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Nucleoside-modified, lipid nanoparticle-encapsulated mRNAs
have recently emerged as suitable vaccines for influenza viruses
and other pathogens in part because the platform allows
delivery of multiple antigens in a single immunization.
mRNA vaccines allow for easy antigen modification, enabling
rapid iterative design. We studied protein modifications such
as mutating functional sites, changing secretion potential,
and altering protein conformation, which could improve the
safety and/or potency of mRNA-based influenza virus vaccines.
Mice were vaccinated intradermally with wild-type or mutant
constructs of influenza virus hemagglutinin (HA), neuramini-
dase (NA), matrix protein 2 (M2), nucleoprotein (NP), or
matrix protein 1 (M1). Membrane-bound HA constructs
elicited more potent and protective antibody responses than
secreted forms. Altering the catalytic site of NA to reduce enzy-
matic activity decreased reactogenicity while protective immu-
nity was maintained. Disruption of M2 ion channel activity
improved immunogenicity and protective efficacy. A compari-
son of internal proteins NP and M1 revealed the superiority of
NP in conferring protection from influenza virus challenge.
These findings support the use of the nucleoside-modified
mRNA platform for guided antigen design for influenza virus
with extension to other pathogens.
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INTRODUCTION
Influenza viruses cause over half a million deaths annually, as well as
millions of hospitalizations and subclinical infections.1 Seasonal
influenza virus vaccines confer suboptimal effectiveness due to poor
immunogenicity or potential strain mismatches.2 To overcome these
obstacles to ideal care, broadly protective influenza virus vaccines are
currently being developed, which offer the promise of superior and
long-lasting immune responses.3

The influenza virus hemagglutinin (HA) conserved stalk domain has
been a target of several vaccine strategies and human clinical trials,4–7

as this region has been found to elicit antibodies with the ability to
cross-react with multiple influenza A and B viruses and act to confer
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protection through direct neutralization and Fc-mediated effector
functions.8 Rationally designed vaccine candidates attempt to elicit
this class of antibodies through sequential vaccination with chimeric
HA proteins,4 headless HA stalk-only constructs,5,7 or hyperglycosy-
lated HA head domain proteins.9,10

The viral neuraminidase (NA) has gained momentum as a
potential vaccine antigen due to its ability to elicit antibodies
that potently neutralize within a subtype.11 Recently, broadly
cross-reactive antibodies that target the NA active site have been
discovered that can bind and inhibit influenza A and B viruses.12

Strategies to supplement current influenza virus vaccines with
NA components have been discussed to improve overall vaccine
effectiveness.13

There have been several studies that have examined the potential of
the extracellular domain of the matrix protein 2 (M2e) ion channel
to serve as a universal influenza virus vaccine antigen.14–16 The
M2e region is highly conserved across influenza A viruses and is
known to elicit non-neutralizing antibodies, which confer protection
through antibody-dependent cell-mediated cytotoxicity (ADCC) ac-
tivity.15 The full-length M2 protein is also known to contain several
T cell epitopes, which may act to enhance antibody responses or stim-
ulate cellular immune responses.14

Strategies to stimulate broadly reactive cellular responses have
also been investigated, often through the use of vectored expres-
sion of internal influenza virus proteins. Viral nucleoprotein
(NP) and matrix protein 1 (M1) are favored antigens to stimulate
cellular immunity due to the presence of highly conserved T cell
epitopes.17 Broadly cross-reactive cellular responses have been
ber 2021 ª 2021 The Authors.
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shown to lead to clearance of infected cells, which leads to a reduc-
tion in symptoms and viral transmission.18 Vaccines that utilize
these antigens as targets are currently being tested in clinical
trials.19

Besides strain-specificity and limited potency, one of the major lim-
itations of conventional influenza virus vaccine platforms is the dif-
ficulty with production in eggs or cell lines and the lack of flexibility
to rapidly incorporate specific highly desired modifications.20 Next-
generation vaccine technologies have pushed the field of influenza
vaccine development forward by allowing delivery of conserved an-
tigens and preferentially skewing the immune system to provoke
desired responses. Multiple preclinical studies provided proof-of-
concept for the feasibility of mRNA-based vaccination against influ-
enza virus.21 Several studies utilized self-amplifying mRNA vaccines
encoding HA, NP, or M1 antigens and demonstrated protection
from lethal viral infection in mice and ferrets.22,23 RNActive
mRNA vaccines encoding HA, NA, or NP also induced protective
immune responses in animal models.24 Intranodal administration
of naked NP-encoding mRNA resulted in cross-strain immunity
in mice.25 Intranasal administration of protein-coated chitosan
nanoparticles formulated with HA and M2e-encoding mRNAs
from H9N2 avian influenza virus induced some protection from
H9N2 and H7N9 influenza virus challenge in chickens.26 Lipid
nanoparticle (LNP)-encapsulated nucleoside-modified mRNAs
have recently been developed as a vaccine platform, which
offers not only exceptional potency, but it is also a rapid,
scalable response to viral threats.27,28 These vaccines have been
shown to be effective against a variety of pathogens in preclinical
studies,28 and several clinical studies are underway to prevent
viral diseases including those caused by human cytomegalovirus
(NCT04232280), respiratory syncytial virus (NCT04528719),
severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2;
NCT04470427 and NCT04537949), and others. Importantly,
SARS-CoV-2 nucleoside-modified mRNA-LNP vaccines developed
by Pfizer-BioNTech and Moderna have proved to be very effective
and have received approval for mass vaccination of humans in mul-
tiple countries.29,30 Utilizing this platform, we demonstrated that
immunization of mice and ferrets with a single full-length HA-en-
coding mRNA-LNP induced immune responses against the
conserved stalk region of HA, one of the targets of universal influ-
enza virus vaccines.31 Additionally, we found that elicited immune
responses protected mice from homologous, heterologous, and het-
erosubtypic influenza virus infection. Recent clinical studies by
Moderna demonstrated that nucleoside-modified HA mRNA-
LNPs are immunogenic and well-tolerated in humans.32

Importantly, several studies demonstrated that multiple vaccine
antigens could be formulated in mRNA-LNP for delivery in a single
immunization,33–36 and this vaccine platform allows for easy
alteration of the antigens they express through modification of the
underlying sequence.37 To improve on influenza virus vaccine targets,
we sought to alter protein functional domains by leveraging previ-
ously described mutations.
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RESULTS
Membrane-anchored HA antigens outperform soluble

constructs

Vectored vaccine approaches provide the ability to display antigen in
a native, membrane-bound form. We utilized nucleoside-modified
mRNA-LNP vaccines expressing influenza virus antigens of interest
to study their ability to confer protection from infection. Vaccines
were delivered intradermally (I.D.) to mice because I.D. injection
has been previously shown to elicit superior responses than intramus-
cular delivery for this platform in mice.31 To be consistent with our
previous studies and ensure that sufficient responses will be induced,
we used 20 mg mRNA-LNP in these experiments.36 Mice were given
only a single shot to mimic the clinical use of influenza virus vaccines,
and serological and challenge assays were performed 4 weeks post-
vaccination to allow immune responses to develop.

