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ABSTRACT Vaccines targeting SARS-CoV-2 have been shown to be highly effective;
however, the breadth against emerging variants and the longevity of protection remains
unclear. Postimmunization boosting has been shown to be beneficial for disease protec-
tion, and as new variants continue to emerge, periodic (and perhaps annual) vaccination
will likely be recommended. New seasonal influenza virus vaccines currently need to be
developed every year due to continual antigenic drift, an undertaking made possible by
a robust global vaccine production and distribution infrastructure. To create a seasonal
combination vaccine targeting both influenza viruses and SARS-CoV-2 that is also ame-
nable to frequent reformulation, we have developed an influenza A virus (IAV) genetic
platform that allows the incorporation of an immunogenic domain of the SARS-CoV-2
spike (S) protein onto IAV particles. Vaccination with this combination vaccine elicited
neutralizing antibodies and provided protection from lethal challenge with both patho-
gens in mice. This approach may allow the leveraging of established influenza vaccine
infrastructure to generate a cost-effective and scalable seasonal vaccine solution for both
influenza and coronaviruses.

IMPORTANCE The rapid emergence of SARS-CoV-2 variants since the onset of the pan-
demic has highlighted the need for both periodic vaccination “boosts” and a platform that
can be rapidly reformulated to manufacture new vaccines. In this work, we report an
approach that can utilize current influenza vaccine manufacturing infrastructure to generate
combination vaccines capable of protecting from both influenza virus- and SARS-CoV-2-
induced disease. The production of a combined influenza/SARS-CoV-2 vaccine may repre-
sent a practical solution to boost immunity to these important respiratory viruses without
the increased cost and administration burden of multiple independent vaccines.

KEYWORDS SARS-CoV-2, influenza vaccines

very year, influenza virus vaccines are produced, distributed, and administered in

numbers that are sufficient for most of the global population (1). These vaccines
are widely accepted to be safe and efficacious; however, they must be reformatted
annually due to viral antigenic drift (2-4). Several types of influenza vaccines are in clin-
ical use, including purified subunit, inactivated, and live-attenuated influenza vaccines
(LAIV) (1). FDA-approved subunit vaccines consist of a recombinantly expressed he-
magglutinin (HA) protein, and like all current vaccination strategies, are primarily
designed to elicit virus-neutralizing antibodies (5). Inactivated influenza vaccines con-
sist of chemically inactivated viruses, are replication-incompetent, and represent the
most common formulation for vaccination against influenza. In contrast, LAIVs are rep-
lication competent but are built on cold-adapted backbones which possess several
mutations that limit viral replication above 33°C, thereby preventing infection of the
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lower respiratory tract. LAIVs are also thought to mediate superior stimulation of
CD4*/CD8* T cells and uniquely elicit IgA antibodies compared to traditional inacti-
vated influenza vaccines (6-9). Thus, a number of effective approaches have been
developed to induce influenza-directed immunity.

Because of their broad use and immunogenicity, influenza viruses have also been
considered as a vaccine platform. Reverse genetic approaches (10) have allowed for
the introduction of noninfluenza proteins and immune epitopes into influenza viral
strains (11-14). These recombinant influenza strains would then theoretically serve as
vehicles for introducing these non-influenza virus antigens to the immune system.
Thus, leveraging existing influenza virus vaccine production infrastructure to produce
recombinant viral strains that express immunogenic antigens from other pathogens
may be a practical approach to generating cost-effective, easily implemented combina-
tion vaccines or boosters.

SARS-CoV-2 is the respiratory RNA virus that causes COVID-19, a disease that is simi-
lar in many respects to influenza virus-induced disease (15). While a number of vac-
cines designed to vaccinate immunologically naive people and provide protection
from COVID-19 are currently in use, these vaccines are for the most part expensive,
associated with more significant side effects, and difficult to produce/distribute (16—
19). Further complicating vaccination efforts is the emergence of mutant strains of
SARS-CoV-2, such as the Delta and Omicron variants, that have been associated with
reduced vaccine efficacy (20-22). Additionally, protective immunity against human
coronaviruses in general is thought to be relatively short-lived (23-26). Thus, it is likely
that a cost-effective, scalable, and safe vaccine to periodically boost immunity against
SARS-CoV-2 will be needed.

In order to develop a platform-based solution to regularly boost immunity against
SARS-CoV-2 and associated variants, we have developed and tested a combination
influenza virus-based vaccine that incorporates both influenza A virus (IAV) and SARS-
CoV-2 antigens. This vaccine elicited neutralizing antibodies and provided protection
from lethal challenge with both viruses in mouse models of infection. By developing a
vaccine strain of IAV that encodes, stably expresses, and packages a small but immuno-
genic domain of the SARS-CoV-2 S protein, we have generated a combination vaccine
that can be manufactured in the same way that most influenza virus vaccines are al-
ready produced. To limit cost and the human vaccine burden, a seasonal IAV/SARS-
CoV-2 combination vaccine could be used to replace the standard seasonal IAV vaccine
and provide protection against novel variants of IAV and SARS-CoV-2. Such an
approach would not require additional vaccine manufacturing or distribution facilities,
and the resulting effect would be the simultaneous boosting of immunity to two respi-
ratory pathogens.

RESULTS

Generation of an HIN1 IAV encoding the SARS-CoV-2 RBD. Our initial goal was
to develop a strain of IAV that would encode a gene for the receptor binding domain
(RBD) of the major antigen of SARS-CoV-2, the spike (S) glycoprotein (27, 28). We
wanted this gene to be expressed at high levels and for the translated SARS-CoV-2
antigen to be incorporated into an IAV particle such that the resulting vaccine could
be administered as either live attenuated or inactivated vaccine, formulations both cur-
rently approved for use in humans (29). We have previously published viral genetic
approaches that allow for the incorporation of foreign open reading frames (ORFs) into
the viral genome, with smaller insertions generally being better tolerated than larger
ones (30-32). Using the mouse-adapted A/Puerto Rico/8/1934 (PR8) H1N1 IAV, a strain
that is generally considered to be incapable of causing disease in humans (33) as the
genetic background, we inserted the S RBD domain (<<18% of the full-length S protein
but still a complete antigenic domain) 5’ to the viral hemagglutinin (HA) ORF (Fig. 1A).
This approach and genetic locus in 1AV is associated with high expression of a foreign
gene (30). To facilitate incorporation of the SARS-CoV-2 RBD onto nascent viral
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FIG 1 Generation of an IAV that encodes a vaccine antigen in the HA segment. (A) Diagram showing genetic modulation of the HA segment to enable
insertion of a foreign ORF. The SARS-CoV-2 RBD was fused to the NA transmembrane domain, and a PTV1-2A site was introduced to allow for cotranslation
of the RBD and HA. (B) Agarose gel showing segment 4 RT-PCRs from WT and TM-RBD-HA viruses. (C) Immunofluorescence microscopy images of
unpermeablized MDCK cells infected without virus (top), WT virus (middle), or TM-RBD-HA virus (bottom); cells were subsequently stained with antibodies/
dyes against nuclei (first column), HA (second column), or SARS-CoV-2 RBD (third column). Merged images are presented in the fourth column. Scale bar
indicates 100 um. (D) HA assays of WT and TM-RBD-HA viruses after growth in embryonated chicken eggs for 72 h. Each dot represents an individual egg;
n = 4. (E) HA assays of WT and TM-RBD-HA viruses grown in embryonated chicken eggs at 24, 48, and 72 h; n = 4. (F) Plaque assays of WT and TM-RBD-HA
viruses after growth in embryonated chicken eggs for 72 h from panel E. Each dot represents an individual egg; n = 4. (G) Segment 4 RT-PCRs with WT
and TM-RBD-HA viruses after 10 passages on MDCK cells. PO indicates the stock of virus used for the experiment. Statistical analyses were performed using
unpaired Mann-Whitney tests. For all panels, asterisks indicate P values of <0.05. Error bars indicate the standard error of the mean (SEM).

