable MN
activity.

Immunization with high-dose Ad5_H1 induces 100% protection

from mortality against heterosubtypic H5N1 lethal influenza

virus challenge in mice

Considering that we detected both cross-reactive cellular and humor-
al immune responses against H5 following immunization with
Ad5_H1, we wanted to evaluate the capacity of this vaccine to confer
heterosubtypic protection from lethal challenge as compared with
conventional inactivated vaccines. Vaccine efficacy following influ-
enza virus challenge was again assessed using three measures: (1)
weight loss; (2) survival; and (3) viral lung titers. Vaccinated mice
were challenged with 5� mLD50 of heterosubtypic H5N1 (A/Viet-
nam/1203/2004; 6:2 PR8 reassortant with the polybasic cleavage site
in HA removed = HALo) influenza virus. In this stringent lethal chal-
lenge model, substantial weight loss was observed in all groups, except
in the matched H5 IIV group, which served as a positive control in
this experiment due to the high levels of H5-specific Abs induced
(Figures 7A and 7B). For Ad5_H1, morbidity was dose dependent,
with mean weight loss of 15.7% for the highest dose of 108 IFUs,
24.5% for 107 IFUs, and 26.8% for 106 IFUs Ad5_H1 (Figure 7G).
By D8 following H5N1 challenge, all mice vaccinated with H1 IIV,
Ad5_EGFP, or PBS reached the humane endpoint and were eutha-
nized. Mice vaccinated with H5 IIV and Ad5_H1 at 108 IFUs ex-
hibited 100% protection against mortality, which was statistically
significant over groups immunized with H1 IIV and Ad5_EGFP.
Mice vaccinated with 107 and 106 IFUs Ad5_H1 exhibited 29% and
14% survival, respectively (Figure 7H). Interestingly, despite clear dif-
ferences in survival, viral lung titers were similar between all Ad5_H1
doses and were comparable to the viral titers detected in the lungs of
mice immunized with mismatched H1 IIV, irrelevant Ad5_EGFP, or
with PBS. As expected, viral titers were lower in the lungs of animals
immunized with the matched H5 IIV (Figure 7I).

Again, we evaluated pathological changes in the lungs of mice eutha-
nized between D6 and D9 post-challenge due to reaching the humane
endpoint. This included mice immunized with PBS, H1 IIV, Ad5_H1
at doses of 107 and 106, and Ad5_EGFP. As before, sections were
scored and imaged by a veterinary pathologist blinded to treatment
groups, with the exception of the PBS vaccinated + H5N1 challenge
and PBS mock challenge group. A composite score for pathology
out of a total of 36 is shown in Figure S5B. Following euthanasia on
D6–D9, the lungs of PBS-vaccinated (24/36) and Ad5_H1-immu-
nized at a dose of 107 (26/36), Ad5_H1-immunized at a dose of 106

(24/36), H1-IIV-immunized (30/36), and Ad5_EGFP-immunized
(24/36) mice had similar pathological scores, with the lungs of mice
immunized with H1 IIV scoring most severely (Figure S5B). No
12 Molecular Therapy Vol. 30 No 4 May 2022
mice in the Ad5_H1 108 group were euthanized before D14, as a result
of limited weight loss. We collected the lungs of surviving animals
upon termination of the experiment (D14), including lungs from
PBS mock challenged mice, mice immunized with Ad5_H1 at 108

(n = 3) and H5 IIV (n = 3), and surviving mice from Ad5_H1 groups
at doses of 107 (n = 2) and 106 (n = 1). On D14 post-challenge, path-
ological scores for lungs of PBS mock challenged (2/36) and the
matched H5-IIV-vaccinated animals (3/36) were minimal and were
considered normal. All mice in the Ad5_H1 108 group survived,
and at D14, the pathological scores were similar for these and the
few surviving mice immunized with 107 and 106 IFUs (18–21/36).

Histological sections revealed general findings that were comparable
between the groups (Figure 8). Inflammation affecting the alveoli was
predominantly composed of neutrophils, with some lymphocytes,
plasma cells, and macrophages. Inflammation of the bronchi and
bronchioles was neutrophilic with few plasma cells and macrophages.
In addition, perivascular inflammation was composed of lymphocytes
and plasma cells. However, it was noted that the lungs of H1-IIV-
immunized mice on D7 and D8 had large regions of consolidation,
where the alveolar spaces were effaced by infiltrating inflammatory
cells and/or type II pneumocyte hyperplasia with loss of septal archi-
tecture (Figures 8Aii and 8Avii). Intraluminal debris was also noted
(indicated by black arrowhead). Type II pneumocyte hyperplasia
and intraluminal debris were also noted in the lungs of Ad-vaccinated
mice (107 and 106) on D7–D9. On D14, the lungs of surviving
Ad5_H1 mice immunized with 107 (n = 2: Figures 8Axi, 8Biii, and
8Bvii) and 106 IFUs (n = 1: Figure 8Axii) showed multifocal areas
of consolidation, with lymphocytic inflammation, spindle cells, and,
in some cases, scant collagen. Type II pneumocyte hyperplasia was
also noted. In mice immunized with Ad5_H1 at 108 (100% survival),
inflammation was considered to be predominantly lymphocytic, with
�25%–50% of the lung affected (see Figures 8Bii and 8Bvi). Localized
hemorrhage was observed in the lungs of surviving mice, which has
previously been described following challenge of mice with H5N1.68

On D14, the lungs of H5-IIV-immunized mice had isolated bronchi
or bronchioles with a few lymphocytes or lymphoplasmacytic aggre-
gates, and sections were largely similar to PBS mock challenged ani-
mals (Figure 8B), consistent with sterilizing protection conferred by a
matched vaccine. In conclusion, a single shot of high-dose Ad5_H1
can confer complete protection from mortality and partial protection
from lung damage, even against lethal challenge with a mismatched,
potentially pandemic influenza virus.