To compare soluble and membrane-bound HA constructs, we de-
signed mRNA sequences that either contained the full-length wild-
type A/Michigan/45/2015 H1N1pdm (Mich15) HA sequence or had
the transmembrane and cytosolic domains removed and replaced
with a T4 foldon trimerization domain (Figure 1A).38 Further, to
examine the effect of HA receptor binding activity on eliciting immune
responses, an additional mutation (Y98F) was introduced in the recep-
tor binding site (RBS) to reduce sialic acid binding.39 Also, mutation of
the HA cleavage site (R334A and G335A) was performed to observe
whether reduction of proteolytic cleavage plays a role in antigen pre-
sentation or stability in the context of intradermal vaccination. Soluble
and transmembrane domain-bearing constructs were also produced
using the CR #4900 Mini HA, which is based on the conserved stalk
domain of the A/Brisbane/59/2007H1N1 influenza virus.5 HA-encod-
ing mRNA constructs were analyzed for expression to ensure that
secreted and membrane-bound constructs localized to the appropriate
positions relative to the cell. Surface staining coupled with flow cytom-
etry analyses of cells transfected with HA antigen-encoding mRNAs
revealed that only membrane-bound constructs were detectable on
the surface of cells (Figures S1A–S1H). Capture enzyme-linked immu-
nosorbent assays (ELISAs) of transfected cell supernatants were also
performed to ensure that secreted antigens were properly expressed
(Figure S2A). Membrane-bound antigens were detected at very low
levels in these assays, with the exception of membrane-bound Mini
HA, implying some amount of leakage for this specific antigen.
Next, mice were vaccinated I.D. with 20 mg of a single mRNA-LNP
construct and serum was obtained 4 weeks later for analysis (Fig-
ure 1B). Sera were analyzed to determine antibody binding by ELISA
(Figure 2A; Figure S3A); interference of HA receptor binding activity
by hemagglutination inhibition assay (Figure 2B), neutralization by a
multi-cycle microneutralization assay (Figure 2C), and antibody Fc-
mediated effector functionality through an ADCC reporter assay (Fig-
ure 2D; Figure S4A). Mutation of the RBS or the HA cleavage site was
not found to substantially impact antigenicity at the tested dose level
regardless of whether the antigen was membrane-bound or soluble.
However, expression of any HA as a full-length, membrane-bound
construct was found to significantly improve the quality of the anti-
body responses compared with soluble HAs, resulting in more potent
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Figure 2. Membrane-bound HA constructs elicit more potent immune

responses than soluble forms

Mice were vaccinated with 20 mg of HA-expressingmRNA-LNP vaccines and sera

were collected 4 weeks post immunization before challenge with NC99 H1N1

virus. (A) ELISAs were run against purified H1N1pdm virus using sera from indi-

vidual mice. Data are reported as area under the curve for each sample with group

average plus standard deviation (SD; n = 5/group). (B) Hemagglutination inhibition

assays were performed against H1N1pdm virus using pooled sera from each

group. The assay was run in triplicate with individual values reported as endpoint

titers. Bars represent the average of reported values with SD (C) Micro-

neutralization capability of pooled sera was assessed against H1N1pdm influenza

virus. Sera were run in triplicate and individual values were reported as endpoint

titer, as well as the average plus SD of reported values. (D) Antibody-dependent

cell-mediated cytotoxicity reporter assays were performed using H1N1pdm-in-

fected MDCK cells. Pooled sera from each group were run in triplicate and effector

cells expressing murine FcgRIV and an NFAT-controlled luciferase reporter were

incubated with the infected cells. Data are represented as area under the curve

calculated from background-normalized fold change values with the average and

SD plotted. (E) Maximum percent body weight loss was calculated after challenge

with NC99 and is represented as the average plus individual values for each

mouse. Two-way ANOVAs with Tukey’s correction for multiple comparisons were

performed to determine significance: ****p < 0.0001.

Figure 1. Design of mRNA-encoded influenza virus antigens

(A) Modeled images of the amino acid mutations introduced to each influenza virus

vaccine target are illustrated onto their respective protein. Soluble hemagglutinin

(sHA) antigens included a T4 foldon trimerization domain (T4) to replace the trans-

membrane domain and cytoplasmic tail. Soluble neuraminidase (sNA) antigens

included a tetrabrachion (Tet) tetramerization domain to replace the stalk and

transmembrane domains. The soluble M2 ectodomain (M2e) was fused to a general

control non-repressable 4 (GCN4) tetramerization domain. Functional sites were

targeted to determine the resulting effect of mutations on conferred immunogenicity

for each antigen. Not drawn to scale. (B) Diagram of the vaccination scheme used

for comparison of antigen constructs for each individual antigen. Mice were given a

single immunization of nucleoside-modified mRNA-LNP vaccine I.D. followed by

sera collection 4 weeks later before challenge with influenza virus.
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activity in all assays. The responses elicited by Mini HA constructs
were overall lower compared to full-length HA and no difference
between membrane-bound and secreted Mini HAs was detected.
However, these constructs were structurally designed as stable secreted
antigens and the impact of introducing a transmembrane domain to
these constructs is unclear. Further, it should be noted that the Mini
HA is based on the pre-pandemic A/Brisbane/59/2007 H1N1 while
all other constructs were based on the post-pandemic Mich15
sequence, which matched the viruses used for these assays.