particles, we fused the ORF to the N-terminal sequence from the IAV neuraminidase
(NA) protein which contains the transmembrane domain and cytoplasmic tail of that
protein. In between the two proteins is a picornaviral 2A motif which ensures that the
proteins are cotranslationally separated and can be independently packaged onto the
viral particle (Fig. 1A).

We rescued the virus and verified appropriate insertion of the SARS-CoV-2 RBD ORF
into the HA-encoding IAV segment via reverse transcriptase PCR (RT-PCR) (Fig. 1B). To
determine if the RBD was being expressed and localized to the plasma membrane, we
infected cells, fixed them (but did not permeabilize), and then incubated them with anti-
bodies against the IAV HA protein and the SARS-CoV-2 RBD. While infection with both non-
modified wild-type (WT) IAV as well as the recombinant vaccine strain (TM-RBD-HA) led to
expression of HA, the SARS-CoV-2 RBD was only detectable after infection with the TM-
RBD-HA virus (Fig. 10). In multicycle growth assays, the TM-RBD-HA virus amplified itself,
although with delayed kinetics and a lower endpoint titer compared to WT PR8 (Fig. 1D to
F). Finally, we wanted to ensure that the SARS-CoV-2 RBD ORF would remain stable in the
viral genome. After 10 serial passages, the SARS-CoV-2 RBD ORF was amplified via RT-PCR
with no apparent changes to its size (Fig. 1G). DNA sequencing of this RT-PCR product
revealed no mutations in the SARS-CoV-2 RBD or flanking genetic elements. Thus, we suc-
cessfully developed an IAV vaccine that incorporates a membrane-anchored SARS-CoV-2
RBD antigenic domain.

The SARS-CoV-2 RBD is packaged onto IAV particles without disruption of
native viral proteins. Next, we wanted to ensure that the membrane-anchored SARS-
CoV-2 RBD was, in fact, incorporated into the viral particle. We therefore purified WT

August 2022 Volume 96 Issue 15 10.1128/jvi.00689-22 3


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00689-22

An IAV/SARS-CoV-2 Combination Vaccine Journal of Virology

A B C
& Virus ELISA: IAV Hemagglutinin Virus ELISA: SARS-CoV-2 Spike RBD
)
%)
8 *
POt 159 .@ TM-RBD-HA _ o8 _ ?°7-e TM-RBD-HA 5 |
& S T |ewr 3 * E - WT 2
& 5 © BSA < I 1 & 154 .0 BSA <
& g 10 £ 04 2 E
= S <
25— - | M1 8 = 3 10 =
75— & s S £
1s{==]m2 | .. - -g 05 g o2 -g 0s [ R
37 | RBD 3 S 2" 5
NA <
50 -8 0.0+ 000 0 <O. 3 T T < e, = o
10° 102 107 10° 102 10 10° 10!
¥ ¥
Hg/mL a-HA (PY102) 0% “é Qog‘ pg/mL a-RBD ng. *Xé o}?‘v
; & qg
D E < F o
Virus ELISA: SARS-CoV-2 Spike RBD Virus ELISA: SARS-CoV-2 Spike RBD Sandwich ELISA
(conformation specific) (conformation specific) (capture: RBD, detect: HA)
1.00 12 * 0.25 15 * =4 %
T @ TM-RBD-HA = i E © TM-RBD-HA = | T g
o 3 ] c
S o5 ‘- wI < B ; X - Wr < ¥ 3 4 %3 °
-] © BSA x g v x 10 & )
N4 s K g 3 S
§ 0.50 % § % g : :_g )
£ 2 4 8 L2 os "g <
e e 3]
g 0.25 o 0 0. o 3 51
< 3 ° é 3 I"*.;'l < <
[ Bl o | == 03 poeq
. 104 10 102 107 100 101 67" 4“‘ le' 0’05104 100 102 101 100 10! 102 o ?I' J v'. S L& 2 < 8 é‘l YI' 4‘& S
[DH1041], pg/mL & & [DH1044], pg/mL & oo’z“ cowowew & &
& & [PY102], pg/mL Q
’\@ »\é «*

FIG 2 The SARS-CoV-2 RBD is stably incorporated into IAV particles without disrupting other viral envelope proteins. (A) Western blot analysis of WT and
TM-RBD HA viral particles purified after growth in embryonated chicken eggs. Samples were normalized via M1 protein signal using pixel densitometry. (B)
ELISAs (left) against whole virus particles using the PY102 anti-HA antibody and area under the curve analysis (right, n = 4). (C) ELISAs (left) against whole
virus particles using a SARS-CoV-2 RBD antibody (binds a nonstructural epitope) and area under the curve analysis (right, n = 4). (D) ELISAs (left) against
whole virus particles using a SARS-CoV-2 neutralizing antibody (DH1041, binds a structural epitope on the RBD) and area under the curve analysis (right,
n = 4). (E) Same analysis as in panel D using a different conformation-specific SARS-CoV-2 neutralizing antibody, DH1044 (n = 4). (F) Sandwich ELISA of WT/
TM-RBD-HA viruses in which DH1041 antibody was used to capture virus and PY102 was subsequently used to detect virus; n = 4. Statistical analyses were
performed using unpaired Mann-Whitney tests. For all panels, asterisks indicate P values of <0.05. Error bars indicate the SEM.

and TM-RBD-HA virus particles and analyzed their protein composition via Western
blot analysis. We first normalized loading based on the levels of the IAV matrix (M1)
protein in the two samples; the M1 protein forms the viral capsid and is not expected
to be altered by changes to glycoprotein composition (34). As expected, we observed
that SARS-CoV-2 RBD was detectable in the recombinant RBD virus, but not in the WT
virus (Fig. 2A). To determine the influence of the incorporation of another protein in
the viral envelope on the native influenza viral surface proteins, we probed for expres-
sion of M2 as well as the HA and NA proteins. While the levels of the M2 protein were
unchanged, there was a slight reduction in the amount of HA and an increase in the
amount of NA packaged into nascent virions compared to WT virus (Fig. 2A). Thus, this
genetic approach can facilitate packaging of a foreign protein onto a viral particle
without dramatic effects on native viral protein incorporation.

