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Engineering influenza HA nanoparticles to better understand their immune responses and
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Protein nanoparticle-based vaccines are a promising platform, shown to be efficacious in
preventing disease against a variety of pathogens. Building on their success, increasing our
understanding of how nanoparticle vaccines elicit immune responses will aid both in our general
understanding of immunology and also in designing improved vaccines. This work centers on
influenza hemagglutinin (HA) nanoparticle vaccine design. It starts with the design of HA
‘trihead’ nanoparticle vaccines, that incorporate several layers of immune refocusing to increase
breadth and potency in responses elicited against the HA head. Trihead design was then
adapted onto several strains of HA, with the ultimate goal of creating a new platform for
seasonal influenza vaccines. Lastly, the interaction of antibodies and HA ectodomain
nanoparticles was explored as a means to elucidate mechanisms of their immunogenicity.
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Introduction

Influenza viruses currently persist as a major public health threat due to their high evolutionary
rate that gives rise to frequent antigenic drift amongst circulating strains (Carrat and Flahault
2007; Bedford et al. 2014). This strain divergence is due in large part to diversity in the surface
glycoprotein hemagglutinin (HA) as a result of immune pressure (Koel et al. 2013; Rejmanek et
al. 2015). Despite its variation amongst strains, HA characterization has revealed two
functionally conserved antigenic sites: the receptor binding site (RBS) in the head domain,
which mediates host cell entry by binding to sialic acid on host glycoproteins, and a conserved
antigenic region in the HA stem that is involved in host membrane fusion (Wu and Wilson 2017).
The identification of several bNAbs against these sites has made them central targets in vaccine
design efforts (Ekiert et al. 2012; Whittle et al. 2011; P. S. Lee et al. 2012; Krause et al. 2011;
Dreyfus et al. 2012; Kallewaard et al. 2016; Li et al. 2022; McCarthy et al. 2018). The HA head
is immunodominant and antibodies that bind near the RBS typically exhibit potent neutralization
by blocking receptor binding (Altman et al. 2015; Wu and Wilson 2017; Angeletti et al. 2017).
However, high levels of antigenic variation in the head domain allow influenza viruses to evade
head-directed immunity through antigenic drift (Altman, Angeletti, and Yewdell 2018). Thus,
broadly neutralizing antibodies (bNAbs) targeting the conserved RBS itself are rarely elicited by
infection or vaccination, and response breadth is often limited by frequent residue mutations in
the RBS periphery (Zost et al. 2019). By contrast, antibodies targeting the stem epitope tend to
react more broadly to HAs from different influenza viruses, but these antibodies are not always
neutralizing and they are difficult to elicit due to the subdominance of the stem. Recently,
broadly protective antibodies against additional antigenic sites on HA have been discovered,
including the stem anchor epitope (Guthmiller et al. 2022) and the trimer interface in the head
domain (Watanabe et al. 2019; Bangaru et al. 2019; J. Lee et al. 2016). The broad binding of
trimer interface-directed antibodies against divergent HA subtypes makes this site an intriguing
vaccine target. Although they lack neutralizing activity, initial reports indicate that trimer
interface-directed antibodies can be protective in animal models (Watanabe et al. 2019;
Bangaru et al. 2019).

In addition to antigenic drift, influenza viruses use glycosylation of their surface proteins as a
mechanism of immune evasion. Analysis of HA sequences obtained over the past century has
revealed that the HA head has acquired more glycans over time, and this has been shown to
both prevent antibody binding and to lower the number of mutations required for immune
evasion (Kobayashi and Suzuki 2012; Wei et al. 2010). These observations have inspired the
use of glycan engineering in vaccine design as a means to direct immune responses to target
epitopes. Previous studies have generated hyperglycosylated immunogens by introducing new
N-linked glycosylation motifs in the immunodominant head domain, resulting in the diversion of
antibody responses onto conserved, subdominant epitopes in either the stem domain (Eggink,
Goff, and Palese 2014) or the trimer interface (Bajic et al. 2019). A reduction in non-neutralizing
trimer interface responses was seen in a separate study that combined hyperglycosylation and
disulfide bond engineering in full-length HA ectodomains, but this did not increase the elicitation
of broadly-reactive RBS-directed antibodies (Thornlow et al. 2021).
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Four divergent subtypes of influenza that have been circulating in humans seasonally over the
past century, namely H1N1, H3N2, B-Victoria, and B-Yamagata (Petrova and Russell 2018;
Bedford et al. 2015). The current inactivated vaccine consists of these seasonal subtypes,
however the exact strains of each of these are changed frequently to match those currently in
circulation. In adults, these vaccines have been shown to elicit new antibodies that are
strain-specific, and they also elicit a somewhat higher fraction of recall responses that are
cross-reactive but found to be non-neutralizing (J. Lee et al. 2016). Another complicating factor
is that these vaccines are currently produced in chicken eggs, rendering them vulnerable to
irrelevant egg-adapted mutations (Raymond et al. 2016). Moreover, the process of virus
inactivation by treatment with formaldehyde or detergents often disrupts antigen protein
structure, removing neutralizing epitopes from being presented in this vaccine (Sabbaghi et al.
2019). Given these shortcomings of the current seasonal vaccine, it is only anywhere between
10-60% effective in any given year (Flannery et al. 2020), solidifying the need for an improved
vaccine.

Subunit vaccines provide an alternative to inactivated vaccines, as they have very good safety
profiles and are able to present structurally defined antigens for targeted immunogenicity
(Plotkin 2014). While subunit vaccines can suffer from weak potency, the use of adjuvants as
well as the presentation of antigen on nanoparticles to present them in a multivalent array has
shown to result in increased potency of the resulting immune response (Lopez-Sagaseta et al.
2016; Bachmann and Jennings 2010). The genetic fusion of viral antigens onto naturally
occurring protein nanoparticles has shown dramatic improvements in immunogenicity. The first
example of this was the display of a high-affinity HIV antigen on lumazine synthase to create the
‘eOD-60mer’, which outperformed a stabilized HIV trimer to increase proliferation of target
broadly-neutralizing VRCO01 precursors (Jardine et al. 2015). Another example was an improved
influenza vaccine candidate composed of HA on the 24mer ferritin nanoparticle, which elicited
significantly higher HAI and neutralization titers than the inactivated trivalent influenza vaccine
(Kanekiyo et al. 2013). In addition to naturally occurring scaffolds, de novo computational
protein design has led to the creation of new protein nanoparticles to be used as vaccine
platforms (Bale et al. 2016; Ueda et al. 2020). The multivalent display of both the stabilized
respiratory syncytial virus (RSV) protein F on the nanoparticle 153-50 (Marcandalli et al. 2019),
as well as HA on the 153_dn5 nanoparticle (Boyoglu-Barnum et al. 2021), have shown superior,
neutralizing immune responses compared to the RSV-F trimer or the inactivated quadrivalent
influenza vaccine (QIV), respectively, in both mouse and non-human primate (NHP) models. In
response to the SARS-CoV-2 pandemic, the spike RBD presented on 153-50 was also shown to
elicit dramatically higher neutralizing responses as compared to the stabilized spike trimer
(Walls et al. 2020). Given these results of dramatically improved immunogenicity for several
different pathogens, protein nanoparticle vaccines have been established as a highly efficacious
vaccine platform.