DISCUSSION
It is clear that we urgently need improvements, or alternatives, to con-
ventional influenza virus vaccines. The strain specificity, over-reliance
on egg-based manufacturing, and the need to reformulate and re-
administer vaccines on an annual basis has prompted the goal of
developing a “universal” influenza virus vaccine. We envisage two
main applications for a universal influenza virus vaccine. The first
would be an immunization regimen that stimulates broad and dura-
ble heterosubtypic protection against multiple IAVs lasting several
years.69 As a result, vaccination approaches will likely require



Figure 8. H&E staining of murine lung sections following challenge with H5N1 virus

BALB/cJ mice were challenged i.n. with H5N1 virus at D30 following i.m. immunization with (A) PBS, an H1 IIV at 1.5 mg, Ad5_H1 at doses of 1 � 107 and 1 � 106 IFUs, or

Ad5_EGFP at 1 � 108 IFUs. (B) D14 post-challenge sections from animals immunized with Ad5_H1 at 1 � 108 IFUs (100% survival), Ad5_H1 at 1 � 107 IFUs (n = 2/7

survived), Ad5_H1 at 1 � 106 IFUs (n = 1/7 survived), and the positive control immunization group with matched H5 IIV (100% survival). Additional control groups included

mock challenge with PBS. Lungs were harvested when animals reached the humane endpoint (%25% body weight loss). For groups where survival was 100%, lungs were

harvested upon termination of the experiment at D14 post-challenge (n = 3/group). Lungs were inflated with 10% formalin, fixed and processed for paraffin embedding, and

5-mm sections stained for H&E. Regions of the lung anatomy are indicated on sections. Black arrowheads indicate interesting observations, including substantial intraluminal

debris (Aii, Aiii, Avii, Aviii, Ax, and Axii) or the formation of clusters of lymphocytes and plasma cells (Bii and Biii). Images represent sections from at least one animal, which were

closest to the average pathological score (Figure S5B), as determined by a veterinary pathologist who was blinded to the vaccine treatment groups. Images were captured

using an Olympus BX43 and an Olympus DP21 Digital Camera system under 200� magnification. Scale bars represent 100 mm.
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sequential prime:boost immunization regimens with different immu-
nogens, vaccine formulations, and/or adjuvants to achieve the right
phenotype, magnitude, and breadth of protection.3 Another approach
that should be considered is a single-shot vaccine capable of eliciting
rapid, cross-reactive responses directed toward conserved epitopes.
Such a vaccine should protect against drifted seasonal strains, as
well as emerging viruses that present a pandemic threat. Vaccines
with this target product profile should be compatible with rapid
scale-up manufacturing, and the product should be well suited to
stockpiling without specialized cold-chain requirements. Non-repli-
cating Ad vectors are one promising platform in this regard. They
elicit robust cellular and humoral immune responses in multiple
species,46,50,70,71 including humans.72–79 Importantly, they can be
lyophilized with minimal losses to immunogenicity80–83 and are ther-
mostable at 4�C and �20�C for prolonged periods of time, making
them well suited for pandemic preparedness and stockpiling84 and
the logistics of global distribution.

In this study,we constructed a non-replicatingAd-vectored vaccine ex-
pressing a secreted formof influenza virusH1. In a series of single-shot
immunogenicity and in vivo challenge studies in mice, we compared
the efficacy of this vaccine head to head with conventional IIVs. We
determined that a single shot of Ad5_H1 can rapidly induce Abs
with diverse functional activities. More importantly, Ad5_H1 elicited
broadly protective Abs directed toward the highly conserved HA stalk.
The latter finding is of considerable interest, as it is widely considered
that the HA stalk is poorly immunogenic,2,5,6 andmultiple immuniza-
tions, often combined with display of the stalk on nanoparticles,19,20
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conjugated to carriers,6 or formulated with adjuvants, are required to
elicit protective titers of stalk-specific Abs in naive animals.85–88 There-
fore, these findings represent an advance on both IIVs and alternative
universal influenza vaccines in pre-clinical development.

In a homologous H1N1 challenge experiment, HI+-H1-specific Abs
elicited by immunization with Ad5_H1 conferred 100% protection
from lethal challenge in a manner comparable to a matched IIV. For
vaccine regimens that producedHI+ Abswith titersR1:40, protection
from morbidity and mortality was accompanied by complete steril-
izing protection in the lung. However, unlike IIV, a single shot of
Ad5_H1 also rapidly induced stalk-specific Abs by D14. Swift induc-
tion of Abs has beenmeasured in humans vaccinatedwithAd vaccines
against infectious diseases, including severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2),77,89,90 and this would be a desir-
able attribute for a pandemic vaccine. Importantly, the mechanism of
protection for broadly reactive, stalk-focused Abs is completely
distinct from classical, HI+ head-specific NAbs. Stalk Abs capable of
activating Fc-mediated effector mechanisms, such as ADCC or anti-
body-dependent cellular phagocytosis (ADCP) in vitro, can confer
in vivo protection against IAV in animals.54–56,91–93 Immunization
with Ad5_H1, but not IIV, induced H1-stalk-reactive Abs that acti-
vated murine FcgRIV in an ADCC reporter assay.

In addition, a single shot ofAd5_H1 also elicited bothCD4+ andCD8+

H1-stalk-specific T cell responses at all doses tested, whereas IIVs did
not. With increasing interest in the HA stalk as a universal vaccine
target, efforts have been made to identify T cell epitopes in the HA
stalk,94,95 but their specific contribution to vaccine efficacy remains
largely undefined to date. The limited induction of cellular immunity
by IIVs has been documented.40–44 In addition to providing help to B
cells, CD4+ T cells assist in the development of CD8+ responses,96 pro-
duce cytokines, and can have direct cytolytic activity.97,98 Considering
that in human influenza virus vaccine responses, antibody responses
to HA are correlated with HA-specific CD4+ T cells,99 HA-stalk-spe-
cific CD4+ T cellsmay play a role in increasing Ab responses to the im-
munosubdominant HA stalk. Therefore, while the CD4+ T cell
responses we detected in this study are of low frequency, they could
be an important component of the overall adaptive and protective im-
mune response, especially given their cross-reactivity between H1 and
H5. There is a paucity of information in the literature regarding HA-
stalk-specific T cell responses in humans andmice. It is also important
to note that T cell epitopes differ between species, making it difficult to
predict the translational relevance of T cells that target specific CD4 or
CD8 epitopes. However, a recent study identified CD4+ T cell epitope
“hotspots” in influenza HA that are similar between wild-type mice
and transgenic mice expressing human leukocyte antigen (HLA) class
II,95 suggesting that this pre-clinicalmodelmight prove useful for eval-
uating T cell responses for HA-stalk-focused universal vaccines.
Furthermore, clinical studies have reported responses to HA stalk
T cell epitopes following immunization with universal vaccine candi-
dates.100 As clinical trials in humans testing HA-stalk-based vaccines
advance in the near future, more detailed information regarding im-
munodominant HA stalk epitopes will become available, enabling
14 Molecular Therapy Vol. 30 No 4 May 2022
more authentic parallels to be drawn between clinical and pre-clinical
studies.