We next wanted to assess native glycoprotein virion packaging and the SARS-CoV-2
RBD secondary structure on intact virions. Via enzyme-linked immunosorbent assay
(ELISA) on purified virions, we observed a statistically significant but minor reduction
of HA in the recombinant TM-RBD-HA virus compared to unmodified WT virus (Fig. 2B).
We then probed for the SARS-CoV-2 RBD using antibodies that recognize either non-
structural or structural epitopes. A nonconformation-specific antibody raised against
the RBD yielded strong signal only against the RBD virus (Fig. 2C). To verify that the
TM-RBD fusion protein was folding correctly, we utilized DH1041 and DH1044, which
are conformation-specific human monoclonal antibodies that bind the SARS-CoV-2
RBD (35, 36). Both antibodies specifically bound the TM-RBD-HA virus and not the pa-
rental WT 1AV (Fig. 2D and E). In order to confirm that the RBD and HA proteins were
packaged together into the same viral particles, we performed sandwich ELISAs. As
expected, only the TM-RBD-HA samples had significant signal, indicating that virions
harboring the RBD also possessed HA (Fig. 2F). Taken together, these results indicate
that the recombinant TM-RBD-HA virus packages properly folded SARS-CoV-2 RBD
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protein while maintaining the packaging of the other IAV envelope proteins HA, NA,
M1, and M2.

The TM-RBD-HA virus is attenuated in vitro/in vivo and does not functionally
bind ACE2. Our IAV-based vaccine virus incorporated a small antigenic domain of the
SARS-CoV-2 S protein, which was not expected to confer any biologically relevant func-
tionality. To ensure this was the case, we first performed a multicycle growth curve
analysis on A549 cells harboring or lacking the SARS-CoV-2 receptor protein, ACE2. In
both experiments, the TM-RBD-HA virus had lower endpoint titers and reduced replica-
tion kinetics of similar magnitudes compared to WT virus (Fig. 3A). Next, we generated
a panel of pseudotyped lentiviral vectors that express luciferase after successful cellular
entry; these vectors allowed us to test the ability of the TM-RBD protein to mediate
infection by itself. While both vesicular stomatitis virus G (VSV-G) and the IAV HA and
NA glycoproteins were sufficient to allow viral entry, the TM-RBD protein alone was
insufficient to transduce either A549 or A549-ACE2 cells (Fig. 3B). In fact, the addition
of the TM-RBD with the HA and NA significantly reduced the ability of the pseudotyped
virus to transduce both cell lines, indicating that TM-RBD-mediated alterations to
native HA/NA glycoprotein packaging may potentially be a driver of the attenuation
observed with our vaccine virus.

Next, to ensure that the entry of our vaccine virus was completely dependent on the
canonical 1AV HA-sialic acid interaction (37), we infected A549-ACE2 cells after treatment
with Sialidase A, a technique which removes sialic acids from cell surface glycoproteins. For
both the WT IAV and the TM-RBD-HA virus, treatment with Sialidase A decreased the infec-
tion rate by the same extent and to nearly the limit of detection (Fig. 3C and D). We also
compared the neutralizing potency of PY102, an HA-targeting monoclonal antibody,
against WT and TM-RBD-HA viruses using plaque reduction neutralization tests (PRNTS).
The PRNT,, of PY102 was unchanged when used against both the WT and TM-RBD-HA
viruses (Fig. 3E). Finally, to ensure that our in vitro observations would be consistent with vi-
ral phenotypes in vivo, we infected K18-hACE2 mice, which express hACE2, the human
SARS-CoV-2 receptor, and support SARS-CoV-2 infection (38), with multiple doses of both
WT and TM-RBD-HA IAV. For all viral inoculums, murine morbidity and mortality were sig-
nificantly reduced for the TM-RBD-HA virus compared to the WT virus (Fig. 3F, G). Thus, the
presence of the TM-RBD on the vaccine virus particle conferred no measurable benefit to
the entry of the virus; in fact, attenuation and modest inhibition of entry specifically could
be measured in our assays.

Inactivated TM-RBD-HA vaccination provides incomplete immunity against IAV
and SARS-CoV-2. Our next step was to define the immune responses after vaccination
with the TM-RBD-HA virus. First, we prepared inactivated whole-virion vaccines by
treating virus with formalin. Although standard inactivated influenza vaccines are
typically “split-inactivated” by detergent treatment, the immunogenicity of formalin-
inactivated influenza vaccines has been shown to induce similar responses (39). We
performed an inactivated prime-boost regimen followed by serum IgG characterization
or challenge with a lethal dose of IAV or SARS-CoV-2 (Fig. 4A). Analysis of immune sera
from both vaccinated groups revealed that high levels of anti-HA antibodies were eli-
cited by both vaccines, and antibody levels were increased after the boost (Fig. 4B).
These IAV-directed antibodies neutralized PR8 in vitro; however, sera from WT-vacci-
nated animals neutralized more efficiently (Fig. 4C). Despite the differences in the neu-
tralizing capacity of the sera, both vaccinations protected mice after challenge with 10
times the 50% lethal dose (LDs,) of PR8, likely by reducing the viral burden and the
pathological effects of IAV infection (Fig. 4D to G). SARS-CoV-2 RBD-reactive serum IgG
antibodies were detectable specifically in mice vaccinated with the TM-RBD-HA virus,
as expected; however, the titers were insufficient to neutralize infectious SARS-CoV-2
virus (Fig. 4H and I). Consistent with the in vitro data, the inactivated TM-RBD-HA vac-
cine was not able to protect against lethal challenge with SARS-CoV-2 in this model
and showed comparable viral burden in the lungs of mice as well as histological effects
of infection (Fig. 4J to M).
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Live-attenuated TM-RBD-HA vaccination provides improved immunity against
IAV and SARS-CoV-2 relative to inactivated vaccine formulations. Live-attenuated
influenza virus vaccination has been reported to provide superior protection relative to
inactivated formulations in humans (40). Since our vaccine virus was naturally attenu-
ated by addition of the RBD antigen, but failed to provide protection from SARS-CoV-2
as an inactivated formulation, we altered our vaccination strategy. We first adminis-
tered an intranasal live-attenuated vaccine followed by an inactivated boost 21 days
later (Fig. 5A). Influenza virus-specific HA- and neuraminidase (NA)-reactive antibodies
were detected after the prime, and their levels were increased after inactivated virus
boost (Fig. 5B and C). Further, direct comparison of the inactivated and live-attenuated
vaccination strategies demonstrated that, indeed, a live-attenuated prime led to signifi-
cantly higher-magnitude antibody responses (Fig. 5D). As with the inactivated formula-
tion, the IAV-directed antibodies elicited by live-attenuated vaccination were also able
to neutralize infectious 1AV similarly to sera from WT-vaccinated mice (Fig. 5E and F).
Similarly, when SARS-CoV-2 RBD-reactive antibodies were measured, we observed spe-
cific induction after TM-RBD-HA vaccination, and higher magnitude responses were eli-
cited after the live-attenuated compared to the inactivated approach (Fig. 5G and H).
Notably, PRNT analyses with live-attenuated vaccination serum showed that the post-
vaccination sera were able to efficiently neutralize infectious SARS-CoV-2 virus (Fig. 5l
and J).

