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Influenza vaccines that confer broad and durable protection against diverse viral
strains would have a major effect on global health, as they would lessen the need for
annual vaccine reformulation and immunization'. Here we show that computationally
designed, two-component nanoparticle immunogens?induce potently neutralizing
and broadly protective antibody responses against a wide variety of influenza viruses.
The nanoparticleimmunogens contain 20 haemagglutinin glycoprotein trimersin an
ordered array, and their assembly in vitro enables the precisely controlled co-display

of multiple distinct haemagglutinin proteins in defined ratios. Nanoparticle
immunogens that co-display the four haemagglutinins of licensed quadrivalent
influenza vaccines elicited antibody responses in several animal models against
vaccine-matched strains that were equivalent to or better than commercial
quadrivalent influenza vaccines, and simultaneously induced broadly protective
antibody responses to heterologous viruses by targeting the subdominant yet
conserved haemagglutinin stem. The combination of potent receptor-blocking and
cross-reactive stem-directed antibodies induced by the nanoparticleimmunogens
makes them attractive candidates for a supraseasonal influenza vaccine candidate
with the potential to replace conventional seasonal vaccines®.

Influenzaviruses cause an estimated 290,000-650,000 deaths annu-
ally despite the availability of licensed vaccines*, which provide protec-
tion against symptomatic infection ranging from about 60% down to
less than 10%, varying from year to year®. Current seasonal vaccines
primarily elicit antibodies that targetimmunodominant hypervariable
epitopesinthe head domain of the haemagglutinin (HA) glycoprotein,
resulting in limited breadth of protection®®, Epitopes in the HA stem
have broader cross-reactive potential, but they are not efficiently tar-
geted by current vaccines. Several antigen design efforts have therefore
focused on diminishing responses against the HA head domain to elicit
improved stem-focused responses that are otherwise subdominant®™,
Presenting multivalent arrays of HA on self-assembling protein nano-
particles—which are efficiently recognized by theimmune system and
induce robust humoral responses!®*—has alsoimproved elicitation of
stem-directed antibodies. Recently, ‘mosaic’ nanoparticle immuno-
gens, in which several related antigens are displayed together on the
same nanoparticle surface, have been suggested as ageneral approach
to improve the breadth of vaccine-elicited antibody responses? 2.
However, simple and scalable methods for the controllable co-display
of several oligomeric antigens (such as HA) have not been established.

Here we use computationally designed two-component nanoparti-
cles, constructed from several copies of two distinct protein building
blocks®>**?%, to generate nanoparticle immunogens that controllably
co-display diverse influenza HA trimers.

Immunogen design and characterization

We genetically fused HA ectodomains from the four strainsin licensed
2017-2018 seasonal influenza vaccines to the N terminus of I53_dn5B,
the trimeric component of the two-component icosahedral nanoparti-
cle153_dn5, and separately expressed and purified each protein® (Fig. 1a,
Extended Data Fig. 1a, b, Supplementary Fig. 1a). All influenza A HA
sequences contained the Tyr98Phe mutation to facilitate production,
which has been shown to have a minimal effect on antigenicity?*~.
The purified trimeric HA-153_dn5B components were mixed in equi-
molar amounts before the addition of purified 153_dn5A pentamer
to generate a mosaic nanoparticle immunogen that co-displayed
the four HAs (gsMosaic-153_dn5) (Fig. 1a). In parallel, we produced
nanoparticles that displayed each HA individually. Purification by
size-exclusion chromatography (SEC) showed that nearly all of the
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Fig.1|Design and characterization of HA nanoparticleimmunogens.
a,Schematicofinvitroassembly. B/Vic, B/Victoria/2/1987-like; B/Yam,
B/Yamagata/16/1988-like. b, Negative-stain electron micrographs of purified
nanoparticleimmunogens and153_dn5.Scalebar,200 nm. ¢, 3D reconstruction
ofthe H1-153_dn5 nanoparticle and localized reconstruction of HIHA obtained

proteinelutedinanearly peak correspondingto the assembled nano-
particles (Extended Data Fig. 1c, d, Supplementary Fig. 1b), which
bound head- and stem-directed monoclonal antibodies specific
to each of the HA trimers displayed (Extended Data Fig. 1e). Com-
parison of each nanoparticle to 153_dn5 without HA by SEC, dynamic
light scattering, and negative-stain electron microscopy confirmed
assembly of the intended icosahedral architecture with no evidence
ofaggregation (Fig. 1b, Extended Data Fig. 1f, g), aresult supported by
asingle-particle cryo-electron microscopy (cryo-EM) reconstruction
of the H1-153_dn5 nanoparticle at 6.6 A resolution (Fig. 1c, Extended
DataFig. 1h-j). Localized reconstruction of the displayed H1 HA at
3.3 Aresolution (Fig. 1c, Extended Data Fig. 1k) and comparison toan
H1HA-foldon protein by hydrogen-deuterium exchange mass spec-
trometry (HDX-MS) (Extended Data Fig. 2) confirmed full retention
of the native structure of the displayed antigen.

We also prepared a ‘cocktail’ immunogen that contained equi-
molar amounts of the four individual HA-displaying nanoparticles
(gsCocktail-153_dn5) (Fig. 1a). Although immunoprecipitation of
gsCocktail-153_dn5 nanoparticles with an H1 HA-specific monoclo-
nal antibody recovered only H1-153_dn5B, it completely pulled down
all of the qsMosaic-153_dnS5 nanoparticles (Fig. 1d, Supplementary
Fig. 1c). Similarly, gsMosaic-153_dn5 nanoparticles immobilized on
biolayer interferometry sensors using an H1 HA-specific monoclonal
antibody were subsequently bound by H3- and B HA-specific mono-
clonal antibodies, whereas qsCocktail-153_dn5 nanoparticles were not
(Extended Data Fig. 3a). These resultsindicated efficient co-assembly
of gsMosaic-153_dn5, matching numerical predictions (Extended
DataFig.3b, ), and confirmed that subunit exchange did not occurin
gsCocktail-153_dn5. We used quantitative peptide-specific mass spec-
trometry to confirm that the HA stoichiometry in assembly reactions
used to prepare gsMosaic-153_dn5 nanoparticles of several different
compositions was maintained in the nanoparticles purified by SEC
(Extended DataFig. 3d).
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d, Immunoprecipitation using respiratory syncytial virus (RSV) F-specific
(MPES8) and H1-specific (5)8) monoclonal antibodies. IP,immunoprecipitated;
UB, unbound. Allexperiments except for cryo-EM were performed at least
twice.

Responses against vaccine-matched strains

We next compared the immunogenicity of qgsCocktail-153_dn5 and
gsMosaic-153_dn5to acommercial 2017-2018 quadrivalent influenza
vaccine (QIV) in mice, ferrets (Mustela putorius) and non-human pri-
mates (NHPs; Macaca mulatta), matching the total protein dose of each
nanoparticleimmunogen to the HA content of QIV. After three immuni-
zations with eachimmunogen formulated with a squalene oil-in-water
adjuvant (AddaVax), the HA-specific antibody titres (Extended Data
Fig.4a-c), haemagglutination inhibition (HAI) (Fig.2a) and microneu-
tralization titres (Fig. 2b) induced by both nanoparticleimmunogens
were equivalent or superior to those induced by QIV. We also observed
153_dn5 nanoparticle scaffold-specific antibodies in NHPsimmunized
with either nanoparticle immunogen (Extended Data Fig. 4d). Addi-
tional immunogenicity studies in mice without adjuvant (Extended
DataFig. 4e) and using updated versions of the three immunogens
containing the 2018-2019 vaccine strains (Extended Data Fig. 5a-d)
yielded similar results.

Responses against historical viruses

We next tested sera from ferrets immunized with QIV, gsCocktail-153_
dn5Sand gsMosaic-153_dn5 for their ability to neutralize a panel of HIN1
and H3N2 viruses that represent historical antigenic drift and shift?,
Both nanoparticleimmunogens elicited roughly equivalent or superior
neutralizing activity to QIV for all HIN1 strains tested, and approxi-
mately 10-fold higher levels of neutralizing activity against H3N2
viruses dating back to 2002 (Fig. 3a, Extended Data Fig. 6). We then
compared the ability of QIV, qsCocktail-153_dn5 and gsMosaic-153_dn5
to protectagainst lethal challenges with heterologous HIN1 (A/Puerto
Rico/8/1934) and mismatched H3N2 (A/Philippines/2/1982) viruses
in mice (Fig. 3b, ¢, Supplementary Fig. 3a-c). All mice receiving mock
immunizations succumbed to disease and were euthanized by 9 days
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Fig.2|Vaccine-elicited antibody responses against vaccine-matched
virusesinmice, ferretsand NHPs. a, b, HAl assay (a) and microneutralization
(MN) titres (b) inimmune sera. Groups of BALB/c) mice (n=10), ferrets (n=9)
andrhesus macaques (n=4) were used in each experiment. Each symbol
represents anindividual animal and the horizontal bar indicates the geometric

after infection. When adjuvanted, both nanoparticle immunogens
provided complete or near-complete protection (97% in aggregate),
whereas QIV afforded partial protection against both HIN1 and H3N2
challenges (65%). In the absence of adjuvant, gsMosaic-153_dn5 pro-
vided almost complete (90%) protection from heterologous HIN1
challenge and partial (50%) protection from mismatched H3N2 chal-
lenge, whereas qsCocktail-153_dn5 provided partial protectioninboth
cases (50% in aggregate). By contrast, unadjuvanted QIV provided
negligible protection (10%). Pseudovirus neutralization titres against
the challenge strains, measured using sera collected 6 to 8 weeks
before challenge, showed a clear correlation with protection, with all
protected mice having half-maximal inhibitory dilution (ICs) titres
above100 (Fig.3b, c). These findings suggest the nanoparticle immu-
nogens might confer multi-season protection without requiring annual
vaccine reformulation.

mean of the group. Individual NHPs areidentified by unique symbols. Pvalues
were determined by one-sided nonparametric Kruskal-Wallis tests with Dunn’s
multiple comparisons. Allanimal experiments except for NHPs were
performed atleast twice and representative dataare shown.

