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The past 20 years have witnessed four fatal 
coronavirus outbreaks: SARS (severe acute  
respiratory syndrome, 2002 and 2003), MERS 

(Middle East respiratory syndrome, since 2012), and 

now Covid-19 (since 2019). Scien-
tific evidence and ecologic reality 
suggest that coronaviruses will 
emerge again in the future, poten-
tially posing an existential threat.1 
The betacoronaviruses that caused 
these epidemics are globally dis-
tributed in numerous species of 
bats. The full virologic and geo-
graphic extent of this enzootic 
reservoir is unknown; however, it 
has been increasingly spilling over 
into humans and other mam-
mals.2 Because of genetic and 
structural receptor conservation 
among mammalian species, many 
of these animal betacoronavirus-
es are “preadapted” for infecting 
humans by binding to angioten-
sin-converting–enzyme 2 (ACE2) 
receptors, which facilitates viral 
spillovers and ongoing transmis-
sion.3 Some animal coronaviruses 
that may have pandemic potential 

have already been identified, and 
many more remain to be detected.

We need a research approach 
that can characterize the global 
“coronaviral universe” in multiple 
species, characterize the natural 
history and pathogenesis of coro-
naviruses in laboratory animals 
and in humans, and apply this 
information in developing broad-
ly protective “universal” vaccines 
(protecting against all betacorona-
viruses, and ideally all coronavi-
ruses).

At this point, we have little 
understanding of the universe of 
endemic and potentially emerg-
ing coronaviruses. Though corona-
viruses are distributed globally, 
the most important betacorona-
virus hot spots are in southeast 
Asia and contiguous areas of 
southern and southwestern China. 
Preliminary identification and se-

quencing of bat and other mam-
mal-adapted coronaviruses from 
this region reveal rapid evolution 
and enormous viral complexity. 
Numerous bat species transmit 
sarbecoviruses (SARS-like viruses 
including SARS-CoV-2) to one an-
other and to numerous mammals, 
including humans, at a high rate. 
Generation of new genomes 
through mixed infection and ho-
mologous genetic recombination 
leads to substantial coronaviral 
genetic diversity, analogous to that 
observed in influenza A virus evo-
lution in wild birds, other ani-
mals, and humans. The fact that 
different coronaviruses, each con-
taining most of the genome of 
SARS-CoV-2, have been found in 
one locale in Laos suggests that 
the building blocks for pandemic 
coronaviruses are being continu-
ally exchanged through genetic re-
combination.

To fully characterize the coro-
navirus ecosystem, a collaborative 
international effort should include 
extensive viral sampling of mul-
tiple bat species in multiple locales 
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The antibody response to influenza is primarily focused on the 
head region of the hemagglutinin (HA) glycoprotein, which 
in turn undergoes antigenic drift, thus necessitating annual 
updates of influenza vaccines. In contrast, the immunogenically 
subdominant stem region of HA is highly conserved and 
recognized by antibodies capable of binding multiple HA 
subtypes1–6. Here we report the structure-based development 
of an H1 HA stem–only immunogen that confers heterosubtypic 
protection in mice and ferrets. Six iterative cycles of structure-
based design (Gen1–Gen6) yielded successive H1 HA stabilized-
stem (HA–SS) immunogens that lack the immunodominant head 
domain. Antigenic characterization, determination of two HA–SS 
crystal structures in complex with stem-specific monoclonal 
antibodies and cryo-electron microscopy analysis of HA–SS on 
ferritin nanoparticles (H1–SS–np) confirmed the preservation 
of key structural elements. Vaccination of mice and ferrets 
with H1–SS–np elicited broadly cross-reactive antibodies that 
completely protected mice and partially protected ferrets against 
lethal heterosubtypic H5N1 influenza virus challenge despite 
the absence of detectable H5N1 neutralizing activity in vitro. 
Passive transfer of immunoglobulin from H1–SS–np–immunized 
mice to naive mice conferred protection against H5N1 
challenge, indicating that vaccine-elicited HA stem–specific 
antibodies can protect against diverse group 1 influenza strains.