Vaccination with live TM-RBD-HA virus provides protective immunity against
IAV and SARS-CoV-2. After demonstrating the presence of serum neutralizing anti-
bodies against both IAV and SARS-CoV-2, we next sought to determine if these
responses would be sufficient to provide protection from lethal IAV and SARS-CoV-2
challenge. C57BL/6J or K18-hACE2 mice were therefore primed with the live-attenuated
vaccine and boosted with inactivated virus or bovine serum albumin (BSA) (Fig. 6A).
The vaccinated C57BL/6J mice were then challenged with a lethal dose of A/Puerto
Rico/8/1934 IAV. Animals vaccinated with either WT or TM-RBD-HA virus were pro-
tected from any detectable morbidity, and all animals survived the challenge, in con-
trast to the BSA control-vaccinated animals (Fig. 6B and C). Infectious IAV particles
were also reduced to below the limit of detection in vaccinated mouse lung homoge-
nates compared to more than 10° PFU/mL of lung homogenate in unvaccinated mice
(Fig. 6D), and, as expected, histological analysis of lung tissue from mice that received
either WT or TM-RBD-HA vaccines were indistinguishable from mock-infected animals
(Fig. 6E).

In parallel, the live-attenuated vaccinated K18-hACE2 mice were challenged with a
lethal dose of SARS-CoV-2. Animals vaccinated with WT virus or BSA showed rapid

FIG 4 Legend (Continued)

vaccination and challenge. (B) ELISAs (left) against purified soluble HA and area under the curve
analysis (right) using sera from C57BL/6J mice vaccinated with inactivated virus (n = 5). (C) Plaque
reduction neutralization tests (PRNT) with sera from vaccinated C57BL/6J mice against live A/Puerto
Rico/8/1934 virus (n = 5). (D) Body weights of C57BL/6J mice vaccinated with either WT virus, TM-
RBD-HA virus, or BSA and challenged with a lethal dose (500 PFU) of A/Puerto Rico/8/1934 (n = 5). (E)
Survival of mice from panel D. (F) Quantification of IAV PFU in lung homogenates from vaccinated/
challenged C57BL/6J mice (n = 4). (G) Lung tissue histology (hematoxylin and eosin [H&E] staining) of
vaccinated/challenged C57BL/6J mice (representative images, n = 3). (H) ELISAs (left) against purified
soluble RBD protein and area under the curve analysis (right) using sera from K18-hACE2 mice
vaccinated with inactivated virus (n = 4). (I) Sera from mice vaccinated with inactivated TM-RBD-HA
virus (n = 4) were used for PRNTs against SARS-CoV-2 USA-WA/2020. (J) Body weights of K18-hACE2
mice vaccinated with either WT, TM-RBD-HA, or BSA and challenged with a lethal dose (3 x 10* PFU)
of SARS-CoV-2 USA-WA/2020 (n = 8, except TM-RBD-HA, n = 7). (K) Survival of mice from panel J. (L)
Quantification of CoV PFU in lung homogenates from vaccinated/challenged K18-hACE2 mice (n = 4).
(M) Lung tissue histology (H&E staining) of vaccinated/challenged K18-hACE2 mice (representative
images, n = 3). Statistical analyses were performed using unpaired Mann-Whitney tests except for the
survival analysis, which used Mantel-Cox tests. For survival plots, statistical tests were applied to
compare the WT/TM-RBD-HA groups against the BSA group. For all panels, P values denoted with
asterisks correspond to the following values: *, P < 0.05; **, P < 0.01; ns, not significant. For all
microscopy images, the scale bar indicates 200 wum. Error bars indicate the SEM. Dotted lines
represent the limit of detection (LOD), PRNT,, or humane endpoints; for undetectable samples, data
points have been assigned the LOD value.
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FIG 5 Live-attenuated vaccination of mice with TM-RBD-HA virus elicits neutralizing antibody responses against both IAV and SARS-CoV-2. (A) Diagram
illustrating vaccination and sample collection time points. (B) (Left) ELISAs against purified soluble HA protein using sera from C57BL/6J mice vaccinated
with the live-attenuated regimen (n = 4). (Right) Area under the curve analysis. (C) (Left) ELISAs against purified soluble NA protein using sera from C57BL/
6J mice vaccinated with the live-attenuated regimen (n = 4). (Right) Area under the curve analysis. (D) ELISAs (left) against purified soluble HA protein and
area under the curve analysis (right) using sera from C57BL/6J mice vaccinated with either the live-attenuated regimen (n = 4) or the inactivated regimen
(n = 5). (E) PRNTs with sera from vaccinated C57BL/6J mice against live A/Puerto Rico/8/1934 virus (n = 4). (F) Neutralization titer quantification of PRNTs
from panel E. (G) ELISAs against purified soluble RBD protein using sera from K18-hACE2 mice vaccinated with the live-attenuated regimen (n = 8). (Right)
Area under the curve analysis. (H) ELISAs (left) against purified soluble RBD protein and area under the curve analysis (right) using sera from K18-hACE2
mice vaccinated with the live-attenuated regimen (n = 4) or inactivated regimen (n = 8 for BSA and WT n = 7 for TM-RBD-HA). (I) PRNTs with sera from
vaccinated K18-hACE2 mice against live SARS-CoV-2 USA-WA/2020 virus (n = 8). (J) Neutralization titer quantification of PRNTs from (I). Statistical analyses
were performed using unpaired Mann-Whitney tests. For all panels, P values denoted with asterisks correspond to the following values: **, P < 0.01; *, P <
0.05; ns, not significant. Error bars indicate the SEM. Error bars corresponding to values less than 0 have been clipped from panel E. Dotted lines represent
the limit of detection (LOD) or PRNT,; for undetectable samples, data points have been assigned the LOD value.

weight loss and predominantly succumbed to the infection, while the TM-RBD-HA
mice displayed no measurable weight loss, and all animals survived the challenge (Fig.
6F and G). High levels of infectious SARS-CoV-2 were also detectable in lung homoge-
nates of WT-vaccinated animals, while the burden in TM-RBD-HA-vaccinated animals
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FIG 6 Live-attenuated vaccination with TM-RBD-HA virus provides protection against IAV and SARS-CoV-2 challenge in mice. (A) Experimental design
displaying vaccination/challenge time points. (B) Body weights of C57BL/6J mice vaccinated with either WT virus, TM-RBD-HA virus, or BSA and challenged
with a lethal dose of A/Puerto Rico/8/1934 (n = 5). (C) Survival of mice from (B). (D) Quantification of IAV PFU in lung homogenates from vaccinated/
challenged mice (n = 5). (E) Lung tissue histology (H&E staining) of mice challenged with A/Puerto Rico/8/1934 (representative images, n = 3). (F) Body
weights of K18-hACE2 mice vaccinated with either WT virus, TM-RBD-HA virus, or BSA and challenged with a lethal dose of SARS-CoV-2 USA-WA/2020,
(n = 8, except TM-RBD-HA, n = 7). (G) Survival of mice from panel F. (H) Quantification of CoV PFU in lung homogenates from vaccinated/challenged mice
(n = 4). (I) Lung tissue histology (H&E staining) of mice challenged with SARS-CoV-2 USA-WA/2020 (representative images, n = 4). For all microscopy
images, the scale bars indicate 200 um and 50 um for the x10 and x40 magnified samples, respectively. Unpaired Mann-Whitney tests and Mantel-Cox
tests were used for panels D/H and C/G, respectively. For survival plots, statistical tests were applied to compare WT/TM-RBD-HA groups against the BSA
group. For all panels, P values denoted with asterisks correspond to the following values: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Error bars indicate the
SEM. Dotted lines represent the limit of detection (LOD) or humane endpoints; for undetectable samples, data points have been assigned the LOD value.

was significantly reduced (Fig. 6H). Lung tissue morphology was also investigated after
challenge with SARS-CoV-2, and mice that received WT vaccine harbored severe lung
infiltration/inflammation compared to mice that received TM-RBD-HA vaccine (Fig. 6l).
Taken together, these data demonstrate that a live-attenuated vaccination with our
combination TM-RBD-HA yields strong protective immunity against both IAV and
SARS-CoV-2.