An additional benefit of these newly designed protein nanoparticles over naturally occurring
ones is that they are composed of two components that are expressed and purified separately,
and only assemble into nanoparticles upon in vitro mixing (Bale et al. 2016; Ueda et al. 2020).
This provides a high degree of control over combining any mixture of antigens fused to the


https://paperpile.com/c/YMrfmf/7NQf+dzrn
https://paperpile.com/c/YMrfmf/7NQf+dzrn
https://paperpile.com/c/YMrfmf/7C58
https://paperpile.com/c/YMrfmf/J1e4
https://paperpile.com/c/YMrfmf/X9BI
https://paperpile.com/c/YMrfmf/X9BI
https://paperpile.com/c/YMrfmf/aB2T
https://paperpile.com/c/YMrfmf/66OS
https://paperpile.com/c/YMrfmf/fXTX+tPdK
https://paperpile.com/c/YMrfmf/fXTX+tPdK
https://paperpile.com/c/YMrfmf/WUji
https://paperpile.com/c/YMrfmf/Df2n
https://paperpile.com/c/YMrfmf/4hze+eQgw
https://paperpile.com/c/YMrfmf/zPjH
https://paperpile.com/c/YMrfmf/OheR
https://paperpile.com/c/YMrfmf/NjDd
https://paperpile.com/c/YMrfmf/4hze+eQgw

same nanoparticle component before nanoparticle assembly, allowing for the co-display of
different antigens at defined ratios. This type of ‘mosaic’ nanoparticle when used to co-display
multiple strains of influenza HA, both as trimer ectodomains (Boyoglu-Barnum et al. 2021) and
as monomeric RBDs (Kanekiyo et al. 2019), has shown to elicit increased breadth in the elicited
immune response as compared to the same strains presented on homotypic nanopatrticles. The
hypothesis behind this increase in breadth from a mosaic nanopatrticle is that more broadly
reactive B cells will be able to bind to a greater number of divergent co-displayed antigens,
leading to a greater number of B-cell receptors (BCR) clustering together on these cells, giving
them an activation boost over strain-specific B cells (Kanekiyo et al. 2019). Mosaic sarbecovirus
RBD nanoparticles have also elicited high amounts of neutralization breadth in multiple studies
(Cohen et al. 2022, 2021; Walls et al. 2021). In one of these studies, a mosaic of eight different
RBD strains was compared to two mosaics, each with four different strains (Cohen et al. 2021).
The 8-valent mosaic was found to elicit higher vaccine-mismatched ELISA and neutralization
titers than either of the 4-valent mosaics, indicative that increasing diversity of co-displayed
antigens stimulates increasing breadth in the elicited immune response. Beyond these studies,
greater exploration into both the number and extent of diversity amongst co-displayed antigens
will be needed to understand how to design vaccines that yield optimal immune response
breadth. Additionally, to date, all reports of mosaic nanoparticle immunogens have tested
co-display of antigens with wild-type sequences from various virus isolates; the use of synthetic
or designed antigenic variation in mosaic nanoparticles remains unexplored.

In addition to nanoparticle display, protein subunit vaccines have improved dramatically since
the development of neutralization-sensitive and structure-guided design approaches. The power
of this approach was first demonstrated by the stabilization of neutralizing epitopes on RSV-F
(McLellan et al. 2013). This study was inspired by another study done in the previous year,
where the prefusion conformation of RSV-F was stabilized by two engineered disulfide bonds
based on its crystal structure (Magro et al. 2012). They showed using negative-stain electron
microscopy (nsEM) that this construct was in the prefusion state, compared to the soluble,
unstabilized RSV-F, which formed only the more elongated postfusion conformation. Importantly,
depletion of a human Ig preparation with the prefusion-stabilized construct resulted in no
remaining microneutralization activity, whereas depletion with the postfusion construct resulted
in potent microneutralization activity still remaining. Further motivation for the prefusion
stabilization of RSV-F came from the discovery of new anti-RSV-F mAbs, such as D25 (Spits
and Beaumont 2013), with greater neutralizing activity that targeted site 0, an epitope at the
apex of RSV-F that is only present in the prefusion conformation. These studies lead to the
stabilization of the prefusion F state by the introduction of a disulfide bond (‘DS’) and two
hydrophobic, cavity-filling mutations (‘Cav1’) together to create DS-Cav1 (McLellan et al. 2013).
They demonstrated that immunization with DS-Cav1 showed significantly higher neutralization
titers as compared to postfusion RSV-F in both mice and NHPs. This study outlined the basis for
neutralization- and structure-guided vaccine design, wherein the identification of neutralizing
epitopes is used as a blueprint for designing vaccines that optimally stabilize and present those
epitopes, while simultaneously destabilizing undesired or non-neutralizing epitopes that may
compete for immunogenicity.
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Learning from the stabilization of RSV-F, the McLellan group was able to adapt this strategy
onto another type | viral fusion protein, coronavirus spike (S) protein. They were able to stabilize
prefusion S by introducing two proline mutations (2P) within a loop at the apex of the protein in
the prefusion conformation that undergoes a large conformational change to form the postfusion
structure (Pallesen et al. 2017). This was also inspired by previous work done to stabilize HIV
envelope in its trimeric form by the introduction of a proline mutation in addition to a disulfide
bond to create SOSIP trimers with increased immunogenicity (Sanders et al. 2002). The S-2P
stabilization of MERS-CoV resulted in higher neutralizing titers elicited in mice than wild-type
(WT) S, as well as structure determination of a neutralizing antibody against the S2 stalk
domain of the spike, a site more highly conserved than the RBD (Pallesen et al. 2017).
Importantly, these mutations were able to be applied to the SARS-CoV-2 S protein when it
caused a worldwide pandemic in 2019, and its formulation into two mRNA vaccines were the
first licensed vaccines after only one year of development (Baden et al. 2021; Polack et al.
2020). Taken together, these studies underscore the efficacy of stabilizing antigens that present
neutralizing epitopes and also demonstrate the importance of antigen design portability, both
amongst varying strains and even amongst completely different pathogens.

Here, | aimed to combine all of the current knowledge on nanoparticle immunogens and antigen
engineering to further understand and improve influenza vaccines. | expanded the designed
trimeric HA RBD antigens we call ‘triheads’ that stabilize neutralizing head epitopes while
diminishing non-neutralizing ones. | report on combinations of immune refocusing within the
trihead platform, including co-display, hyperglycosylation, and hypervariable sequences. | also
show that the design of triheads can be adapted to several strains of H1s, as well as H3 and
type B strains. Finally, | will turn the focus onto full-length HA ectodomains in efforts to
understand how HA mosaic nanoparticles elicit superior, broadly-reactive stem responses.

10


https://paperpile.com/c/YMrfmf/r3cp
https://paperpile.com/c/YMrfmf/R3dG
https://paperpile.com/c/YMrfmf/r3cp
https://paperpile.com/c/YMrfmf/WB1O+CpBV
https://paperpile.com/c/YMrfmf/WB1O+CpBV

Chapter 1. Combinatorial immune refocusing within the influenza
hemagglutinin head elicits cross-neutralizing responses