Human influenza A infections are generally caused by strains with HA 
subtypes H1 and H3 and, for optimal efficacy, the seasonal influenza 
vaccine must be closely matched to the circulating strains. Similarly, 
immunization with seasonal influenza vaccines containing H1 and 
H3 do not protect against unrelated HA subtypes (such as H2, H5 
or H7) that may arise from avian and swine reservoirs. We hypoth-
esized that an immune response focused on the conserved HA stem 
could elicit broad heterosubtypic influenza protection and therefore 
used iterative structure-based design to develop HA stabilized-stem 

(HA–SS) glycoproteins that lack the immunodominant HA head  
region (Fig. 1 and Supplementary Fig. 1).

We used the ectodomain of H1N1 A/New Caledonia/20/1999  
(H1 1999 NC) HA, the crystal structures of H1N1 A/South 
Carolina/1/1918 (H1 1918 SC) HA (PDB 3GBN)2 and a foldon 
trimerization domain (PDB 1RFO) as design templates and evaluated 
each generation of HA–SS variant for expression as soluble trimers 
and for antigenicity on the basis of reactivity to stem-specific mono-
clonal antibodies (mAbs). The first four generations of HA–SS designs 
entailed the successive replacement of the HA head region with a short 
linker (Gen1 HA–SS), replacement of the membrane-distal region of 
HA2 with a thermostable HIV-1 glycoprotein 41 (gp41) trimerization 
domain7 (Gen2 HA–SS), further truncation of membrane-distal HA1 
and HA2 regions of the stem (Gen3 HA–SS) and mutations in the 
linker between HA and gp41 (Gen4 HA–SS) (Fig. 1, Supplementary 
Fig. 1a and Online Methods). We found that upon expression both 
Gen3 HA–SS and Gen4 HA–SS were recognized by HA stem broadly 
neutralizing mAbs (bNAbs) with affinities similar to those of the  
soluble native HA trimer (Supplementary Figs. 2 and 3).

We next determined the crystal structure of Gen3 HA–SS in com-
plex with the antigen-binding fragment (Fab) of the mouse bNAb 
C179 (ref. 8) at 3.19 Å resolution and that of Gen4 HA–SS com-
plexed with the Fab of the bNAb CR6261 (ref. 2) at 4.30 Å resolution  
(Fig. 2a,b and Supplementary Table 1). The cocrystal structure 
revealed that C179 interacts with Gen3 HA–SS similarly to the 
way it recognizes the H2N2 A/Japan/305/1957 (H2 1957 JP) HA9  
(Fig. 2a). Although the stem epitope conformation was preserved 
on the Gen3 HA–SS, the overall structure revealed unexpected dif-
ferences. First, the stem trimer subunits were splayed apart at their 
C termini by approximately 15 Å relative to those in HA (Fig. 2a). 
Second, the C-terminal foldon trimerization domain was inverted 
and tucked inside the stem trimer into the splayed region (Fig. 2a). 
The cocrystal structure of Gen4 HA–SS with another stem bNAb, 
CR6261, likewise revealed preservation of the stem epitope as well as 
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The antibody response to influenza is primarily focused on the 
head region of the hemagglutinin (HA) glycoprotein, which 
in turn undergoes antigenic drift, thus necessitating annual 
updates of influenza vaccines. In contrast, the immunogenically 
subdominant stem region of HA is highly conserved and 
recognized by antibodies capable of binding multiple HA 
subtypes1–6. Here we report the structure-based development 
of an H1 HA stem–only immunogen that confers heterosubtypic 
protection in mice and ferrets. Six iterative cycles of structure-
based design (Gen1–Gen6) yielded successive H1 HA stabilized-
stem (HA–SS) immunogens that lack the immunodominant head 
domain. Antigenic characterization, determination of two HA–SS 
crystal structures in complex with stem-specific monoclonal 
antibodies and cryo-electron microscopy analysis of HA–SS on 
ferritin nanoparticles (H1–SS–np) confirmed the preservation 
of key structural elements. Vaccination of mice and ferrets 
with H1–SS–np elicited broadly cross-reactive antibodies that 
completely protected mice and partially protected ferrets against 
lethal heterosubtypic H5N1 influenza virus challenge despite 
the absence of detectable H5N1 neutralizing activity in vitro. 
Passive transfer of immunoglobulin from H1–SS–np–immunized 
mice to naive mice conferred protection against H5N1 
challenge, indicating that vaccine-elicited HA stem–specific 
antibodies can protect against diverse group 1 influenza strains.