DISCUSSION

In general, the development and production of novel vaccines is labor-intensive,
costly, and difficult to scale upon high demand. There are many different influenza vac-
cines used worldwide, including split-inactivated, live-attenuated, and recombinant
protein-based vaccines. The existing infrastructure for producing influenza vaccines is
highly optimized and capable of delivering more than a billion doses per year (41). In
order to potentially leverage the influenza vaccine infrastructure for the production of
other vaccines, we have demonstrated that a laboratory-adapted IAV vaccine back-
bone (A/Puerto Rico/8/1934) can be used to express and package the RBD from the
spike protein of SARS-CoV-2. Vaccination of naive mice with this vaccine virus adminis-
tered as a live-attenuated vaccine followed by an inactivated boost elicited neutraliz-
ing antibodies and protected against lethal challenge from both IAV and SARS-CoV-2.
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Thus, an influenza virus-based vaccine platform may be a practical solution for the pro-
duction of a combination seasonal vaccine produced in an analogous manner to stand-
ard influenza vaccines.

Our data are in general agreement with previous work that has shown influenza viruses
can be used as a vector to express other antigens. From expressing additional influenza
proteins (30, 42, 43) to expression of antigens and/or epitopes for pathogens as divergent
as Mycobacterium tuberculosis (44) and Chlamydia trachomatis (45), the 1AV can be modified
to help elicit noninfluenza directed responses from the immune system. In fact, prior to
this study, encoding the SARS-CoV-2 RBD gene into the influenza virus genome has been
described. Loes et al. successfully generated a live-attenuated ANA(RBD) virus which pack-
ages the SARS-CoV-2 RBD but lacks NA and requires a mutation in the HA coding sequence
to reduce affinity to sialic acid; vaccination with this virus was able to induce neutralizing
SARS-CoV-2 antibodies (46). Another combination SARS-CoV-2/influenza live-attenuated vi-
rus vaccine has even advanced into human clinical trials (47, 48). Our approach has differ-
ent strengths compared to these studies, including the ability to package the noninfluenza
antigen onto viral particles rather than restricted expression of the antigen in infected cells.
Irrespective of the specifics of the vaccine design, however, it is clear that influenza virus-
based vaccines, delivered either as live-attenuated or inactivated formulations, can elicit
protection against other pathogens.

There also remain a number of questions to be answered in future studies. Perhaps
the most obvious question is the magnitude of protection provided by vaccination
with the RBD domain alone compared to the full S protein. Much SARS-CoV-2 vaccine
work has focused on full-length S protein, including live, virally vectored vaccines. In
addition to adenovirus vectors, Newcastle disease virus (NDV) and measles viruses har-
boring the spike protein have been shown to induce strong protection (49-52). While
our data show that vaccine responses against the RBD alone in naive animals are suffi-
cient to mediate some protection, it will be important to understand vaccination
effects in models with preexisting IAV/SARS-CoV-2 immunity, as well as to determine if
boosting only RBD-directed responses is ultimately an efficacious strategy in people.
Another outstanding question is whether or not boosting RBD-directed immune
responses will be sufficient to mediate protection against different SARS-CoV-2 var-
iants. If so, an added benefit to including the RBD in the influenza vaccine is that most
current influenza vaccines contain four influenza strains, two IAV and two IBV strains.
This would allow the ability to include up to four different SARS-CoV-2 variant RBDs, or
4 times the amount of one RBD; however, both the feasibility of incorporating RBD in
different HA segments and the immunity cost of incorporating the RBD into the HA
segment of another influenza virus are yet to be experimentally determined. Finally,
the exact mechanisms of protection by our vaccine remain incompletely defined. Live-
attenuated vaccines can elicit both strong antibody and cytotoxic T-cell responses.
Although cell-mediated immune responses were not specifically measured in this
study, these activities likely contributed to protection, and the magnitude and nature
of such responses will need to be examined further.

Important caveats for the vaccine described in the current study include that the inser-
tion of the RBD antigen was associated with a reduction in viral yield, and our method of
inactivation was formalin fixation rather than detergent treatment. Additional studies will
be required to understand how fixation conditions may affect immunogenicity and how
decreased yield would affect the eventual vaccine cost or timelines for manufacturing.
Finally, we have only utilized one genetic background and corresponding set of viral glyco-
proteins for these studies. While A/Puerto Rico/8/1934 is a standard background for vac-
cine development, it will also be important to understand if other H1 (or H3/influenza B
virus) HA proteins are amenable to our manipulations to segment length and composition
such that a membrane-anchored RBD domain can be functionally encoded.

In conclusion, the influenza-based, multivalent vaccines may represent a generaliz-
able approach to reduce the time and manufacturing requirements for development
of novel vaccines. Since the current influenza vaccine is composed of three or four
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distinct strains (5), this approach could be even more multiplexed to elicit responses
against more than two pathogens or multiple strains of the same pathogen. While
there remain questions to be answered and technical challenges to overcome, influ-
enza virus-based vaccines may be an attractive approach to produce and package anti-
gens that are difficult to purify or are poorly immunogenic on their own. Continued
work on this and other generalizable vaccine platforms will not only help with the cur-
rent response to the COVID-19 pandemic but will help poise us for rapid response dur-
ing future epidemic/pandemic outbreaks.