Heterosubtypic responses and protection

We next compared the ability of QIV, gsCocktail-153_dn5 and qsMosaic-
153_dn5 to provide immunity against heterosubtypic influenza A
viruses. Both nanoparticle immunogens elicited cross-reactive
antibody responses to HAs from heterosubtypic group 1 (H5N1 and
H6N1) and group 2 (H7N9 and HIONS8) viruses, whereas QIV elicited
low—insome cases undetectable—levels of such antibodies (Fig. 4a-c,
Extended DataFig.5e). To assess whether these cross-reactive responses
were protective, we firstimmunized mice with each of the three immu-
nogens with or without AddaVax, and challenged them with H5N1
(A/Vietnam/1203/2004) and H7N9 (A/Anhui/1/2013) viruses 8-10 weeks
after the lastimmunization. All mice receiving mock immunizations
succumbed to disease, and QIV provided negligible (12%) protec-
tion (Fig. 4d, Supplementary Fig. 3d, e). Notably, gsCocktail-153_dn5
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Fig.3|Neutralization of and protection against historical HIN1and H3N2
viruses. a, Neutralization breadth of ferretimmune sera, presented as
geometricmeanICs,titres + geometrics.d. for each group. Pvalues were
determined by one-sided parametric two-way analysis of variance (ANOVA) with
Tukey’s post hoc multiple comparisons. Global geometric mean titres (GMTs)
were calculated asthe geometric meanICs, titresacross 10 HIN1or 9 H3N2
viruses for eachindividual ferret. Pvalues were determined by one-sided
nonparametric Kruskal-Wallis tests with Dunn’s multiple comparisons. The
experimentwas performed twice using groups of ferrets (n=9) and

Days post challenge Survival: _\06 éo

representative dataare shown.b, ¢, Heterologous HIN1 (b) and mismatched
H3N2 (c) viral challenges inimmunized mice. Kaplan-Meier curves were
compared using Mantel-Cox log-rank test with Bonferroni correction.
Pseudovirus neutralizing (PN) IC, titres were grouped based on survival
outcomes; eachsymbolrepresents anindividualmouse. Pvalues were
determined by Mann-Whitney U-tests. The challenge experiments were
performed once using groups of BALB/c) mice (n=10, or n=9 for gsCocktail-153_
dn5groupsinband unadjuvanted qsCocktail-153_dnSgroupinc).
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Fig.4|Vaccine-elicited heterosubtypicantibody responses and protective
immunity. Cross-reactive antibody responsesto heterosubtypic HA antigens
in BALB/c) mice (n=10) (a), ferrets (n=9) (b) and rhesus macaques (n=4) (c).
Eachsymbolrepresents thelog,,-transformed endpoint titre of anindividual
animal, and the horizontal bar indicates the geometric mean of each group.
Individual NHPs areidentified by unique symbols. All animal immunization
experiments except for NHPs were performed atleast twice and representative
dataareshown. Pvalues were determined by one-sided nonparametric
Kruskal-Wallis tests with Dunn’s multiple comparisons.d, e, Heterosubtypic

conferred partial (73%) and gsMosaic-153_dn5 nearly complete (92%)
protectionagainst these heterosubtypic challenges, evenin the absence
of adjuvant. The nanoparticleimmunogens provided similarly robust
protectionin ferrets against the same viruses, whereas QIV and mock
immunization provided only weak protection (Fig.4e, Supplementary
Fig.4). Quantitative PCR withreverse transcription (RT-qPCR) revealed
thatferretsreceiving qgsMosaic-153_dn5 had significantly lower amounts
of HSN1 or H7N9 viral RNA in lung tissues than those immunized with
commercial QIV (Fig. 4e, right).

To determine whether vaccine-elicited serum antibodies alone
could confer protection against heterosubtypic challenge, we pas-
sively immunized three mice with 10 mg of purified immunoglobulin
(Ig) fromeachimmunized NHP 24 h before infectionwith HSN1or H7N9
virus. We found that 47 out of 48 mice that received immunoglobulin
(Ig) from NHPs immunized with qsCocktail-153_dn5 or gsMosaic-153_
dn5, as well as mice that received the stem-directed human broadly
neutralizing antibody FI6v3 (ref. ?’), showed no weight loss and were
protected from disease (Fig. 4f, Supplementary Fig. 5). By contrast,
control mice that received Ig purified from influenza-naive NHPs suc-
cumbedto disease and were euthanized, whereas the mice receivingIg
from NHPs immunized with QIV showed significant weight loss and only
partial protection against challenge with HSN1(42%) and H7N9 (25%).

Tobetter understand therole of nanoparticle display in the antibody
responses elicited by qsCocktail-153_dn5 and qsMosaic-153_dn5, we
immunized mice with a non-assembling version of these immuno-
gens in which the trimeric components lacked the computationally
designed interface that drives nanoparticle assembly? (Extended
Data Fig. 7a-d). Although the non-assembling immunogen elicited
microneutralization titres against vaccine-matched viruses that were
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Days post challenge

influenzaviral challenge inimmunized mice (d) and ferrets (e). Three ferrets
fromeach group were euthanized 4 days after challenge to measure lung viral
RNA (right). Individual ferrets are identified by unique symbols. Right and left
caudallunglobesareindicated by closed and opensymbols, respectively.
f,Heterosubtypicinfluenzaviral challenge after passive transfer of purified
NHPimmune Igin mice. The multiple Kaplan-Meier curves were compared
using Mantel-Cox log-rank test with Bonferroni correction. Mouse challenge
experiments were performed twice; ferretexperiments and passive transfer
experiments were performed once.

similar to qsCocktail-153_dn5 and gsMosaic-153_dn5, the cross-reactive
antibody responseselicited against HSN1and H7N9 HAs were between
10- and 100-fold lower, and were similar to those induced by QIV
(Extended Data Fig. 7e-g).

Molecular basis for broad antibody responses

Stem-directed antibodies elicited by both qsCocktail-153_dn5 and
gsMosaic-153_dn5, measured using stem-only HA proteins®", were
significantly higher than those induced by QIVin all three animal spe-
cies (Fig.5a). Microneutralization activity against the vaccine-matched
HIN1 virus in sera from NHPs immunized with qsMosaic-153_dn5 was
depleted by vaccine-matched HA ectodomain, but not by an H1 HA
stem, which suggests that antibodies that target epitopes outside of
the stem domain account for most of the vaccine-matched neutralizing
activity, asexpected (Fig. 5b). By contrast, neutralizing activity against a
heterosubtypic HSN1virus was fully depleted by both vaccine-matched
HA and stem-only HA, indicating that stem-directed antibodies are
responsible for the observed heterosubtypic neutralization.

Next, we directly visualized the nanoparticle-elicited antibodies in
individual NHPs in complex with HA using single-particle negative-stain
electron microscopy analysis of polyclonal antibodies*. We found that
the polyclonal antibodies to vaccine-matched H1 HA target at least
three distinct antigenic sites: the receptor-binding domain (RBD), the
vestigial esterase domain, and the stem (Fig. 5c, Extended Data Fig. 8).
Although antibodies to each antigenic site contained several fine spe-
cificities and angles of approach, the most complexes contained anti-
bodies that recognized the RBD. By contrast, single-particle cryo-EM
analysis of HS HA in complex with polyclonal antibody Fab fragments
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Fig. 5| Molecular basis for nanoparticle-induced protection against
heterosubtypicinfluenzaviruses. a, Serumantibody titres toHland H3
stem-only antigens in BALB/c) mice (n=10), ferrets (n=9) and rhesus macaques
(n=4).Eachsymbol represents the log,,-transformed endpoint titre of an
individual animal, and the horizontal bar indicates the geometric mean of each
group. Individual NHPs are identified by unique symbols. Allanimal
immunization experiments except for NHPs were performed at least twice.

b, Serum microneutralization activity against HIN1and HSN1 virusesin the
presence of competitor proteins. Pvalues were determined by one-sided
nonparametric Kruskal-Wallis tests with Dunn’s multiple comparisons.

¢, Selected negative-stain electron microscopy reconstructions of HIHA in

elicited by qsMosaic-153_dn5 revealed only stem-directed antibodies,
whichclearly demonstrates the recognition of this conserved supersite
(Fig.5d, Extended Data Fig. 9). The data suggest at least one common
class of vaccine-elicited antibodies recognizes the stem in a manner
reminiscent of MEDI8852 and 56.a.09, whichbothbelongtothe V,6-1+
D,;3-3 class of multi-donor human broadly neutralizing antibodies**
(Fig. Se).

Tostudy how pre-existing influenzaimmunity could influence anti-
body responsesto the nanoparticleimmunogens, NHPs from the QIV
and gsMosaic-153_dn5 groups were boosted 63 weeks later (week 99)
with a single dose of an updated 2018-2019 version of qgsMosaic-153_
dn5. All macaques had high levels of neutralizing antibodies against
vaccine-matched strains at week 99 that were strongly boosted after
immunization with updated gsMosaic-153_dn5 (Extended Data Fig.10).

complex with polyclonal antibody Fab fragments elicited by qsCocktail-153_
dnS5 (left) and gsMosaic-153_dnS5 (right). Frequency of complexes observed by
electron microscopy containing Fab fragments bound to the RBD, vestigial
esterase (VE) domain, and stem are shown as pie charts.d, Two independent
cryo-EMreconstructions of HS HA in complex with polyclonal antibody Fab
fragments elicited by gsMosaic-153_dn5. e, Close-up of one of the dominant
antibody classes that resembles MEDI8852 recognition. f, Serum antibody
titres to Hland H3 stem-only antigens in NHPs (n = 6) with pre-existing
influenzaimmunity. Each unique symbol represents the log,,-transformed
endpointtitre of anindividual animal. Pvalues between the two time points
were determined by paired t-tests.

