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Influenza viruses are respiratory pathogens of public health
concern worldwide with up to 650,000 deaths occurring each
year. Seasonal influenza virus vaccines are employed to prevent
disease, but with limited effectiveness. Development of a uni-
versal influenza virus vaccine with the potential to elicit long-
lasting, broadly cross-reactive immune responses is necessary
for reducing influenza virus prevalence. In this study, we
have utilized lipid nanoparticle-encapsulated, nucleoside-
modified mRNA vaccines to intradermally deliver a combina-
tion of conserved influenza virus antigens (hemagglutinin
stalk, neuraminidase, matrix-2 ion channel, and nucleopro-
tein) and induce strong immune responses with substantial
breadth and potency in a murine model. The immunity
conferred by nucleoside-modified mRNA-lipid nanoparticle
vaccines provided protection from challenge with pandemic
H1N1 virus at 500 times the median lethal dose after adminis-
tration of a single immunization, and the combination vaccine
protected from morbidity at a dose of 50 ng per antigen. The
broad protective potential of a single dose of combination vac-
cine was confirmed by challenge with a panel of group 1 influ-
enza A viruses. These findings support the advancement of
nucleoside-modified mRNA-lipid nanoparticle vaccines ex-
pressing multiple conserved antigens as universal influenza vi-
rus vaccine candidates.

INTRODUCTION
Influenza viruses cause substantial morbidity and mortality in
humans across the globe, leading to the death of more than half a
million individuals annually.1 Vaccination is the most common pre-
ventative measure utilized, but current influenza virus vaccines
remain imperfect and do not provide broad and durable protective
immunity. Quadrivalent inactivated influenza virus vaccines (QIVs)
are most commonly administered to the public, but effectiveness of
these vaccines lies in the range of 10%–60% due to a variety of factors,
including poor immunogenicity and strain mismatches.2,3 In
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addition, seasonal vaccines are formulated to aid in protection from
influenza viruses circulating in the human population, but they pro-
vide minimal protection from emerging influenza viruses with
pandemic potential.4 Therefore, development of a novel vaccine plat-
form targeting multiple conserved epitopes of influenza viruses
capable of providing broadly reactive and long-lasting protection is
highly desirable as a candidate for a universal influenza virus vaccine.

Previous work has focused on identifying conserved regions of influ-
enza viruses that can act as targets for the induction of broadly pro-
tective humoral and cellular responses. The stalk of the major surface
glycoprotein, hemagglutinin (HA), has been the object of much atten-
tion due to its ability to elicit broadly reactive neutralizing antibodies,
which can protect from infection by influenza viruses displaying a
wide variety of HA subtypes.5–9 Importantly, in addition to classical
measures of HA-mediated protection such as hemagglutination inhi-
bition,10 antibodies against the HA stalk have been shown to correlate
with protection in humans.11–13 More recently, the influenza virus
surface glycoprotein neuraminidase (NA) has raised considerable in-
terest after antibodies to this protein were found to provide protection
within a single subtype, and broadly reactive NA-specific antibodies
were isolated from human donors.14–18 The highly conserved ma-
trix-2 (M2) ion channel protein and nucleoprotein (NP) of the influ-
enza virus have also been found to elicit broad protective immune re-
sponses through antibody Fc-mediated mechanisms and cellular
responses.19–22 Simultaneous targeting of these proteins with a single
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Figure 1. mRNA-Lipid Nanoparticle Vaccine Platform

Utilized for the Delivery of a Combination of Conserved

Influenza Virus Antigens

(A) Schematic representation of the mRNA-lipid nanoparticle

vaccine technology that incorporates a 1-methylpseudour-

idine-modified mRNA molecule into an 80 lipid nanometer

vesicle for efficient delivery into host cells upon vaccination.

(B) Diagrams illustrating the antigens used as immunogens in

this study. Amino acid numbers are included under the

mRNA coding for each antigen. Not drawn to scale.
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vaccine formulation could provide broad immunity that protects
against both seasonal influenza viruses and those with pandemic
potential.

Nucleoside-modified mRNA-lipid nanoparticle (LNP) vaccines have
recently emerged as vaccine vectors displaying many properties desir-
able for delivery of a universal influenza virus vaccine candidate.23 A
single antigen from the virus can be expressed at high levels for an
extended period of time,more closelymimicking the dynamics of viral
infection.24 The lack of a foreign vector prevents the adaptive immune
system from recognizing the input, allowing the potential for multiple
rounds of vaccination to achieve a substantial boosting of immune re-
sponses. Additionally, production of synthetic mRNA vaccines is egg-
independent, removing the reliance on embryonated chicken eggs for
influenza virus vaccines. The mRNA vector utilized in this study has
been modified to incorporate 1-methylpseudouridine (m1J), which
prevents recognition by RNA sensors, thereby avoiding excess inflam-
mation and increasing protein (antigen) expression.25–27 mRNA is
encapsulated in an�80-nm LNP that mimics the size of an influenza
virion (Figure 1A).28,29 In this study, we have harnessed the technol-
ogy of nucleoside-modifiedmRNA-LNP vaccines to effectively deliver
a universal influenza virus vaccine candidate that targets a combina-
tion of conserved antigens and provides broad protection inmice after
administration of a single low dose.

RESULTS
Selection of Universally Protective Influenza Virus Vaccine

Antigens

To determine the extent of the variation in influenza virus proteins
proposed as antigens for a combination universal influenza virus vac-
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cine, conservation diagrams were produced. Hu-
man influenza virus isolates with complete genome
sequences from within the H1N1 subtype were
selected for each year available, dating back to
1918, to cover known variation. Across the H1N1
subtype, the HA stalk region remains conserved
while the head domain shows substantial vari-
ability (Figure S1), consistent with previous re-
ports.30,31 The NA head shows a high degree of
conservation, solidifying the rationale that vaccina-
tion with a high dose of NA protein could provide
cross-reactive antibodies within the N1 sub-
type.14,16 Both the M2 and NP proteins are highly conserved across
the subtype, including the exposed M2 ectodomain.

Similarly, sequences were acquired for viruses spanning influenza HA
group 1 viruses (H1, H2, H5, H6, H8, H9, H11, H12, H13, and H16)
as well as NA group 1 viruses (N1, N4, N5, and N8) not limited by
species tropism.32,33 The strong selective pressure on both of these
molecules by antibody-mediated immunity is apparent in the small
number of conserved domains within group 1 (Figure S1). The HA
stalk has some patches of conservation where broadly cross-reactive
antibodies have been described to bind.34 The NA active site is also
well conserved within group 1 NAs (Figure S1), and cross-reactive an-
tibodies have been reported to bind this site.15 Differences in M2 and
NP are mostly found between species,35 and therefore sequences were
selected from human, avian, and swine strains tomodel the breadth of
influenza viruses of seasonal and pandemic concern. BothM2 and NP
proteins show high levels of conservation compared to the more
exposed glycoproteins and were both previously studied as antigens
for influenza virus vaccines (Figure S1).20,21,36,37