MATERIALS AND METHODS

Cell lines and viruses. Human embryonic kidney cells (HEK293T; ATCC) and human lung carcinoma
(A549) cells with or without hACE2 were grown in Dulbecco’s modified Eagle medium supplemented
with 5% fetal bovine serum (GlutaMAX; Gibco catalog [cat.] no. 35050079) and penicillin/streptomycin.
Madin-Darby canine kidney cells (MDCK; ATCC) were grown in minimum essential medium (MEM) sup-
plemented with 5% fetal bovine serum (FBS; GlutaMAX), HEPES, NaHCO,, and penicillin/streptomycin.
African green monkey kidney cells (Vero E6; ATCC) were grown in MEM plus Earl’s salts plus L-glutamine
(Gibco; 11095-080). This medium was supplemented with penicillin/streptomycin, 10% FBS, 1 mM so-
dium pyruvate, and 1x MEM non-essential amino acids (NEAA) (Gibco; 11140-050). ST cells (ATCC; CRL-
1746) were grown in Eagle's Minimum Essential Media (EMEM) supplemented with penicillin/streptomy-
cin and 10% FBS. All cells were grown at 37°C under 5% CO,. The A/Puerto Rico/8/1934 (PR8) virus
genetic backbone was used for vaccine development, and corresponding unmodified virus was used for
vaccination/animal challenge experiments. SARS-related coronavirus 2, isolate USA-WA1/2020, NR-
52281, was used for SARS-CoV-2 infections and is from BEI Resources. To account for any potential muta-
tions in viral genomes selected for during strain propagation, each genomic segment of all strains used
for challenge in this study were subjected to Sanger sequencing. GenBank accession numbers for the
A/Puerto Rico/8/1934 viral genes (with mutations noted in brackets) are the following: AF389115 (PB2),
CY148249 (PB1 [A549C—K175N]), AF389117 (PA [A1025T—Y334F]), AF389118 (HA), AF389119 (NP),
AF389120 (NA), AF389121 (M), and AF389122 (NS). GenBank accession numbers and mutations for the
TM-RBD-HA vaccine virus are the following: AF389115 (PB2), CY148249 (PB1 [A549C—K175N]),
AF389117 (PA [A1025T—Y334F]), AF389118 (HA [G1456A—E451K, A1683G—I1526M]), AF389119 (NP
[C515T—T1571]), AF389120 (NA), AF389121 (M [T1027A—silent]), and AF389122 (NS).

Cloning and rescue of A/Puerto Rico/8/1934 encoding SARS-CoV-2 RBD. Influenza segment clon-
ing was accomplished as previously described (30). First, the RBD, which includes amino acids 319 to
541 of the spike protein ORF, from the SARS-CoV-2 Wuhan-Hu-1 isolate (accession no. MN908947.3) was
codon optimized for expression in influenza A viruses and synthesized by Integrated DNA Technologies
(IDT). Importantly, we also encoded the NA transmembrane domain (amino acids 1 to 40 of the NA ORF)
5’ to the RBD to allow it to be incorporated into the viral particle and encoded a FLAG tag 3’ to the RBD
to aid in detection as needed. Once this was done, the codon-optimized RBD was PCR amplified and
cloned into the bicistronic pDZ rescue plasmid system for A/Puerto Rico/8/1934 using the NEBuilder HiFi
DNA assembly kit (New England Biolabs [NEB]). Specifically, the SARS-CoV-2 TM-RBD construct was
cloned into the previously reported mNeon-HA construct, wherein the TM-RBD sequence replaced the
mNeon reporter, allowing expression of the transgene 5’ to the HA (30). Successful cloning was then
confirmed by Sanger sequencing. Viral rescue was then performed by transfecting the modified TM-
RBD-HA plasmid alongside the 7 plasmids encoding the other PR8 segments into 293Ts using the Mirus
TransIT-LT1 reagent. Rescued virus was then amplified via inoculation of virus into 10-day-old embryo-
nated chicken eggs (Charles River) at 37°C for 3 days and plaque purified, and the individual plaque was
amplified in 10-day-old embryonated chicken eggs again.

Virus propagation and growth kinetics. Influenza virus titering was performed as previously reported
(30). For virus propagation, approximately 500 PFU of each plaque-purified stock was injected in 10-day-old
embryonated hen eggs purchased from Charles River Laboratories, Inc., and incubated for 72 h at 37°C. The
allantoic fluid was then harvested, and the titer was determined via plaque assay on MDCK cells. This was
accomplished by serially diluting allantoic fluid and then incubating MDCKs with 500 uL of the diluted sam-
ple for 1 h at 37°C. After incubation, the viral suspension was aspirated, agar overlay was applied, and cells
were incubated at 37°C for 48 to 72 h depending on plaque size. Plaque assays were then fixed by adding
2 mL of 4% formaldehyde solution and incubating the mixture overnight at room temperature. The next day
formaldehyde was aspirated, and cells were washed prior to antigen staining to detect viral protein. For anti-
gen staining, fixed monolayers stained with a 1:2,000 dilution of vaccinated mouse serum in antibody dilu-
tion buffer (5% milk, 0.05% Tween 20 in phosphate-buffered saline [PBS]). Plaque assays were incubated at
4°C for 2 h/overnight and then stained with a 1:4,000 dilution of horseradish peroxidase (HRP)-conjugated
anti-mouse secondary antibody (Novex cat. no. NXA931V) for 2 h at room temperature. Plaque assays were
developed with 0.5 mL of the TrueBlue peroxidase substrate (KPL). For viral growth curves and endpoint titer
assays, eggs were injected with 10,000 PFU/egg, and eggs were collected for plaque assay at 24, 48, and 72 h
postinfection. Hemagglutination assays were performed by serially diluting virus 1:2 in PBS in a 96-well plate
and then adding chicken blood to each well. Plates were incubated 1 h, and then each well was scored as
positive or negative.

SARS-CoV-2 stocks for in vitro assays were grown on Vero E6 cells in virus infection medium (MEM plus
Earl's salts, penicillin/streptomycin, 2% FBS, 1 mM sodium pyruvate, and 1x MEM NEAA) for 72 h. Stocks
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were frozen at —80°C and were titered by serially diluting virus in virus infection medium and then infecting
a confluent monolayer of Vero E6 cells growing in 6-well, poly-L-lysine-treated plates for 1 h. Inoculum was
then removed, and an agarose overlay was added. Cells were incubated at 37°C and 5% CO, for 72 h and
then were stained with 0.05% neutral red in PBS for 3 h. SARS-CoV-2 stocks for animal infections were grown
on ST cells in virus infection medium. Virus was titered using a similar protocol as above; however, using a
methylcellulose overlay, virus was incubated for 4 days, and monolayers were stained with crystal violet.

Viral purification. Influenza virus was purified for use in both vaccination and ELISAs. First, viral
stocks were grown in 10-day-old embryonated chicken eggs as described above. Then allantoic fluid
was collected and dialyzed overnight using Spectra-Por Float-A-Lyzer G2 10-mL, 100-kDa molecular
weight cutoff (MWCO) tubes according to the manufacturer’s instructions (Millipore Sigma cat. no.
Z727253-12EA). After samples were dialyzed to remove larger impurities, the allantoic fluid was col-
lected, and virus samples were concentrated by ultracentrifugation using a 30% sucrose cushion for 1 h
at 25,700 rpm using the Sorvall TH-641 swinging bucket rotor. Virus samples were then resuspended in
PBS and pooled prior to being fixed in 0.02% formalin for 30 min at room temperature. Samples were
then once again dialyzed overnight to remove formalin using Slide-A-Lyzer cassettes (Thermo Scientific
cat. no. P166370) before being stored at 4°C until use.