Atweek 99, the NHPs pre-immunized with QIV had near-baseline levels
of stem-directed antibodies, whereas macaques pre-immunized with
gsMosaic-153_dn5 maintained substantial stem-directed titres (Fig. 5f).
After aboost with an updated gsMosaic-153_dn5, allmacaques showed
strongly increased titres of anti-stem antibodies. These data demon-
strate that qgsMosaic-153_dn5 stimulates robust stem-directed antibody
responses evenin the context of strong pre-existing immunity against
the immunodominant HA head.

Discussion

We have developed nanoparticle vaccines that elicit potent vaccine-
matched HAl activity as well as protective stem-directed neutralizing anti-
bodies against distantly related—including heterosubtypic—viruses in
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several animal models. These results go beyond previous next-generation
influenza vaccine concepts, which have been reported to increase
stem-directed responses®>'>*, the potency and breadth of HAl within
specific subtypes™™**, or both types of response within specific sub-
types®*?. Because both HAl and stem-directed antibodies have been
shown as independent immune correlates of protection against influ-
enza infection in humans®, immunogens that can elicit both would
have advantages over approaches thatelicit one or the other,and would
make attractive candidates for clinical evaluation as supraseasonal vac-
cines’ that may eventually replace current seasonal vaccines. Thebroad,
antibody-mediated protection conferred by qsCocktail-153_dn5 and
gsMosaic-153_dn5 suggests that they may be able to provide consistent
year-to-year protection against seasonal influenza viruses, even in the
event of antigenic mismatches in the hypervariable head domain.

Although defining the immunological or structural basis for the
breadthelicited by our nanoparticle vaccines will require further inves-
tigation, itis clear that HA presentation on the assembled nanoparticle
isvital. Motivated by the datapresented here, a variant of gsMosaic-153_
dn5 with updated haemagglutinin proteins has been manufactured
foraplanned phasel clinical trial. In addition to evaluating safety and
reactogenicity, data from this trial should reveal the effect of complex
and individualized influenza exposure histories**° on the responses
elicited by this nanoparticleimmunogen and bring us one step closer
to auniversal influenzavaccine.
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Methods

Datareporting

For mouse and ferret experiments, sample sizes were predetermined
to detect twofold difference with more than 80% power on the basis
of atwo-tailed test of means with alphaset to 0.05 by one-way ANOVA
pairwise test. No statistical methods were used to predetermine sample
size for other experiments. Mice and ferrets were allocated randomly,
whereas NHPs were allocated into experimental groups on the basis of
their sex, weight, age and previous study history. In vivo challenge stud-
ieswere performed in ablinded manner. Experimenters were blinded
to experimental conditions whenever possible. Investigators were not
blinded to allocation during experiments and outcome assessment.

Gene synthesis and vector construction

Plasmids for expression of the 153_dn5A pentamer were prepared in
pET29b as previously described?. Genes for expression of HA fusions
to nanoparticle trimeric components were codon optimized for
expression in human cells and cloned into the CMV/R (VRC 8400)
mammalian expression vector by Genscript. All HA fusions to the
153_dn5B trimer contained full-length HA ectodomains including
native secretion signals, and the H1 and H3 HAs contained an addi-
tional mutation (Tyr98Phe) to knock out sialic acid binding to facilitate
expression and purification”. HA ectodomain sequences preceded a
shortlinker sequence followed by the 153_dn5B trimer sequence with a
C-terminal flexible linker, WELQut protease recognition sequence, and
ahexa-histidinetag. The amino acid sequences for all proteins used in
this study are provided in Supplementary Table 1.

Protein expression and purification
AIIHA-I53_dn5Btrimers, as wellasmonoclonal antibodies CR6261 (ref. %),
5J8 (ref. *?), CR8020 (ref. **), F005-126 (ref. **), F045-092 (ref. *),
MEDI8552 (ref. ), F16v3 (ref.?°), CR9114 and CR8071 (ref. *¢), CT149
(ref.*), D25 (ref.*®) and MPES (ref. **) were expressed in Expi293F cells
(ThermoFisher Scientific) by transient transfection using PEl MAX
(Polysciences) or ExpiFectamine 293 (ThermoFisher Scientific). Mono-
clonalantibodies were purified by protein A affinity chromatography
using established methods. Recombinant HA ectodomain trimers
fused to T4 fibritin foldon were produced and purified as previously
described”. The protein-containing supernatants from cells expressing
HA-I53_dn5Bfusion proteins were further clarified by vacuum filtration
(0.22 um, Millipore Sigma). Before immobilized metal affinity chroma-
tography, a background of 50 mM Tris, pH 8.0, and 350 mM NaCl was
addedtothe clarified supernatant using concentrated solutions of 1M
Tris, pH 8.0, and 5 M NaCl, respectively. For each litre of supernatant,
4 mlof Ni?* Sepharose Excel resin (GE) was rinsed into PBS using agrav-
ity column and then added to the supernatant, followed by overnight
shaking at 4 °C. The resin was collected 16-24 h later using a gravity
column, then washed twice with 50 mM Tris, pH 8.0, 500 mM NacCl, 30
mM imidazole before elution of His-tagged protein using 50 mM Tris,
pH 8.0,500 mM NaCl, 300 mM imidazole. Eluates were concentrated
andapplied toaHiLoad 16/600 Superdex 200 pg column or aSuperdex
200 Increase10/300 GL column pre-equilibrated with PBS for prepara-
tive size exclusion chromatography. Peaks corresponding to trimeric
species wereidentified based on elution volume and SDS-PAGE (both
reducing and non-reducing) of elution fractions. Fractions contain-
ing pure HA-153_dn5B were pooled and the protein quantified using
ultraviolet-visible spectroscopy. Purified protein was either stored
at4 °Cuntil use or flash-frozenin liquid nitrogen and stored at =80 °C.
Single colonies of Escherichia coli cells transformed with plasmid
encoding thel53_dn5A pentamer were picked and grownin TB medium
with 50 pg I kanamycin at 37 °C overnight. Subsequently, liquid cul-
tures were diluted 1:40 in TB medium and grown at 37 °C until OD,,
reached 0.5-0.8.Isopropyl-thio-B-D-galactopyranoside (IPTG) was then
addedtoaconcentrationof ImMand the growthtemperature reduced

to18 °Ctoinduce protein expression, or cultures were left at 37 °C for
an additional 5 h before lowering the temperature to 18 °C leading to
auto-induction by virtue of galactose in the medium according to the
Studier protocols®. Expression proceeded for 20 h at 18 °C, at which
point the cell cultures were harvested by centrifugation. Cell pellets
wereresuspended in 50 mM Tris, pH 8.0,250 mM NacCl, 20 mM imida-
zole,1mM dithiothreitol (DTT), 0.1 mg mI™ DNase, 0.1 mg mI™ RNase,
and EDTA-free protease inhibitors (Pierce) and lysed by sonication or
microfluidization. 153_dn5A protein was purified from the soluble frac-
tion of cell lysates by immobilized metal affinity chromatography using
HisTrap HP columns (GE). After application of clarified cell lysate super-
natants, the column was washed with 20 column volumes of 50 mM
Tris, pH8.0,250 mM NaCl,20 mMimidazole, 1mM DTT.153_dn5A was
eluted using alinear gradient ofimidazole up to afinal concentration of
500 mM. Protein was concentrated to1ml, and 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) was added to 0.75%
(w/v) to remove endotoxin. After the addition of CHAPS, the protein
wasimmediately sterile-filtered at 0.22 um and purified by preparative
SEC using a Superdex 200 Increase 10/300 GL equilibrated in 25 mM
Tris, pH8.0,150 mM NaCl, 5% glycerol. The peak corresponding to the
pentamer wasidentified based on elution volume and SDS-PAGE (both
reducing and non-reducing) of eluted fractions. Fractions containing
purel53_dn5A pentamer were pooled and the protein quantified using
UV/vis spectroscopy. The samples were confirmed to be low in endo-
toxin (<100 EU mg™) using the limulus amebocyte lysate (LAL) assay
(CharlesRiver), thenflash-frozenin liquid nitrogen and stored at —80 °C
within 6 h of purification to prevent oxidation of cysteine residues.

In vitro assembly and purification of nanoparticleimmunogens
Toassemble nanoparticleimmunogens bearing several copies of single
HA antigens (for example, H1-153_dn5), individual HA-bearing trimeric
components were mixed with pentameric 153_dn5A at a molar ratio
of 1:1 (subunit:subunit) at concentrations ranging from 15 to 40 pM
(subunit) by pipetting. Assembly reactions were prepared at room
temperature and incubated for 30 min before purificationby SECona
Superose 6 Increase10/300 GL. The nanoparticleimmunogens eluted
atthevoid volume of the column. Fractions were analysed by SDS-PAGE
(bothreducing and non-reducing) before pooling and sterilefiltering
at0.22 pm.

For H1-153_dnS5 and H3-153_dn5 nanoparticles, assembly reactions
consisted of pentameric components and HA-bearing trimeric com-
ponents bufferedin either PBS or 25 mM Tris, pH 8.0,150 mM NacCl, 5%
glycerol. After assembly and incubation, the samples were centrifuged
for10 minat18,600gat 4 °Cand the nanoparticleimmunogens purified
by SEC using a Superose 6 Increase 10/300 GL column pre-equilibrated
with 25 mM Tris, pH 8.0,150 mM NacCl, 5% glycerol.