Therefore, the conservation profile and previous encouraging ap-
proaches supported the selection of these four proteins for a combi-
nation vaccination approach using nucleoside-modified mRNA-
LNP vaccines (Figure 1B). To elicit antibodies against the conserved
HA stalk domain, a “Mini HA” construct based on the A/Brisbane/
59/2007 H1N1 HA and designed to lack the highly variable globular
head domain of HA was used.8 The wild-type, membrane-bound NA
from A/Michigan/45/2015 H1N1pdm (Mich15) was used to match
the currently circulating seasonal influenza virus strain. Similarly,
the wild-type NP fromMich15 was used, which matches the currently
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circulating H1N1 viruses and is overall highly conserved. To elicit im-
mune responses against M2, a construct (based on Mich15) with the
amino acid residues 29–31 deleted was used. This mutation was intro-
duced to render the ion-channel activity non-functional and to reduce
potential cytotoxicity as a result of overexpression on the cell sur-
face.38 Importantly, the mRNA approach enables encoding of the
full-length M2 ion channel, including the transmembrane region,
which retains T cell epitopes and could lead to a more natural presen-
tation of the antigen on the cell surface compared to previous vacci-
nation approaches.

Nucleoside-Modified mRNA-LNP Vaccination Elicits Robust

Humoral Immune Responses

Protein production from mRNAs encoding Mini HA, NA, and M2
immunogens was confirmed by western blot analyses on cell lysates
made from transfected NIH/3T3 cells (Figure S2). Denaturing SDS-
PAGE was performed for NA and M2, giving the appropriate band
size for an NA monomer and an M2 dimer. Non-denaturing PAGE
was performed for the Mini HA construct, giving two bands for
both a trimer and a dimer. Production of NP protein in NP
mRNA-transfected NIH/3T3 cells was validated by flow cytometry
(Figure S3). We then investigated the titers elicited as well as speci-
ficity and functionality of serum antibodies produced 28 days after
vaccination. Mice were vaccinated with a single dose of nucleoside-
modified mRNA-LNPs encoding different conserved influenza virus
antigens (combined or individually) or an irrelevant formulation en-
coding firefly luciferase (Luc) (Figure 2A). In enzyme-linked immu-
nosorbent assays (ELISAs), the vaccines were shown to elicit potent
antigen-specific antibodies, with similar results observed when the
four constructs were administered individually or in combination
(Figures 2B–2E).

To further assess the functionality and potency of vaccine-elicited
antibodies, a multicycle neutralization assay was performed using
a vaccine strain for the current seasonal H1N1pdm virus (Fig-
ure 2F). The NA component of the vaccine was found to elicit
high neutralizing titers, even in the context of a combination
approach. While NA-specific antibodies generally do not interfere
with virus entry, the multicycle assay used can also detect antibodies
that interfere with virus egress, which is the likely mechanism of ac-
tion. In contrast, sera from the NP, M2, and Mini HA vaccination
groups did not show neutralization in the assay. NP is not exposed
on the virion surface and therefore would not be expected to elicit
neutralizing antibodies. M2-specific antibodies have been previ-
ously shown to lack neutralizing functionality, but to mediate pro-
tection through Fc functions.40 Although HA stalk antibodies can
exhibit neutralizing activity, repeated administrations may be
required to elicit these antibodies in a naive animal model. Similar
to M2-specific antibodies, HA stalk-specific antibodies have been
shown to confer Fc-mediated protection in vivo.11 Additional mi-
croneutralization assays were performed using the complete panel
of viruses represented in this study, with neutralization found to
only be detectable with virus strains bearing a completely matched
NA (Figure S4).
To assess the ability of serum antibodies to elicit Fc-mediated effector
functions, a murine antibody-dependent cell-mediated cytotoxicity
(ADCC) reporter assay was utilized.41,42 Sera from M2-encoded
mRNA-LNP-vaccinated mice showed the strongest activity in the
ADCC reporter assays (Figure 2G; Figures S5 and S6). Lower re-
sponses were observed in groups immunized with the monovalent
NA or Mini HA mRNA-LNP vaccines, and no activity was detected
in mice given NP mRNA-LNP vaccine alone.

In addition, the sera were tested against a purified stock of the
H1N1pdm virus by ELISA in order to determine the binding of serum
antibodies to virion particles rather than individual recombinant pro-
teins (Figure 3A). The strongest binding was observed in groups that
received NA andNP vaccines, revealing a strong antibody response to
the internal NP. Sera from Mini HA-vaccinated mice showed lower
binding, again indicating that repeated vaccinations may be required
for strong affinity maturation of HA stalk-specific antibodies. Sera
from M2-vaccinated mice showed the weakest reactivity to whole vi-
rus, likely due to the low prevalence ofM2 on the virion surface.43 The
combination vaccine did not result in higher reactivity to the virion,
although antigen saturation may have been achieved by the NA- and
NP-specific antibodies.

Overall, the antibodies elicited by nucleoside-modified mRNA-LNP
vaccines are antigen-specific, bind to virus, and show functionality
in multiple assays.

Nucleoside-Modified mRNA-LNP-Vaccinated Mice Are

Protected from Challenge with Influenza Virus

Twenty-eight days after a single intradermal (i.d.) vaccination, mice
were challenged with an influenza virus H1N1pdm challenge strain
(Figure 2A). I.d. vaccination was chosen due to previous studies
showing increased duration of antigen expression and immunoge-
nicity after using this route of administration.24 All animals vaccinated
with the monovalent or combined influenza virus vaccines survived
challenge with 5 � 50% lethal dose (LD50) of virus, albeit with some
morbidity in the Mini HA, M2, and NP groups (Figure 3B). All mice
vaccinated with Luc mRNA-LNPs at the same dose did not survive
infection. Due to a complete lack of morbidity in both the NA-only
and combination vaccine groups, additional challenge experiments
with higher doses of virus (50 and 500� LD50) were performed (Fig-
ures 3C and 3D). Vaccination with Mini HA, M2, or NP alone
conferred only partial protection at 50 � LD50 and did not protect at
500 � LD50. The NA-only vaccine prevented mortality in mice at
both high-dose challenges. A trend toward improved protection with
the combination vaccine compared to NA only could be observed at
the highest infection dose (Figure 3D). However, this is strong support
for NA-based protection in a vaccine-matched challenge virus setting.

Nucleoside-Modified mRNA-LNP Vaccine-Induced Protection

from Influenza Virus Challenge Is Mediated Primarily by

Antibodies

To determine which components of the immune system contributed
to protection, an adoptive transfer system was established. Mice were
Molecular Therapy Vol. 28 No 7 July 2020 1571



Figure 2. Nucleoside-Modified mRNA-LNP Vaccines

Encoding Conserved Influenza Virus Antigens Elicit

Robust Immune Responses in Mice

(A) Mice were vaccinated intradermally once with either

monovalent or combined mRNA vaccines (20 mg per

antigen). Sera were collected on day 28 post-vaccination,

and binding of antibodies to corresponding antigen was

measured by ELISA. (B–D) Mean optical density at 490 nm

is plotted with SD for each dilution (n = 19–20 individual

sera per group) against (B) Mini HA, (C) NA (Mich15), and

(D) NP (Mich15). (E) Cell-based ELISAs were utilized to

detect antibody binding to M2 (Mich15). Mean optical

density at 490 nm is plotted with SD for each dilution dis-

played with SD (n = 4 repeats of pooled sera). (F) Endpoint

titers of a multi-cycle microneutralization assay to deter-

mine the neutralization potential of antibodies elicited by

vaccination. Sera from mice taken 4 weeks after vaccina-

tion with 1.5 mg of the 2018–2019 quadrivalent influenza

virus vaccine (QIV) were included in this assay. Sera were

pooled and run in duplicate against H1N1pdm virus. (G)

ADCC activities of sera were measured using a reporter

assay to determine engagement with the mouse FcgRIV.