RT-PCR and serial passage experiments. For serial passage experiments, an 80% confluent monolayer
of MDCK cells was infected with the appropriate virus at a multiplicity of infection (MOI) of 0.01 for 48 h. Cell
supernatants were then collected and centrifuged for 5 min at 500 x g. The supernatants were then
removed, and 100 L was added to 1 mL of TRIzol and frozen at —80°C. The titer of the remaining virus was
then estimated by hemagglutination assay, and a new monolayer of cells was subsequently infected. This
protocol was repeated 10 times. For analysis, viral RNA was extracted via TRIzol (Invitrogen) followed by chlo-
roform/ethanol precipitation or using Qiagen viral RNA miniprep kits. RT-PCRs were performed using
SuperScript Il one-step RT-PCR system kits (Thermo cat. no. 12574026) according to the manufacturer’s
guidelines. The primers used were HA 5’ forward, 5'-GTAGATGCAGCAAAAGCAGGGGAAAATA-3’; HA 3’
reverse, 5'-CCATCCTCAATTTGGCAC-3’; RC093, 5'-AGCAAAAGCAGGGGAAAATA-3’; and RC095, 5'-GTCTTC
GAGCAGGTTAACAG-3'. RT-PCRs using RNA generated from miniprep kits varied in template concentration,
as the presence of carrier RNA inhibits nucleic acid quantification via photometric means. RT-PCR products
were analyzed on 0.8 to 1% agarose gels run at 50 V.

Microscopy. MDCK cells were seeded in 24-well plates containing glass coverslips coated with poly-
L-lysine and allowed to grow at 37°C for 24 h prior to infection. Cells were washed with PBS and infected
with either PR8 or TM-RBD-HA virus at an MOI of 0.25 in infection medium (1 mM KH,PO,, 155 mM NaCl,
Na,HPO,, 83.5 mM CaCl,, 105 mM MgCl,, 10 U/mL penicillin/streptomycin, 0.4% BSA) for 1 h at 37°C.
Virus was removed from cells and replaced with postinfection medium (Gibco Opti-MEM supplemented
with 0.01% FBS, 10 U/mL penicillin/streptomycin, 0.4% BSA, and 1 ug/mL N-tosyl-L-phenylalanine chlor-
omethyl ketone (TPCK)-trypsin). Cells were incubated for 24 h and fixed with methanol-free 4% formal-
dehyde (Fischer cat. no. PI28906). DNA was visualized using Hoechst 33342 (Thermo) at 5 wg/mL in PBS
for 15 min. HA and SARS-CoV-2 were detected using PY102 and SARS-CoV-2 spike protein (RBD) polyclo-
nal antibody (Thermo cat. no. PA5-114451), respectively, at a 1:250 dilution for approximately 3 h.
Primary antibodies were visualized using AlexFluor594-conjugated anti-mouse (for HA) and AlexFluor488-
conjugated anti-rabbit (for RBD) secondary antibodies (Thermo cat. no. A-11032/A-11008) at a dilution of
1:500 for 1 h at room temperature. Cells were imaged on a ZOE (Bio-Rad) microscope.

Western blots. Protein extracts were quantified and normalized via Bradford assay. SDS-PAGE was
performed using 4 to 20% polyacrylamide gels (Bio-Rad) electrophoresed at 120 V for 60 min. Proteins
were transferred to 0.45-um nitrocellulose membranes at 90 V for 60 min at 4°C and blocked using PBS
with Tween 20 (PBST) plus 5% milk for a minimum of 1 h at room temperature. For cellular lysates,
20 ug of total protein was loaded per sample. To normalize viral protein extracts, 0.5 ug of PR8 and PR8-
TM-RBD HA were initially loaded and analyzed via Western blotting. Viral protein extracts were probed
for M1 and normalized via densitometry (ImageJ; NIH). After normalization to M1, 0.5 wg PR8 and
1.32 g PR8-TM-RBD HA were loaded for subsequent Western blot analyses. The following antibodies
were used for protein detection: PY102 (HA, 1 wg/mL), 4A5 (NA, 0.45 wg/mL), anti-matrix protein (E10)
(M1 and M2, 1:1,000; Kerafast cat. no. EMS009), and anti-SARS-CoV-2 spike protein (RBD) polyclonal anti-
body (RBD, 1:1,000; Invitrogen cat. no. PA5-114451). All primary antibodies were diluted in PBST plus 5%
milk and applied to membranes for =16 h at 4°C. Anti-mouse (1:20,000; Thermo cat. no. A16072) and
anti-rabbit (1:10,000; Thermo cat. no. A16104) secondary antibodies were diluted in PBST plus 5% milk
and applied to membranes for 60 min at room temperature. Membranes were developed using Clarity
ECL or Clarity ECL MAX.

Purification of soluble HA, NA, and RBD proteins for ELISAs. The 6x-His-tagged proteins were
overexpressed in Expi293F cells (Thermo cat. no. A14527) via transfection of expression vectors. Cells
were lysed via sonication, and clarified lysates were applied to Ni-NTA columns. Eluted protein fractions
were combined, dialyzed, and stored at —80°C.

ELISAs. Proteins/viruses were immobilized to 96-well plates using carbonate coating buffer (30 mM
Na,CO,, 70 mM NaHCO,, pH 9.5) for =16 h at 4°C. For protein samples, 50 to 100 uL of sample at 10 ng/
mL was added to wells. For viral samples, 1 x 10° PFU were added to wells in a volume of 50 to 100 uL.
All samples were diluted using PBS plus 3% BSA. After coating, wells were washed with PBS and blocked
with PBS plus 3% BSA for at least 1 h at room temperature. Primary antibodies were diluted using
PBS plus 3% BSA and incubated with immobilized proteins/viruses for =1 h at room temperature (anti-
RBD, ProSci cat. no. 9087; anti-HA PY102, a kind gift from Tom Moran [Icahn School of Medicine at
Mount Sinai]; DH1041 and DH1044, a kind gift from Bart Haynes, Kevin Saunders, and Dapeng Li [Duke]).
Anti-human (1:10,000; Thermo cat. no. A18805), anti-mouse (1:5,000; Thermo cat. no. A16072), and anti-
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rabbit (1:5,000; Thermo cat. no. A16104) secondary antibodies were diluted in PBS plus 3% BSA and incu-
bated with immobilized proteins/virus for 1 h at room temperature. ELISAs were developed using 1-Step
Ultra tetramethylbenzidine (TMB)-ELISA substrate (Thermo cat. no. 34029) and quenched with 2 M
H,50,.