4 weeks after vaccination, mice were challenged with the pre-
pandemic A/New Caledonia/20/1999 H1N1 (NC99) virus to observe
86 Molecular Therapy: Methods & Clinical Development Vol. 22 September 2021



A B

DC

E

F

Figure 3. Diminished NA catalytic activity reduces reactogenicity while

preserving immunogenicity

Mice were vaccinated and challenged as described in Figure 2. (A) ELISAs of sera

from individual mice were run against purified H1N1pdm influenza virus prepara-

tions to determine binding titers. Data are reported as area under the curve with the

average and SD of values plotted (n = 5/group). (B) Neutralizing potential of sera was

determined through a multi-cycle microneutralization assay against H1N1pdm vi-

rus. Pooled sera for each group were run in triplicate, and endpoint titers were re-

ported for each replicate. (C) A NA inhibition assay against H1N1pdm virus was

performed to examine the ability of sera to block NA catalytic activity. Pooled sera

were run in duplicate, and the median effective concentration was reported for each

replicate. (D) An ADCC reporter assay was performed on cells infected with

H1N1pdm influenza virus. Pooled sera were run in triplicate, and the area under the

curve from background normalized fold change values is reported as the average

plus SD for each group. (E) Maximum percent body weight loss after heterologous

NC99 challenge for each individual mouse is reported (n = 10/group). (F) Mice were

vaccinated with 10 mg of mRNA-LNP I.D. in a prime/boost regimen with 3 weeks

between administrations. 1 week post boost, mice were photographed to visually

examine lesions at the site of vaccination (n = 5/group). Representative images from

three independent experiments are shown. One-way ANOVAs with Tukey’s

correction for multiple comparisons were performed to determine significance: *p <

0.033, **p < 0.002, ***p < 0.0002, ****p < 0.0001.

www.moleculartherapy.org
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differences in protection conferred by the membrane-bound (Fig-
ure S5A) and soluble (Figure S5B) constructs based on body weight
loss. Maximum percent body weight loss data demonstrate a signifi-
cant increase in protection when HA constructs were expressed as
full-length membrane-bound protein (Figure 2E). No substantial dif-
ferences in weight loss were observed for any mutant relative to wild-
type antigen, demonstrating a lack of effect of functional mutation for
altering HA immunogenicity at the tested dose. It is important to note
that the influenza challenge virus NC99 is genetically more similar to
the pre-pandemic Mini HA than to the post-pandemic Mich15-based
constructs.

Alteration of NA catalytic activity reduces reactogenicity

The impact of mutation of the NA catalytic site was examined by
introducing a D151G mutation into the mRNA sequence (iNA, Fig-
ure 1A), which has been previously described to reduce functional
activity.40 In parallel, secreted forms of the NA head domain fused
to a tetrabrachion tetramerization domain with or without the
catalytic site mutant were tested (sNA and siNA, respectively, Fig-
ure 1A).41 Proper expression of membrane-bound and secreted ver-
sions of NA constructs was confirmed by in vitro cell transfection
studies (Figures S1I–S1L, S2B, and S6A). Expression of the wild-
type membrane-bound NA, sNA, and siNA were confirmed, but
the iNA protein could not be detected by flow cytometry. We could
detect a small amount of iNA protein in cell lysates by western blot
studies (Figure S6A). Since the iNA construct elicited potent and pro-
tective polyclonal antibody responses in immunization studies (see
below), we believe that the introduction of the D151G point mutation
changes the structure of NA in the binding epitopes of the mono-
clonal anti-NA antibodies that were used in the in vitro experiments,
resulting in no (or weak) binding.

Mice were immunized as described above with 20 mg of nucleoside-
modifiedmRNA-LNP, and serological assays were performed 4 weeks
after vaccination. All constructs were found to elicit similar levels of
antibodies by ELISA to a matched H1N1pdm influenza virus, though
wild-type NA elicited slightly stronger responses (Figure 3A; Fig-
ure S3B). While neutralizing titers were similar between groups (Fig-
ure 3B), NA inhibition measured by an enzyme-linked lectin assay
(ELLA) showed again a trend to higher levels for the wild-type
construct (Figure 3C). In an ADCC reporter assay, sera from mice
immunized with membrane-bound constructs elicited stronger sig-
nals (Figure 3D; Figure S4B). To determine the impact of modifica-
tions on protection, we infected mice with the heterologous A/New
Caledonia/20/1999 H1N1 virus strain. Maximal body weight loss
was similar between groups, with no significant differences in protec-
tion observed (Figure 3E; Figure S5C).

Interestingly, we observed reactogenicity in the form of lesions
when testing the wild-type NA construct in an I.D. prime/boost
regimen (10 mg of mRNA-LNP injected twice; 3 weeks apart).
The lesions were only observed when testing NA antigens and
only after booster vaccination (Figure 3F), suggesting an involve-
ment of adaptive immune responses. Importantly, we found that
erapy: Methods & Clinical Development Vol. 22 September 2021 87
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Figure 4. Ablation of full-length matrix protein 2 ion channel activity

increases immunogenicity

Mice were vaccinated I.D. with 20 mg of mRNA-LNP expressing M2 constructs.

Sera were collected 4 weeks after vaccination followed by challenge with NC99

H1N1 virus. (A) ELISAs were performed using sera from individual mice against

purified H1N1pdm virus. Area under the curve was calculated after fitting regression

curves to the data and is reported as individual values with average and SD (n = 5/

group). (B) ADCC reporter assays were performed to determine effector functionality

of antibodies present in sera of immunizedmice. Cells were infected with H1N1pdm

virus and luminescence was measured as a readout of Fc-receptor engagement.

Sera were pooled and run in triplicate for each group. (C) Maximum percent body

weight loss from NC99 challenge data is shown as average with each individual

point for each animal (n = 5/group). One-way ANOVA with Tukey’s correction for

multiple comparisons was performed to determine statistical significance: *p <

0.033, **p < 0.002, ***p < 0.0002.
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mutating the catalytic site of the NA substantially reduced reacto-
genicity while the mutation did not substantially alter immunoge-
nicity or conferred protection.