The positive control used was anti-influenza A group 1

monoclonal antibody KB2.39 Luminescence was

measured and data from pooled sera run in triplicate are

represented as fold change over background (average of

negative wells plus 3 times the SD, indicated as a dashed

line) with SD. Curves were fit using a nonlinear regression

formula log(agonist) versus response minus variable slope

(four parameters).
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vaccinated twice with 10 mg of mRNA-LNP vaccines (single and com-
bined formulations) with 4-week intervals between administrations to
generate strong immune responses (Figure 4A). Mice were then
euthanized 4 weeks after the boost and a terminal bleed was per-
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formed to collect sera. Spleens were also ex-
tracted from immunized animals, and spleno-
cytes were isolated and pooled after red blood
cell lysis for adoptive transfer experiments using
naive mice. Serum from the terminal bleeds was
tested against purified H1N1pdm virus by ELISA
and shown to be highly reactive (Figure 4B). This
serum was then pooled and transferred into
naive mice through intraperitoneal administra-
tion. Concurrently, additional groups of naive
mice were adoptively transferred 80 million sple-
nocytes from the immune-primed hosts through
the intravenous route. Two hours after transfer,
sera from the recipient mice were harvested
and subsequently tested by ELISA (Figure 4C).
The sera tested reacted similarly to the pre-trans-
fer sera, although a loss of response was noted,
due to the low volume (200 mL) of transfer rela-
tive to the total blood volume of a mouse
(�2 mL). Animals were then challenged with
5 � LD50 of H1N1pdm virus and weight loss
was monitored for 14 days. Animals that received serum from mice
vaccinated with the combination of antigens or the NA component
of the vaccine alone were protected from challenge (Figure 4D), while
those receiving Mini HA or M2 alone saw morbidity and partial



Figure 3. Vaccination with a Combination of

Nucleoside-Modified mRNA-LNP-encoded

Influenza Virus Antigens Protects Mice from a

Highly Lethal Dose of Matched Challenge Virus

(A) Sera collected 28 days after mRNA-LNP vaccination

were measured against H1N1pdm virus. Individual data

are represented as AUCwith lines indicatingmean and SD

of responses (n = 19–20 per group). (B–D) Mice were

challenged with (B) 5 � LD50, (C) 50 � LD50, or (D) 500 �
LD50 of H1N1pdm and weight loss was monitored for

14 days. Data are shown as mean and SEM (n = 5 per

group). Mortality is reported as the percentage of surviving

mice for each group.
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protection. Mice that received sera from NP-immunized donors
showed severe morbidity and mortality. After splenocyte transfer,
all animals succumbed to infection (Figure S7), with no protection
from morbidity or mortality observed.

Overall, these results show that immunity elicited by nucleoside-
modified mRNA-LNP vaccines is primarily antibody mediated.
However, the adoptive splenocyte transfer approach may not be
sensitive enough to detect cell-mediated protection, which likely
contributes to the stronger effect observed for NP in the direct
challenge setup.

To determine the induction of cellular immune responses elicited by
vaccination with nucleoside-modified mRNA-LNPs, CD4+ and
CD8+ T cell responses were evaluated. The immune responses eli-
cited in mice after vaccination with nucleoside-modified mRNA-
LNPs has been previously reported to induce high frequencies of an-
tigen-specific CD4+ helper T cells, which stimulate a strong
germinal center B cell reaction and subsequent antibody produc-
tion.27 In line with these findings, polyfunctional CD4+ T cell re-
sponses and strong CD8+ T cell activation to NA were measured
in mice 12 days after a single i.d. immunization with 20 mg of
NA mRNA-LNPs (Figures 5A–5E; Figure S8). We could also mea-
sure potent NP-specific CD8+ T cell activation followed by i.d.
administration of a single dose of 20 mg of NP mRNA-LNPs (Fig-
ures 5F and 5I; Figure S8). Therefore, these cellular responses
M

may be playing a role in combatting infection,
but the adoptive transfer assay may not have
been sensitive enough to detect protective
cellular immunity (Figure 4D). These data are
consistent with in vivo cell killing assays that
demonstrate that mice vaccinated with NP
mRNA-LNPs produce a cytotoxic effect on
cells loaded with NP peptides and transferred
to immunized mice (Figure S9; Data S5).
Furthermore, alignment of NP sequences
from the vaccine antigen and all challenge vi-
ruses used in this study showed complete con-
servation of the BALB/c NP147–155 immunodo-
minant peptide, which has been shown to contribute to the
majority, if not all, of the cellular response to NP antigen in this
strain.44

Dose De-escalation of Nucleoside-Modified mRNA-LNP

Vaccines Shows Protection in the Nanogram Range after

Administration of a Single Dose

Mice were vaccinated with decreasing doses of either NA alone or NA
in addition to the Mini HA, M2, and NP constructs (combination).
Matched, seasonal QIV was administered intramuscularly (i.m.) as a
“standard of care.” Twenty-eight days after vaccine administration,
mice were bled and sera were analyzed by ELISA against purified
H1N1pdm virus. Mice given NA alone showed responses to purified
virus with a dose as low as 0.050 mg of mRNA, with responses reaching
undetectable levels at the 0.005-mg dose (Figure 6A). The sera from
mice vaccinated with the combination vaccine were more reactive by
ELISA at similar doses, which can be explained by the additional anti-
gens administered in addition to the NA (Figure 6B). Responses were
consistently detectable at the 0.05-mg (per antigen) dose, and two serum
samples reacted above background at the 0.005-mg dose. Mice were
then challenged with 5 � LD50 of H1N1pdm virus and weight loss
was monitored for 14 days. All NA-vaccinated mice were protected
from infection at the 0.5-mg dose, with no morbidity or mortality
observed (Figure 6C). Some morbidity was observed at the 0.05-mg
dose, but all mice survived the challenge. At the 0.005-mg dose, mice
either succumbed to the infection or lost nearly 25% of their body
olecular Therapy Vol. 28 No 7 July 2020 1573