Human influenza A infections are generally caused by strains with HA 
subtypes H1 and H3 and, for optimal efficacy, the seasonal influenza 
vaccine must be closely matched to the circulating strains. Similarly, 
immunization with seasonal influenza vaccines containing H1 and 
H3 do not protect against unrelated HA subtypes (such as H2, H5 
or H7) that may arise from avian and swine reservoirs. We hypoth-
esized that an immune response focused on the conserved HA stem 
could elicit broad heterosubtypic influenza protection and therefore 
used iterative structure-based design to develop HA stabilized-stem 

(HA–SS) glycoproteins that lack the immunodominant HA head  
region (Fig. 1 and Supplementary Fig. 1).

We used the ectodomain of H1N1 A/New Caledonia/20/1999  
(H1 1999 NC) HA, the crystal structures of H1N1 A/South 
Carolina/1/1918 (H1 1918 SC) HA (PDB 3GBN)2 and a foldon 
trimerization domain (PDB 1RFO) as design templates and evaluated 
each generation of HA–SS variant for expression as soluble trimers 
and for antigenicity on the basis of reactivity to stem-specific mono-
clonal antibodies (mAbs). The first four generations of HA–SS designs 
entailed the successive replacement of the HA head region with a short 
linker (Gen1 HA–SS), replacement of the membrane-distal region of 
HA2 with a thermostable HIV-1 glycoprotein 41 (gp41) trimerization 
domain7 (Gen2 HA–SS), further truncation of membrane-distal HA1 
and HA2 regions of the stem (Gen3 HA–SS) and mutations in the 
linker between HA and gp41 (Gen4 HA–SS) (Fig. 1, Supplementary 
Fig. 1a and Online Methods). We found that upon expression both 
Gen3 HA–SS and Gen4 HA–SS were recognized by HA stem broadly 
neutralizing mAbs (bNAbs) with affinities similar to those of the  
soluble native HA trimer (Supplementary Figs. 2 and 3).

We next determined the crystal structure of Gen3 HA–SS in com-
plex with the antigen-binding fragment (Fab) of the mouse bNAb 
C179 (ref. 8) at 3.19 Å resolution and that of Gen4 HA–SS com-
plexed with the Fab of the bNAb CR6261 (ref. 2) at 4.30 Å resolution  
(Fig. 2a,b and Supplementary Table 1). The cocrystal structure 
revealed that C179 interacts with Gen3 HA–SS similarly to the 
way it recognizes the H2N2 A/Japan/305/1957 (H2 1957 JP) HA9  
(Fig. 2a). Although the stem epitope conformation was preserved 
on the Gen3 HA–SS, the overall structure revealed unexpected dif-
ferences. First, the stem trimer subunits were splayed apart at their 
C termini by approximately 15 Å relative to those in HA (Fig. 2a). 
Second, the C-terminal foldon trimerization domain was inverted 
and tucked inside the stem trimer into the splayed region (Fig. 2a). 
The cocrystal structure of Gen4 HA–SS with another stem bNAb, 
CR6261, likewise revealed preservation of the stem epitope as well as 
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Self-assembling influenza nanoparticle vaccines
elicit broadly neutralizing H1N1 antibodies
Masaru Kanekiyo1, Chih-Jen Wei1, Hadi M. Yassine1, Patrick M. McTamney1{, Jeffrey C. Boyington1, James R. R. Whittle1,
Srinivas S. Rao1, Wing-Pui Kong1, Lingshu Wang1 & Gary J. Nabel1{

Influenza viruses pose a significant threat to the public and are a
burden on global health systems1,2. Each year, influenza vaccines
must be rapidly produced to match circulating viruses, a process
constrained by dated technology and vulnerable to unexpected
strains emerging from humans and animal reservoirs. Here we use
knowledge of protein structure to design self-assembling nanopar-
ticles that elicit broader and more potent immunity than traditional
influenza vaccines. The viral haemagglutinin was genetically fused to
ferritin, a protein that naturally forms nanoparticles composed of 24
identical polypeptides3. Haemagglutinin was inserted at the inter-
face of adjacent subunits so that it spontaneously assembled and
generated eight trimeric viral spikes on its surface. Immunization
with this influenza nanoparticle vaccine elicited haemagglutination
inhibition antibody titres more than tenfold higher than those from
the licensed inactivated vaccine. Furthermore, it elicited neutrali-
zing antibodies to two highly conserved vulnerable haemagglutinin
structures that are targets of universal vaccines: the stem4,5 and the
receptor binding site on the head6,7. Antibodies elicited by a 1999
haemagglutinin–nanoparticle vaccine neutralized H1N1 viruses
from 1934 to 2007 and protected ferrets from an unmatched 2007
H1N1 virus challenge. This structure-based, self-assembling syn-
thetic nanoparticle vaccine improves the potency and breadth of
influenza virus immunity, and it provides a foundation for building
broader vaccine protection against emerging influenza viruses and
other pathogens.