Expression of a full-length M2 with ion channel activity ablated

improves immunogenicity

mRNA and other vectored vaccines allow the expression of full-
length transmembrane proteins. Comparison of full-length M2
mRNA-LNP with a construct expressing only the M2 ectodomain
attached to a general control non-repressible 4 (GCN4) tetrameriza-
tion domain (M2e) was performed through vaccination followed by
serological analysis and challenge.42 Additionally, a full-length M2-
encoding mRNA-LNP with amino acids 29–31 deleted (M2i) was
also used (Figure 1A), as this mutation has been previously shown
to ablate ion channel activity.43 Proper expression of M2 and M2i
was demonstrated by in vitro cell transfection studies (Figures S1M,
S1N, S6B, and S6C). Interestingly, we could not detect secreted
M2e production in vitro (Figures S1O and S6C). One potential expla-
nation for this is that despite being codon-optimized for mammalian
cell expression, the M2e construct may work more optimally in bac-
88 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
terial expression systems for which it has been previously
developed.44

Mice were immunized as described above with 20 mg of nucleoside-
modifiedmRNA-LNP, and serological assays were performed 4 weeks
after vaccination. ELISA analysis revealed that M2i-vaccinated mice
mounted significantly stronger responses to the target than the other
constructs tested (Figure 4A; Figure S3C). This pattern persisted
through functional examination of the elicited antibodies by ADCC
reporter assays with M2i > M2 > M2e (Figure 4B; Figure S4C). After
challenge with the heterologous A/New Caledonia/20/1999 H1N1
strain, protection was examined through analysis of percent body
weight loss as described above (Figure S5D). Maximum percent
body weight loss was found to be lowest in mice vaccinated with
M2i, which showed a significantly higher level of protection than
both other vaccine groups (Figure 4C).

NP is a superior antigen to M1 when delivered by nucleoside-

modified mRNA-LNP

Internal proteins of the influenza virion have been utilized as targets
to stimulate broadly reactive cellular responses through viral vectored
approaches.17,45 To assess the ability of these antigens to confer
protection after delivery through an mRNA-LNP, we formulated
wild-type NP and M1 (A/Michigan/45/2015 H1N1pdm) expressing
vaccines. Vaccination was performed as described above and followed
by serological assessment and viral challenge. Modifications to the NP
nuclear localization signal sequences to attempt to reduce antibody
responses through reduced secretion were also tested but did not
translate to differences in vivo (Figure S7).

The NP-expressing construct was found to stimulate high levels of an-
tibodies to a purified H1N1pdm target by ELISA, while humoral re-
sponses were negligible after vaccination with the M1-expressing
mRNA-LNP (Figure 5A; Figure S3D). Survival after viral challenge
was complete for both antigens (Figure S5E), but the maximum
percent body weight loss was significantly lower in mice receiving
NP-expressing mRNA-LNP (Figure 5B).

Analysis of T cell responses was performed for the M1-encoding
mRNA-LNP to compare with previously published results on NP-
expressing mRNA-LNP vaccination.36 Mice were vaccinated with
20 mg of M1 mRNA-LNP and spleens were harvested for analysis
12 days later (Figure 5C). T cells were stimulated with M1-specific
peptides, and flow cytometry was utilized with intracellular cyto-
kine staining to determine antigen-specific T cell activation. The
proportion of cytokine-expressing T cells out of total CD3+ cells
is reported for both CD4+ and CD8+ populations (Figures 5D
and 5E; Figure S8). Also, polyfunctionality was assessed through
Boolean gating to determine cell populations expressing multiple
cytokines simultaneously (Figures 5F and 5G). Both CD4+ and
CD8+ T cell responses were detected in M1 vaccinated mice.
Compared to previously published data for NP-specific T cell re-
sponses after mRNA-LNP vaccination,36 M1-specific CD8+ T cell
responses were substantially weaker.
ber 2021
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Figure 5. Nucleoside-modified mRNA-LNP delivery

of nucleoprotein confers enhanced protection

relative to matrix protein 1

Mice were vaccinated with 20 mg nucleoside-modified

mRNA-LNP I.D. and bled 4 weeks later for serological

analysis before challenge with a heterologous H1N1 virus.

(A) ELISA binding titers are displayed as the average area

under the curve value and SD for mouse serum sample

reactivity to H1N1pdm purified virus (n = 5/group). (B)

Maximum percent body weight loss after heterologous

NC99 challenge is reported as the average plus SD with

each individual value plotted. (C) Mice were vaccinated

I.D. with a single dose of 20 mg of M1 mRNA-LNP.

Splenocytes were stimulated with an M1 peptide pool

12 days after immunization, and cytokine production by

CD4+ and CD8+ T cells was analyzed by flow cytometry.

Percentages of M1-specific (D) CD4+ and (E) CD8+ T cells

producing IFN-g, TNF-a, and IL-2 and frequencies of

combinations of cytokines produced by (F) CD4+ and (G)

CD8+ T cells are shown. Values fromM1-immunizedmice

are compared to values from Luc-immunized animals

(B–E). Each symbol represents one animal and error is

shown as SD (n = 10 mice/group). Data from two inde-

pendent experiments are shown (n = 5 mice/group/

experiment). (A and B) One-way ANOVA with Tukey’s

correction for multiple comparisons was performed to

determine statistical significance: ****p < 0.0001. (D–G)

Statistical analysis: paired t test, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Engineered influenza virus antigen-expressing mRNA-LNPs

provide broad protection

To address the breadth of immunity elicited by the above-mentioned
vaccine antigens, we performed a challenge study with an influenza
virus strain expressing avian H5 and N1 glycoproteins. Mice were
vaccinated with 20 mg mRNA-LNP and 4 weeks elapsed between
vaccination and challenge with a lethal dose of a recombinant influ-
enza virus strain expressing A/Vietnam/1204/2004 H5N1 glycopro-
teins with the HA poly-basic cleavage site removed. Weight loss was
monitored for 14 days (Figure S9) with maximum percent weight
loss reported for each mouse (Figure S10). Protection was observed
for mice vaccinated with influenza virus antigens, with similar
patterns to those seen for NC99 challenge (membrane-bound HA
performed better than soluble HA, NA performance was similar
across groups, and M2 and M2i protected well while M2e did
not). To further explore the breadth of antibody binding responses
induced by various mRNA-encoded influenza antigens, we per-
formed ELISAs using serum from immunized mice 4 weeks post
vaccination. Binding to a diverse panel of influenza virus strains
Molecular Therapy: Methods & Clin
representative of pre-pandemic H1N1, H5N1,
H3N2, and influenza B subtypes was investi-
gated (Figure S11). Binding titers were found
to extend to the avian H5N1 virus, but not to
the group 2 HA and NA expressing H3N2 vi-
rus. Little reactivity was observed against the
influenza virus B strain tested. These binding
patterns are consistent with the patterns of cross-reactivity previ-
ously described for influenza viruses.46

DISCUSSION
Antigen modification of vaccines has been commonly used to in-
crease stability/immunogenicity of recombinantly expressed protein
antigens.47 Expanding this process to include alteration of functional
domains has been explored to determine the specific effects modifica-
tions have on immunogenicity and reactogenicity.47 Due to its
synthetic nature, the nucleoside-modified mRNA-LNP technology
enables the rapid incorporations of changes to the protein target
through modification of the underlying sequence. We applied this
procedure to potentially broadly protective influenza virus vaccine
antigens in an attempt to optimize each component.