A vaccine capable of eliciting broad, anti-stalk Abs could provide a
cross-reactive barrier of defense in the absence of well-matched
anti-head Abs. In support of this, we determined that the induction
of stalk-reactive Abs with Fc-mediated effector activity, combined
with high frequencies of T cells specific to the H1 stalk, were sufficient
to provide robust protection against cH6/1N5 lethal challenge. Both
CD4+ and CD8+ T cells have been implicated in contributing syner-
gistically to protection.101,102 A broad phenotype of immunogenicity
elicited by a single vaccine could represent a means to overcome anti-
genic drift, a factor that necessitates costly annual reformulation of
seasonal IIVs. Despite complete protection from morbidity and mor-
tality at all doses of Ad5_H1 in the cH6/1N5 stalk challenge model,
some virus was detected in the lungs of these animals. This is consis-
tent with our mechanistic understanding of how stalk-mediated Abs
contribute to protection in vivo. In this scenario, lung cells infected
with cH6/1N5 that express cH6/1 HA on the cell surface during repli-
cation would allow stalk Abs to bind the HA stalk via their Fab
domain and simultaneously engage FcgRs via their exposed Fc
domain,53 thus triggering Fc-mediated effector functions. A role for
alveolar macrophages in cooperating with broadly reactive Abs
(neutralizing and non-neutralizing) to mediate protection in vivo
has previously been described.56 Therefore, it is likely that multiple
immune components work in concert to limit viral pathogenesis.

Beyond protection from matched (pH1N1) and mismatched chal-
lenge viruses (cH6/1N5), we also confirmed cross-reactivity against
an antigenically distinct avian influenza H5 subtype. Interestingly,
prior to H5N1 influenza virus challenge, Ad5_H1 vaccination with
doses of 108 and 107 IFUs induced comparable non-neutralizing
anti-H5 IgG responses. Furthermore, cross-reactive H5-stalk-specific
CD4+ T cell responses, although low frequency, were also comparable,
with no distinct difference in the frequency, profile, or polyfunction-
ality of T cells induced. However, the difference in protection against
H5N1 lethal challenge virus was striking, with 100% survival in the
Ad5_H1 108 IFUs group but only 29% in the Ad5_H1 107 IFUs group.
Themost notable difference in the immune response between 108 and
107 IFUs of Ad5_H1 was in H5-specific IgG2a titers. The Th1 pheno-
type of the CD4+ T cells induced may help drive the IgG2a response.
However, while this subclass dominated both the H1-stalk-specific
and H5-stalk-specific responses, the magnitude of H5-stalk-specific
IgG2a Abs were a log lower than H1-stalk IgG2a, particularly when
comparing equivalent vaccine doses. These differences were also re-
flected in the induction of ADCC by H1-stalk-reactive Abs versus
H5-stalk-reactive Abs, the latter of which was substantially lower.
This suggests that, in the absence of HI+ Abs, a minimal threshold
of effector function activity via FcgRIVmight be required for efficient
stalk-mediated protection in vivo. Equally, we cannot exclude the pos-
sibility that the triggering of other activating Fcg receptors expression
on various murine cell types could further contribute to protection
in vivo. Despite detecting significant, albeit low, frequencies of CD4+

T cells that were cross-reactive with the H5 stalk, we did not detect
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any cross-reactive CD8+ T cells following immunization with
Ad5_H1. This was unexpected, as Ad vectors are well established for
their robust induction of CD8+ responses. The stalks of H1 and H5
share �76% amino acid sequence identity. However, it is possible
that common CD8+ T cell epitopes do not exist between the H1 and
H5 stalks, or responses are not induced by a single immunization in
naive animals. This finding warrants further investigation but could
potentially be overcome in the future by including adjuvants or by per-
forming prime:boost immunization regimens. Unlike the cH6/1N5
challenge, no reduction in viral lung titers was observed in the
H5N1 challenge model in animals immunized with Ad5_H1. Again,
it is likely that multiple components of the immune response may
cooperate to confer protection from disease.101 The limited clearance
of virus from the lung in thismodel may have been affected by the lack
of CD8+ T cells and, potentially, sub-optimal ADCC activity of H5
cross-reactive stalk Abs. The inclusion of nucleoprotein (NP), which
is a known target for CD8+ T cells and has been associated with
limiting symptomatic disease in humans103 and providing broad pro-
tection in animals,104,105 could be included in Ad-based vaccines and
may increase viral clearance and maximize the efficacy of universal
influenza virus vaccines.

Overall, several factors likely contribute to the increased breadth of
protection from lethal challenge observed for Ad5_H1, as compared
with IIV. Ad vaccines are known to stimulate multiple innate im-
mune signaling pathways upon entry and intracellular trafficking,
which shape the magnitude and phenotype of the ensuing immune
response.106–108 In contrast, unadjuvanted IIV is limited in its ability
to stimulate pathogen-recognition receptors.109 Ad vectors also elicit
robust cellular immunity,46,106,110 whereas immunization with IIV is
not associated with the induction of significant cellular immune re-
sponses. In addition, it is well established that Ad vectors can facil-
itate antigen persistence,45,110 which may result in an ongoing
source of antigen for antigen-presenting cells (APCs) and/or
germinal centers. This persistence is in contrast with IIV immuniza-
tion, in which antigen availability is limited to the initial bolus in-
jection. In support of this, a recent study has demonstrated that a
slow-release delivery approach for an HIV-1 Env antigen, rather
than bolus immunization, resulted in a qualitatively superior im-
mune response with increased B cell diversity and target antigen
binding specificities.111 Increased understanding of the precise
mechanisms that confer the broad protection from lethal challenge
observed in this study will be important in contributing to the iden-
tification of correlates of protection for stalk-focused universal influ-
enza vaccines.