ForB/Vic (B/Victoria/2/1987-like)-153_dn5 and B/Yam (B/Yamagata/
16/1988-like)-153_dn5 nanoparticles, half of the assembly reaction vol-
ume consisted of an additional buffer solution with high ionicstrength
to maintain nanoparticle immunogen solubility. The solutions used
were 25 mM Tris, pH 8.0,1.85 M NaCl, 5% glycerol for B/Vicand 25 mM
Tris, pH 8.0, 3.85 M NaCl, 5% glycerol for B/Yam, which respectively
brought NaCl in the assembly reactions to approximately 1M and
2M.Inthese cases the HA-bearing trimeric component was firstadded
to the high-salt buffer before addition of the pentameric component.
After assembly and incubation, the samples were centrifuged for
10 min at 18,600g at room temperature and the nanoparticle immu-
nogens purified by SEC using a Superose 6 Increase 10/300 GL column
pre-equilibrated with either 25 mM Tris, pH 8.0, 1M NaCl, 5% glycerol
for B/Vic-153_dn5 or 25 mM Tris, pH 8.0, 2 M Nacl, 5% glycerol for
B/Yam-I53_dnS.

For mosaic nanoparticles with equal amounts of each seasonal HA
(gsMosaic-153_dnS5), all four HA-bearing trimeric components (in PBS)
were first mixed in equimolar amounts. Tris, pH 8.0, 1.85 M NaCl, 5%
glycerol was added such that the final NaCl in the in vitro assembly
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reaction would be 1 M. The pentameric component was added and
the solution was mixed vigorously by pipetting. After assembly the
samples were centrifuged for 10 min at 14,000 rpm at 4 °C and the
nanoparticleimmunogens purified by SEC using a Superose 6 Increase
10/300 GL column pre-equilibrated with 25 mM Tris, pH 8.0, 150 mM
NaCl, 5% glycerol.

After purification and evaluation of nanoparticleimmunogen quality
by SDS-PAGE, UV/vis spectroscopy, negative-stain electron micros-
copy, dynamiclight scattering and LAL assay (<100 EU mg™), samples
were flash-frozen in liquid nitrogen and stored at -80 °C.

Dynamiclight scattering

Light scattering analysis was conducted using an UNcle (UNchained
Labs) at 25 °C. For each sample, 10 acquisitions (5 s per acquisition)
were obtained using auto-attenuation of the laser. Increased viscos-
ity due to the inclusion of 5% glycerol in the H1-153_dn5, H3-153_dn5,
B/Yam-153_dn5, B/Vic-153_dn5, gsMosaic-153_dn5and I53_dn5nanopar-
ticles was accounted for in the software.

Negative-stain electron microscopy and cryo-EM of
immunogens

To image nanoparticles and non-assembling immunogens by
negative-stain electron microscopy, protein samples were diluted
to 0.020-0.075 mg ml™in 25 mM Tris, pH 8.0, with NaCl concentra-
tions ranging from 0.15to 2 M. 300 mesh copper grids (Ted Pella) were
glow discharged immediately before use. Six microlitres of sample was
applied to the grid for 1 min, then briefly dipped in a droplet of water
beforeblotting away excess liquid with Whatmanno. 1 filter paper. Grids
were stained with 6 pl of 0.75% (w/v) uranyl formate stain, immediately
blotting away excess, then stained again with another 6 pl for 30 s.
Grids were imaged on a Morgagni transmission electron microscope
with a Gatan camera, and Gatan Digital Micrograph software was used
to take images.

Toobtainacryo-EMsingle particle reconstruction of the H1-153_dn5
nanoparticle, 3 pl of 0.7 mg ml™ H1-153_dn5 was loaded onto a freshly
glow-discharged (30 s at 20 mA) Protochips C-flat grid (2.0 um hole,
200 mesh) by multiple blotting strategy® before plunge freezing using
avitrobot Mark IV (ThermoFisher Scientific) using ablot force of 0 and
7 s blot time at 100% humidity and 25 °C. Data were collected using
the Leginon software™ on an FEI Titan Krios transmission electron
microscope, equipped with a Gatan K2 Summit direct electron detec-
tor and Gatan Quantum GIF energy filter, operated in zero-loss mode
withaslitwidth of 20 eV. The dose rate was adjusted to 8 counts pixel ™
s!, and each movie was acquired in counting mode fractionated in
50 frames of 200 ms. 803 micrographs were collected inasingle ses-
sionwithadefocus rangebetween-1.2 pumand -2.5 pm. Movie frame
alignment, estimation of the microscope contrast-transfer function
parameters and particle picking were carried out using Warp*>. 2D and
3D classification (without applying symmetry) were performed using
RELION 3.0.Atotal 0of20,827 particles of the best class were selected
and subjected to 3D refinement in CryoSPARC applying icosahedral
symmetry which led to areconstruction at 6.6 A resolution. In Fig. 1,
high (grey/orange) and low (red) contour 3D representations of the
reconstruction are overlaid to enable visualization of the 153_dn5
scaffold and the displayed HA, respectively. The density correspond-
ing to the low contour representation was smoothed using a 16 A
low-pass filter for clarity. We subsequently implemented a localized
reconstruction strategy>* (along with extensive 3D classification
using Relion) to determine areconstruction of the HLMI1I5HA at 3.3
Aresolution using Relion (applying C3 symmetry). An atomic model
of H1 MI15 HA was built using Coot*, refined using Rosetta***’, and
validated using Molprobity®, Phenix’, Privateer®® and EMRinger®..
Reported resolutions are based on the gold-standard FSC of 0.143
criterionand FSC curves were corrected for the effects of soft mask-
ing by high-resolution noise substitution®. All details for cryo-EM

data collection, refinement, and validation statistics are provided
in Supplementary Table 2.

Immunoprecipitation

gsCocktail-153_dn5 and qsMosaic-153_dn5 samples were mixed with
either MPES (anti-RSV F) or 5J8 (anti-H1) to final concentrations of
4 puM (each subunit) of immunogen and 0.20 mg ml™ of monoclonal
antibody. The final buffers contained 2 M NaCl and 0.05% Tween-20
inaddition to other buffering agents. The solution was allowed to mix
atroom temperature for 1h and then added to recently washed and
dried magnetic protein G Dynabeads (Thermo Fisher). The mixture
was incubated for 1.5 h and resin was separated from the supernatant
magnetically. Beads were washed twice and returned to the same
volume used during the binding process, then heated to 95 °C for 10 min
inthe presence of SDS loading dye to detach bound protein. Proteins
were then analysed by SDS-PAGE.

Antigenic characterization

ELISA was used to measure binding of H1-153_dn5, H3-153_dn5,
B/Yam-153_dn5, B/Vic-153_dn5 and gsMosaic-153_dn5 nanoparticles to
monoclonal antibodies CR6261, 5)J8, CR8020, FO05-126, MEDISS852,
Fl6v3, CR9114, CR8071and D25 (anti-RSVF). 96-well plates were coated
with 2 umol ml™ nanoparticles (0.1 ml well™) and incubated at 4 °C
overnight. Plates were then blocked with PBS containing 5% skim milk
at 37 °C for 30 min. Monoclonal antibodies were serially diluted in
fourfold steps and added to the wells for 1 h. Horseradish peroxidase
(HRP)-conjugated anti-human or anti-mouse IgG (Southern Biotech)
wasadded andincubated at 37 °C for 30 min. The wells were developed
with 3,3’,5’,5-tetramethylbenzidine (TMB) substrate (KPL), and the
reactions were stopped by adding1M H,SO, before measuring absorb-
ance at 450 nm with a Spectramax Paradigm plate reader (Molecular
Devices).

Mass spectrometry quantification of HA content in
qgsMosaic-153_dn5

Label-free quantitation was performed by peptide mass spectrom-
etry to determine the relative abundance of each HA present in the
mosaic nanoparticle samples. Each mosaic nanoparticle, either before
or after purification by SEC, along with a standard mixture of each
purified HA-153_dn5B fusion protein at equimolar concentrations
(1:1:1:1), was denatured and reduced using guanidine hydrochloride
and DTT. Samples were then alkylated with iodoacetamide, deglyco-
sylated with N-glycanase (New England Biolabs), and digested overnight
with LysC protease (ThermoFisher scientific). LC-MS was performed
using a Waters Acquity UPLC coupled to a Thermo LTQ-OT using
data-dependent acquisition. Peptides were resolved over a Waters
CSH C181.7 pm, 2.1 x 100 mm column with a linear gradient from 3%
to 40% B over 30 min (A: 0.1% formic acid; B: acetonitrile with 0.1%
formicacid). Peptides were identified from MS/MS data using Protein
Prospector using a score cut off of 15 (http://prospector.ucsf.edu/).
Owingto the high sequence identity between the HA constructs, only
four peptides unique to each specific HA were observed that could be
used for label-free quantitation. The integrated peak areas for these
peptides relative to the areas from an equimolar mixture of each HA
were used to estimate the totalabundance of each HA within the mosaic
nanoparticle samples (Supplementary Table 3).

Hydrogen-deuterium exchange mass spectrometry

For each time point, 30 pM of HL HA-foldon and H1-153_dn5 were incu-
bated in deuterated buffer (85% D,0O, pH/pD 7.4) for 3; 60; 1,800; or
72,000 s at room temperature and subsequently mixed with an equal
volume of ice-cold quenchbuffer (4 M urea, 200 mM tris(2-chlorethyl)
phosphate (TCEP), 0.2% formic acid) to afinal pH of 2.5. Samples were
immediately frozenin liquid nitrogenand stored at—80 °C until analy-
sis. Fully deuterated samples were prepared by digesting 30 pmol of
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undeuterated Hl-foldon over a pepsin column, followed by concentra-
tion under vacuum, resuspensionin deuterated buffer at 65 °Cfor1h,
then quenching and freezing. Zero time-point samples were prepared
as previously described®. Inline pepsin digestion was performed and
analysed by liquid chromatography-ion-mobility spectrometry-mass
spectrometry (LC-IMS-MS) using a Waters Synapt G2-Si Q-TOF mass
spectrometer as previously described®®. Deuterium uptake analysis
was performed using HD-Examiner (Sierra Analytics) followed by
HX-Expressv3.13 (refs. **5). The percentage exchange was normalized
tothe zero time point and fully deuterated reference samples. Internal
exchange standards (Pro-Pro-Pro-lle [PPPI] and Pro-Pro-Pro-Phe [PPPF])
wereincludedin eachreactionto ensure that conditions were consist-
ent throughout all of the labelling reactions.