We found that vaccination with full-length HA with the intact trans-
membrane region elicited more functional and protective antibody
responses than soluble constructs when delivered by nucleoside-
modified mRNA-LNP. This is likely due to increased stabilization
ical Development Vol. 22 September 2021 89
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of the HA protein through this native domain rather than a foreign
soluble trimerization domain. Furthermore, accumulation of mem-
brane-bound antigen on the cell surface may facilitate more effective
cross-linking of B cell receptors, resulting in stronger antibody re-
sponses. This beneficial effect may be transferred to secreted antigens
by polymerization through presentation on nanoparticles such as
ferritin.7 Mutation of the HA RBS or cleavage site had little impact
on immunogenicity in either secreted or membrane-bound form.
TheMini HA antigen also benefited from regrafting of the transmem-
brane domain as protection conferred was similar to the wild-type an-
tigen after heterologous challenge. The observed protective effect was
similar for all constructs, but it is important to note that the Mini HA
was closer in amino acid sequence to the pre-pandemic NC99 chal-
lenge virus than the post-pandemic Mich15-based constructs. Based
on the decreased activity of sera from Mini HA-vaccinated mice
in vitro, it is likely that the full-length antigens would result in supe-
rior protection against challenge with matched strains.

Modification of the NA revealed little impact of diminished catalytic
activity on immunogenicity of the antigen. Some advantage was seen
for the wild-type antigen in binding and functional assays, but the
conferred protection by all tested antigens was similar. ADCC activity
was most affected by antigen modification, with full-length constructs
showing an increase in reporter activity relative to their secreted
counterparts. This result could imply that epitopes targeted by anti-
bodies that mediate ADCC activity are lost when the entire stalk
domain is removed to design the soluble constructs. Interestingly,
we found that reactogenicity was substantially decreased when cata-
lytic activity of the antigen was reduced. This result could be due to
effects of the NA to activate cytokines such as transforming growth
factor-b or through direct desialylation of Toll-like receptors, which
can stimulate inflammatory signaling.48,49 This response only
occurred during vaccine boosting, which implies that some function
of the adaptive immune response is at play to cause this reactogenic-
ity, potentially the reactivity of tissue-resident memory T cells. Dis-
covery of this reactogenicity has not been previously reported, which
could be due to the intradermal route of administration that allows for
easy visualization of lesion formation. This finding could be broadly
applicable to improve safety of NA-based vaccines for a variety of
platforms and could be more generally applied to antigens with enzy-
matic activity.

Analysis of M2 constructs revealed the benefit of preserving the entire
transmembrane domain, which contains T cell epitopes and is
involved in presenting the appropriately folded conformation of the
antigen to the cell surface. Ablation of ion channel activity increased
stimulated immune responses, most likely due to a decrease in
toxicity that overexpression of active ion channels on the cell surface
would impart. Expression of the soluble M2e construct showed poor
immunogenicity in the context of delivery by mRNA-LNP, which
could be due to lack of appropriate conformation when expressed
in vivo, or limited B cell receptor cross-linking in the context of a
small, secreted antigen. The antigen is typically expressed in a bacte-
rial system and highly purified to only maintain correctly folded tetra-
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meric constructs.16 The lack of this quality control in vivo could lead
to expression of a majority of misfolded or inappropriate antigens,
which could prevent an optimal response. Also, delivering this anti-
gen in a prime-boost regimen may increase its potency.

Comparison of internal proteins previously selected for viral vectored
vaccines revealed the benefit of delivery of NP by mRNA-LNP over
M1. The level of protection conferred by NP was significantly higher
than that seen through delivery of M1, and comparison with previous
data showed that the stimulation of CD8+ T cells is much greater after
exposure to NP. Antibody responses to these antigens were signifi-
cantly different, with potent antibody responses observed against
NP and with little to no M1 response detected. This result corrobo-
rates previous studies that found a low seroprevalence of M1-specific
responses in the general population, which suggests that M1 is a poor
B cell target.50 Functionality of NP-specific antibodies has been
debated in the field, but the combination of these responses with a
potent T cell response has potentially led to effective protection
from influenza virus challenge in a murine model.

In summary, modification of antigens has been shown to change
immunogenicity and reactogenicity of universal influenza virus vac-
cine targets utilizing the nucleoside-modified mRNA-LNP vaccine
platform. The dose of vaccination used in this study leads to high
amounts of antigen expressed for each individual construct, which
could have overwhelmed some of the subtle effects that mutation
could have had on immunogenicity if lower doses were utilized.
Some of the findings in this study may broadly apply to other vaccine
platforms and viral antigens. Structure-guided approaches to rational
vaccine design tend to focus on stabilization of antigens or presenta-
tion of specific epitopes.47 Combining these efforts with modification
of functional domains could lead to improved antigen characteristics,
which may benefit general vaccine development.

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
Animal Resources Commission on Life Sciences, National Research
Council. Mouse studies were conducted under protocols approved
by the Institutional Animal Care and Use Committees (IACUC) of
the University of Pennsylvania (UPenn) and the Icahn School of
Medicine at Mount Sinai (ISMMS). All animals were housed and
cared for according to local, state, and federal policies in an Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC)-accredited facility.