The use of a secreted form of HA may have helped to expose broadly
cross-protective stalk epitopes. Future studies comparing this with
full-length HA will shed further light on mechanisms underlying
the increased immunogenicity of the immunosubdominant HA stalk
in this study. With regard to the use of secreted protein containing a
fibritin foldon trimerization domain, this domain has previously been
reported to be immunogenic following three repeat immunizations in
animal models.112 In this manuscript, we administered a single im-
munization with an H1 antigen containing fibritin. Nonetheless, to
negate any issues when performing serological assays, we used ELISA
coating antigen with an alternate trimerization domain. A viral glyco-
protein antigen containing the fibritin trimerization domain, pre-
fusion (F) glycoprotein from respiratory syncytial virus (RSV), has
already been tested in a phase I clinical trial in humans in a homolo-
gous prime:boost regimen (NCT03049488).113 Sequential immuniza-
tion resulted in boosting of F-specific NAbs. If the use of secreted HA
does indeed enhance accessibility of immunosubdominant HA stalk
epitopes, it may be possible to use structure-guided immunogen
design to develop stable, trimeric HAs that lack any trimerization
domain for future clinical use. This has been achieved for RSV pre-
fusion F, for which cysteine-constrained trimers have successfully
been designed.114

Although currently undergoing clinical evaluation as a vaccine for
SARS-CoV-2, Ad5 may not be the ideal vector for clinical use in hu-
mans, due to high seroprevalence that could negatively impact im-
mune responses to the vaccine antigen. In this study, we used Ad5
as a tool to clearly demonstrate proof of concept for our hypothesis:
that it is possible to elicit protective levels of immunity directed to-
ward the immunosubdominant influenza virus HA stalk with a sin-
gle-shot vaccine. These data suggest that, with the right immunogen,
in combination with the optimal Ad vaccine platform, it may be
possible to develop a broadly protective, single-shot vaccine targeting
the HA stalk domain for pandemic preparedness. The diversity of Ad
vectors withminimal pre-existing immunity in humans that are avail-
able, and their compatibility with several innovative stalk-based im-
munogens currently undergoing pre-clinical evaluation (i.e., headless
HAs and chimeric HAs), highlight the feasibility of advancing similar
approaches for future clinical development.

MATERIALS AND METHODS
Cell lines and culture media

Expi293F cells (Life Technologies, Carlsbad, CA) were maintained in
suspension in serum-free Expi293F medium (Gibco, Gaithersburg,
MD) according to manufacturer’s instructions and incubated at
37�C in a humidified atmosphere of 8% CO2 on a shaking platform.
T-REx-293 cells (Life Technologies, Carlsbad, CA) were cultured
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (FBS) (Gibco, Gaithersburg, MD), 4 mM L-glutamine
(Sigma-Aldrich, St. Louis, MO), 100 mg/mL penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO), and 5 mg/mL blasticidin S (Gibco,
Gaithersburg, MD) and incubated at 37�C in a humidified atmo-
sphere of 5% CO2 in air. Cell lines were purchased directly from
the vendor and have associated lot numbers. Murine splenocytes
and blood lymphocytes were cultured in media denoted “R10” for
flow cytometry assays, consisting of Roswell Park Memorial Institute
(RPMI) media supplemented with 10% FBS, 100 mg/mL penicillin-
streptomycin, and 2 mM L-glutamine. MDCK and MDCK cH6/1
cells were cultured in 1� minimum essential medium (MEM) sup-
plemented with 100 mg/mL streptomycin, 2 mM L-glutamine, 0.15%
Na2HCO3, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
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acid (HEPES), and 10% FBS. FBS was substituted with 0.4% BSA for
plaque assay. The MDCK cell line stably expressing the cH6/1 has
previously been described.63 All cell lines used in this study were
routinely tested using PlasmoTest (InvivoGen, San Diego, CA)
and were determined to be mycoplasma negative prior to use.

Recombinant protein and antibody expression, purification, and

validation

We engineered and expressed recombinant headless HA (i.e., MiniHA
#4900 based on H1 A/Brisbane/59/2007)23 and H5 (A/Vietnam/1203/
2004) proteins with the GCN4 isoleucine zipper trimerization
domain66 from Saccharomyces cerevisiae and a C-terminal 6�-histi-
dine (6XHIS) tag. Sequences were codon optimized for Homo
sapiens, synthesized by GenScript (Piscataway, NJ) and provided in
expression plasmid pcDNA3.1(+) for transfection into Expi293F cells
using 4 mg/mL polyethylenimine (PEI). Expi293F cells were grown in
serum-free Expi media according to manufacturer’s instructions. Sol-
uble secreted trimeric HA protein was purified from the cell-free su-
pernatant (SN) 96 h post-transfection using nickel-nitrilotriacetic acid
(NiNTA) affinity chromatography (QIAGEN, Hilden, Germany).
Protein concentration was assessed by NanoDrop ND-1000 under
settings for Protein 280. Purified MiniHA was validated for size and
multimerization by anti-HIS western blot (w.blot) comparing 50 ng
denatured (95�C for 5 min; +dithiothreitol [DTT]) and non-dena-
tured (unboiled; no DTT) on a 10% Mini-Protean TGX Pre-cast gel
(Bio-Rad, Hercules, CA). Recombinant proteins were further checked
for structural integrity by performing ELISAs using a panel of previ-
ously described mAbs that recognize conformational epitopes on the
HA stalk. These antibodies include humanmAbs CR911434 and FI6,35

as well as mouse mAbs KB227 and GG3.36 ELISA plates were coated
with 2 mg/mL recombinant HA protein in 50 mL carbonate buffer.
Human mAbs CR9114 and FI6 were used at a starting concentration
of 1 mg/mL, followed by a 10-fold serial dilution, whereas murine
mAbs KB2 and GG3 were used at 3.33 mg/mL, followed by a 3-fold
serial dilution. Negative controls included species-specific IgG sub-
class-matched isotype controls and secondary-only antibody controls
run on each plate. Validation by w.blot and ELISA is summarized in
Figure S2. Full-length H1 (A/California/07/2009) protein used for
mouse serum IgG ELISAs in Figures 2A and 2B was obtained from
BEI Resources (NR-44074; lot no. 63,979,139). Plasmids encoding
the heavy and light chain for previously described broadly cross-reac-
tive anti-HA stalk antibodies, CR9114 and FI6, were provided by Dr.
Patrick Wilson and Dr. Carole Henry (University of Chicago). Anti-
bodies were expressed in 293A cells adapted to low IgG FBS and pu-
rified using protein A beads (Thermo Fisher Scientific, USA), as
described previously.115