Figure 4. Nucleoside-Modified mRNA-LNP-Vaccine-

Induced Protection from Influenza Virus Challenge Is

Mediated Primarily by the Humoral Arm of the

Immune System

(A) Mice were vaccinated twice (4-week intervals) intra-

dermally with 10 mg of mRNA-LNPs. Animals were eutha-

nized on day 56 after initial vaccination and sera were

collected and transferred into naive mice. Two hours after

transfer, recipient mice were infected with 5 � LD50 of

H1N1pdm (IVR-180) and weight loss was monitored for

14 days. (B) ELISAs were performed to measure the ELISA

reactivity of sera from hyper-immune mice to H1N1pdm

before transfer (n = 9–10 per group). Lines indicate mean

and SD. (C) Sera were pooled, transferred into naive mice,

and reactivity to H1N1pdm was measured by ELISA from

sera taken 2 h after transfer (n = 5 per group). Lines indicate

mean and SD. (D) Weight loss curves of mice that received

hyper-immune sera. Average weight loss with SEM is

plotted (n = 5 per group). Mortality is reported as the per-

centage of surviving mice for each group.
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weight before recovering. In the combination vaccination group, the
protection was more potent, with no morbidity or mortality noted in
mice immunized with 0.05 mg per antigen of mRNA-LNP vaccine (Fig-
ure 6D). Four out of five mice given 0.005 mg for each antigen suc-
cumbed to infection. One mouse only lost 10% of initial body weight
and was identified as the highest responder by ELISA. In summary,
vaccination with a single low dose of 0.05 mg of NA nucleoside-modi-
fied mRNA-LNP alone can protect animals from morbidity and mor-
tality with an NA-matched challenge strain, while the addition of Mini
HA, M2, and NP antigens further contribute to this protection to
ameliorate morbidity at this dose. Importantly, note that this low-
dose NA-mediated protection is likely due to the complete match be-
tween the antigen and the challenge virus strain.
1574 Molecular Therapy Vol. 28 No 7 July 2020
A Single Immunization with Nucleoside-

Modified mRNA-LNP Influenza Virus

Vaccines Induces Protection from a Broad

Range of Group 1 Influenza A Viruses

To assess the potential of this vaccination
approach to provide protection from group 1
influenza viruses, a broad panel of challenge vi-
ruses was utilized. Mice were vaccinated in a
prime-only regimen, as described above.
Twenty-eight days after vaccination, mice were
bled to determine the reactivity of sera against
the corresponding purified viruses by ELISA (Fig-
ures S10 and S11). H1N1 subtype viruses isolated
before the 2009 pandemic, influenza viruses with
avian glycoproteins, and a current H3N2 strain
were tested to determine the level of cross-reac-
tivity (Table 1). A/New Caledonia/20/1999
H1N1 (NC99) and A/Puerto Rico/8/1934 H1N1
(PR8) viruses were chosen due to the relative dis-
tance of these viruses from one another within the
pre-pandemic H1N1 subtype.32 Influenza virus strains were selected to
represent group 1 breadth of protection for bothHA andNA, including
recombinant viruses in a PR8 backbone bearing an avian H6 head
domain and H1N1pdm stalk domain coupled with an avian N5 glyco-
protein (cH6/1N5), a low-pathogenicity avian H5 and avian N8
(H5N8), or an avian H9 and avian N2 (H9N2). Interestingly, high
NP-specific antibody responses were seen in all cases, highlighting
both the high conservation of NP and also the potential that NP protein
is secreted during viral replication or that virions are denatured on the
ELISA plate, exposing NP-coated ribonucleoparticles.45,46

Mice were challenged with influenza viruses selected from this broad
panel and weight loss was monitored to observe morbidity and
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Figure 6. The Combination of Nucleoside-Modified

mRNA-LNP-Encoded Influenza Virus Antigens

Enhances Porteection of NA-Mediated Immunity in

the Nanogram Range

Serum frommice vaccinated with a single intradermal dose

of 5, 0.5, 0.05, or 0.005 mg of nucleoside-modified mRNA-

LNPs of either (A) NA alone or (B) supplemented with Mini

HA, M2, and NP constructs additively (combination) were

tested against H1N1pdm in ELISA assays. Luciferase

mRNA-LNP was used as a negative control at a dose of

5 mg, and quadrivalent inactivated influenza virus vaccine

(QIV) was used as a standard of care control at a dose of

1.5 mg. Data are represented as AUC with the mean and

SD plotted. (C and D) Mice were infected with 5 � LD50 of

H1N1pdm virus and body weight was monitored for

14 days. Weight loss curves after infection for mice

vaccinated with NA alone or a combination of antigens.

Luciferase and QIV groups are shown in both graphs.

Mean plus SEM is plotted for each group (n = 5 per group).

Mortality is reported as the percentage of surviving mice for

each group.
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mortality. For viruses of the H1N1 subtype, morbidity was observed in
animals immunized with the single-component vaccines, although all
mice survived the challenge with NC99 virus (Figure 7A) and some
mortality was observed after challenge with PR8 virus (Figure 7B).
When given a combination of all four influenza virus antigens, mice
showed limited morbidity (<5% initial body weight loss) and all sur-
vived viral challenge. To further evaluate the breadth of the vaccine
response, viruses bearing avian glycoproteins were used for infection.
Interestingly, protection mediated by the internal protein components
of the vaccine (M2 andNP) as well as that stimulated byMiniHA alone
were sufficient to protect mice from morbidity and mortality in infec-
tionswithH5N8or cH6/1N5 (Figures 7C and7D).NA-based responses
resulted in complete mortality upon infection with cH6/1N5 and sub-
stantial morbidity withH5N8, although all mice survived the challenge.
This minimal protection conferred to N5- and N8-bearing viruses was
not surprising, as generally NA antibodies do not exceed subtype-spe-
cific breadth.16 Weight loss maxima for each individual mouse were
Figure 5. Nucleoside-Modified Neuraminidase and Nucleoprotein mRNA-LNP Vaccines Elicit Robust

(A) Micewere vaccinated intradermally with a single dose of 20 mg of NA or NPmRNA-LNPs. Splenocyteswere stim

and cytokine production by CD4+ and CD8+ T cells was assessed by flow cytometry. Percentages of NA-specific

IL-2 and frequencies of combinations of cytokines produced by (D) CD4+ and (E) CD8+ T cells are shown. Percenta

IFN-g, TNF-a, and IL-2 and frequencies of combinations of cytokines produced by (H) CD4+ and (I) CD8+ T cells

compared to values from Luc-immunized animals for each cytokine combination (D, E, H, and I). Each symbol rep

per group). Data from two independent experiments are shown. Statistical analysis: Mann-Whitney test, *p < 0
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compiled into a single graphic to better compare
the potency and breadth of protective efficacy eli-
cited by the nucleoside-modified mRNA-LNP
vaccines (Figure 7E).

DISCUSSION
Nucleoside-modified mRNA-LNP vaccines
demonstrated great promise in multiple recent
studies, as they induced protective immunity against critical infec-
tious pathogens such as herpes simplex virus-2, human cytomegalo-
virus, influenza virus, Zika virus, and Ebola virus.27,48–54 Nucleo-
side-modified influenza virus mRNA-LNP vaccines encoding a
single full-length HA antigen are well studied and induce durable
protective immune responses (often after a single immunization)
through the induction of potent T follicular helper cell and humoral
immune responses in mice.27,55 Although most pre-clinical evalua-
tions of mRNA-LNP vaccines have been performed in the murine
model, studies in non-human primates and clinical trials in humans
have supported the efficacy and translatability of this approach.56,57

These studies show the ability of pre-clinical data to translate to
effective vaccination strategies in the clinic.