Viruses, cells, and proteins

Influenza A viruses A/Michigan/45/2015 H1N1pdm (Mich15),
A/New Caledonia/20/1999 H1N1 (NC99), and IVR-180 (HA and
NA from A/Singapore/GP1908/2015 H1N1pdm virus and non-
glycoproteins from A/Texas/1/1977 H3N2) were utilized in this
study. Viruses were grown in 10-day-old embryonated chicken eggs
(Charles River) for 48 h at 37�C before placing at 4�C overnight.
ber 2021



www.moleculartherapy.org
Allantoic fluid was harvested and cleared of debris through centrifu-
gation at 4,000 � g for 10 min at 4�C. Cleared allantoic fluid, which
was found to be hemagglutination positive (described below), was
pooled, aliquoted, and stored at �80�C until use. To purify and
concentrate virus, we centrifuged pooled allantoic fluid at
100,000 � g for 2 h at 4�C over a 30% sucrose cushion. Viral pellets
were resuspended in phosphate buffered saline (PBS), protein con-
centration was measured using a Bradford assay, and aliquots were
frozen at �80�C until use.

Madin-Darby canine kidney (MDCK) cells were grown in complete
Dulbecco’s modified Eagle’s medium (DMEM; 10% FBS [GIBCO],
100 units/mL penicillin, and 100 mg/mL streptomycin [GIBCO],
and 1 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid
[HEPES; GIBCO]) at 37�C and 5% CO2. Neuro-2a cells (ATCC)
were cultured in DMEM + GlutaMAX (GIBCO), 10% FBS (Gemini
Bio), and 100 units/mL penicillin and 100 mg/mL streptomycin
(Invitrogen).

mRNA production

A/Michigan/45/2015 H1N1pdm virus segment sequences were uti-
lized for antigen design. Codon-optimized HA, NA, NP, M1, and
M2 were synthesized (Genscript) and mutations were included in
the nucleotide sequence through polymerase chain reaction-guided
amplification. Constructs were ligated into mRNA production vec-
tors, vectors were linearized, and a T7-driven in vitro transcription re-
action (Megascript, Ambion) was performed to generate mRNA with
101 nucleotide long poly(A) tails. Capping of mRNA was performed
in concert with transcription through addition of a trinucleotide cap1
analog, CleanCap (TriLink), and m1J-50-triphosphate (TriLink) was
incorporated into the reaction instead of UTP. Cellulose-based puri-
fication of mRNA was performed as described.51 mRNAs were then
checked on an agarose gel before storing at �20�C.

Lipid nanoparticle formulation of mRNA

Purified mRNAs were lipid nanoparticle formulated using a self-
assembling ethanolic lipid mixture of an ionizable cationic lipid,
phosphatidylcholine, cholesterol, and polyethylene glycol-lipid.
This mixture was rapidly combined with an aqueous solution con-
taining mRNA at acidic pH as previously described.27 The ionizable
cationic lipid (pKa in the range of 6.0–6.5, proprietary to Acuitas
Therapeutics) and LNP composition are described in the patent
application WO 2017/004143. The average hydrodynamic diameter
was �80 nm with a polydispersity index of 0.02–0.06 as measured
by dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) and an encapsulation efficiency of
�95% as determined using a Ribogreen assay.

mRNA transfection

Transfection of Neuro-2a cells was performed utilizing TransIT-
mRNA (Mirus Bio), according to the manufacturer’s instructions:
mRNA (0.1 mg) was combined with TransIT-mRNA Reagent and
Boost Reagent in 17 mL serum-free medium, and the complex
was added to 3 � 104 cells in 183 mL complete medium. After
Molecular Th
overnight incubation at 37�C, supernatant was collected, and
mRNA-transfected cells were lysed for 30 min on ice in radioimmu-
noprecipitation assay (RIPA) buffer (Sigma). Cells analyzed by flow
cytometry were not treated but instead only harvested and subse-
quently stained.

Staining and flow cytometric analyses of mRNA-transfected

neuro-2a cells

1.2� 105 transfected cells were washed twice with and resuspended in
fluorescence-activated cell sorting (FACS) buffer (2% FBS in PBS).
Cells were then incubated on ice for 20 min with 7.5 mg/mL of
anti-HA (CR9114) or anti-NA (1G01) humanmonoclonal antibodies
or anti-M2 (E10) mouse monoclonal antibody and washed again with
FACS buffer. Finally, cells were incubated on ice for 20 min with
either a 1:300 dilution of goat anti-human immunoglobulin G (IgG;
H+L) Alexa Fluor 647 (Invitrogen) or a 1:900 dilution of goat
anti-mouse (IgG+IgM) fluorescein isothiocyanate (FITC; Cayman
Chemical). The presence of AF647 or FITC-labeled antibody on
cell surfaces was detected on a BD LSRII flow cytometer. At least
50,000 events for each sample were recorded and data were analyzed
with the FlowJo 10 software.

Western blot analysis

Western blots were performed on transfected Neuro 2a cell lysates.
15 mL (4.5� 104 cells) of cell lysate was diluted in 2� Laemmli buffer
(BioRad) containing b-mercaptoethanol and boiled for 5 min. Sam-
ples were run on a 4%–20% gradient Mini Protean TGX gel (BioRad)
for sodium dodecyl sulfide polyacrylamide gel electrophoresis. Novex
Sharp Prestained Color Protein standard was used as a protein size
marker. After running, proteins were transferred to a 0.2 mm polyvi-
nylidene difluoride (PVDF) membrane using a TransBlot Turbo
Transfer Pack (BioRad). Blots were rinsed with PBST and blocked
with 3% milk in PBST for 1 h at room temperature (RT), shaking.
Primary antibody was diluted in 1% milk in PBST (1 mg/mL E10;
1.37 mg/mL 4A5; 1:20,000 anti-GAPDH [Millipore Sigma]) and
added to blots before shaking overnight at 4�C. Blots were washed
3 times with PBST for 5 min each. Secondary antibody (goat anti-
mouse IgG Fc; Abcam) was diluted 1:5,000 in 1% milk, and blots
were incubated at RT for 1 h shaking. Blots were washed 3 times
with PBST for 5 min, developed with a Pierce ECL Western Blotting
substrate (Thermo Scientific), and imaged using a ChemiDoc XRS+
machine (BioRad).

mRNA vaccination and viral challenge

Female BALB/c mice aged 6 to 8 weeks (Jackson Labs-ISMMS and
Charles River Laboratories-UPenn) were utilized for this study.
Mice were anesthetized with a low dose of ketamine/xylazine mixture
(ISMMS) or isoflurane (UPenn) and shaved before intradermal deliv-
ery of mRNA-LNP vaccine diluted in PBS in two different spots on
the back to a total volume of 100 mL.