Animal experiments

Allanimal experiments were reviewed and approved by the Institutional
Animal Care and Use Committee of the VRC, NIAID, NIH. All animals
were housed and cared forinaccordance withlocal, state, federal, and
institutional policies of NIH and American Association for Accredita-
tion of Laboratory Animal Care. The space temperature in the rodent
facility was set to 22 °C + 3 °C. The humidity was maintained between
30% and 70%. The automatic light cycle is a12 h on/off photo-period.

Immunization and challenge studies

The2017-2018 and 2018-2019 QIVs used were split virion vaccines man-
ufactured in embryonated chicken eggs (Afluria, Seqirus). Throughout
our studies, we matched the total protein dose of each nanoparticle
immunogen to the HA content of QIV. The HA antigens make up approxi-
mately 62% of the total peptidic mass of the nanoparticleimmunogens.
The HA content of commercial QIV was determined by the manufac-
turer using the standard SRD assay, and the total protein content of the
nanoparticle vaccine preparations was measured by UV/vis absorb-
ance. BALB/c] mice (Jackson Laboratory) were immunized intramus-
cularly with 6 pg of commercial QIV 2017-2018 (Afluria, Seqirus),
gsCocktail-153_dnS5, or gsMosaic-153_dn5 in the presence or absence
of AddaVax (InvivoGen) at weeks 0, 4 and 8. Formulated vaccines were
given 50 plinto each hind leg. Serum samples were collected before
and after each immunization and used forimmunological assays. For
challenge studies, mice were infected intranasally at Bioqual with 10x%,
25%,10x and 10x the experimentally determined 50% lethal dose (LDs,)
of HIN1, H5N1, H3N2 and H7N9 viruses, respectively (Supplementary
Table 4). The mice were monitored twice daily for development of clini-
cal signs and weighed daily for 14 days. Any mice that had lost 20% or
more of their initial body weight were euthanized. Fitch ferrets (M. puto-
rius) were immunized intramuscularly with 20 pg of commercial QIV
2017-2018, gsCocktail-153_dn5 or gsMosaic-153_dn5with AddaVax three
times at weeks 0, 4 and 8. Immunogens were formulated in 500 pl per
ferretandinjected into limbs. Serum samples were collected periodi-
cally before and afterimmunization and used forimmunological assays.
Ferrets were infected intranasally at Bioqual with 25x and 10x LD, of
H5N1and H7N9 viruses, respectively (Supplementary Table 4). Clinical
signs of infection, weight and body temperatures were recorded twice
daily for 14 days. Ferrets that showed signs of severe disease (prolonged
fever, diarrhoea; nasal discharge interfering with eating, drinking or
breathing; severe lethargy; or neurological signs) or that had more
than 20% weight loss were euthanized immediately. Rhesus macaques
(M. mulatta) wereimmunized intramuscularly with 60 pg of commercial
QIV2017-2018, gsCocktail-153_dn5 or gsMosaic-153_dn5 with AddaVax
three times at weeks 0, 8 and 16. Immunogens were prepared in 1.0 ml
volumes per NHP and injected into limbs. Some of the NHPs that were
immunized three times with either 2017-2018 commercial QIV (n=3) or
gsMosaic-153_dn5 (n=3) were boosted 63 weeks later with a single dose
of an updated version of gsMosaic-153_dnS5 containing the 2018-2019
seasonal strains. Serum samples were collected periodically before and
afterimmunization and used forimmunological assays.

ELISA

Antigen-specific IgG levels in immune sera were measured by ELISA.
The plates were coated with 2 pg ml™ of recombinant HA-foldon
proteins (Supplementary Table 1) and incubated at 4 °C overnight.
Plates were then blocked with PBS containing 5% skim milk at 37 °C
for1h. Monoclonal antibodies and immune sera were serially diluted
in fourfold steps and added to the wells for 1 h. Horseradish peroxi-
dase (HRP)-conjugated anti-human (SouthernBiotech, 2040-05, used
1:5,000); anti-mouse IgG (SouthernBiotech, 1080-05, used 1:5,000);
anti-ferretIgG (Abcam, Ab112770, used 1:20,000); or anti-monkey IgG
(SouthernBiotech, 4700-05, used 1:5,000) antibody was added and
incubated at 37 °C for1h. The wells were developed with TMB substrate
(KPL), and the reactions were stopped by adding 1 M H,SO, before
measuring absorbance at 450 nm with a Spectramax Paradigm plate
reader (Molecular Devices). Serafrom miceimmunized with PBSor an
irrelevant antigen? (DS-Cavl-153_dn5), ferretsimmunized with PBS, and
NHPs beforeimmunization were used as negative controls, and did not
yield signal above background (Supplementary Fig. 2).

Reporter-based microneutralization assay

Allreporter viruses were prepared as previously described®. In brief,
all HIN1 and H3N2 viruses were made with a modified PB1 segment
expressing the TdKatushka reporter gene (R3APB1) and propagated
in MDCK-SIAT-PB1 cells, while HSN1reporter virus was made with a
modified HA segment expressing the reporter (R3AHA) and producedin
cells stably expressing HSHA. Replication-restricted reporter influenza
viruses encoding influenza BHA and NA coding regions were rescued
using plasmids expressing the open reading frames of influenza BHA
and NA genes flanked by genome packaging signals of influenza AHA®®
and NA segments®, respectively. These viruses have a PB1 segment
modified to express the TdKatushka2 reporter gene and encode the
internal genes ofinfluenza A (A/WSN/1933, HIN1) virus. Rescued viruses
were propagated in MDCK-SIAT1-PBlin the presence of TPCK-treated
trypsin (1 pug ml™, Sigma) at 34 °C. Virus stocks were stored at —80 °C.
Mouse sera were treated with receptor destroying enzyme (RDE II;
Denka Seiken) and heat-inactivated before use in neutralization assays.
Immune seraor monoclonal antibodies were serially diluted and incu-
batedfor1hat37 °Cwith pre-titrated viruses (Supplementary Table 4).
Serum-virus mixtures were then transferred to 96-well plates (Perki-
nElmer), and 1.0 x 10* MDCK-SIAT1-PB1 cells**“® were added into each
well. After overnightincubationat 37 °C, the number of fluorescent cells
ineachwell was counted automatically using a Celigo image cytometer
(Nexcelom Biosciences). For neutralization competition assays, mouse
immune serawere pre-incubated with HLMI15 HA, H1 CAQ9 stem HA, or
irrelevant RSV F protein at a final concentration of 50 pg ml™ at room
temperature for1hbefore useinthe reporter-based microneutraliza-
tion assay described above. IC,, values, defined as the serumdilution or
antibody concentration that gives 50% reductioninvirus-infected cells,
were calculated from neutralization curves using a four-parameter
nonlinear regression model and plotted with GraphPad Prism (v.8.0).

Pseudovirus neutralization assay

Pseudovirus neutralization assays were carried out using luciferase-
encoding lentiviruses pseudotyped with influenza HA and NA, as
previously described®”°. The HA and NA sequences used to generate
the pseudoviruses were derived from HIN1 PR8 and H3N2 PH82 (Sup-
plementary Table 4). In brief, mouse sera were treated with receptor
destroying enzyme (RDE (II); SEIKEN Accurate Chemical and Scientific)
and heat-inactivated before use in assays. Immune sera were serially
diluted and incubated with pre-titrated HA-NA pseudotyped viruses
for 30 min at room temperature. Mixtures of serum and pseudovirus
were then transferred to 96-well white/black isoplates (PerkinElmer),
and 12,000 293A cells were added into each well of the plate. After
overnight incubation at 37 °C, wells were supplemented with 100 pl
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of fresh Dulbecco’s Modified Eagle Medium including 5% fetal bovine
serum (Fisher Scientific) and 5,000 U ml™ penicillin-streptomycin
(Gibco), and the plates were incubated inastatic 37 °C, 5% CO,, humidi-
fied incubator for 48 h. Cells were lysed with cell culture lysis buffer
(Promega) and luciferase activity in the lysate was measured using Lucif-
erase kit (Promega). Luminescence was measured with a Spectramax
L luminometer (Molecular Devices). IC;, values were calculated from
neutralization curves using a four-parameter nonlinear regression
model and plotted with GraphPad Prism (v.8.0).

Haemagglutination inhibition assay

HAI titre to vaccine-matched viruses were tested with immune
sera. The reporter influenza viruses HIN1 MI15, H3N2 HK14, B/Vic
CO017 and B/Yam PH13 (Supplementary Table 4) were propagated in
Madin-Darby canine kidney (MDCK) cells. Immune serumwas treated
with receptor-destroying enzyme (RDE II; Denka Seiken) before use
in HAl assays. Immune serum was serially diluted and incubated with
viruses (four haemagglutination units per well) and then incubated
with 0.5% turkey or guinea pig (for H3N2 HK14 virus only) red blood
cells (Lampire Biological Laboratories) for 30 min at room tempera-
ture. The HAl titre of the sample was determined on the basis of the
well with the last non-agglutinated appearance, immediately before
an agglutination reaction was observed.

Passive transfer

To generate hyper-immune Ig for passive transfer, theimmune serum
samples from each NHP were diluted 1:50 with PBS, added to protein
A columns, and incubated overnight at 4 °C. After washing the col-
umns briefly, captured antibodies were eluted with low-pH IgG elution
buffer (ThermoFisher Scientific) and the eluates were immediately
neutralized by adding 1M Tris-HCI, pH 8.0, to a final concentration
of 100 mM. Purified polyclonal antibodies were dialysed two times
against PBS, concentrated to approximately 20 mg ml™ and stored at
-80 °Cuntil use. BALB/cAnNHsd mice (Envigo) were given intraperito-
neally 0.2 mg of FI6v3 (approximately 10 mg kg™) or 10 mg of purified
polyclonal Ig fromindividual NHPs. Twenty-four hours later, the mice
wereinfected intranasally with25x or10x LD, of HSN1or H7N9 viruses
(Supplementary Table 4) at Bioqual. The mice were monitored twice
daily for development of clinical signs of infection and weighed daily
for 14 days. Any mice that lost 20% or more of their initial body weight
were euthanized.