Adenoviral vaccine engineering and production

DNA corresponding to influenza HA from H1 A/California/07/2009
in soluble secreted form was synthesized by BioBasic (ON, Canada).
The H1 immunogen was codon optimized for Homo sapiens116 and
engineered for secretion by removal of the transmembrane (DTM)
domain sequence of HA (Figure 1A), which was replaced with a het-
erologous carboxy (C)-terminal trimerization domain (i.e., fibritin
16 Molecular Therapy Vol. 30 No 4 May 2022
foldon).32,33 A 6XHIS tag was also engineered at the C terminus to
facilitate confirmation of H1 expression by anti-HIS w.blot (Fig-
ure 1B). The correct assembly of secreted H1 was confirmed by ELISA
using mAbs that bind to conformational epitopes on the HA stalk
domain (Figures 1C and 1D). Once validated, the final H1 antigen
sequence was sub-cloned into NotI digested plasmid pENTR, up-
stream of a CMV promoter for subsequent homologous recombina-
tion into a non-replicating Ad5 bacterial artificial chromosome
(BAC) backbone using Gateway technology (Life Technologies,
Carlsbad, CA), as previously described.46,117 A control Ad5 vaccine
expressing irrelevant antigen, EGFP, was engineered in a similar
manner. Ad5 genomes were linearized by PacI to release the infec-
tious viral genome and transfected into T-REx-293 cells (Life Tech-
nologies, Carlsbad, CA). The Ad5_H1 or control Ad5_EGFP vaccines
were amplified, purified by two rounds of cesium chloride banding,
and titrated at the Jenner Institute Viral Vector Core Facility
(University of Oxford, UK).

Vaccines

A number of IIV constructs were included in challenge experiments as
a comparator for the phenotype of immunity conferred by traditional
influenza vaccine platforms. These included a monovalent split-virion
vaccine based on H1 A/California/07/2009 to act as an antigen-
matched control to theH1 encoded in ourAd5 vaccine and as a positive
control for sterilizing protection in a homologous pH1N1 challenge
model. This reagent was obtained through BEI Resources, National
Institute of Allergy and Infectious Diseases (NIAID), NIH: Influenza
A (H1N1) 2009 Monovalent Vaccine, NR-20347 (lot no. UF867AD),
and was used at a dose of 1.5 mg HA, administered i.m. To act as a pos-
itive control for sterilizing protection in H5N1 challenge experiments,
a non-adjuvanted, inactivated whole virion A/H5N1 (A/Vietnam/
1203/2004) influenza vaccine was obtained through BEI Resources,
NIAID, NIH: NR-12147 (lot no. VNVIF008A) and was also used at
1.5 mg HA, administered i.m.

Influenza challenge viruses

A wild-type A/Netherlands/602/2009 (pH1N1) virus was used as a ho-
mologous H1 challenge virus. This virus has two amino acid non-syn-
onymous substitutions in the HA head domain when compared with
the H1 encoded in the Ad5_H1 construct (P91S; I323V; H3
numbering).118 A chimeric H6/1 virus was used in the stalk-matched
challenge. This virus expresses a chimeric HA, consisting of an H6
HA head domain (A/mallard/Sweden/81/2002) and an H1 stalk
domain (A/California/04/2009), matched to the H1 stalk in our Ad5-
H1vaccine. The cH6/1N5 virus is a 6:2 reassortant virus on anA/Puerto
Rico/8/1934 backbone, with an A/mallard/Sweden/86/2003 N5 neur-
aminidase (NA). The heterosubtypic H5N1 challenge virus was a 6:2
re-assortment virus of low pathogenicity avian A/Vietnam/1203/
2004, in which the polybasic cleavage site was removed (HALo), and
N1 from A/Vietnam/1203/2004 in an A/Puerto Rico/8/1934 backbone.

Generation of viral challenge stock

One hundred PFUs of influenza virus was injected into 10-day-old
embryonated chicken eggs and incubated at 37�C for 2 days. Eggs
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were then moved to 4�C and allowed to rest overnight. The allantoic
fluid was harvested and cleared through centrifugation at 3,000g for
10 min at 4�C in an Eppendorf 5810R using an A-4-81 rotor. Cleared
supernatant was tested via hemagglutination assay and frozen into
single-use aliquots at �80�C.

Determination of viral titer

MDCK cells were plated in 6-well dishes at a concentration of 8� 105

cells/well and allowed to incubate overnight at 37�C with 5% CO2.
Virus in allantoic fluid was diluted in log steps to a final dilution of
10�8, and 250 mL of each dilution was added to a monolayer of
MDCK cells after washing with PBS. Adsorption was allowed to pro-
ceed for 1 h with intermittent shaking every 10–15 min. PBS was
then added to wash off non-adsorbed virus, and an agar overlay con-
sisting of 0.01% diethylaminoethyl (DEAE)-dextran, 0.64% agar, and
1 mg/mL of L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
(TPCK)-treated trypsin in 1�MEMwas added and allowed to solidify
at room temperature. Infectionwas allowed to proceed for 48 h at 37�C
and 5% CO2 or until visible plaques appeared. Plaques were counted
following crystal violet staining, and titer was determined as a function
of the number of plaques per well, the dilution factor, and volume
added per well.

Mice

All animal studies were approved by the Icahn School of Medicine at
Mount Sinai Institutional Animal Care and Use Committee (IACUC-
2017-0170) and were carried out at The Center for ComparativeMed-
icine and Surgery (CCMS) vivarium. All mice were female BALB/cJ
mice (Jackson Laboratory, Bar Harbor, ME) aged 7 to 8 weeks at
time of vaccination (n = 5–10 mice/group).

Mouse immunogenicity and challenge study design

Mice arriving at the vivarium were given an acclimatization period of
�6 days before the commencement of procedures. Mice were
randomly assigned to individually ventilated cages (n = 5), with
each cage acting as an experimental unit forming part or all of a single
vaccination group. Mice were bled via the submandibular route at day
�2 (D�2) and then vaccinated atD0 i.m. with vaccine diluted in 50mL
sterile PBS (Figure 1E). Test vaccination groups consisted of 108, 107,
or 106 IFUs of Ad5_H1 vaccine. Control groups included 108 IFUs
Ad5_EGFP vaccine, 1.5 mg H1 IIV, 1.5 mg H5 IIV, or sterile PBS alone
(50 mL final volume). Mice were bled via the submandibular route at
D14 and/or D28. Subsets of mice were humanely euthanized by
increasing concentration of CO2 for splenocyte analyses at D28, and
remaining mice were subsequently challenged intranasally (i.n.)
with influenza virus at 5�–10� mouse LD50. Influenza-virus-chal-
lenged mice were monitored for 14 days for weight loss and were hu-
manely euthanized by increasing concentration of CO2 if their weight
dropped below 75% of their individual pre-challenge weight. Surviv-
ing mice were humanely euthanized 14 days post-challenge.