1.1 Results

1.1.1 Design and Immunogenicity of Hyperglycosylated Trihead Nanoparticle
Immunogens

In the accompanying manuscript we describe the design of a “trihead” antigen in which the head
domain of H1 A/New Caledonia/20/1999 (NC99) was stabilized in a native-like trimeric state via
hydrophobic mutations at the trimer interface and a rigid fusion to the trimeric component of the
153_dn5 nanoparticle (Ellis et al., n.d.). We also show that this stabilized immunogen, which we
refer to here as TH-NC99 (Figure 1.1A), elicits potent neutralization and HAI activity in
immunized mice. To focus the immune responses elicited by this immunogen to the conserved
RBS, three and five additional N-linked glycans were engineered into epitopes distant from the
RBS to create the hyperglycosylated NC99 triheads TH-NC99-7gly and TH-NC99-9gly,
respectively (Figure 1.1A). The new glycans were designed using the Rosetta modeling suite,
both to guide sequon design and model glycan structure (Adolf-Bryfogle et al. 2021; Leman et
al. 2020). TH-NC99 constructs with individual glycan additions were first evaluated for their
secretion from HEK293F cells (data not shown) and those that maintained expression were then
combined. We also generated “monohead” antigens lacking the trimer interface-stabilizing
mutations and rigidifying disulfide bond, which form monomers with exposed trimer interfaces
(Ellis et al., n.d.), bearing the four wild-type (MH-NC99) and five additional (MH-NC99-9gly)
N-linked glycans. Amino acid sequences for all novel proteins used in this study can be found in
Table S1.1. The monohead and trihead antigens were secreted from HEK293F cells as genetic
fusions to the I153_dn5B trimer and purified via immobilized metal affinity chromatography
(IMAC) and size exclusion chromatography (SEC) (Figure S$S1.1A). SDS-PAGE revealed
reduced migration for the hyperglycosylated monohead and trihead subunits compared to their
wild-type counterparts (Figures 1.1B and S$1.1B). Treatment of the trimeric components with
PNGaseF resulted in a large decrease in apparent molecular weight by SDS-PAGE and uniform
migration of all constructs. Biolayer interferometry (BLI) using the anti-RBS bNAb C05 (Ekiert et
al. 2012) showed similar binding profiles for all five components, indicating that the
hyperglycosylated antigens maintain RBS antigenicity (Figure 1.1C). By contrast, BLI using the
anti-trimer interface mAb FluA-20 (Bangaru et al. 2019) showed high binding to monohead
components but minimal binding to all trihead components, confirming stable closure of the
trimer interface in the trihead antigens. Lastly, BLI using the anti-lateral patch mAb 6649
(Raymond et al. 2018) showed nearly full binding to TH-NC99-7gly but greatly diminished
binding to TH-NC99-9gly, likely due to the additional glycan at position 167 in TH-NC99-9gly
that is in the center of the 6649 epitope. MH-NC99-9gly showed moderate 6649 binding,
possibly due to less consistent glycosylation at that position than in TH-NC99-9gly.

11
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Figure 1.1 Design and Immunogenicity of Hyperglycosylated NC99 Trihead Nanopatrticle
Immunogens

(A) Model structures and gene diagrams for wild-type and hyperglycosylated NC99 triheads with wild-type
glycans in light purple and glycan knock-ins in dark purple. NC99 HA numbering is in blue and trihead

model numbering is in black.
(B) Reducing SDS-PAGE of wild-type and hyperglycosylated NC99 monoheads and triheads without and

with PNGaseF digestion.
(C) BLI of wild-type and hyperglycosylated NC99 monoheads and triheads against C05, FluA-20, and

6649.
(D) nsEM micrographs of hyperglycosylated NC99 monohead and trihead 153_dn5 nanoparticles. Scale

bar =100 nm.

(E) Schematic illustrating mouse study timeline, immunizations, and serology timepoint.

(F) Week 10 NC99-foldon trimer ELISA titers plotted as the reciprocal ECs, titer, hemagglutination
inhibition (HAI) titers, and the ratio of HAl/reciprocal ECs, titers of hyperglycosylated NC99 monohead and
trihead nanoparticles in BALB/c mice. Statistical significance was determined using one-way ANOVA with
Tukey’s multiple comparisons test; *p < 0.05; **p < 0.01.

To quantify glycan occupancy at each site, all trihead components were analyzed using peptide
mass spectrometry (Struwe et al. 2017; Stavenhagen et al. 2013). Glycan occupancy in
TH-NC99 was high across all sites with the exception of N163, which was only about half
occupied (45.1%; Table S1.2). The wild-type sites in TH-NC99-7gly showed similar occupancy,
including half occupancy at N163 (44.3%). The engineered glycosylation sites in TH-NC99-7gly
had high occupancy at N125b, about half occupancy at N81 (46.2%), and low occupancy at
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N171 (20.1%). The additional site at N125b was not observed as an isolated glycopeptide and
could only be indirectly quantified by the peptide spanning the additional glycan site at N129.
For TH-NC99-9gly, the additional N77 glycosylation site was only observed in a glycopeptide
that also comprised N81 and showed either single (63%) or double (37%) occupancy. The last
two sites in TH-NC99-9gly were only observed on a long glycopeptide containing three
sequons. Based on the occupancy levels measured, it is likely that N167 is highly occupied
(>90%) while N171 is less than 15% occupied, as this would be consistent with the occupancy
levels observed for these sites in TH-NC99-7gly.

The monohead and trihead components were then combined with purified 153_dn5A pentamer
in vitro at a 1:1 molar ratio to form icosahedral 153_dn5 nanoparticles displaying either 60
monohead monomers or 20 trihead trimers. Purification by SEC (Figure S1.1C) yielded pure,
monodisperse preparations of nanoparticles according to SDS-PAGE, nsEM, and dynamic light
scattering (DLS) (Figures 1.1D, S$1.1D, and S1.1E). Efficient assembly was observed for all
trihead nanoparticles, as little residual component was observed during SEC purification
(Figure S1.1C; peak at ~17 mL). By contrast, substantial residual component was observed
during SEC of the monohead nanoparticle assemblies, indicating less efficient assembly.

We evaluated the hyperglycosylated trihead nanoparticle immunogens in an initial
immunogenicity study in mice. BALB/c mice were immunized with 1.5 ug of nanoparticle
immunogen formulated with AddaVax at weeks 0, 4, and 8 (Figure 1.1E). Strain-matched NC99
binding titers from serum collected at week 10 showed reduced binding in all hyperglycosylated
groups compared to their wild-type counterparts (Figure 1.1F). Conversely, NC99
hemagglutination inhibition (HAI) titers were highest in the TH-NC99-9gly group and lowest in
the MH-NC99-9gly group. Plotting the ratio of HAl/binding titers revealed a trend towards a
stepwise increase with increasing glycosylation in the trihead groups, suggesting a higher
proportion of on-target receptor-blocking antibodies. Only the MH-NC99-9gly sera competed
with FIuA-20 binding in competition ELISAs, yet these sera showed the least amount of
competition with CO5 (Figure S1.1F-S1.1G). These results suggest that hyperglycosylation
refocused vaccine-elicited antibodies onto receptor-blocking epitopes in the case of the trihead
immunogens, and onto the trimer interface in the case of the monohead immunogens.

1.1.2 Design of Hyperglycosylated Trihead Antigens from Additional H1 HAs

We and others have recently reported that mosaic nanoparticle immunogens, which co-display
multiple antigenic variants on the same nanoparticle surface, can induce broadly protective
responses against related viruses by eliciting antibodies that target conserved epitopes
(Kanekiyo et al. 2019; Boyoglu-Barnum et al. 2021; Cohen et al. 2021; Walls et al. 2021;
Sliepen et al. 2022; Cohen et al. 2022; Brinkkemper et al. 2022). To enable mosaic trihead
display as a potential route to enhancing breadth amongst H1 strains, we adapted the NC99
trihead design strategy to three other divergent H1s: A/South Carolina/1/1918 (TH-SC18),
A/Puerto Rico/8/1934 (TH-PR34), and A/Michigan/45/2015 (TH-MI15). NC99 and PR34 are
both seasonal H1 strains, while SC18 and MI15 are pandemic H1 strains. We again made
corresponding monoheads for comparison. These antigens were all connected to the 153 _dn5B
trimer using one heptad repeat of the GCN4-based coiled-cail, as this linker length was found to
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yield optimal cross-reactive antibody responses in mice (Ellis et al., n.d.). The same disulfide
bond in TH-NC99 between the base of the trihead and the coiled-coil linker was used, as well as
similar stabilizing mutations at the trimer interface, although the amino acids used at positions
203 and 205 differed among strains (Figure 1.2A and Table S1.1). The final designs for
TH-PR34 and the monohead and trihead variants of SC18 included one glycan knock-in each,
at positions 63 and 125b, respectively, which dramatically enhanced expression and stability.
Additionally, P26S and V84E in TH-PR34, as well as A198E in both TH-SC18 and TH-MI15,
were key expression-enhancing mutations.