Multiple approaches have been explored in the pursuit of developing
a universal influenza virus vaccine that would increase both breadth
and effectiveness compared to the standard of care QIV. To elicit
Antigen-Specific T Cell Responses in Mice

ulated with NA or NP peptides 12 days after immunization,

(B) CD4+ and (C) CD8+ T cells producing IFN-g, TNF-a, and

ges of NP-specific (F) CD4+ and (G) CD8+ T cells producing

are shown. Values from NA- and NP-immunized mice are

resents one animal and error is shown as SEM (n = 10mice

.05, **p < 0.01, ***p < 0.001.



Table 1. Amino Acid Identity between Modified Vaccine Antigens and

Corresponding Influenza Virus Proteins

Mini HA (%) NA (%) M2 (%) NP (%)

IVR-180 77.8 ~100 83.0 90.4

Mich15 77.8 100 100 100

NC99 87.0 81.7 81.9 89.6

PR8 81.5 82.6 86.2 91.2

cH6/1N5 77.4 52.5 86.2 91.2

H5N8 65.1 52.5 86.2 91.2

H9N2 55.6 43.6 86.2 91.2

H3N2 44.6 43.9 83.0 89.0

Amino acid sequences from vaccine antigens were aligned to appropriate proteins from
influenza virus challenge strains using the Clustal Omega multiple sequence alignment
tool.47 Percent amino acid identity was determined using the computed percent identity
matrix and examined for each virus used. Please see Data S1–S4.
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broadly reactive antibody responses to the influenza HA stalk influ-
enza virus, vaccines have been produced utilizing chimeric HAs
with avian head domains,7 recombinant rationally designed mini-
HA antigens, which consist only of the HA stalk,8 or hyperglycosy-
lated HA recombinant protein, which focuses the antibody response
to pre-determined epitopes.58 Use of a recombinantly produced M2
extracellular domain has shown the potential to induce broadly reac-
tive, Fc-active antibody responses.40 Internal proteins able to stimu-
late broadly reactive T cell responses have also been pursued using
vector-delivered influenza NP and M1.21 These approaches generally
focus on one specific aspect of the immune response to influenza virus
and may allow exposure to infection should the virus mutate and
escape the protective response.

To broaden the protective efficacy and redundancy of these vaccines,
in the current study, a nucleoside-modified mRNA-LNP influenza vi-
rus vaccine was developed to elicit predominantly antibody-based
protection to several conserved antigens (HA stalk, NA, M2, and
NP) of the influenza virus. When multiple antigens were delivered
in combination, no substantial differences in the magnitude of hu-
moral immune responses were detected when compared to a single
antigen delivered alone. This solidifies the rationale that multiple in-
dividual mRNA-encoded antigens could be combined in a single
administration to increase the breadth of immune responses elicited
by vaccination, which should provide a protective layer of redun-
dancy should the virus mutate to escape from any singular response.
Serum antibodies obtained after a single immunization with the com-
bination vaccine were found to bind a diverse panel of influenza virus
strains, including those from the pre-pandemic H1N1 subtype and
those bearing glycoproteins from avian isolates. Mice were protected
after a single dose of the combination vaccine against infection with
seasonal influenza virus, heterologous challenge within the H1N1
subtype (NC99 and PR8), and heterosubtypic challenge with viruses
bearing avian glycoproteins (H5N8 and cH6/1N5). Of note, the
vast majority of previous influenza virus mRNA vaccine studies
used 1- to 80-mg vaccine doses to induce protection in mice.23 Studies
using self-amplifying RNA vectors have been able to reduce the effec-
tive dose to the nanogram range and are currently being pursued in
phase 1 clinical trials (ClinicalTrials.gov: NCT04062669).59,60 Our
combined vaccine formulation induced protection from seasonal
influenza virus challenge after administration of a single dose of
0.05 mg per antigen. This level of protection highlights the potential
of this vaccine approach for further development as a universal influ-
enza virus vaccine. This platform should also be considered as a
replacement to current seasonal influenza virus vaccines, to allow
for increased potency and breadth of responses to annually circu-
lating viruses.

In addition to potency, the nucleoside-modified mRNA-LNP vaccine
platform has critical advantages over conventional influenza virus
vaccines, specifically: (1) rapid, scalable, sequence-independent pro-
duction of synthetic mRNA vaccines that does not require eggs or
cell lines and complicated purification procedures; (2) enormous flex-
ibility of the mRNA vaccine technology that allows combination of
several antigen-encoding mRNAs into a single regimen that could
result in greater breadth of vaccine protection;48,52,61 and (3) the abil-
ity to use several influenza virus antigens (M2 and internal proteins)
that can be expressed directly in the cytosol to better recapitulate the
expression occurring during infection, which cannot be achieved
through administration of recombinant proteins—here we show
that the nucleoside-modified mRNA-LNP vaccine platform allows
us to use M2 and NP (and possibly other antigens) for vaccination
to induce broadly protective immune responses.

Individually, a single immunization with the Mini HA component
provided protection from all H1N1 challenge strains as well as
H5N8 and cH6/1N5 strains, highlighting the breadth of protection
provided by the stalk-specific responses. The antibodies functioned
to protect in the absence of neutralizing activity, measured by micro-
neutralization assay, but they did show low ADCC-reporter activity.
A potential limitation is the likely requirement of affinity maturation
for potent HA stalk responses, as demonstrated by the improvement
of antibody responses after booster vaccination (Figure S12). Impor-
tantly, most humans are already primed for HA stalk responses and
could respond more effectively to HA stalk-based vaccines.7 An
important benefit of using HA stalk-based constructs is the lack of
an antibody response against the immunodominant variable head
domain of the HA, which is highly strain-specific, while HA stalk an-
tibodies have been shown to confer protection against very diverse
strains.62

Vaccination with NA out-competed all other single components
when challenge with a seasonal H1N1pdm strain was performed. An-
tibodies elicited by this antigen protected mice up to a challenge dose
of 500 times the LD50, and with the addition of the other vaccine com-
ponents, no morbidity was observed (<5%). NA was the only vaccine
component that elicited neutralizing antibodies in amulticycle micro-
neutralization assay, and antibodies also were seen to induce modest
ADCC activity. Importantly, the vaccine dose could be reduced to
0.05 mg and still elicit complete protection from mortality. Protection
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Figure 7. A Single Immunization with a Combination

of Nucleoside-Modified mRNA-Encoded Influenza

Virus Antigens Protects Mice from Heterologous

Challenge

Twenty-eight days after a single intradermal vaccination

with 20 mg of mRNA-LNPs, mice were bled and challenged

with 5� LD50 of influenza virus. Weight loss wasmonitored

for 14 days for challenge viruses: (A) A/New Caledonia/20/

1999 H1N1 virus (n = 5 per group), (B) A/Puerto Rico/8/

1934 H1N1 virus (n = 4–5 per group), (C) H5N8 virus (n = 5

per group), and (D) cH6/1N5 virus (n = 5 per group). Means

and SEM are shown for weight loss curves. Mortality is

reported as the percentage of surviving mice for each

group. (E) Summarized maximum weight loss of all chal-

lenge experiments at 5 � LD50 for each respective virus is

represented. Mean plus SEM is plotted for each group.