Determination of mouse LD50

Influenza virus was diluted to 105 PFUs/50 mL and further diluted in
log steps to reach 10 PFUs/50 mL. Mice were anesthetized using a ke-
tamine/xylazine mixture and infected i.n. with 50 mL of a particular
dilution. Weight loss was monitored for 14 days, and mice dropping
below 75% initial body weight were humanely sacrificed. The mouse
LD50 was calculated based on the survival data by determining the
titer at which 50% of the mice would survive.119

Influenza virus challenge weight loss and survival

Post-challenge weights were normalized to the defined pre-challenge
weight for eachmouse. Mice were humanely euthanized if 25%weight
loss against pre-challenge weight was measured. Survival curves
denote the day post-challenge each mouse was humanely euthanized.
Survival significance thresholds were calculated using a log rank
(Mantel-Cox) test with manual Bonferroni correction for multiple
comparisons.

Blood and organ harvesting

For serum blood sampling, blood was drawn via submandibular
puncture and collected in Microvette CB300 capillary blood collec-
tion tubes with clot activator (Sarstedt) and were then centrifuged
at 15,000g for 5 min, serum aliquoted, and stored at�20�C. Maximal
blood sampling throughout the duration of the studies did not exceed
recommended guidelines per total blood volume (TBV) for mice, as
established by the National Center for the Replacement, Refinement
and Reduction of Animals in Research (NC3Rs): a maximum <10%
TBV on any single occasion and <15% TBV within a 28-day period.
For spleen harvesting, mice were administered xylazine/ketamine
intraperitoneally (i.p.) and terminally exsanguinated via cardiac
puncture into Microtainer with clot activator (BD Biosciences),
followed by cervical dislocation and spleen dissection.

Organ processing

Spleensweremechanically disrupted through a 40-mmcell strainer into
PBS and then pelleted by centrifugation at 450g for 5 min. SNs were
discarded and splenocytes resuspended in ammonium-chloride-potas-
sium (ACK) (0.15MNH4Cl, 10mMKHCO3, and 100mMEDTA-Na2
in water) lysing buffer and incubated for 5 min at room temperature,
vortexing at the start and end of incubation. PBSwas added per sample
to stop the lysis, samples were pelleted by centrifugation at 500g for
5 min, and then SN was discarded. Samples were resuspended in
R10, and cell debris clumpwas removed and then re-pelleted by centri-
fugation 500g for 5 min. Splenocytes were resuspended in R10 for
counting and then re-suspended to 25 � 106 splenocytes/mL.

Peptides for T cell assays

The following reagent was obtained through BEI Resources, NIAID,
NIH: Peptide Array, Influenza Virus A/California/07/2009 (H1N1)
pdm09 Hemagglutinin Protein, NR-19244. NR-19244 is a 139-pep-
tide array spanning the influenza HA from A/California/07/2009
(pH1N1), using 15-amino-acid-long peptides with an 11-amino-
acid overlap. A peptide pool for the H1 stalk domain only (65 pep-
tides) was reconstituted according to Table S1. The following reagent
was obtained through BEI Resources, NIAID, NIH: Peptide Array,
Influenza Virus A/Vietnam/1203/2004 (H5N1) Hemagglutinin
Protein, NR-18974. NR-18974 is a 93-peptide array spanning the
Molecular Therapy Vol. 30 No 4 May 2022 17

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Bliss et al., A single-shot adenoviral vaccine provides hemagglutinin stalk-mediated protection against heterosubtypic
influenza challenge in mice, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.01.011
influenza virus HA from A/Vietnam/1203/2004 (H5N1), using 17-
amino-acid-long peptides with an 11-amino-acid overlap. A peptide
pool for the H5 stalk domain only (45 peptides) was reconstituted ac-
cording to Table S2. Lyophilized peptides were reconstituted in
DMSO at 20 or 30 mg/mL and then peptides were pooled in
200 mg/mL working stocks for use in flow cytometry assays.

Cell stimulation and staining for intracellular cytokine staining

assay

Splenocytes or PBMCs were stimulated in R10 medium containing
anti-mouse CD28 (1:1,000; BD Biosciences), brefeldin A (1:1,000;
BD Biosciences), monensin (1:1,000; BD Biosciences), and anti-
mouse CD107a-PE (1:200; BioLegend) for 6 h at 37�C in 5% CO2.
Stimulations consisted of either 1 mg/mL of pooled H1- or H5-stalk
peptides (Tables S1 and S2) or an equivalent volume of DMSO as a
negative control. Separate splenocytes and selected PBMC samples
(when sample volume permitted) underwent stimulation with a com-
bination of 0.5 mg/mL phorbol 12-myristate 13-acetate (PMA)
(Sigma-Aldrich, St. Louis, MO) and 1 mg/mL ionomycin (Sigma-Al-
drich, St. Louis, MO) as a positive control. After stimulation, plates
were stored at 4�C overnight protected from light. Cells were then pel-
leted by centrifugation at 500g for 5 min in an Eppendorf 5810R
centrifuge, and samples were incubated with Fc block (1:100; BD Bio-
sciences) for 10 min at 4�C. Cells were washed in fluorescence-acti-
vated cell sorting (FACS) buffer and incubated with surface-staining
cocktail for 30 min at 4�C protected from light (see Table S3). After
incubation, cells were washed in FACS buffer and then incubated
in Fixation/Permeabilization buffer (BD Biosciences) for 10 min at
4�C. Cells were washed in 1� Permeabilization buffer (BD Biosci-
ences) and then incubated with the intracellular staining cocktail
for 30 min at 4�C protected from light (see Table S3). Samples were
washed twice in 1� Permeabilization buffer and once in FACS buffer
and then resuspended in FACS buffer. Samples were acquired on an
LSRII cytometer (BD Biosciences) using FACSDiva v.7.03 (BD Bio-
sciences), with the relevant single fluorochrome compensation con-
trols (UltraComp eBeads; Thermo Fisher Scientific, Waltham, MA)
and photonmultiplier tube voltages set by daily acquisition of Cytom-
eter Setup and Tracking beads (BD Biosciences).