Preparation of polyclonal immunoglobulin antigen-binding
fragments

Togenerate polyclonal Fab fragments for epitope mapping, theimmune
serum samples from each NHP were diluted with PBS and applied to
protein A columns. After washing the columns, captured antibodies
were eluted with 0.1 M glycine, pH 3.5, and the eluates were immedi-
ately neutralized by adding Tris-HCI, pH 8.0, to afinal concentration of
50 mM. Purified IgG was buffer-exchanged into PBS and concentrated
toapproximately 25 mg ml™, and 250 pl of 2x digestion buffer (40 mM
sodium phosphate pH 6.5,20 mM EDTA, 40 mM cysteine) was added.
Then, 500 pl of resuspended immobilized papain resin (ThermoFisher
Scientific) freshly washed in1x digestion buffer (20 mM sodium phos-
phate, 10 mM EDTA, 20 mM cysteine, pH 6.5) was added, and samples
were shakenfor5hat37 °C. The supernatant was separated from resin
and mixed with1mlof20 mM Tris, pH 8.0. Resin was washed twice with
500 pl of 20 mM Tris, pH 8.0, and supernatants from the washes were
pooled with the original supernatant to increase sample yield. Pooled
supernatants were sterile-filtered at 0.22 pm and applied to protein A
columns. Unbound fractions were pooled, concentrated to approxi-
mately 10 mg ml™, and dialysed twice against 25 mM Tris, pH 8.0, to
remove excess phosphates and cysteine before sample preparation
for electron microscopy. Final samples were confirmed by SDS-PAGE,
flash-frozen, and stored at =80 °C.

Electron microscopy polyclonal epitope mapping
To prepare complexes of HIHA and polyclonal Fab fragments, 150-fold
molar excesses of qsCocktail- or gsMosaic-153_dn5-elicited antibody
Fab fragments were incubated with H1 HA-foldon for 1 h at room
temperature, and the complexes were purified on a Superdex 200
Increase 10/300 GL column. The purified complexes were adsorbed
onto glow-discharged carbon-coated copper mesh grids for 60 s,
stained with 2% uranyl formate for 30 s, and allowed to air dry. Grids
were imaged using an FEI Tecnai Spirit 120 kV electron microscope
equipped with a Gatan Ultrascan 4000 CCD Camera. The pixel size at
the specimen level was 1.60 A. Data collection was performed using
Leginon®? with most of the data processing carried out in Appion’. In
total, 4,112 and 3,237 micrographs were collected for qgsCocktail-153_
dn5-and gsMosaic-153_dn5-elicited Fab-HA complexes, respectively.
The parameters of the contrast transfer function (CTF) were estimated
using CTFFIND4 (ref. ”2). All particles were picked in a reference-free
manner using DoG Picker”. Reference-free 2D classification was used
to select homogeneous subsets of particles using CryoSPARC™. In
total, 847,873 and 997,557 particles were subjected for 2D classifica-
tion of gsCocktail-153_dnS5- and qsMosaic-153_dn5-elicited Fab-HA
complexes, respectively. During the 2D classification, 2D classes were
visually inspected and particles from classes not showing clear struc-
tural features of Fab-HA complexes were discarded. The remaining
particles were subsequently subjected to three rounds of ab initio 3D
reconstructions and 3D classifications without any symmetry imposed
using CryoSPARC. Only receptor binding domain, vestigial esterase
domain, and stem-directed antibodies were included in the calcula-
tions. Particles from these classes were separately subjected to 3D
refinement using CryoSPARC. The head-binding Fabs of the different
classes were similar, but most classes showed obvious asymmetric
features. All 3D reconstructions were compared to three classes of
structurally characterized anti-HA antibodies: (i) receptor binding
domain-targeted antibodies CH65 (PDB: 5UGY), CO5 (PDB: 4FP8),
F045-092 (PDB:4058),HC63 (PDB: 1KEN), 2G1(PDB: 4HG4), 8M2 (PDB:
4HFU), 5)8 (PDB: 4M5Z), 1F1 (PDB: 4GXU) and S139/1 (PDB: 4GMS);
(ii) vestigial esterase domain-targeted antibodies H5M9 (PDB: 4MH]))
and CR8071 (PDB: 4FQJ); and (iii) stem-binding antibodies C179 (PDB:
4HLZ), CR6261 (PDB:3GBN), CR8043 (PDB: 4NM8), CR8020 (PDB:
3SDY), CR9114 (PDB: 4FQI), F16v3 (PDB:3ZT]J), MEDI8852 (PDB: 5)W4)
and 39.29 (PDB: 4KVN). Estimates of the fraction of particles containing
receptor binding domain-, vestigial esterase domain-, and stem-binding
Fabs were based on the number of particles clustered in each group.
Particles containing Fabs bound to multiple sites were counted against
eachsite. InFig. 5c, the coordinates of an HLHA crystal structure (PDB
1RUZ) and aFab fragment (PDB 3GBN) were fitted into the EM densities.
H5 HA and polyclonal Fab fragment complexes were prepared and
verified by negative-stain electron microscopy as described above and
then pooled and concentrated. Next, 3 pul of 0.1 mg mI™ HSHA in com-
plexwith gsMosaic-153_dn5-elicited antibody Fab fragments wasloaded
onto a freshly glow-discharged (30 s at 20 mA) 1.2/1.3 UltraFoil grid
(300 mesh) with athin layer of evaporated continuous carbon before
plunge freezing using a vitrobot Mark IV (ThermoFisher Scientific)
using a blot force of -1and 2.5 s blot time at 100% humidity and 25 °C.
Datawere acquired using the an FEI Titan Krios transmission electron
microscope operated at 300 kV and equipped with a Gatan K2 Sum-
mit direct detector and Gatan Quantum GIF energy filter, operated in
zero-lossmode withaslitwidth of 20 eV. Automated data collection was
carried out using Leginon at anominal magnification of130,000x with
apixel size of 0.525A. The dose rate was adjusted to 8 counts pixel 's™,
and each movie was acquired in super-resolution mode fractionated in
50 frames of 200 ms. We collected 2,374 micrographs using beam-image
shift with a defocus range between —1.0 and —2.5 pm. Movie frame
alignment, estimation of the microscope contrast-transfer function
parameters, particle picking, and extraction were carried out using



Warp. Particle images were extracted with a box size of 800 pixels?
binned to 400 pixels®yielding a pixel size of 1.05 A. Two rounds of
reference-free 2D classification were performed using CryoSPARC
to select well-defined particle images. These selected particles were
subjected to 3D refinementin CryoSPARC applying C3 symmetry using
amap generated fromacrystal structure of HSHA (PDB 5)W4) low-pass
filtered at 30 A resolution. For beam tilt correction, the micrographs
were grouped into beam tilt groups using beam-image shift values
fromLeginon. Beam tilt refinement was performed inRelion3.0 (ref.”).
CTF refinement was used to refine per-particle defocus values. Particle
images were subjected to the Bayesian polishing procedure imple-
mentedin Relion3.0 (ref.”). After determining arefined 3D structure,
the particles were then subjected to 3D classification without refining
angles and shifts using a soft mask on three Fab regions and with a
tau value of 20 using Relion. 3D refinements were carried out using
non-uniform refinement along with per-particle defocus refinement
in CryoSPARC”. Local resolution estimation, filtering, and sharpening
was carried out using CryoSPARC. Reported resolutions are based on
the gold-standard FSC of 0.143 criterion and FSC curves were corrected
for the effects of soft masking by high-resolution noise substitution. In
Fig. Se, the coordinates of an H5 HA crystal structure in complex with
MEDI8852 Fab (PDB 5JW4) were fitted into the electron microscopy
densities.

Statistics and reproducibility

Multi-group comparisons were performed using nonparametric
Kruskal-Wallis test with Dunn’s post hoc analysis in Prism 8 (GraphPad)
unless mentioned otherwise. Differences were considered significant
when Pvalues were less than 0.05. Statistical tests to compare multiple
Kaplan-Meier curves were performed using Mantel-Cox log-rank test
with Bonferroni correction. Statistical methods and P value ranges
can be found in the figures and legends. All figures were compiled in
Inkscape (v.1.0).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Allimages and data were generated and analysed by the authors, and
will be made available by the corresponding authors (B.S.G., N.P.K.and
M.K.) upon reasonable request. Uncropped images of all gels are pro-
videdinSupplementary Fig. 1. Structural models and density maps have
beendeposited inthe Protein Data Bank (PDB) and Electron Microscopy
Data Bank (EMDB) under accession numbers EMD-22935 (H1-153 dn5
nanoparticle), EMD-22937 and PDB 7KNA (localized reconstruction of
H1HA), EMD-22940 (H5 HA bound to 3 polyclonal Fabs), EMD-22939
(H5HA bound to 2 polyclonal Fabs), and EMD-22938 (H5 HA bound to
1polyclonal Fab). Influenza reverse genetics plasmids were provided
by the St Jude Children’s Research Hospital under a material transfer
agreement with the NIH. Requests for these reagents should be made
to the StJude Children’s Research Hospital. Source data are provided
with this paper.
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Extended DataFig.1|Productionand characterization of HA-153_dn5
components and nanoparticleimmunogens. a, SEC purification of seasonal
HAs fused to153_dn5B trimeric components, using a Superdex 200 Increase
10/300 GL column. b, Reducing and non-reducing SDS-PAGE of SEC-purified
trimeric HA-153_dn5B fusions, pentameric 153_dn5A component, and 153_dn5B
trimer lacking fused HA. ¢, SEC purification of nanoparticleimmunogens after
invitroassembly, including 153_dnS5lacking displayed antigen, using a
Superose 6 Increase 10/300 GL column. The nanoparticleimmunogenselute at
the void volume of the column, while153_dn5isresolved. Residual,
unassembled trimericand pentameric components elutearound15mland 18
ml, respectively.d, Reducing and non-reducing SDS-PAGE of SEC-purified
nanoparticleimmunogens and153_dn5. e, Antigenic characterization of