All four triheads maintained binding to RBS-directed antibodies, with minimal FIuA-20 binding by
BLI, indicating trihead closure (Figures 1.2B and S1.2A). By contrast, monohead versions of
each strain all showed high binding to both RBS antibodies and FluA-20. The trihead and
monohead components were purified using SEC (Figures $1.2B and $1.2C) prior to in vitro
assembly into 153_dn5 nanoparticles. We prepared a cocktail of nanoparticles by mixing
together the four individually assembled trihead nanoparticles, as well as mosaic nanoparticles
in which the four trihead components were mixed together prior to addition of 153_dn5A
pentamer (Figure 1.2C). All nanoparticles were then purified using SEC and their purity and
monodispersity were verified by SDS-PAGE, DLS, and nsEM (Figures $1.3A-S1.3D). All four
monovalent trihead nanoparticles exhibited individually resolved trihead densities on the
nanoparticle exteriors in nsEM averages, while the MH-PR34-153 _dn5 nanopatrticle lacked
visible antigen density due to the flexibility of the monoheads (Figure 1.2D). Taken together, the
BLI, SEC, and nsEM averages indicate the formation of closed, relatively rigid trihead
nanoparticle immunogens for all four strains.
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Figure 1.2 Design of Hyperglycosylated Trihead Antigens from Additional H1 HAs

(A) Diagram of head trimer interfaces for TH-SC18, TH-PR34, TH-NC99, and TH-MI15, where mutated
residues are colored and labeled.

(B) BLI of trihead components against RBS-directed mAbs (5J8, anti-PR34, and C05) and FluA-20.

(C) Schematic of TH-SC18, TH-PR34, TH-NC99, and TH-MI15 constructs and their in vitro assembly into
mosaic or cocktail 153_dn5 nanoparticles.

(D) nsEM 2D class averages of MH-PR34-153_dn5 and trihead 153_dn5 nanoparticles. Scale bar = 25
nm.

(E) Model structures and gene diagrams for hyperglycosylated triheads with wild-type glycans in light
purple and glycan knock-ins in dark purple. Strain-specific H1 HA numbering is in respective HA strain
color and trihead model numbering is in black.

(F) Reducing SDS-PAGE of wild-type and hyperglycosylated monoheads and triheads without and with
PNGaseF digestion.

As with TH-NC99-9gly, engineered glycans were used to mask epitopes outside the RBS in
each H1 trihead. Individual glycans added to TH-SC18 were tested for their effects on trihead
secretion before combination into one hyperglycosylated construct. These data were then used
to guide hyperglycosylation of TH-PR34 and TH-MI15. TH-SC18-6gly has one wild-type and five
engineered glycans, TH-PR34-7gly has zero wild-type and seven engineered glycans, and
TH-MI15-6gly has two wild-type and five engineered glycans (Figure 1.2E and Table $1.1). All
hyperglycosylated trihead components showed apparent increases in molecular weight by
SDS-PAGE compared to their wild-type counterparts, while treatment with PNGase F resulted in
nearly uniform migration of all constructs at a lower apparent molecular weight (Figures 1.2F

15



and S1.2C). All hyperglycosylated trihead components maintained the desired antigenic profile
of high anti-RBS antibody binding with minimal FIuA-20 binding and had circular dichroism (CD)
spectra that closely matched those of the corresponding non-hyperglycosylated triheads,
indicating they retained their native structure (Figures S1.4A-S1.4C). The four
hyperglycosylated trihead components were combined in an equimolar mixture and then
co-assembled in vitro with the 153_dn5A pentamer to form a hyperglycosylated trihead mosaic
nanoparticle that was purified by SEC (Figure $1.3A). SDS-PAGE, DLS, and nsEM of the
purified assembly revealed monodisperse nanoparticles of the expected size and morphology
(Figures S1.3B-S1.3D).

We compared the stabilities of the hyperglycosylated monohead and trihead components using
hydrogen-deuterium exchange mass spectrometry (HDX-MS) and nano differential scanning
fluorimetry (nanoDSF). Deuterium uptake profiles across MH-NC99-9gly and all four
hyperglycosylated triheads were consistent with the antigens adopting similar conformations,
although with some local differences (Figure $1.5A). For example, HDX-MS analysis of RBS
peptides showed that TH-SC18-6gly has greater dynamics at the 190-helix and 220-loop
relative to the other three strains of hyperglycosylated triheads (Figures $1.5B-S1.5C).
Similarly, trimer interface peptides lying in the 220-loop and 200-loop in the TH-SC18-6gly were
also less ordered, especially compared to TH-NC99-9gly and TH-PR34-7gly, which were the
most ordered in these regions. Comparing MH-NC99-9¢gly and TH-NC99-9¢gly showed that the
monohead antigen displayed substantially higher exchange than the trihead at the trimer
interface in the 220-loop, as well as slightly elevated dynamics in other regions. Thermal
denaturation monitored by intrinsic tryptophan fluorescence showed similar trends in stability,
where TH-SC18-6gly had the lowest melting temperature (T,,) and TH-NC99-9¢gly had the
highest T,, among the triheads (Figure S1.5D). Additionally, three out of four hyperglycosylated
monoheads had T,,s 24°C lower than their trihead counterparts. Together, these analyses
indicate that the trihead antigens are locally and globally more stable than monomeric RBDs in
addition to being rigidly linked to the I53_dn5 nanoparticle scaffold.
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Figure 1.3 Design and Characterization of Hypervariable Trihead Immunogens

(A) Sequence conservation amongst 643 unique H1 sequences (top) and positions mutated in
hypervariable library as dark pink (bottom) modeled on the NC99 HA structure (PDB: 7SCN).

(B) TH-NC99-9¢ly wild-type and hypervariable variants modeled onto the NC99 HA structure (PDB:
7SCN), with all positions mutated in the library shown as sticks, wild-type residues in blue, and mutated
residues in magenta.

(C) BLI of triheads and hyperglycosylated triheads, with colored squares around these constructs, and
trihead RBS variant components against RBS-directed mAbs (548, anti-PR34, and C05) and FluA-20.
(D) Schematic of hypervariable trihead components and assembly into an 153_dn5 nanoparticle.

1.1.3 Design and Characterization of Hypervariable Trihead Immunogens

As a further test of the hypothesis that mosaic nanoparticle display focuses antibody responses
on conserved epitopes, we designed a hypervariable antigen library featuring mutations within
the RBS periphery. This is a particularly variable region in hemagglutinins from different
influenza virus strains, and mutations in this region are a central driver of antigenic drift (Figure
1.3A) (Koel et al. 2013). We reasoned that co-display of a library of trihead variants with
mutations in the RBS periphery may elicit fewer strain-specific antibodies in favor of responses
targeting the conserved RBS. We constructed our library to recapitulate this variability by
introducing naturally occurring mutations or those identified by deep mutational scanning into
key hypervariable positions (Figure 1.3A) (Doud and Bloom 2016; Wu et al. 2017). We made
four variants of each hyperglycosylated trihead, each comprising a unique combination of 2-10
amino acid mutations in the RBS periphery (Figure 1.3B and Table S1.3). Binding studies using
BLI showed that the variants had distinct antigenic profiles as intended, with some mutations
leading to a complete loss of binding to particular anti-RBS mAbs (Figures 1.3C and S1.4A).
However, all RBS variants maintained minimal FluA-20 binding, exhibited the expected SEC
elution profiles and apparent molecular weights on SDS-PAGE, and had similar CD spectra
showing a mixture of alpha helix and beta sheet, indicating that they formed well-folded, closed
triheads (Figures 1.3C, $1.4C, and S1.6A-S1.6B). The four base hyperglycosylated triheads
and all of their variants were then pooled and co-assembled with 153 _dn5A pentamer to
generate a hyperglycosylated, hypervariable nanoparticle containing 20 unique trihead antigens
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(Figures 1.3D). This hypervariable trihead nanoparticle was purified by SEC and was
monodisperse by SDS-PAGE, DLS, and nsEM (Figures $1.3A-S1.3D). Co-display of all trihead
mosaic nanoparticles (TH-mosaic-153_dn5, TH-hyperglycosylated-mosaic-153_dn5, and
TH-hypervariable-hyperglycosylated-mosaic-153_dn5) was confirmed using sandwich BLI by
comparison to the TH-cocktail-153_dn5 immunogen (Figure $1.6C). The NC99-specific mAb
CO05 was first loaded onto AR2G biosensors, followed by nanoparticle loading and sequential
binding to a PR34-specific mAb and 5J8, which binds both MI15 and SC18. Although all
nanoparticles bound to the immobilized C05 mAb, only the three mosaic nanoparticles showed
subsequent binding to the PR34-specific mAb and 5J8. These data indicate that the mosaic
nanoparticles co-display trihead antigens that bind all three antibodies, and that there is no
detectable subunit exchange in the cocktail nanoparticle preparation. We note that the lower
amount of hypervariable trihead nanoparticle loading and subsequent antibody binding is
consistent with the individual hypervariable trihead component BLI, which demonstrated that
some mutations within the RBS periphery abrogated specific mAb binding, particularly for the
anti-PR34 mAb (Figure 1.3C and S1.4A).