ELISA—total IgG

Immulon 4HBX flat bottom 96-well plates (Thermo Fisher Scientific,
Waltham, MA) were coated overnight at 4�C with recombinant Min-
iHA, H1 or H5 protein at 2 mg/mL diluted in 50 mL of 50 mM carbon-
ate Na2CO3 buffer (Sigma-Aldrich, St. Louis, MO). The following
day, plates were washed using 1� PBS (Life Technologies, Carlsbad,
CA) containing 0.1% Tween 20 (Millipore, Burlington, MA) and
blocked with 200 mL blocking buffer: PBS containing 1% (w/v) BSA
(Sigma-Aldrich, St. Louis, MO) for at least 1 h at room temperature.
After washing with PBS Tween, a 1:100 dilution of mouse sera was
added to the plate in duplicate and a 3-fold serial dilution in blocking
buffer performed, resulting in a final volume of 100 mL/well. Plates
were incubated for 2 h at room temperature on an orbital shaker. A
positive control mAb, KB2 (mouse IgG2a), which binds to the HA-
stalk of H1 and H5 HAs, was used on each plate at a final concentra-
18 Molecular Therapy Vol. 30 No 4 May 2022
tion of 10 mg/mL. A matched isotype control (clone no. MOPC-173
mouse IgG2a; Abcam, Cambridge, UK) was used as a negative control
on every plate. Additional controls on each plate included naive, un-
vaccinated mouse sera and secondary antibody-only controls. After
washing, 100 mL goat anti-mouse IgG horseradish peroxidase
(HRP)-conjugated secondary Ab (1:5,000; Millipore, Burlington,
MA) was added to the plate. After a 1-h incubation at 37�C, the plate
was washed and developed using 100 mL SigmaFast o-phenylenedi-
amine dihydrochloride (OPD) (Sigma-Aldrich, St. Louis, MO) tablets
diluted in water. Development was stopped with 50 mL 3MHCl after a
set period of time: 10 min for MiniHA and H5 ELISA and 6 min for
H1 ELISA. Plates were read for optical density (OD) at 492 nm.

ELISA—IgG subclass

ELISAs were performed as above with modifications: serial dilutions
of vaccinated mouse sera started at 1:33.3 instead of 1:100. Naive un-
vaccinated controls were also added at this final dilution. Following
the 2-h incubation, 50 mL of biotin-conjugated secondary rat anti-
bodies specific for each isotype, anti-mouse IgG1 (BD Biosciences,
Franklin Lakes, NJ), anti-mouse IgG2a (BD Biosciences, Franklin
Lakes, NJ), and anti-mouse IgG2b (BD Biosciences, Franklin Lakes,
NJ), were diluted to 1 mg/mL in blocking buffer and added to the plate.
After a 1-h incubation shaking at room temperature, 50 mL of ExtrA-
vidin-Peroxidase (1:2,500; Sigma-Aldrich, St. Louis, MO) was added
directly to each well, without washing, and the plate was incubated for
30 min shaking at room temperature. Plates were washed prior to
development using SigmaFast OPD solution for 10 min, as described
above.

Analysis of ELISA data

The ELISA baseline was defined as the mean plus three standard de-
viations (3SDs) of the lowest dilution of naive sera OD values across
all plates in a single run (i.e., 1:100 of naive sera for standard IgG
ELISAs or 1:33.3 for isotype ELISAs). The mean of test sera duplicate
values was calculated for each dilution. Endpoint titers were calcu-
lated using GraphPad Prism v.8.2.1 and represent the X-intercept
with the defined baseline (naive mean + 3SDs). Values below the limit
of detection were estimated to be at half the highest input dilution.
The AUC was calculated in GraphPad Prism v.8.2.1 and represents
the total peak area, where baseline was set as described above, with
peaks <10% of the y axis minimum to maximum ignored. When
AUC values could not be calculated, an arbitrary value of 1.0 was
assigned.

Antibody-dependent cellular cytotoxicity assay

A reporter-based ADCC assay was performed according to the kit
manufacturer’s protocol (Promega, Madison, WI) with modifica-
tions. Briefly, cH6/1-expressing MDCK cells (MCDK-cH6/1)63

were seeded at 2.5 � 104 cells/well in sterile white 96-well plates
(Costar) in complete 1� MEM and incubated at 37�C with 5%
CO2. In a separate assay, MDCK cells were seeded as above but
were infected overnight at 37�C with a multiplicity of infection
(MOI) 5 of H5N1 in a final volume of 100 mL UltraMDCK media.
After 24 h or 48 h, media and virus suspension was removed from
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MDCK-cH6/1 cells or H5N1-infected MDCKs, respectively, and
25 mL pre-warmed RPMI 1640 (Gibco, Gaithersburg, MD) media
added per well. In a separate plate, pooled mouse serum was diluted
1:10 in cold RPMI and a 3-fold serial dilution performed, and then,
25 mL of diluted mouse serum was added to the MDCK cells. A stable
Jurkat cell line expressing mouse FcgRIV (Promega, Madison, WI)
was rapidly thawed and reconstituted in pre-warmed RPMI media
and then added to MDCK-cH6/1- or MDCK-H5N1-infected cells
in a 25 mL volume at an effector-to-target-cell ratio of approximately
1.7–2.5:1. After 6 h at 37�C with 5% CO2, cells were equilibrated to
room temperature for 15 min and then 75 mL Bio-Glo Luciferase
assay substrate (Promega, Madison, WI) was added. Luminescence
was immediately read using a Synergy H1 hybrid multimode micro-
plate reader (BioTek Instruments). For AUC analysis, background
subtracted relative light units (RLUs) were used to define the area, us-
ing mean plus 3SDs of negative control wells (no Ab wells) as the
defined baseline. Alternatively, background subtracted raw RLUs
were plotted (Figures S4J and S4L).

Hemagglutination inhibition assay

Mouse serumwas incubated overnight in a 37�Cwater bath in the pres-
ence of receptor-destroying enzyme (RDE) and then resuspended in
2.5% sodium citrate and heated for 30 min in a 56�C water bath.
RDE-treated serum sampleswere then diluted to 1:10 of original serum
volume in PBS and tested by standard HI assay. Briefly, turkey red
blood cells (RBCs) weremixed 1:1 in PBS and then washed in a bench-
top microcentrifuge at 2,000 rpm for 2 min. Supernatant was removed
and a 0.5% RBC solution prepared by dilution in PBS. A/Netherlands/
602/2009(pH1N1) virus was diluted to 160 hemagglutination activity
units (HAUs)/mL, determined by HA assay, in PBS. In V-bottom
96-well plates, 50 mL of RDE-treated serum was 2-fold serially diluted
in 25mLof PBS. FourHAUs of pH1N1 virus in 25mLwas added to each
well and the plates gently agitated. Plates were incubated for 30 min at
room temperature and then 50 mL of 0.5% turkey RBCs was added.
Plates were incubated at 4�C for 45min. The hemagglutination inhibi-
tion (HI) titers were determined by the last well in which hemaggluti-
nation of RBC did not occur.