The influenza virus challenge dose was determined through infection
of mice with log-fold decreasing plaque-forming units of virus. The
median lethal dose (LD50) was calculated based on survival of mice
erapy: Methods & Clinical Development Vol. 22 September 2021 91
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and the dose received, and a challenge dose of 5 � LD50 was
calculated. At the time of challenge, mice were anesthetized with a ke-
tamine/xylazine mixture and weighed before 5 � LD50 of influenza
virus was administered intranasally in 50 mL of PBS. Mice were
weighed daily and were sacrificed if weight loss was greater than
25% of initial body weight or at the experiment end.

ELISA

In vitro studies (capture ELISA)

Immulon 4 HBX flat-bottomed, 96-well plates (Thermo Fisher)
were coated with 2 mg/mL of antibody in PBS overnight at 4�C
(100 mL/well). Detection antibodies were biotinylated with EZ-Link
NHS-PEG4-Biotin, No Weigh Format (Thermo Fisher), incubated
at RT for 30 min and buffer exchanged into PBS using Zeba desalting
columns (Thermo Fisher). Plates were blocked for 1 h at RT in 3%
goat serum (GIBCO) and 0.25% milk (Quality Biological) in PBST.
Cell culture supernatant was incubated 1:1 (125 mL lysate: 125 mL
zwittergent) with 0.05% zwittergent 3-14 (Millipore sigma) in PBST
for 1 h at RT. A/Michigan/45/2015 pH1N1 virus used as positive con-
trol and was diluted 1:10 in 0.05% zwittergent 13-4 (final concentra-
tion 63 mg/mL). Blocking buffer was removed and cell lysates were
serially diluted 1:2 in blocking buffer and incubated for 2 h at RT. Af-
ter washing three times with PBST, detection antibody was added at
100 mL/well at 5 mg/mL and incubated for 1 h at RT. Plates were again
washed three times with PBST and streptavadin-horseradish peroxi-
dase (HRP; Pierce) was diluted 1:3,000 in blocking buffer and added
at 100 mL/well and incubated for 1 h at RT. Plates were washed four
times with PBST and developed using 100 mL of Sigma OPD (Sigma)
for 10 min before quenching with 3M HCl (Fisher). Plates were read
on a Synergy H1 hybrid multimode microplate reader (BioTek) at
490 nm. Data were processed using Prism 8.0 (GraphPad) and area
under the curve was calculated using a baseline of the average plus
three times the standard deviation of negative wells or 0.07, whichever
value was higher.

Analyses of serum samples from mouse immunization studies

Immulon 4 HBX flat-bottomed, 96-well plates (Thermo Fisher)
were coated with purified virus in PBS at a final concentration of
250 ng per well and allowed to incubate overnight at 4�C. The
following morning, plates were washed three times with 0.1%
Tween 20 (Fisher) in PBS (PBST) and blocked in Blocking Buffer
(3% goat serum [GIBCO] and 0.25% milk [Quality Biological] in
PBST) for 1 h at RT. After removal of Blocking Buffer, serum sam-
ples were serially diluted 3-fold in fresh Blocking Buffer and allowed
to incubate at RT for 2 h. Plates were then washed three times with
PBST and goat anti-mouse IgG Fc HRP-linked secondary antibody
(Abcam, 97265) was added at a concentration of 1:15,000 in Block-
ing Buffer and incubated at RT for 1 h. Plates were then washed
four times with PBST with additional shaking and developed using
SigmaFast o-phenylenediamine dihydrochloride substrate (OPD;
Sigma) for 10 min before quenching with 3M HCl (Fisher). Plates
were read on a Synergy H1 hybrid multimode microplate reader
(BioTek) at 490 nm. Data were processed using Prism 8.0
(GraphPad), and area under the curve was calculated using a
92 Molecular Therapy: Methods & Clinical Development Vol. 22 Septem
baseline of the average plus three times the standard deviation of
negative wells or 0.07, whichever value was higher.

Hemagglutination inhibition assay

Hemagglutination titer was determined through incubation of 2-fold
serial dilutions of virus in PBS with an equal volume of chicken red
blood cells (RBCs) at 0.5% in PBS at 4�C. Titer was determined as
the final dilution able to cause agglutination of RBCs, which prevents
a pellet from being formed.

Serum was treated with receptor destroying enzyme (RDE; Seiken) as
per the manufacturer’s instruction. Briefly, serum was incubated with
RDE overnight at 37�C and then the reaction was quenched with 2.5%
sodium citrate (Fisher), heat inactivated at 56�C for 30 min, and
diluted to a final concentration of 1:10 in PBS. Serumwas then serially
diluted 2-fold in PBS. Virus was diluted to four hemagglutination
units in PBS and added to serum dilutions. The mixture was shaken
for 30 min at RT then added to chicken RBCs at 0.5% in PBS and al-
lowed to develop at 4�C. Endpoint titer was determined as the final
reciprocal dilution able to prevent agglutination of RBCs, denoted
visually by pelleted RBCs.

Microneutralization assay

Median tissue culture infectious dose (TCID50) was determined
for each virus utilized in this assay. MDCK cells were plated at
2.5 � 104 cells per well in tissue culture-treated 96-well dishes and
allowed to culture overnight at 37�C and 5% CO2. The following
morning, virus was serially diluted in half-log increments in assay
buffer (Ultra MDCK media [Lonza] with 1 mg/mL 6-[1-tosylamido-
2-phenyl] ethyl chloromethyl ketone [TPCK]-treated trypsin). Cells
were washed with PBS and infected with viral dilutions for 72 h at
33�C. A hemagglutination assay was performed by mixing 50 mL of
supernatant from each well with 50 mL of 0.5% chicken RBCs (Lamp-
ire). The last dilution, which was able to cause agglutination of RBCs
was recorded and used to calculate TCID50.

MDCK cells were plated in 96-well dishes at 2.5 � 104 cells/well.
Serum samples were pooled and RDE treated as described above.
Sera were then diluted 2-fold in assay buffer before adding equal vol-
umes of diluted sera with 100 TCID50 of influenza virus diluted in
assay buffer. This mixture was shaken at RT for 30 min before adding
to PBS-washed MDCK cells and allowing virus to adsorb for 1 h at
33�C and 5% CO2. Cells were washed with PBS and remaining sera
were diluted in an equal volume assay buffer before adding to the cor-
responding wells. Infection was allowed to proceed before reading of
the plate via hemagglutination assay. The last dilution that was able to
cause agglutination of RBCs was determined as the endpoint titer.