Animal infections/live-attenuated vaccination. Animal infections were performed using age-matched
C57BL/6J (Jackson Laboratory 000664) or B6.Cg-Tg(K18-ACE2)2Primn/J mice (Jackson Laboratory 034860) in ac-
cordance with Duke University Institutional Animal Care and Use Committee (IACUC)-approved protocol no.
A189-18-08 and A081-20-04. For influenza infections, mice were anesthetized using 100 uL of a 14.2-mg/mL
ketamine-xylazine mixture via intraperitoneal injection. After administration of anesthesia, mouse tails were
marked or mice were injected subcutaneously with IPT-300 transponders capable of reading body tempera-
ture and animal ID (BMDS IPT-300), and baseline weights and temperatures were measured. For Fig. 3F and G,
mice were inoculated with 40 uL of the indicated dose of virus diluted in pharmaceutical-grade PBS. Body
weight was measured daily, and mice were euthanized if their body weight reached 75% of baseline. For vacci-
nations using inactivated virus, 10 ug virus or BSA was injected via the intramuscular (i.m.) route. For live-atte-
nuated vaccinations, mice were given a 40-uL intranasal inoculum of virus or PBS control, either 10 to 15 PFU
WT A/Puerto Rico/8/1934 or 100-250 PFU TM-RBD-HA diluted in pharmaceutical-grade PBS. Vaccination doses
varied depending on which stock was used. For mice receiving a boost, another 10 ng of inactivated virus or
BSA control was administered via the i.m. route. For challenge experiments, mice were inoculated with 500
PFU of PR8. After infection, mice were weighed daily and euthanized if their body weight reached 75% of the
baseline weight. This cutoff was determined relative to the weight prior to infection. Euthanasia was per-
formed via a primary method of CO, asphyxiation and bilateral thoracotomy as a secondary confirmation.
These methods were used during both challenge experiments and administration of the live virus vaccine
prime. For SARS-CoV-2 challenge experiments, prior to infection, mice were injected subcutaneously with IPT-
300 transponders, and baseline weights and temperatures were measured. On the day of infection, mice were
anesthetized using isoflurane and then given a 50-uL intranasal inoculum of virus, 3 x 10* PFU, diluted in
pharmaceutical-grade PBS. After infection, mice were monitored daily for weight, temperature, and clinical
signs (temperature and clinical signs not reported). Mice were euthanized via CO, asphyxiation and bilateral
thoracotomy as a secondary confirmation when their body weight reached 80% of the baseline weight meas-
ured prior to infection or reached a clinical score of 4 in accordance with the approved protocol mentioned
above (A081-20-04). Occasionally, mice did not recover from anesthesia, and these animals were excluded
from subsequent experimentation and analysis.

Vaccination of mice with inactivated virus. Vaccine doses for the boost were prepared using the
purified inactivated virus described above. Virus samples were then diluted 1:1 with the adjuvant
AddaVax (InvivoGen cat. no. vac-adx-10) to a final concentration of 100 wg/mL. After preparation of
doses, mice were anesthetized as described above and then administered a 100-uL injection intramusc-
ularly into the left leg. Mice were then monitored the next day for side effects and then housed for the
indicated period of time before collection or viral challenge. If serum was collected, mice were anesthe-
tized, and then blood was harvested either by cheek bleed or terminal bleed, and serum was collected
using Sarstedt Z-Gel tubes according to the manufacturer’s instructions (Sarstedt cat. no. 41.1378.005).
Serum was then stored at —80°C until use.

Histological analysis and viral burden quantification in mouse lungs. To quantify the PFU of
influenza virus or SARS-CoV-2 in the lungs of mice, lungs were collected 5 days postinfection. Lungs
were placed in PBS and homogenized using Benchmark BeadBlaster 24 microtube homogenizer or
Benchmark BeadBug homogenizer. Homogenates were centrifuged and supernatants were removed
and frozen at —80°C. PFU were quantified by diluting homogenates and performing plaque assays as
described above. For histology experiments, mice were anesthetized with 200 L of ketamine-xylazine
prior to cervical dislocation. The lungs were inflated with 1.5 mL of 4% formaldehyde solution, and the
trachea was tied off with suture string before removal. The inflated lungs were stored in 4% formalde-
hyde at room temperature until they were processed for histology. Histology was performed by
HistoWiz, Inc. (histowiz.com), using a standard operating procedure and fully automated workflow.
Samples were processed, embedded in paraffin, and sectioned at 4 um. Staining was performed on a
BOND RX autostainer (Leica Biosystems) using standard protocols. Whole-slide scanning was performed
on an Aperio AT2 instrument (Leica Biosystems). Images shown are at x10 and x40 magnification.

Pseudotyped lentivirus transduction experiments. The SARS-CoV-2 RBD ORF was cloned into the
PCAGGS expression plasmid. To package lentivirus particles, combinations of pCAGGS-RBD, pNL4-3.Luc,
pA8.74, pDZ-HA, and pDZ-NA were transfected into 293T cells using polyethylenimine (PEl) and incu-
bated at 37°C for 72 h. For pseudotyped viral particles, 293Ts were grown in serum-free Opti-MEM
growth medium. Pseudotyped viruses were harvested and stored at —80°C. For transduction experi-
ments, A549 and A549-ACE2 cells were plated in 24-well plates. To transduce cells, 100 uL of medium
containing pseudotyped viruses was added to each culture and incubated at 37°C for 48 h. Transduction
efficiency was determined via luciferase assays using a firefly luciferase detection kit (Promega cat. no
E1500). Luciferase intensities were measured using a luminometer. pNL4-3.Luc and pA8.74 plasmids
were a kind gift from Bryan Cullen (Duke University).

SialidaseA treatment of cells. SialidaseA (Agilent cat. no. GK80040) was used to cleave a2,3- and
a2,6-N-linked sialic acids from the surfaces of cells. Briefly, growth medium was supplemented with
SialidaseA at 30 mU/mL, and this supplemented medium was used to exchange the medium on cells.
Cells were incubated with SialidaseA-containing medium for 3 to 5 h at 37°C. After incubation, medium
was removed, and cells were washed with PBS to remove residual SialidaseA. Cells were subsequently
infected with either WT or TM-RBD-HA virus (MOl = 1) for 1 h. Cells were grown in complete growth me-
dium and fixed with 4% paraformaldehyde after 24 h. Virus-infected cells were detected using PY102
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antibody (1:2,000), stained using TrueBlue peroxidase substrate (KPL), and imaged on a ZOE microscope
(Bio-Rad). The number of infected cells per field of view was determined using FlJI (NIH); image thresh-
old values were set to 0 to 85, and particles (size, 1,000 to 1,000,000 px; circularity, 0 to infinity) were
counted. Five nonoverlapping areas of each well were imaged and used for quantification.

Plaque reduction neutralization assays. MDCK and Vero cells were used for influenza and SARS-CoV-
2 plaque reduction assays, respectively. A master mix of virus was diluted to the indicated concentration
(~40 to 80 PFU/mL) and aliquoted prior to being mixed with antibody dilutions (from sera or purified mono-
clonal antibodies). Following a 45-minute incubation at room temperature with antibody, the medium was
aspirated from cells, and 500 ulL of the virus-antibody mixture was added to each well of cells. For each
experiment a no-antibody control was included to accurately record how much virus had been used to infect
cells. Cells were incubated with the virus-antibody mixture at 37°C for 1 h, rocking the samples every 15 min
to ensure cells were completely covered by the solution. After this period, the solution was aspirated, and an
agar overlay was applied. For influenza plaque reduction assays, staining and plaque counting were per-
formed as described above in the titering section. SARS-CoV-2 plaque reduction assays were evaluated by
first staining plaques with 0.05% neutral red solution for 3 h at 37°C (Sigma-Aldrich cat. no. N2889-100mL).
Neutral red was then aspirated from the wells, and plaques were counted. The percent reduction in plaques
was calculated in reference to a no-serum control. The reciprocal 50% neutralization titer was calculated by
averaging the greatest dilution of mouse sera that had a >50% reduction in plaques compared to a no-se-
rum control for each serum sample in a vaccination group.
Statistical analysis. Data were analyzed and presented using GraphPad Prism software. Statistical
tests that were applied to each experiment are denoted in the appropriate figure legend. For all bar
plots, unpaired Mann-Whitney tests were used. For survival plots, Mantel-Cox tests were used. All experi-

ments were performed using a minimum of 4 samples, unless otherwise noted.
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