Quantification of lung viral titers

Following euthanasia, whole lungs were harvested, trimmed, and the
entire lung placed into BeadBug tubes containing 3-mm beads and
pre-filled with 1 mL of sterile PBS (Sigma-Aldrich, St. Louis, MO).
Tubes were kept on ice until homogenization in a BeadBlaster
(Benchmark Scientific, Sayreville, NJ) using the following settings
for two cycles: 6 m/s; 20 s shaking; and 20-s intervals. Tubes were
removed and pelleted at maximum speed in a benchtop centrifuge
pre-chilled to 4�C. The cleared lysate was aliquoted into fresh tubes
and stored at �80�C until ready for quantification of viral lung titers
using an immunostaining-based plaque assay.

MDCK cells were seeded in 12-well plates at 0.4 � 106 cells/well in a
final volume of 1 mL. The following day, aliquots of lung homoge-
nates were thawed and serially diluted 10-fold in infection medium
(1� PBS with 100 mg/mL penicillin-streptomycin, 0.2% BSA,
0.83 mM CaCl2, and 1 mM of MgCl2). Single-use aliquots for a stock
of H1N1 virus of known titer were included to act as a positive control
between assays. MDCK cells were washed once with 1 mL pre-
warmed PBS and the suspension replaced with 250 mL of each exper-
imental sample and corresponding dilutions. Virus suspension was
allowed to absorb to cells for 1 h at 37�C with gentle rocking every
15 min to ensure even distribution of the suspension. Following incu-
bation, the cells were washed with PBS and overlaid with 1mL overlay
medium. Overlay medium consists of an equal volume of 2� agar so-
lution (0.02% DEAE-dextran, 0.2% sodium bicarbonate, 2 mg/mL of
TPCK-treated trypsin, and 1.2% Oxoid agar in water for injection
[WFI]) added to 2� MEM (Gibco) containing 4 mM L-glutamine,
0.24% sodium bicarbonate, 20 mM 4-HEPES, 200 mg/mL peni-
cillin-streptomycin, and 0.42% BSA. Cells were then incubated for
42–44 h at 37�C until visible plaques were observed. Cells were fixed
for at least 2 h in 4% formaldehyde and plaques immunostained for
2 h at room temperature with HA-stalk-specific human mAb
CR9114 diluted in 1% dry milk to a final concentration of 0.41 mg/
mL. Following primary Ab incubation, cells were stained for 1 h
with goat anti-human IgG conjugated to HRP (Sigma-Millipore) at
a final dilution of 1:5,000 in 1% dry milk. Cells were washed with
tap water and 500 mL TrueBlue peroxidase substrate (SeraCare Life
Sciences, Gaithersburg, MD) added per well and allowed to incubate
for 10–15min. Plaques were counted in wells that had 10–100 plaques
and titer calculated for each lung homogenate sample as PFUs/mL as
follows: dilution of well � number of plaques and adjusted for virus
volume added per well. Quality control (QC) by microscopy ensured
monolayer was intact.

Lung histology and pathological evaluation

Lungs were harvested following influenza virus challenge at the time
of euthanasia or, in the case of survival, at the end of the experiment
on D14 post-challenge. Lungs were inflated with 10% formalin and
submitted to the Biorepository and Pathology Core at ISMMS for tis-
sue processing and paraffin embedding. Lung-tissue sections 5 mm in
thickness were stained using H&E and evaluated by a veterinary
pathologist who was blinded to the treatment groups, with the excep-
tion of the PBS vaccinated + challenge and PBS mock challenge
group. Images were captured under 200� magnification using an
Olympus B�43 with an Olympus DP21 Digital Camera system.

Flow cytometry and data analysis

FACS data were acquired on an LSRII cytometer (BD Biosciences,
Franklin Lakes, NJ), FACSDiva v.7.03 (BD Biosciences, Franklin
Lakes, NJ), with photon multiplier tube voltages set by daily acquisi-
tion of Cytometer Setup and Tracking beads (BD Biosciences,
Franklin Lakes, NJ). Flow cytometry standard (FCS) files were
analyzed using FlowJo v.10.4.2 (Treestar, Ashland, OR). A sample
gating strategy is provided in Figure S6 for intracellular cytokine
staining. Compensation was calculated in FlowJo, based on single
fluorochrome compensation bead controls.

For intracellular cytokine staining, greater than 12,900 CD4+ and
>1,800 CD8+ PBMCs were acquired on test samples and >36,700
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CD4+ and >17,400 CD8+ cells acquired per splenocyte test sample.
Data were analyzed using FlowJo v.10.4.2 (Treestar, Ashland, OR),
gating on lymphocytes, singlets, live cells, CD3+, CD4+, or CD8+

and then assessed for IFN-g, IL-2, TNF-a, and CD40L responses
and for CD107a expression. Responses in autologous DMSO negative
controls were subtracted from HA stalk-stimulated and PMA/iono-
mycin stimulated responses, with HA-stalk-specific responses re-
ported as frequency of positive cells per parent CD4+ or CD8+

T cell population. All PMA/ionomycin stimulated splenocytes passed
a >1% cytokine response threshold. Representative PMA/ionomycin
stimulated PBMC samples (n = 3 per run) passed a >1% cytokine
response threshold for R2 cytokines.

Statistical analyses

Differences between Ad5_H1-vaccinated groups compared with rele-
vant controls (i.e., conventional H1N1 IIV or irrelevant antigen vac-
cine Ad5_EGFP) were calculated using a Kruskal-Wallis test with
Dunn’s correction for multiple comparisons. Comparisons between
two groups were performed using a non-parametric Mann-Whitney
test. Survival was determined using a Kaplan-Meier survival curve
and significance thresholds calculated using Mantel-Cox log rank
test, manually corrected for multiple comparisons against the relevant
comparator using Bonferroni method. Statistical significance was
determined to be *p < 0.05, **p < 0.01, ***p < 0.001, or ****p <
0.0001. Data were graphed using GraphPad Prism v.8.2.1 (GraphPad
Software, CA, USA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.01.011.
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