1.1.4 Vaccine-elicited Antibody Responses in Rabbits Immunized with Monohead and
Trihead Nanoparticles

We then evaluated our series of monohead and trihead nanoparticle immunogens in an
immunogenicity study in New Zealand white rabbits. We chose rabbits because their long
CDRH3 repertoire may facilitate the elicitation of antibodies that can penetrate into the RBS
(Whittle et al. 2011; Ekiert et al. 2012; Sanders et al. 2015), and also because they permit the
collection of sufficient serum to conduct a number of distinct serological analyses. Rabbits were
immunized at weeks 0, 4, and 20 with 25 pg immunogen formulated with AddaVax (Figure
1.4A). Negligible binding titers at week 0 against a vaccine-matched MI15 HA-foldon trimer
showed that there were no pre-existing anti-HA antibodies in these animals (Figure $1.7A-B).
Evaluation of vaccine-matched (NC99 and MI15) serum antibody binding, HAI, and
microneutralization using sera obtained at weeks 6 and 22 revealed several differences
between the groups. First, the cocktail and mosaic monohead groups consistently had lower
binding, HAI, and neutralization titers than all other groups at week 6, although the differences
were not always statistically significant (Figures 1.4B-D). Interestingly, the hyperglycosylated
monohead mosaic elicited antibody responses that were significantly higher than the other
monohead groups and comparable to the trihead immunogens. At week 22, the monohead
cocktail group had significantly lower NC99-neutralizing activity than all other groups, as well as
NC99 HAI titers that trended lower (Figures 1.4E and $1.5C-D). By contrast, the monohead
and trihead mosaic groups had significantly lower MI15-neutralizing activity than most of the
other groups (Figure 1.4E). Taken together, the data show that the monohead cocktail and
mosaic nanoparticle immunogens were generally less immunogenic than the other groups,
while the hyperglycosylated and hypervariable nanoparticles consistently elicited potent
vaccine-matched responses.

Across four vaccine-mismatched H1 strains (see Table $1.1), the hyperglycosylated monohead

group had the highest binding titers of all groups, both at weeks 6 and 22 (Figures 1.4B and
8$1.7C). The hyperglycosylated monohead also induced relatively high levels of HAI, however it
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elicited lower neutralizing activity than the hyperglycosylated trihead groups for all mismatched
H1 strains at both weeks 6 and 22, although this was not always significant (Figures 1.4C-E
and S1.7D). The relatively low level of neutralizing activity despite high binding titers indicates
that the hyperglycosylated monohead nanoparticle elicited a high proportion of non-neutralizing
antibodies, likely targeting the trimer interface. Interestingly, glycan masking of antigens has
been shown to alter where on the antigen the majority of responses are being directed, but does
not change the overall magnitude of the response (Duan et al. 2018; Bajic et al. 2019). By
contrast in this study, the hyperglycosylated monohead mosaic outperformed its
non-hyperglycosylated comparator group in every comparison, including overall binding titers
across the strains tested, although not always with statistical significance. Alongside the
hyperglycosylated monohead, the hyperglycosylated trihead group had the highest mismatched
HAI responses against most strains tested (lowa43, USSR77, and Brisbane07) with the
exception of Malaysia54, where the hypervariable trihead group induced the highest HAI titers.
This trend in HAI was mirrored in the microneutralization assays, where the highest neutralizing
titers were obtained from the two hyperglycosylated trihead groups at weeks 6 and 22 for
Malaysia54, and at week 6 for SI06. For the mismatched viruses FM47 and USSR77,
neutralizing responses were low across all groups at week 6, with the exception of measurable
activity in the hypervariable trihead group. However, by week 22 all trihead groups neutralized
these viruses more potently than all monohead groups. Taken together, the consistently high
vaccine-mismatched HAI and neutralization obtained from the two hyperglycosylated trihead
groups suggests that stable trihead closure and hyperglycosylation both contributed towards
eliciting superior immune responses.
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Figure 1.4 Vaccine-elicited Antibody Responses in Rabbits Inmunized with Monohead and Trihead
Nanoparticles

(A) Hypervariable trihead nanoparticle rabbit immunization schedule and groups.

(B-D) B. ELISA binding titers, C. HAI titers, and D. Microneutralization titers in immune sera at week 6.
(E) Microneutralization titers at week 22.

Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test; *p
< 0.05; *xp < 0.01; *#kp < 0.001; **xkp < 0.0001.

1.1.5 Epitope Mapping of Vaccine-Elicited Antibody Responses

We next sought to determine the epitope specificities of the serum antibodies elicited by each
vaccine (Figure 1.5A). We first compared RBS knockout probes NC99-L194W and
NC99-T155N/K157T to wild-type NC99 as ELISA antigens to assess the fraction of the antibody
response in each group directed at the RBS. NC99-L194W mutates a key highly conserved
residue within the RBS pocket, introducing steric bulk that knocks out only antibodies that bind
directly to the sialic acid binding pocket, while NC99-T155N/K157T introduces an N-linked
glycan that more broadly prevents binding of RBS-directed antibodies (Ellis et al., n.d.). Serum
antibody binding to both RBS knockout probes was considerably lower than to wild-type NC99
in all trihead groups (binding ratios of 0.08-0.64 for NC99-L194W and 0.03-0.65 for
NC99-T155N/K157T), while the differences in relative binding in the monohead groups was
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smaller (binding ratios of 0.23-1.07 and 0.19-1.07, respectively) (Figure 1.5B-C). We attribute
the greater reduction in binding using the T155N/K157T probe compared to the L194W to the
fact that the glycan knock-in probe will interfere with antibodies targeting a larger area of the
antigen. These results clearly indicate that the trihead immunogens elicited substantially more
RBS-directed responses than the monohead immunogens.

We also used nsEM polyclonal epitope mapping (ns-EMPEM,; (Bianchi et al. 2018; Han et al.
2021) to directly visualize where vaccine-elicited serum antibodies bound HA. MI15
strain-matched ns-EMPEM using week 6 serum showed that only a small fraction of the
antibodies elicited by the hyperglycosylated monohead mosaic bound the RBS of intact HA
trimers, and we mostly observed individual Fabs bound to HA monomers (Figure 1.5D). These
Fabs likely bind the trimer interface, which has been shown to disrupt trimerization, and indeed
our class averages closely resemble those originally reported for FIuA-20 (Bangaru et al. 2019).
By contrast, all three mosaic trihead immunogens elicited antibodies that bound mostly to the
RBS of intact HA trimers, though a small fraction of Fab bound to monomeric HA was also
observed in these groups. We were able to discern RBS-targeting antibody classes with several
slightly different angles of approach. Notably, the hypervariable trihead group also exhibited
density for Fabs binding to the side of the MI15 HA head. This may be attributed to the lack of a
glycan in TH-PR34-7gly, TH-MI15-6gly, and TH-SC18-6gly near residues 119-122 (SC18
numbering), in addition to the low occupancy of the N-linked glycan introduced at position 171 in
TH-NC99, resulting in inefficient masking of this epitope. We also performed ns-EMPEM against
the vaccine-mismatched Malaysia54 HA using week 22 sera to determine which epitopes were
targeted by cross-reactive vaccine-elicited antibodies. We again observed predominantly
Fab-bound HA monomers in the hyperglycosylated monohead group, indicating a high
proportion of trimer interface-directed responses (Figure 1.5E). Week 22 trihead mosaic serum
also revealed only Fab-bound HA monomers, but in contrast to the hyperglycosylated
monohead group, these Fabs targeted a multitude of various epitopes in the head domain.
Finally, in both the hyperglycosylated and hypervariable mosaic trihead sera we observed Fabs
bound only to trimeric Malaysia54 HA, mostly targeting the side of the head, in contrast to the
predominantly RBS-directed antibodies seen in these sera at week 6 against the
vaccine-matched MI15.