Influenza outbreaks arise from viruses that evade human immunity.
Advances in influenza virus structural biology, nanotechnology and
gene delivery offer new opportunities to develop improved vaccines
that can confer more broadly protective immunity against diverse
influenza viruses4–6,8,9. Among recent innovations, several natural
proteins have shown the ability to form nanoparticles well-suited for
antigen presentation and immune stimulation10. One such protein is
ferritin, a ubiquitous iron storage protein that self-assembles into
nanoparticles3. Although ferritin has been used to display exogenous
peptides11, it has not been possible to display viral glycoproteins
because of their complexity and requirements for oligomerization.
Additionally, recombinant ferritins made in prokaryotic cells were
not subjected to mammalian glycosylation and other post-translational
modifications typical of viral proteins11–13. Structural analysis of ferritin
indicated that it would be possible to insert a heterologous protein,
specifically influenza virus haemagglutinin (HA), so that it could
assume the physiologically relevant trimeric viral spike (Fig. 1a).
Ferritin forms a nearly spherical particle composed of 24 subunits
arranged with octahedral symmetry around a hollow interior. The
symmetry includes eight threefold axes on the surface. The aspartic
acid (Asp) at residue 5 near the NH2 terminus is readily solvent access-
ible, and the distance between each Asp 5 on the threefold axis (28 Å) is
almost identical to the distance between the central axes of each HA2
subunit of trimeric HA (Fig. 1a, right). We therefore proposed that HA
would trimerize properly if inserted into this structure.

To test this hypothesis, we genetically fused the ectodomain of
A/New Caledonia/20/1999 (1999 NC) HA to Helicobacter pylori
non-haem ferritin14 (Fig. 1a, bottom), a ferritin that diverges highly
from its mammalian counterparts (Supplementary Fig. 1). This fusion
protein was expressed in mammalian cells, and self-assembly of
ferritin and HA–ferritin nanoparticles was confirmed by size exclusion
chromatography and dynamic light scattering (Supplementary Fig. 2a,
b). HA–ferritin also had the expected apparent molecular weight of
85 kDa (Supplementary Fig. 2c). Whereas ferritin alone formed
smooth spherical particles as visualized by transmission electron
microscopy (TEM), HA–ferritin showed clearly visible spikes protru-
ding from the spherical core (Fig. 1b, Ferritin np versus HA-np).
Remarkably, the placement of these spikes illustrated the octahedral
symmetry of the HA-nanoparticle design. Octahedral two-, three- and
fourfold axes were distinctly observed in the TEM image (Fig. 1b,
right). These data demonstrated the formation of trimeric HA spikes
on self-assembling nanoparticles.

To verify the antigenicity of the HA spikes on the nanoparticles, we
analysed their reactivity with an anti-HA head monoclonal antibody and
a conformation-dependent monoclonal antibody, CR6261, which
recognizes a conserved structure on the HA stem4. The HA-nanoparticle
binds to the anti-head or the anti-stem monoclonal antibody with affini-
ties similar to trimeric HA or trivalent inactivated influenza vaccine
(TIV) containing the same 1999 NC HA at equimolar concentrations
of HA (Supplementary Fig. 3a). Analogous to trimeric HA, the HA-
nanoparticle also blocked neutralization by CR6261 and another stem-
directed monoclonal single chain variable fragment antibody, F10
(ref. 5) (Supplementary Fig. 3b). These results confirmed that HA mole-
cules on the HA-nanoparticle antigenically resembled the physiological
HA viral spike.