purified nanoparticleimmunogens by ELISA. Symbolsindicate the specificity
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Reciprocal resolution (1/A)
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of eachmonoclonalantibody. AUC, area under the curve. f, Analytical SEC of
purified nanoparticleimmunogens, compared to153_dn5 nanoparticles
lacking displayed antigen and trimeric H1-153_dn5B, using aSephacryl S-500
HR16/60 column. g, Dynamiclight scattering of SEC-purified nanoparticle
immunogens, including 153_dnS5. D, hydrodynamic diameter; Pd,
polydispersity. h, Representative electron micrograph of H1-153_dn5
embeddedinvitreousice.Scalebar,100 nm.i, 2D class averages obtained using
single-particle cryo-EM. Scale bar,20 nm. j, Gold-standard Fourier shell
correlation (FSC) curve for the H1-153_dn5 density map presented in Fig. 1c.
k, Gold-standard FSC curve for the localized reconstruction of HLMI15
presentedinFig.1c. Allexperiments except for electron microscopy data
collectionand processing were performed at least twice.
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Extended DataFig.2|Hydrogen-deuterium exchange mass spectrometry mapped onto the structure of HLHA (PDB 3LZG). ¢, Kinetics of hydrogen-
(HDX-MS) of H1-foldon trimer and H1-153_dn5 nanoparticle.a, Amino acid deuterium exchange for both samples at multiple time points up to 20 h. Single
sequence of Hl ectodomain expressed as agenetic fusion to both foldonand asterisks denote peptidesin which anegative percentage exchange was
153_dn5B. Underlined sequences correspond to peptides analysed by HDX-MS. corrected tozero (<2% magnitude correction); double asterisks denote

b, Hydrogen-deuterium exchange percentages after 20 h for both samples peptidesthat were missingareplicate at the 30 min time point.
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Extended DataFig. 3 | Controllable co-display of multiple antigenic
variants on two-component nanoparticleimmunogens. a, Sandwich BLI
comparing qsCocktail-153_dn5 and gsMosaic-153_dnS5. Biotinylated 5)8
immobilized on streptavidin probes was used to capture H1-containing
nanoparticles fromeachsample. The captured particles were then exposed to
antibodies specific to H3 (CR8020; left) or influenza BHA (CR8071; right).

b, Numerical approximation of the HLHA content of individual gsMosaic-153_
dn5nanoparticles assuming an equimolar quadrivalentin vitro assembly
reaction (thatis, 25% of the input HA-153_dn5B trimers bear HIHA) and random
incorporation of each HA-153_dn5B trimer at each of the 20 trimeric positions
intothe nanoparticle. Adistribution centred on25% valency (SH1HA trimers
pernanoparticle) is observed. ¢, Calculation of the fraction of individual
mosaic nanoparticles displaying at least one HLHA trimer as a function of the

Q& ©
GIAN
PO

IR SIN]
RS Q\Q’quﬁ

fractional concentration of H1-153-dn5Bin thein vitro assembly reaction ([H1]),
expressedas:1-(1-[H1])*°. At the 25% fractional concentration used to
assemble qsMosaic-153_dn5, 99.7% of the individual nanoparticles are
expectedtodisplay atleast one HIHA trimer. d, Quantification of HA antigen
content by peptide mass spectrometry in three distinct gsMosaic-153_dn5
nanoparticles with various antigen ratios before and after preparative SEC.
Dashed linesrepresent the fractional concentration ofeachHA intheinvitro
assemblyreactions used to prepare the mosaic nanoparticleimmunogens,
mainbarsrepresent the mean values of four unique peptides from each HA, and
error barsrepresent the standard deviation of measurements across the four
unique peptides fromeach HA. The peptides used to quantify eachHA are
providedin Supplementary Table 3.
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Extended DataFig.4 |Vaccine-elicited antibody responses against
vaccine-matched antigens. a-c, HA-specific antibody titres inimmunized
mice (a), ferrets (b) and NHPs (c). Immunization schemes are shown at the top
ofeach panel. Allimmunizations were given intramuscularly with AddaVax.
Groups of BALB/c) mice (n=10), ferrets (n=9),and rhesus macaques (n=4) were
usedineach experiment. ELISA antibody titres are expressed as endpoint
dilutions. Each symbol represents anindividual animal and the horizontal bar
indicates the geometric mean of the group. Individual NHPs are identified by
unique symbols. d, Antibody responses against unmodified 153_dn5
nanoparticleslacking displayed HA. Immunization scheme is shown at the top
ofthe panel. Groups of NHPs (n=4) wereimmunized three times with either
QIV, gsCocktail-153-dn5 or gsMosaic-153_dn5 with Addavax at weeks 0, 8 and 16.
Serumsamples were collected 2 weeks after eachimmunization and tested for

ELISAbinding antibody against unmodified I53_dnS5 particles. Antibody titres
areexpressed as endpointdilutions. Individual NHPs are identified by unique
symbols. The immunization study was performed once. e, Antibody responses
against vaccine-matched antigens and viruses elicited by unadjuvanted
vaccinesinimmunized mice. Immunizationschemeis shown. All
immunizations were givenintramuscularly. Groups of BALB/c) mice (n=10)
were used. HA-specific ELISA binding antibody (top), HAI (middle), and
microneutralization titres (bottom) inimmune seraare shown.
Microneutralizationtitres are reported as ICs, values. Each symbol represents
anindividual animal, and the horizontal barindicates the geometric mean of
thegroup. Pvalues were determined by nonparametric Kruskal-Wallis tests
with Dunn’s multiple comparisons. Allanimal experiments except for NHP were
performed atleast twice and representative data are shown.
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Extended DataFig.5|Antibody responses against vaccine-matched
antigens and viruses elicited by 2018-2019 vaccines. a, Immunization
scheme. The commercial QIV, gsCocktail-153_dn5 and gsMosaic-153_dn5
vaccines used in this study comprised the 2018-2019 vaccine strains
recommended by the WHO. Sequences for the HA-153_dn5B fusion proteins—
H1-153_dn5,SG16-153_dn5 (updated H3), B/Yam-153_dnS5, and CO17-153_dn5
(updated B/Vic)—are provided in Supplementary Table 1. Allimmunizations
were givenintramuscularly with AddaVax. Groups of BALB/c) mice (n=10) were

used.b-d, HA-specific antibody titres (b), HAl assay (c) and
microneutralization titres (d) inimmune sera. Microneutralization titres are
reported asICs, values. e, Heterosubtypic HA-specific antibody titres in
immunesera. Each symbolrepresents anindividual animal and the horizontal
barindicates the geometric mean of the group. Pvalues were determined by
nonparametric Kruskal-Wallis tests with Dunn’s multiple comparisons. The
animal experiment was performed once.
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Extended DataFig. 6 | Neutralization of historical HIN1and H3N2 viruses. individual animal and the horizontal bar indicates the geometric mean of the
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viruses are shown (see Supplementary Table 4). Each symbol represents an representative dataareshown.
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Extended DataFig.7|Antibody responseselicited by anon-assembling
immunogen. a, Model of the153_dn5B trimer, with the computationally
designedinterface thatdrives nanoparticle assembly indicated by the solid
line (top), and the 1naOC3_int2 trimer, in which the interface mutations were
reverted to their original identities (bottom). The dotted line indicates the
inability of this molecule to drive nanoparticle assembly. b, Analytical SEC of
thenon-assembling immunogen (a mixture of four HA-InaOC3_int2 trimers
with pentameric153_dn5A) using aSuperose 6 Increase 10/300 GL column.
Only unassembled oligomeric components were observed. ¢, Reducing and
non-reducing SDS-PAGE analysis of the non-assemblingimmunogen before
and after analytical SEC. d, Negative-stain electron microscopy of the

non-assemblingimmunogen, which confirmed the absence of higher-order
structuresindicated by analytical SEC. Scale bar,100 nm. e, Immunization
scheme in mice. Allimmunizations were given intramuscularly with

AddaVax. Groups of BALB/c) mice (n=10) were used in the experiment.
f,Microneutralization titresinimmune sera against vaccine-matched or
slightly mismatched viruses. Microneutralization titres are reported asICs,
values. g, Cross-reactive antibody titresinimmune sera. Each symbol
represents anindividual animal, and the horizontal bar indicates the geometric
mean of the group. Pvalues were determined by nonparametric Kruskal-Wallis
tests with Dunn’s multiple comparisons. Allexperiments were performed
once.
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Extended DataFig. 8| Negative-stain electron microscopy analysis of H1
HA complexed with polyclonal antibody Fabs prepared from NHPs
immunized with qsCocktail-153_dn5 or qgsMosaic-153_dn5. a, Negative-stain
electron microscopy analysis of Fabs obtained from NHPs immunized with
qsCocktail-153_dn5in complex withrecombinant H1 MI15 HA trimers.
Two-dimensional classifications were generated using 847,873 particles
collected from 4,112 micrographs. The frequencies of complexes containing
Fab fragments bound to RBD (81%), vestigial esterase (18%), or stem (1%)
domains are presented as pie charts in Fig. 5c. b, Negative-stain electron
microscopy analysis of Fabs obtained from NHPsimmunized with
gsMosaic-153_dn5in complex withrecombinant HIMI15HA trimers.