Statistical analysis: two-way ANOVA with Dunnett’s

correction for multiple comparisons, *p < 0.0332, **p <

0.0021, ***p < 0.0002, ****p < 0.0001.
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from morbidity was demonstrated when additional antigens were
included in the vaccine regimen. This low dose of vaccination is
promising, as a major limitation to mRNA vaccines has been side ef-
fects associated with high doses of LNP, causing inflammation at the
injection site.57

The M2 construct designed in this vaccine approach was mutated to
ablate ion channel activity to prevent excess cytotoxicity when over-
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expressed in recipient cells.38 This approach al-
lowed the delivery of the full-length M2 protein
as an antigen, which maintains T cell epitopes
present in the transmembrane domain.19 Also,
the intracellular expression of the M2 results
in more efficient presentation of conforma-
tional epitopes. M2 is highly conserved, and an-
tibodies tested after vaccination with M2 alone
were found to have high ADCC activity.
Furthermore, M2 alone prevented mortality in
challenge with multiple influenza strains.
Although protection was not complete against
PR8 virus, morbidity was not observed after
challenge with H5N8 or cH6/1N5 virus strains.
Interestingly, these viruses all share the same
M2 sequence, as well as NP where a similar phe-
nomenon was observed. This is likely due to ki-
netics of viral replication, which also resulted in
delayed weight loss for cH6/1N5 compared to
PR8. The initial delay in viral replication may
be sufficient for humoral and cellular immunity
to clear infected cells before further viral spread
occurs.

Due to the sizable global health burden incurred
by influenza virus infection, the threat of
pandemic outbreaks, and the limited effectiveness of current vaccines,
novel vaccine platforms must be developed to mitigate or remove
these dangers. Our study shows that a nucleoside-modified mRNA-
LNP vaccine with the potential to deliver multiple influenza virus an-
tigens can provide the breadth and potency of immune responses
necessary to prevent influenza virus infection, warranting the devel-
opment of this approach as a universal influenza virus vaccine
candidate.
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MATERIALS AND METHODS
Ethics Statement

The investigators faithfully adhered to the Guide for the Care and Use
of Laboratory Animals by the Committee on Care of Laboratory An-
imal Resources Commission on Life Sciences, National Research
Council. The animal facilities at the University of Pennsylvania and
The Icahn School of Medicine at Mount Sinai vivarium are fully ac-
credited by the American Association for Assessment and Accredita-
tion of Laboratory Animal Care. All studies were conducted under
protocols approved by the University of Pennsylvania and The Icahn
School of Medicine at Mount Sinai institutional animal care and use
committees.
Viruses, Cells, and Proteins

Influenza A viruses utilized are described as follows. H1N1pdm
(IVR-180): recombinant influenza A virus with the HA and NA
from A/Singapore/GP1908/2015 H1N1pdm virus and remaining
proteins from A/Texas/1/1977 H3N2 virus. Mich15: A/Michigan/
45/2015 H1N1pdm virus. NC99: A/New Caledonia/20/1999 H1N1
virus. PR8: A/Puerto Rico/8/1934 H1N1 virus. cH6/1N5: Recombi-
nant chimeric influenza A virus with an HA head domain from
A/mallard/Sweden/81/2002 H6N1 virus, HA stalk domain from
A/California/04/2009 H1N1pdm virus, NA from A/mallard/Swe-
den/86/2003 H12N5 virus, and remaining proteins from A/Puerto
Rico/8/1934 H1N1 virus.H5N8: recombinant influenza A virus con-
taining a low pathogenic H5 HA, with the polybasic cleavage site
removed, from the A/Vietnam/1203/2004 H5N1 virus, the N8
from A/mallard/Sweden/50/2002 H3N8 virus, and remaining pro-
teins from A/Puerto Rico/8/1934 H1N1 virus. H9N2: recombinant
influenza A virus with the HA and NA from A/chicken/Hong
Kong/G9/1997 H9N2 virus and remaining proteins from A/Puerto
Rico/8/1934 H1N1 virus. H3N2: A/Hong Kong/4801/2014 H3N2
virus.

Viruses were propagated in 10-day-old embryonated chicken eggs
(Charles River Laboratories) after injection of 100 plaque-forming
units (PFU) of influenza virus into each egg. Eggs were incubated at
37�C for 48 h or 33�C for 72 h, then left overnight at 4�C. Allantoic
fluid was harvested from each egg and spun at 3,000� g for 10 min at
4�C to remove debris. Resulting supernatant was aliquoted and frozen
at �80�C to form a viral stock. To make purified stocks of virus, this
supernatant was spun at 125,000� g for 2 h at 4�C in tubes containing
5 mL of a 30% sucrose solution. The resulting pellet was resuspended
in phosphate-buffered saline (PBS), aliquoted, and frozen at�80�C to
form a purified stock. Protein concentration was determined using a
Bradford assay.

NIH/3T3 cells (ATCC) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 2 mM L-gluta-
mine (Corning Life Sciences) and 10% fetal bovine serum (FBS;
HyClone) and 100 U/mL penicillin and 100 mg/mL streptomycin
(Gibco) (complete medium). The NIH/3T3 cell line was tested for
mycoplasma contamination after receipt from ATCC and before
expansion and cryopreservation. Madin-Darby canine kidney
(MDCK) cells and HEK293T cells (ATCC) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% FBS
(Gibco), 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco),
and 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; Gibco).

Expression plasmids (pcDNA3.1) were constructed for a stabilized,
trimeric headless H1 (i.e., Mini HA) described by Impagliazzo
et al.,8 an N1 NA (A/Michigan/45/2015), or a viral NP (A/Michi-
gan/45/2015) and synthesized by GenScript. The NA construct fea-
tures an N-terminal signal peptide, a hexahistadine tag, and the vaso-
dilator-stimulating phosphoprotein (VASP) tetramerization domain
followed by the NA ectodomain as described previously.63 Mini HA
and NP both feature a C-terminal hexahistidine purification tag. Plas-
mids were transfected into 6 � 107 Expi293F suspension cells (Life
Technologies) using 4 mg/mL polyethylenimine (PEI). Supernatants
were harvested 96 h post-transfection and recombinant protein was
purified from the cell-free supernatant by affinity chromatography
using nickel nitrilotriacetic acid agarose (QIAGEN). Expression was
confirmed by anti-HIS (Abcam) western blot and, when relevant,
the multimerization of recombinant protein was confirmed by ELISA
using monoclonal antibodies that recognize conformational epitopes
(e.g., CR9114 and FI6). Expression levels were as follows: Mini HA,
15–20 mg/L; N1 and NP, both 1–0.5 mg/L.

mRNA Production

Sequences of A/Michigan/45/2015 H1N1 influenza virus NA, NP,
M2 (pUC-ccTEV-Michigan NA-A101, pUC-ccTEV-Michigan NP-
A101, pUC-ccTEV-Michigan M2-A101), Crucell Mini HA #4900
(pUC-ccTEV-CRC HA-A101), or firefly Luc (pUC-ccTEV-Luc2-
A101) were codon-optimized, synthesized (GenScript), and cloned
into the mRNA production plasmid. After ligation into expression
vectors, mRNAs were produced using T7 RNA polymerase (MEGA-
script, Ambion) on linearized plasmids. mRNAs were transcribed to
contain 101-nt-long poly(A) tails. m1J-50-triphosphate (TriLink)
instead of UTP (uridine 5'-triphosphate) was used to generate modi-
fied nucleoside-containing mRNA. Capping of the in vitro-tran-
scribed mRNAs was performed co-transcriptionally using the trinu-
cleotide cap1 analog, CleanCap (TriLink). mRNA was purified by
cellulose purification, as described.64 All mRNAs were analyzed by
denaturing or native agarose gel electrophoresis and were stored
frozen at �20�C.