ADCC reporter assay

MDCK cells were plated in white-walled, 96-well dishes (CoStar) to
2.5 � 104 cells/well in cDMEM and incubated overnight at 37�C
and 5% CO2. The following morning, cells were washed with PBS
and infected with influenza virus at a multiplicity of infection of
five in the absence of TPCK-treated trypsin. Infection was allowed
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to proceed for 24 h at 37�C and 5% CO2. Media were removed from
cells and 25 mL of assay buffer (RPMI 1640 with 4% Low IgG FBS
[GIBCO]) was added to each well. Serum was diluted 25-fold then
serially diluted in 3-fold steps in assay buffer and 25 mL was added
to the infected cells. Effector ADCC cells expressing murine FcgRIV
with an NFAT-driven luciferase cassette (Promega) were added to a
final count of 3 � 106 cells/mL in 25 mL. The reaction was allowed
to incubate for 6 h at 37�C and 5% CO2 before normalizing to RT.
Bio-Glo luciferase substrate (Promega) was added to each well and
luminescence was immediately read with a Synergy H1 hybrid multi-
mode microplate reader (BioTek). Fold change was determined by
dividing each well by the average of background wells plus three times
the standard deviation. Regression curves were fit to the background
corrected values and area under the curve was calculated with a base-
line threshold of one in Prism 8.0 (GraphPad).

NA inhibition assay

ELLAs were performed to determine the amount of virus necessary
for neuraminidase inhibition assays. Fetuin (Sigma-Aldrich) was
coated in 96-well dishes at a final concentration of 25 mg/mL in
100 mL PBS and plates were stored overnight at 4�C. The following
day, plates were washed three times with PBST and blocked with 5%
BSA in PBST for 1 h at RT. Virus was serially diluted 2-fold in PBS
with 1% BSA (Sigma-Aldrich) and added to blocked plates for 2 h at
37�C and 5% CO2. Plates were then washed six times with PBST,
100 mL of HRP-conjugated peanut agglutinin (PNA) at 5 mg/mL
was added, and plates were incubated for 2 h at RT in the dark. Af-
ter washing six times with PBST, 100 mL of SigmaFast OPD (Sigma)
was added and allowed to develop for 10 min before quenching with
3M HCl (Fisher). Plates were read on a Synergy H1 hybrid multi-
mode microplate reader (BioTek) at 490 nm. Curves were fit using
non-linear regression in Prism 8.0 (GraphPad) and the 90% effec-
tive concentration (EC90) was determined and used for subsequent
NA inhibition assays.

96-well dishes were coated with 25 mg/mL fetuin in 100 mL PBS and
stored overnight at 4�C. Sera were heat-treated at 56�C and diluted
1:30 before diluting 2-fold in PBS with 1% BSA. Virus was diluted
in PBS with 1% BSA based on the pre-determined EC90 value and
was added in equal volumes to the serum dilutions and incubated,
shaking at RT for 1.5 h. Fetuin-coated plates were washed and blocked
for 1 h at RT as described above. After removing blocking buffer, vi-
rus/serum mixture was added to the fetuin plates and incubated at
37�C and 5% CO2 for 2 h. Plates were then washed six times with
PBST and HRP-linked PNA was added for 2 h at RT in the dark.
Plates were washed again six times with PBST and developed as
described above. Nonlinear regression curves were fit using Prism
8.0 (GraphPad) and EC50 values were determined.

Staining and flow cytometry analysis of mouse splenocytes

Single-cell suspensions of mouse splenocytes were generated in com-
plete RPMI-1640 medium. 3 � 106 cells per sample were stimulated
for 6 h at 37�C and 5% CO2 in the presence of an overlapping M1
peptide pool (JPT Peptide Technologies, MP1/California H1N1) at
Molecular Th
5 mg/mL and anti-CD28 antibody (BD Biosciences, clone 37.51) at
1 mg/mL. GolgiPlug (BD Biosciences, Brefeldin A) at 5 mg/mL and
GolgiStop (BD Biosciences, Monensin) at 10 mg/mL were added to
each sample 1 h after the start of stimulation. Unstimulated samples
for each animal were also included. A sample stimulated with phorbol
12-myristate-13-acetate (Sigma) at 10 mg/mL and ionomycin (Sigma)
at 200 ng/mL was included as a positive control. After stimulation,
cells were washed with PBS and stained with a LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (Life Technologies) for 10 min in the
dark at RT. Cells were subsequently surface stained with unlabeled
CD16/CD32 rat anti-mouse (BD Biosciences, clone 2.4G2) and
anti-CD4 PerCP (peridinin chlorophyll protein)/Cy5.5 (BioLegend,
clone GK1.5) and anti-CD8 Pacific Blue (BioLegend, clone 53-6.7)
monoclonal antibodies (mAbs) for 30 min in the dark at 4�C. After
surface staining, cells were washed with FACS buffer, fixed (PBS
containing 1% paraformaldehyde), and permeabilized using a Perme-
abilization/Fixation Solution Kit (BD Biosciences). Cells were then
intracellularly stained with anti-CD3 allophycocyanin (APC)-Cy7
(BD Biosciences, clone 145-2C11), anti-tumor necrosis factor-a
(TNF-a) phycoerythrin (PE)-Cy7 (BD Biosciences, clone MP6-
XT22), anti-interferon-g (IFN-g) Alexa Fluor 700 (AF700; BD
Biosciences, clone XMG1.2), and anti-interleukin-2 (IL-2) Brilliant
Violet 711 (BV711; BioLegend, clone JES6-5H4) mAbs for 30 min
in the dark at 4�C. Finally, cells were washed with 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 developed, the Boolean gate platformwas used to create
the full array of possible combinations, equating to seven response
patterns when testing three functions. Data was analyzed with the
FlowJo 10 program. Data were expressed by subtracting frequencies
of unstimulated stained cells from frequencies of peptide pool-stimu-
lated stained samples.

Statistical analyses

Data were analyzed for statistical significance using Prism 8.0 (Graph-
Pad). For datasets with multiple independent variables, two-way
ANOVAs with Tukey’s correction for multiple comparisons was
utilized. One-way ANOVAs with Tukey’s correction for multiple
comparisons were performed on datasets where a single independent
variable was being measured.
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