We draw several conclusions from these RBS knockout probe binding and ns-EMPEM data.
First, both sets of data demonstrate that monomeric RBD antigens elicit a high proportion of
trimer interface-directed antibodies, while the closed, stabilized trihead antigens elicit antibodies
predominantly targeting the RBS. Second, the week 22 mismatched ns-EMPEM suggests that
hyperglycosylation further decreases the elicitation of trimer interface-directed antibodies by
trihead immunogens. Third, the cross-reactive responses obtained with the monohead antigens
largely derived from trimer interface-directed antibodies, explaining why vaccine-mismatched
neutralization is low. Finally, the cross-reactive responses obtained with the hyperglycosylated
trihead immunogens predominantly target an epitope on the side of the head rather than the
RBS, especially for the hypervariable immunogen that contains numerous mutations in the RBS
periphery.
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Figure 1.5 Epitope Mapping of Vaccine-elicited Antibody Responses

(A) Hypervariable trihead nanoparticle rabbit immunization schedule and groups.

(B) ELISAs using NC99 probes against week 6 rabbit study serum. NC99 ELISA is the same as in Figure
4B.

(C) Ratio of NC99 probes to NC99 binding titers in panel B.

(D) Representative 2D class averages of week 6 serum from four groups in rabbit study against
strain-matched MI15. Hyperglycosylated monohead group has a cartoon schematic of a likely 3D model,
while all other groups are composite 3D models of ns-EMPEM analysis.

(E) Representative 2D class averages of week 22 serum from four groups in rabbit study against
strain-mismatched Malaysia54. Hyperglycosylated monohead and mosaic trihead groups have a cartoon
schematic of their likely 3D models, while other groups are composite 3D models of ns-EMPEM analysis.
Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test; *p
< 0.05; **p < 0.01; *+xp < 0.001; **kkxp < 0.0001.

1.2 Discussion

Here we show that the initial NC99 trihead design strategy described in the accompanying
manuscript (Ellis et al., n.d.) can be applied to several divergent H1 HAs, and that these trihead
mutations improve the potency and breadth of vaccine-elicited antibody responses.
Portability—the applicability of design approaches or specific mutations to antigens from diverse
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pathogen strains or isolates—is an important criterion in antigen design that has led to the
generation of a number of promising antigen platforms. For example, “stabilized-stem” antigens
based on influenza HA were made for both group 1 and 2 HAs, and when displayed on ferritin
nanoparticle immunogens they elicited cross-group protection in multiple animals models
(Yassine et al. 2015; Corbett et al. 2019; Moin et al. 2022). We recently reported the stabilization
of the closed tetrameric state of several different influenza neuraminidases, using an approach
that was largely inspired by homology-guided mutations (Ellis et al. 2022). For several class |
fusion glycoproteins, strategic use of proline mutations to stabilize the prefusion conformation
(or destabilize the postfusion conformation) has proven to be a widely applicable design
strategy (Sanders and Moore 2021). Proline mutations have been key in the generation of
antigens that elicit potent neutralizing antibody responses against several viruses including HIV
(Sanders et al. 2013, 2015) and RSV (Krarup et al. 2015), and provided an antigen platform that
enabled rapid pandemic response vaccines against SARS-CoV-2 (Pallesen et al. 2017; Hsieh et
al. 2020; Wrapp et al. 2020). The portability and improved immunogenicity we report here and in
the accompanying manuscript (Ellis et al., n.d.) establish triheads as a promising new antigen
platform for influenza vaccine design.

The higher HAI and neutralizing antibody responses we obtained with hyperglycosylated
antigens are consistent with previous studies that have established hyperglycosylation as an
effective antigen design strategy, while also raising mechanistic questions that motivate further
studies. Our detailed antigenic characterization clearly revealed that several epitopes were
successfully masked by the additional glycans in our hyperglycosylated immunogens, reducing
the overall peptidic surface that can be targeted by antibodies. Nevertheless, in our rabbit study
the hyperglycosylated monohead immunogen elicited higher binding titers across various H1
strains than either non-hyperglycosylated monohead immunogen (i.e., cocktail or mosaic).
Though we did not asses glycan composition, a possible explanation for this discrepancy is that
the potential presence of high-mannose glycans in the hyperglycosylated immunogens may
drive better antigen trafficking to lymph nodes and B cell follicles, as demonstrated in recent
studies from the Irvine lab (Read et al. 2022; Tokatlian et al. 2019). This effect could result in
overall increases in the magnitude or quality of the vaccine-elicited antibody response that are
independent of any potential redirection of vaccine-elicited antibody responses to target
epitopes due to glycan masking. It is likewise possible that the hyperglycosylated immunogens
are less susceptible to proteolytic degradation in vivo, which could also increase
immunogenicity overall (Cirelli et al. 2019; Aung et al. 2023). These potential mechanisms are
also consistent with the antibody responses elicited by our hyperglycosylated and
non-hyperglycosylated trihead immunogens, where the former elicited higher HAIl and
neutralizing activity despite effectively no changes in binding antibody titers. It therefore appears
that hyperglycosylation “focused” the antibody response on target epitopes near the receptor
binding site. Several previous studies have shown that hyperglycosylation tends to increase the
proportion—but not the overall magnitude—of on-target antibodies (Duan et al. 2018; Bajic et al.
2019). In fact, overall vaccine-elicited antibody titers can be reduced by epitope masking
(Weidenbacher and Kim 2019). One potential explanation for our observation of clear increases
in HAI and neutralizing activity may be an increase in overall immunogenicity accompanied by a
reduction in off-target antibody responses. Glycan-dependent effects on trafficking and stability
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may account for the former, while the epitope masking provided by the glycans could account
for the latter. Our EMPEM data in aggregate support suppression of non-RBS responses by
hyperglycosylation, with the caveat related to under-occupancy at position 171 of the
hyperglycosylated NC99 trihead as noted above. In summary, we observed a focusing-like
effect from our hyperglycosylated trihead immunogens, but which of several potential
mechanisms was primarily responsible remains to be determined. Future studies on the
contributions of various mechanisms to the overall response will benefit from the use of
systematic series of immunogens like those described here, in the accompanying manuscript
(Ellis et al., n.d.), and in previous work (Read et al. 2022; Kato et al. 2020; Abbott et al. 2018).

In contrast to trihead closure and hyperglycosylation, the effects of mosaic nanoparticle display
and hypervariable antigen design were less clear in our experiments. In the first study of mosaic
nanoparticle immunogens, a significant advantage in eliciting cross-reactive B cell responses
was observed when presenting HA RBDs on ferritin nanoparticles in a mosaic array compared
to either a cocktail or sequential immunization regimen (Kanekiyo et al. 2019). In this work, we
observed more strain-specificity in vaccine-matched responses elicited by the monohead
cocktail group compared to the monohead mosaic group. However, we did not observe any
significant differences between other cocktail vs. mosaic comparisons for either monohead and
trihead immunogens. The addition of the hypervariable RBS periphery also did not show any
significant differences compared to the hyperglycosylated trihead group. There are several
differences between this study and that of Kanekiyo and colleagues that could account for why
mosaics were only superior in the latter, including animal model, HA strain compositions,
nanoparticle size and valency, T cell epitope content, monomeric RBDs vs. trihead antigens,
and flexible vs. rigid attachment to the nanoparticle scaffold. One noticeable similarity between
the two studies is that the cross-neutralizing responses we observed seem to derive from
antibodies directed against the side of the HA head that bind an epitope similar to that of 441D6
(Kanekiyo et al. 2019). Although it is likely that glycan under-occupancy at this site is partially
responsible, it is intriguing to speculate that BCR cross-linking by mosaic nanoparticles could
explain the boost in relatively rare cross-reactive antibodies against this epitope in both studies.
Additional studies that more rigorously characterize this epitope on the side of the head and the
antibody responses elicited against it could inform future vaccine design efforts.