LNP Formulation of the mRNA

Cellulose-purified m1J-containing RNAs were encapsulated in
LNPs using a self-assembly process as previously described wherein
an ethanolic lipid mixture of ionizable cationic lipid, phosphatidyl-
choline, cholesterol, and polyethylene glycol-lipid was rapidly mixed
with an aqueous solution containing mRNA at acidic pH.24 The
RNA-loaded particles were characterized and subsequently stored
at �80�C at a concentration of 1 mg/mL. The mean hydrodynamic
diameter of these mRNA-LNPs was�80 nm with a polydispersity in-
dex of 0.02–0.06 and an encapsulation efficiency of �95%.
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Staining and Flow Cytometry Analyses of mRNA-Transfected

NIH/3T3 Cells and Mouse Splenocytes

1.2 � 105 NP- or Luc mRNA-transfected NIH/3T3 cells were incu-
bated at 4�C for 10 min with Cytofix/Cytoperm solution, then washed
with 1� Perm/Wash buffer (both from BD Biosciences). Cells were
then incubated at 4�C for 30 min with 1:100 dilutions of an anti-NP
mouse monoclonal antibody (Bio X Cell, BE0159) and washed again
with 1� Perm/Wash buffer. Finally, cells were incubated at 4�C for
30 min with a 1:900 dilution of a goat anti-mouse (immunoglobulin
G [IgG] + IgM) fluorescein isothiocyanate (FITC)-conjugated second-
ary antibody (Cayman Chemical). After an additional wash, cells were
resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS
with 2% FBS) and stored at 4�C until analysis. The percentage of NP-
positive cells was detected on a modified LSR II flow cytometer (BD
Biosciences). At least 25,000 events for each sample were recorded,
and data were analyzed with the FlowJo 10 software.

Spleen single-cell suspensions were made in complete RPMI 1640
medium. 3 � 106 cells per sample were stimulated for 6 h at 37�C
and 5% CO2, in the presence of overlapping NA (BEI Resources,
NR-19249) or NP (JPT peptides, PM-INFA-NPH2N2) peptide pools
at 5 mg/mL per peptide and an anti-CD28 antibody (1 mg/mL; clone
37.51; BD Biosciences). GolgiPlug (5 mg/mL; brefeldin A; BD Biosci-
ences) and GolgiStop (10 mg/mL; monensin; BD Biosciences) were
added to each sample after 1 h of stimulation. Unstimulated samples
for each animal were included. A phorbol 12-myristate-13-acetate
(10 mg/mL) and ionomycin (200 ng/mL; Sigma)-stimulated sample
was included as a positive control.

After stimulation, cells were washed with PBS and stained with the
LIVE/DEAD fixable aqua dead cell stain kit (Life Technologies) and
then surface stained with the monoclonal antibodies (mAbs) anti-
CD4 PerCP (peridinin chlorophyll protein)/Cy5.5 (clone GK1.5;
BioLegend) and anti-CD8 Pacific Blue (clone 53-6.7; BioLegend)
for 30 min at 4�C. After surface staining, cells were washed with
FACS buffer, fixed (PBS containing 1% paraformaldehyde), and per-
meabilized using the Cytofix/Cytoperm kit (BD Biosciences). Cells
were intracellularly stained with anti-CD3 allophycocyanin (APC)-
Cy7 (clone SP34-2; BD Biosciences), anti-tumor necrosis factor
(TNF)-a phycoerythrin (PE)-Cy7 (clone MP6-XT22; BD Biosci-
ences), anti-interferon (IFN)-g Alexa Fluor 700 (AF700) (clone
XMG1.2; BD Biosciences), and anti-interleukin (IL)-2 Brilliant Violet
711 (BV711) (clone JES6-5H4; BioLegend) mAbs for 30 min at 4�C.
Next, the cells were washed with the permeabilization buffer, fixed as
before, and stored at 4�C until analysis.

Splenocytes were analyzed on a modified LSR II flow cytometer (BD
Biosciences). 500,000 events were collected per specimen. After the
gates for each function were created, the Boolean gate platform was
used to create the full array of possible combinations, equating to
seven response patterns when testing three functions. Data were
analyzed with the FlowJo 10 program. Data were expressed by sub-
tracting the percentages of the unstimulated stained cells from the
percentages of the peptide pool-stimulated stained samples.
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ELISAs

Flat-bottom, 96-well plates (Immulon 4 HBX; Thermo Fisher Scien-
tific) were coated with either recombinant protein at 2 mg/mL or
whole purified influenza virions at 5 mg/mL to a volume of 50 mL
per well. Plates were stored overnight at 4�C. The following morning,
plates were washed three times with PBS containing 0.1% Tween 20
(PBS-T) (Fisher Scientific). 220 mL of blocking buffer (0.5% milk
and 3% goat serum [Gibco] in PBS-T) was added to each well and
plates were left at room temperature (RT) for 1 h. Blocking buffer
was removed from wells, and fresh blocking buffer was added to
ensure a final volume of 100 mL per well. Mouse sera were added
and a 3-fold serial dilution was performed in the plate, leaving the first
and last column blank to account for edge effects. The plate was stored
at RT for 2 h. Plates were then washed with PBS-T three times and
secondary antibody (horseradish peroxidase-linked polyclonal goat
anti-mouse IgG; Abcam) at a dilution of 1:15,000 was added to
each well to a final volume of 50 mL. Plates were left at RT for 1 h,
then washed four times with PBS-T with a shaking step included.
100 mL of SigmaFast o-phenylenediamine dihydrochloride substrate
(Sigma) was added and quenched with 50 mL of 3 M hydrochloric
acid (Fisher Scientific) after 10 min of development. Plates were
read on a Synergy H1 hybrid multimode microplate reader (BioTek)
at 490 nm. Data were analyzed using Prism 8.0 (GraphPad), and the
area under the curve (AUC) was calculated using a baseline of the
average of all control wells plus 3 times the standard deviation
(SD), or 0.07 if the baseline was lower than 0.07. All AUC values
below 1 were adjusted to a value of 1. Points showing no reactivity
were nudged to ensure that all lines are visible on a single graph.