2D classifications were generated using 997,557 particles collected from 3,237
micrographs. The frequencies of complexes containing Fab fragments bound
toRBD (69%), vestigial esterase (24%), or stem (7%) domains are presented as
piechartsinFig.5c. The top part of each panel shows representative
reference-free 2D class averages. Scale bars,20 nm. The bottom part of each
panel shows seven representative 3D reconstructions of HA-Fab complexes.
Single complexes containing Fabs of multiple specificities were counted once
againsteach specificity. The coordinates of an HIHA crystal structure (PDB
1RUZ) and aFab fragment (PDB 3GBN) were fitted into the electron microscopy
densities. Light blue ribbons, HLHA; cyan or magentaribbons, Fabs.
Allexperiments were performed once.
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Extended DataFig.9|Cryo-EM analysis of heterosubtypicHSHAin
complex with polyclonal antibody Fab fragments prepared from NHP
immunized with qsMosaic-153_dnS5. a, Representative cryo-electron
micrograph. Scalebar,100 nm. b, Reference-free 2D class averages. Scale bar,
20 nm. ¢, Gold-standard FSC curve for the asymmetric reconstruction shown
ind.d, Asymmetric cryo-EMreconstruction of H5 HA-Fab complexes with

Fab fragments bound to all three HA subunits at 3.6 A resolution. The
reconstruction is the same as that shownin theright panelin Fig. 5d, but hereis
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colouredby local resolution. e, FSC curve for the asymmetric reconstruction
showninf.f, Two orthogonal orientations of an asymmetric cryo-EM
reconstruction of HS HA-Fab complexes with Fab fragments bound to two HA
subunits at4.1A resolution. g, FSC curve for the asymmetric reconstruction
showninh.h, Two orthogonal orientations of an asymmetric cryo-EM
reconstruction of HSHA-Fab complexes with Fab fragments bound toone HA
subunitat4.0 Aresolution. The reconstruction is the same as that shownin the
left panelinFig.5d. Allexperiments were performed once.
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Extended DataFig.10|Vaccine-elicited antibody responses against updated qsMosaic-153_dn52018-2019. Allimmunizations were given
vaccine-matched viruses in NHPs with pre-existing influenzaimmunity. intramuscularly with AddaVax. Microneutralization titresare reportedICs,
Immunization scheme for the NHP study shown on the left. NHPs (n =3) that values. Each symbol represents anindividual animal and the horizontal bar
had beenimmunized three times with either QIV2017-2018 or gsMosaic-153_ indicates the geometric mean of the group. Individual NHPs are identified by

dn52017-2018 were boosted 63 weeks later with asingle dose (60 pg) of unique symbols. Pvalues were determined by paired t-tests.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XL X XD

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  EM data collection: Gatan Digital Micrograph software; Leginon (v3.5); Appion (v3.4)

Data analysis All data with the following exceptions were analyzed with Matplotlib (v3.3.3) and GraphPad Prism (v8.4.3).
EM analysis: Coot (v0.9) Relion (v3.0); CTFFIND4 (v4.1.14); DoG Picker (v0.2); CryoSPARC; Warp (v1.0.6); Phenix (v1.17.1-3660)
Structure rendering: ChimeraX (v1.0.0); Chimera (v1.6.2)
Biolayer interferometry: Octet Analysis (v11)
Figure compilation: Inkscape (v1.0.0)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability
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All images and data were generated and analyzed by the authors, and will be made available by the corresponding authors (B.S.G., N.P.K., and M.K.) upon
reasonable request. Uncropped images of all gels/blots are provided in Supplementary Figure 1. Structural models and density maps have been deposited in the
Protein Data Bank and Electron Microscopy Data Bank under accession numbers EMD-22935 (HA-153_dn5 nanoparticle), EMD-22937 and PDB 7KNA (localized




reconstruction of H1 HA), EMD-22940 (H5 HA bound to 3 polyclonal Fabs), EMD-22939 (H5 HA bound to 2 polyclonal Fabs), and EMD-22938 (H5 HA bound to 1
polyclonal Fab).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The number of animals selected for each study was chosen based on our prior experience with similar vaccine regimens. For mouse studies,
assuming variance in immune response is proportional to mean for a given group (constant CV of 30%, typical for this type of experiments), a
group size of 10 will give 89% power to detect 2-fold differences or 49% power to detect 1.5-fold differences between groups in the
magnitude of the immunological parameters based on a two-tailed test of means with alpha set to 0.05 (calculation was performed by 1-way
ANOVA pairwise tools at powerandsamplesize.com). For ferret studies, assuming variance in immune response and/or lethality is proportional
to mean for a given group (constant CV of 30%, typical for this type of experiments), a group size of 6 will give 82% power to detect 2-fold
differences (i.e. 100% vs. 50% survival rates) or 48% power to detect 1.5-fold differences (i.e. 100% vs. 67% survival rates) between vaccine
and control groups based on a two-tailed test of means with alpha set to 0.05 (calculation was performed by 1-way ANOVA pairwise tools at
powerandsamplesize.com). For nonhuman primate study, based on similar studies in mice and ferrets, we expect the differences in serum
antibody titer to be at least 1 log10 between groups and the standard deviation of each group to be approximately 0.4 log10. With 4 animals
per group, we have 82% power to detect 1 log difference between groups using 1-way ANOVA with a 2-sided equality and pairwise
comparisons with a 5% Type | error rate. No sample size calculation was performed for experiments not involving animals. For those
experiments, sample sizes were determined based on our previous studies utilizing similar experimental techniques.

Data exclusions  No data has been excluded.

Replication All analyses for antibody binding, specificity, virus neutralization assays, biochemical and biophysical characterization have been performed at
least twice. All attempts at replication were successful. Many of these analyses including immunization studies have been repeated three
times or more with similar results. All of the data in which we could perform statistical analysis showed that the differences observed were
significant and highly consistent across experiments. NHP immunization and cryo-EM studies were performed once.

Randomization | All mice and ferrets used in the studies were allocated randomly. NHPs were allocated into groups based on their sex, weight, age, and prior
study history.

Blinding In vivo challenge studies were done in a blinded manner. Experimenters were blinded to experimental conditions whenever possible. Readout

of the serological assays including virus neutralization assays, and structural, biochemical and biophysical characterizations were not
performed in a blinded manner, as these experiments often require subtle real-time adjustment to ensure optimal data collection.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXX OXOO s
OO00XOXX

Dual use research of concern

Antibodies

Antibodies used All the antibodies except for secondary antibodies used in the study were made recombinantly by cloning antibody heavy and light
chains into the respective mammalian expression vectors. Recombinant antibodies were produced in mammalian cells (Expi293 cells)
by transient transfection of expression vectors and purified by protein A affinity chromatography. Sequences, specificity and function
of the antibodies were verified for each antibody. Antibodies CR6261 (human); 5J8 (human); CR8020 (human); FO05-126 (human);
FI6v3 (human); MEDI8852 (human); CR9114 (human); CR8071 (human); and D25 (human) were used in ELISA. Antibodies MPES
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Validation

(human) and 5J8 (human) were used in immunoprecipitation. Antibodies CR5J8 (human); CR8020 (human); and CR8071 (human)
were used in biolayer interferometry assays. Antibody FI6v3 (human) was used in passive transfer study. Horseradish peroxidase
(HRP)-conjugated anti-human IgG (SouthernBiotech, Catalog 2040-05); anti-mouse 1gG (SouthernBiotech, Catalog 1080-05); anti-
ferret 1gG (Abcam, Catlog Ab112770); and anti-monkey 1gG SouthernBiotech, Catalog 4700-05) were used as secondary antibodies in
ELISA.

All the antibodies used in the study were tested for their reactivity and specificity by ELISA, BLI using a set of recombinant HAs, or
virus neutralization assays with multiple subtype viruses prior to use in the study.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Expi293F cells (ThermoFisher, Catalog A14527); 293A cells (ThermoFisher, Catalog R70507); Turkey and guinea pig red blood
cells (Lampire biologicals, Catalog 7249409 and 7243109, respectively); MDCK-SIAT1-PB1 cells (Creanga et al.,
doi:10.1101/2020.02.24.963611). The parental MDCK-SIAT1 cells were purchased from Millipore Sigma (Catalog 05071502).

Commercial cell lines were authenticated by manufacturers and no further authentications were performed by the authors;
MDCK-SIAT-PB1 cells were not authenticated. All cells used in the studies were not extensively passaged.

Mycoplasma contamination Tested negative.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Female 4—6 week old BALB/cJ (Jackson Laboratories) or BALB/cAnNHsd (Envigo) mice; domestic finch ferrets (mixed sex, 6 month old;
Triple F Farm); and rhesus macaques (9 males and 3 females, 4—6 year old) were used in the studies in accordance with all federal
regulations, NIH guidelines, AAALAC, and IACUC approval. All mouse and ferret challenge studies were performed at Bioqual, Inc.
Other mouse studies were performed at NIH. The VRC research facility is AAALAC International accredited and standards for all
animal care (acquisition, breeding, and experimental protocols), biosafety, and personnel occupational health and safety conform to
all Federal, State and local regulations including but not limited to the following:

a) The Animal Welfare Act (P.L. 89-544, as amended) Rules and Regulations published in the Code of Federal Regulations (CFR), Title
9 (Animals and Animal Products), Chapter 1, Subchapter A (Animal Welfare), Parts 1, 2, and 3

b) Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals (1996)

c) The Guide for the Care and Use of Laboratory Animals, revised 2010

d) Biosafety in Microbiological and Biomedical Laboratories (CDC_NIH 2009)

e) Occupational Health and Safety in the Care and Use of Research Animals (NRC 1997)

The space temperature in the rodent facility is set to 22°C + 3 degrees. The humidity is maintained between 30% and 70%. The
automatic light cycle is a 12 hour on/off photo-period.

No wild animals were used in the study.
No field collected samples were used in the study.
All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the VRC, NIAID, NIH. All

animals were housed and cared for in accordance with local, state, federal, and institutional policies of NIH and American Association
for Accreditation of Laboratory Animal Care.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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