In conclusion, we have shown that trihead nanoparticle immunogens are a promising platform
for next-generation influenza vaccine design. Furthermore, our evaluation of multiple layers of
immune focusing techniques provides a roadmap for efforts using this and other antigen
platforms to develop safe and effective vaccines against a wide variety of pathogens.

1.3 Methods

Gene Expression and Protein Purification

All HA constructs used in this study were codon-optimized for human cell expression and made
in the CMV/R vector by Genscript with a C-terminal hexahistidine affinity tag. PEI MAX was
used for transient transfection of HEK293F cells. After four days, mammalian cell supernatants
were clarified via centrifugation and filtration. Monohead and trihead components and HA
foldons were all purified using IMAC. 1 mL of Ni**-sepharose Excel or Talon resin was added
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per 100 mL clarified supernatant along with 5 mL of 1 M Tris, pH 8.0 and 7 mL of 5 M NaCl and
left to batch bind while shaking at room temperature for 30 min. Resin was then collected in a
gravity column, washed with 5 column volumes of 50 mM Tris, pH 8.0, 500 mM NaCl, 20 mM
imidazole, and protein was eluted using 50 mM Tris, pH 8.0, 500 mM NaCl, 300 mM imidazole.
Further component purification was done using SEC on a Superdex 200 Increase 10/300 gel
filtration column equilibrated in 25 mM Tris, pH 8.0, 150 mM NaCl, 5% glycerol. HA-ferritin
nanoparticles used in HAI assays were purified as described previously (Kanekiyo et al. 2013).

Expression and purification of the 153_dn5A pentamer component from E. coli was carried out
as previously described (Boyoglu-Barnum et al. 2021). Assembly of trihead-153_dn5
nanoparticles was carried out by mixing purified HA trihead-153_dn5B and pentameric 153_dn5A
components together in vitro at a 1:1 molar ratio at 15-40 uM final concentrations. Nanoparticles
were left to assemble for 30 min at room temperature with rocking. Nanoparticles were then
purified using SEC on a Superose 6 Increase 10/300 gel filtration column equilibrated in 25 mM
Tris, pH 8.0, 150 mM NaCl, 5% glycerol.

Following purification, nanoparticle quality and concentration was first measured by UV-vis
spectroscopy. Nanoparticle polydispersity and purity was then assessed using SDS-PAGE,
DLS, and nsEM. Finally, endotoxin levels were measured using the LAL assay, with all
immunogens used in animal studies containing less than 100 EU/mg in the final dose. Final
immunogens were flash-frozen using liquid nitrogen and stored at -80°C.

Bio-layer Interferometry (BLI)

BLI was carried out using an Octet Red 96 system, at 25°C with 1000 rpm shaking. Anti-HA
antibodies were diluted in kinetics buffer (PBS with 0.5% serum bovine albumin and 0.01%
Tween) to a final concentration of 10 ug/mL before loading onto protein A biosensors (Sartorius)
for 200 s. Monohead and trihead components were diluted to 500 nM in kinetics buffer and their
association was measured for 200 s, followed by dissociation for 200 s in kinetics buffer alone.

Sandwich BLI

AR2G biosensors (Sartorius) were first activated by the addition of freshly mixed 20 mM
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and 10 mM Sulfo-N-hydroxysulfosuccinimide.
C05 mAb at 5 ug/mL in 10 mM acetate buffer, pH 5.0 was then loaded, followed by quenching
with 1 M ethanolamine, pH 8.5. Nanoparticles at 30 ug/mL in kinetics buffer (PBS with 0.5%
serum bovine albumin and 0.01% Tween) were then loaded, followed by a baseline step in
kinetics buffer before subsequent association and dissociation of anti-PR34 and then 5J8, both
at 50 nM in kinetics buffer.

Negative Stain Electron Microscopy

3.5 yl of 70 pg/mL nanoparticles were applied to glow-discharged 400-mesh carbon-coated
grids (Electron Microscopy Sciences) and stained with 2% (wt/vol) uranyl formate. Data were
collected using EPU 2.0 on a 120 kV Talos L120C transmission electron microscope (Thermo
Scientific) with a BM-Ceta camera. CryoSPARC (Punjani et al. 2017) was used for CTF
correction, particle picking and extraction, and 2D classification.
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Dynamic Light Scattering

DLS was carried out on an UNcle (UNchained Labs) at 25°C. 10 acquisitions of 5 sec each
were acquired for each spectrum. Protein concentration (ranging from 0.1-1 mg/mL) and buffer
conditions were accounted for in the software.

Glycan Occupancy Quantitation

Glycan occupancy quantitation was performed using peptide mass spectrometry to determine
the relative abundance of peptides in the non-glycosylated and de-glycosylated states after full
deglycosylation using N-glycanase (Stavenhagen et al. 2013). Each construct was combined
with guanidine hydrochloride and DTT (6 M and 20 mM final concentration, respectively) and
boiled for 30 minutes. Cysteines were then alkylated with the addition of 40 mM iodoacetamide
and incubated in the dark for 1 hour and quenched with another addition of 20 mM DTT.
Samples were diluted 6-fold in 10 mM Tris pH 8.0, 1 mM CaCl, and treated with N-glycanase
(New England Biolabs) for 1 hour at 37°C.

The samples were then split into two and treated with either LysC or GIuC proteases
(ThermoScientific, 1:20 protease:substrate molar ratio) overnight at 37°C. Digestions were
quenched with the addition of 0.25% formic acid. Peptides were trapped and desalted using
C18 spin columns (ThermoScientific) using the manufacturer’s suggested protocol and dried by
speedvac. Purified peptides were resuspended in 20 yL of 0.1% formic acid. LC-MS analysis
was performed on an Thermo EASYnLC coupled to a Thermo Orbitrap Fusion operating in
data-dependent mode using EThcD fragmentation. Peptides were resolved over a pulled 30 um
ID silica tip packed with Reprosil-Pur 120 C18-AQ, 5 pm (ESI Source Solutions) using a linear
gradient of 5-30%B (A: 0.1% formic acid; B: acetonitrile with 0.1% formic acid) over 90 minutes
at a flowrate of 300 nL/min. LC-MS data were analyzed with Byonic (Protein Metrics Inc.) with a
score cutoff of 100 and quantitative analysis was performed using Skyline (Pino et al. 2020).

Circular Dichroism

CD measurements were carried out on a JASCO J1500 spectrometer at 25°C, using 1 mm
path-length cuvette, at wavelengths from 200-260 nm. Proteins were measured at 0.2-0.3 mg/ml
in TBS buffer.