For cell-based ELISAs, 4 � 104 293T cells were plated in serum-free
DMEM in 96-well plates previously coated with poly-L-lysine
(Sigma). After 24 h of incubation, cells were transfected with
100 ng of pCAGGS-vectoredMich15M2 (catalytically inactive) using
0.3 mL of TransIT-LT1 (Mirus) per 100 ng of DNA per well. Cells
were incubated overnight at 37�C and 5% CO2. Cells were fixed
with 3.7% paraformaldehyde (Fisher Scientific) in PBS for 24 h at
4�C before washing with PBS and blocking as above. The procedure
was continued as described above, with gentle pipetting used to avoid
dislodging cells from the plate.

mRNA Vaccination and Virus Challenge

To determine the appropriate viral challenge dose, an infection using
a dose escalation of infectious influenza virus was performed in fe-
male BALB/c mice aged 6–8 weeks (Jackson Laboratory). 3 mice
were infected from each dose, which ranged from 10 to 105 PFU in
log intervals. Mice were anesthetized with a ketamine/xylazine
mixture, and 50 mL of virus at each dose was introduced through
the intranasal route. Weight loss was monitored for 14 days, and
mice losing 25% of their initial body weight were humanly sacrificed.
The dose at which 50% of mice succumbed to infection was deter-
mined as the LD50 for future challenge studies.

Female BALB/c mice aged 6–8 weeks were anesthetized and shaved to
expose the skin of the back. After sterilization with 70% ethanol,
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mRNA vaccines diluted to 10 or 20 mg per 100 mL in PBS were injected
i.d. into two sites distant from one another on the back to a total vol-
ume of 100 mL. Four weeks after vaccination, mice were anesthetized
and infected with 50 mL of influenza virus intranasally. Additionally,
mice were bled for serological analysis. Weight loss was monitored for
14 days, and mice that lost more than 25% of initial body weight were
humanely euthanized. All mouse experiments were performed ac-
cording to guidelines stated in the Icahn School of Medicine at Mount
Sinai Institutional Animal Care and Use Committee protocol.

Passive Transfer of Sera and Splenocytes

Female BALB/c mice aged 6–8 weeks underwent a prime-boost
regimen with 10 mg of mRNA vaccine per mouse with 4-week inter-
vals between both vaccinations and subsequent harvest. Mice were
anesthetized and then a cardiac puncture was performed to gather
whole blood. The blood was allowed to coagulate at room tempera-
ture for 1 h before being placed at 4�C for 30 min. Blood was then
spun at 12,000 � g for 10 min at 4�C, and sera were separated
from remaining blood components and stored at 4�C until further
use. 200 mL of sera was transferred intraperitoneally into naive
mice 2–6 hours prior to influenza virus challenge. Mice were bled
post-transfer, and sera were tested against the appropriate antigen
by ELISA to ensure that the transfer was successful. Spleens were
dissected from euthanized mice and processed through a 70-mm filter
(Falcon) to dissociate cells, and spleens and cells were placed in RPMI
1640 media (Gibco) on ice throughout this process. Red blood cells
were lysed with ACK lysing buffer (Gibco) for 5 min before quench-
ing with PBS. Cleared splenocytes were counted and 80 million cells
were intravenously transferred into naive mice 2—4 h prior to influ-
enza virus challenge.

Microneutralization Assay

MDCK cells were plated at a concentration of 2.5 � 104 cells per
well in 96-well dishes and incubated overnight at 37�C and 5%
CO2. Serum samples were treated with a working dilution, following
the manufacturer’s guidelines, of receptor-destroying enzyme (RDE)
(Seiken) at a ratio of 3:1 overnight in a 37�C water bath. The
following morning, RDE-treated serum was incubated with a 2.5%
solution of sodium citrate (Fisher Scientific) at 56�C for 30 min
at a ratio of 3:4. To bring the sample to a 1:10 dilution, PBS was
added at a final ratio of 3:7 with the solution. Assay buffer was
made by adding 6-(1-tosylamido-2-phenyl)ethyl chloromethyl ke-
tone (TPCK)-treated trypsin at a concentration of 1 mg/mL to Ul-
tra-MDCK media (Lonza). Sera were serially diluted 1:2 in a 96-
well plate in assay buffer. Influenza virus IVR-180 was diluted to
100 TCID50 in Ultra-MDCK media. 60 mL of diluted, RDE-treated
serum was mixed with 60 mL of virus and allowed to shake at RT for
1 h. In this time, MDCK cells were rinsed with PBS. 100 mL of the
serum/virus mixture was then added to the cells and virus was al-
lowed to adsorb to cells for 1 h at 33�C. Virus/serum mixture was
then removed and cells were washed with PBS before replacing
with media containing serum at the same dilutions and incubating
for 72 h at 33�C. A hemagglutination assay was performed by mix-
ing equal volumes of cell supernatant with 0.5% chicken red blood
cells (Lampire). Wells in which red blood cells were agglutinated
were determined to lack virus, determining the neutralization po-
tential of the sera.
Antibody-Dependent Cell-Mediated Cytotoxicity Reporter

Assay

MDCK cells were plated in 96-well dishes at a concentration of 2.5�
104 cells per well and incubated overnight at 37�C and 5% CO2. The
next morning, influenza virus IVR-180 was diluted to 2.5� 105 PFU
per well in Ultra-MDCK media (MOI of 5 assuming a doubling of
cells) and MDCK cells were washed with PBS before the addition
of 100 mL of diluted virus in the absence of TPCK-treated trypsin.
Infection was allowed to proceed 24 h at 37�C. Assay buffer was pre-
pared by adding 4% ultra-low-IgG FBS (Gibco) to RPMI 1640
(Gibco). Serum samples were serial diluted 3-fold in assay buffer
starting at 1:25. Medium was removed from infected MDCK cells,
and 25 mL of warm assay buffer was added to each well along with
25 mL of diluted serum. ADCC effector cells (Jurkat cell line express-
ing the mouse FcgRIV cell-surface receptor; Promega) were rapidly
thawed and diluted in warm assay buffer to a concentration of 3 �
106 cells/mL (7.5 � 104 cells per 25 mL) and 25 mL of cell dilution
was added to each well and the mixture was allowed to incubate
for 6 h at 37�C. Cells and Bio-Glo Luc substrate (Promega) were
adjusted to RT, then 75 mL of Luc substrate was added to each well
and luminescence was immediately read on a Synergy H1 hybrid
multimode microplate reader (BioTek). Fold change was calculated
as relative luminescence unit of test wells divided by the average
plus 3 times the SD of background wells.
Statistical Analyses

Statistical analyses were performed using the Prism 6.0 program
(GraphPad, San Diego, CA, USA). In Figure 5, data were compared
with a Mann-Whitney (two-tailed) test. All p values <0.05 were
considered statistically significant with a confidence interval of
95%. *p < 0.05, **p < 0.01, ***p < 0.001. In Figure 7, data were
compared using a two-way ANOVA test with Dunnett’s correction
for multiple comparisons. All adjusted p values <0.0332 were consid-
ered statistically significant with a confidence interval of 95%. *p <
0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001.
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