To assess the immunogenicity of the HA-nanoparticle, mice were
immunized twice with TIV or HA-nanoparticles with or without Ribi
adjuvant. The HA-nanoparticles induced 1.6-fold higher haemagglu-
tination inhibition (HAI) titres than TIV in the absence of adjuvant.
Although this increase did not reach statistical significance, HAI titres
were 7.2-fold higher in animals receiving HA-nanoparticles when Ribi
was used (Fig. 2a, left; P , 0.0001), and a similar effect was observed in
the neutralization and enzyme-linked immunosorbent assay (ELISA)
titres (Fig. 2a, middle and right; P , 0.0001). For example, neutraliza-
tion titres elicited by HA-nanoparticles as assessed by the concentra-
tion of antibody needed to inhibit viral entry by 90% (IC90) were ,34
times higher than TIV (Fig. 2a, middle). We also evaluated whether a
similar immune response can be induced by HA-nanoparticles with
MF59, an adjuvant that has been used in humans15. Similarly high HAI
and IC90 titres were observed in mice receiving MF59-adjuvanted HA-
nanoparticles (4,608 6 512 and 47,140 6 22,561, respectively), and
the titres were significantly higher than those induced by either non-
adjuvanted HA-nanoparticles (P 5 0.0005 and 0.0311 for HAI and
IC90, respectively) or MF59-adjuvanted TIV (P 5 0.0016 and 0.0388
for HAI and IC90, respectively) (Fig. 2b). These results demonstrated

1Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland 20892, USA. {Present addresses: MedImmune, 1 MedImmune Way,
Gaithersburg, Maryland 20878, USA (P.M.M.); Sanofi, 640 Memorial Drive, Cambridge, Massachusetts 02139, USA (G.J.N.).
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Figure 5. 
Theoretical formation of a “sugar lawn” of ten sugars on the surface of ALFQ by interaction 
of QS21 with ALF liposomes containing a ratio of 55 mol% cholesterol compared to 
phospholipid.
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loss of body weight in control animals. In the 2-dose regimen in
both the 10 μg and 0.2 μg groups for B.1.1.7, loss of bodyweight
was dramatically reduced, from ~12% observed in the PBS control
animals to between 2–3% in the vaccinated groups. Notably, a
single vaccination using 10 μg of SpFN-ALFQ was also sufficient to
confer similar protection, with even the 0.2 μg conferring

intermediate levels of protection after a single immunization. In
the case of B.1.351, protection in the 2-dose regimen had a similar
range of protection, from the ~13% bodyweight loss observed in
the PBS treated animals to 3–4%. Vaccine 1-dose regimens were
less protective than observed for B.1.1.7 challenge, but still
conferred intermediate protection against B.1.351 challenge.

Fig. 3 Body weight changes and lung viral load post-challenge. Daily weights were gathered on hamsters from the time of viral challenge
to necropsy on day 6 post challenge when lungs were harvested for a whole tissue, culture based viral load assessment in Vero TMPRSS2 cells.
a Mean percent body weight changes plus and minus standard error of the mean (SEM) are given on the y-axis for groups of hamsters
assigned to phosphate buffered saline control (PBS) or SpFN-ALFQ vaccination from day of challenge (day 0) to day of necropsy (day 6) for
either B.1.1.7 or B.1.351 challenge. Data from immunization groups are given in each graph as PBS (gray plot, phosphate buffered saline
control) or active immunogen dose (blue circle/ blue solid line, 10 μg 2-dose regimen; black triangle/ blue dotted line, 0.2 μg 2-dose regimen;
red circle/red solid line, 10 μg 1-dose regimen; black triangle/red dotted line, 0.2 μg 1-dose regimen. Number of vaccinations in the vaccine
regimen are also given parenthetically within each graph. b SARS-CoV-2 viral load data from lung tissue harvested on day 6 post challenge is
given on the y-axis as the tissue culture infective dose, 50% (TCID50) per gram of tissue as titered on Vero TMPRSS2 cells and read out by
cytopathic effects for either B.1.1.7 and B.1.351 challenged hamsters. Immunization groups are given on the x-axis as PBS (control (gray
circles); 10 μg and 0.2 μg 2-dose vaccine regimens (blue circles); 10 μg and 0.2 μg 1-dose vaccine regimens (red circles). c SARS-CoV-2 viral load
data from nasal turbinate tissue harvested on day 6 post challenge is given as in b. Group data are displayed as box plots with the top and
bottom bars of the box the standard deviation and the center line as median group values. The dotted horizontal line is the lower limit of
detection of the assay. p-values for SpFN-ALFQ vaccination groups compared with PBS control are given just above the boxes in light gray
while intra-active regimen p-values are given above the boxes in black. ns not significant (p > 0.05) using the Kruskal–Wallis multiple
comparisons test, with Dunn’s correction.
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SpFN Elicits a Neutralizing Activity against SARS-CoV-1 (Urbani) 
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