Hydrogen Deuterium Exchange Mass Spectrometry

40 pmol of each protein per timepoint were incubated in deuterated buffer (20 mM PBS, 85%
D20, pH* 7.48) for 3 s, 1 min, 30 min, and 22 hrs at room temperature (23°C). The reaction was
stopped by diluting 1:1 in ice-cold quench buffer (200 mM tris(2-chlorethyl) phosphate (TCEP), 4
M urea, 0.2% formic acid) to a final pH of 2.495. Samples were immediately flash frozen in liquid
nitrogen and stored at —80°C prior to analysis. As previously described, online nepenthesin-2
(Nepenthesin-2 protease column, 2.1 x 20 mm, purchased from POROS) digestion was
performed and analyzed by LC-MS-IMS utilizing a Waters ACQUITY UPLC CSH C18 VanGuard
column (130 A, 1.7 um, Tmm x 100 mm) and a Waters Synapt G2-Si Q-TOF mass spectrometer
(Verkerke et al. 2016). A custom HDX cold box maintained the protease digestion at 4°C and
the LC plumbing at 0°C throughout the 15 minute gradient (Watson et al. 2021). Waters MSe
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data was collected on the Waters Synapt G2-Si Q-TOF and was processed using Byonic
(Version 3.8, Protein Metrics Inc.) to obtain a peptide reference list for each construct. Some
homologous peptides were determined by aligning sequences using Clustal-Omega and
calculating theoretical monoisotopic m/z values using ExPASy PeptideMass. Percent exchange
values were calculated with theoretical total deuteration profiles produced by HD-Examiner
(version 3.3, Seirra Analytics). An internal exchange standard (Pro-Pro-Pro-lle [PPPI]) was
included in each reaction to control for variations in ambient temperature during the labeling
reactions. Data for each timepoint was collected in duplicate and error bars were plotted using
one standard deviation. Back-exchange was determined by comparing experimental totally
deuterated spectra to theoretical totally deuterated spectra. The average back exchange across
all peptides was determined to be 31.6%. TH-NC99-9gly data was collected separately from the
rest of the triheads and at a higher cone voltage (150 V) which reduced peptide signal at higher
charge states (3+, 4+). To control for increases in back exchange from the higher cone voltage,
a 3s and 1m control (TH-SC18-RBS2) was run at both voltages (40V and 150V) producing an
average difference of 2.6% which is smaller than the differences we observe in the data.

NanoDSF

All proteins were formulated at 0.5 mg/mL in 25 mM Tris, pH 8.0, 150 mM NaCl, 5% glycerol
and then mixed at 9 volumes to 1 volume of 200x concentrate SYPRO orange (Thermo Fisher)
diluted in the same buffer. NanoDSF to determine melting temperatures was carried out on an
UNcle (UNchained Labs) by measuring the barycentric mean of the fluorescence emission
spectrum during a thermal ramp from 25°C to 95°C, with a 1°C increase in temperature per
minute.

HA Sequence Conservation Plot

643 unique H1 HA sequences were downloaded from the Influenza Research Database
(https://legacy.fludb.org/). Sequence conservation amongst these was then plotted on HA using
PyMOL

(The PyMOL Molecular Graphics System, Version 2.0, Schrédinger, LCC).

Immunization

Female BALB/c mice (Jackson Laboratories) were immunized intramuscularly with 1.5 ug
purified nanoparticle immunogen in 100 pl (50 pl in each hind leg) of 50% (v/v) mixture of
AddaVax adjuvant (Invivogen, San Diego, CA) (Figure 1 and S1). For sera collection, mice
were bled via submental venous puncture 2 weeks following each inoculation. Serum was
isolated from hematocrit via centrifugation at 2,000 g for 10 min, and stored at -80°C until use.
Female New Zealand white rabbits weighing approximately 4 kg were immunized
intramuscularly with 25 ug purified nanoparticle immunogen in 1 ml (500 ul in each quadricep) of
50% (v/v) mixture of AddaVax adjuvant (Figure 4, 5 and S7).

ELISA

HA-foldon trimers were added to 96-well Nunc MaxiSorp plates (Thermo Scientific) at 5.0 ug/mL
with 50 pL per well and incubated for 1 hour. Blocking buffer composed of Tris Buffered Saline
Tween (TBST: 25 mM Tris pH 8.0, 150 mM NacCl, 0.05% (v/v) Tween20) with 5% Nonfat milk
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was then added at 200 pl per well and incubated for 1 hour. Next plates were washed, with all
washing steps consisting of 3x washing with TBST using a robotic plate washer (Biotek). 5-fold
serial dilutions of serum starting at 1:100 were made in blocking buffer, added to plates at 50 pl
per well, and incubated for 1 hour. Plates were washed again before addition of 50 pl per well of
either anti-mouse or anti-rabbit HRP-conjugated goat secondary antibody (CellSignaling
Technology) diluted 1:2,000 in blocking buffer and incubated for 30 minutes. All incubations
were carried out with shaking at room temperature. Plates were washed a final time, and then
100 pl per well of TMB (3,3',5',5-tetramethylbenzidine, SeraCare) was added for 2 minutes,
followed by quenching with 100 ul per well of 1 N HCI. Reading at 450 nm absorbance was
done on an Epoch plate reader (BioTek).

Competition ELISA

Competition ELISAs were performed in the same manner as the above ELISA protocol with
some modifications as follows. For competition with FIuA-20, 5-fold serial serum dilutions were
made starting at 1:10, and for competition with C05, 3-fold serial serum dilutions were made
starting at 1:5. Serum was left to incubate for 30 minutes, followed by addition of 50 pl of 0.1
Mg/ml competitor antibody in blocking buffer and incubation for 45 minutes. After washing,
anti-human HRP-conjugated goat secondary antibody (Southern Biotech) was added at 20,000x
at 50 pl per well and incubated for 30 minutes.

HAI

Serum was inactivated using receptor-destroying enzyme (RDE) Il (Seiken) in PBS at a 3:1 ratio
of RDE to serum for 16 hours at 37°C, followed by 40 minutes at 56°C. Inactivated serum was
serially diluted 2-fold in PBS in V-bottom plates at 25 pul per well. 25 yl HA-ferritin nanoparticles
at 4 hemagglutinating units were then added to all wells and incubated at room temperature for
30 min (Whittle et al. 2014). Lastly, 50 ul of 10-fold diluted turkey red blood cells (Lampire) in
PBS was added to each well. Hemagglutination was left to proceed for at least 1 hour before
recording HAI titer.

Reporter-based microneutralization assay

Influenza A reporter viruses were made as previously described (Creanga et al. 2021). Briefly,
H1N1 viruses were made with a modified PB1 segment expressing the TdKatushka reporter
gene (R3APB1), rescued, and propagated in MDCK-SIAT-PB1 cells in the presence of
TPCK-treated trypsin (1 ug ml—1, Sigma) at 37 °C. Virus stocks were stored at -80 °C and were
titrated before use in the assay. Rabbit sera was treated with receptor destroying enzyme (RDE
II; Denka Seiken) and heat-inactivated before use in neutralization assays. 384 well plates
(Greiner) were pre-seeded with 1.0 x 1075 MDCK-SIAT1-PB1 cells and incubated overnight.
Immune sera or monoclonal antibody controls (CR8071 and CR9114 (Dreyfus et al. 2012)) were
serially diluted and incubated for 1 h at 37 °C with pre-titrated virus (A/Fort Monmouth/1/1947,
A/Malaysia/302/1954, A/New Caledonia/20/1999, A/USSR/90/1977, A/Solomon Islands/3/2006,
A/Michigan/45/2015). Serum-virus mixtures were then transferred in quadruplicate onto the
pre-seeded 384 well plates and incubated at 37 °C for 18-26 hours. The number of fluorescent
cells in each well was counted automatically using a Celigo image cytometer (Nexcelom
Biosciences). IC50 values, defined as the serum dilution or antibody concentration that gives
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50% reduction in virus-infected cells, were calculated from neutralization curves using a
four-parameter nonlinear regression model.

EMPEM

1 mL rabbit serum was diluted 3x in PBS and incubated overnight with 1 ml packed rProtein A
Sepharose Fast Flow resin (Cytiva). The FT was removed using gravity purification and resin
was washed with 20 CVs PBS. IgGs were eluted by incubating resin for 20 min with 1 CV of 0.1
M glycine, pH 2.5, repeated twice. Elutions were neutralized with 1 M Tris, pH 8.0 to a final
concentration of 50 mM. IgGs were then buffer exchanged into PBS and concentrated to 250 pl
for digestion into fabs. Fab digestion was carried out by adding in 250 ul freshly made 2x
digestion buffer (40 mM NaPO4 pH 6.5, 20 mM EDTA, 40 mM Cysteine) and 500 pul papain resin
in 500 ul 1x digestion buffer, and incubated with shaking at 37°C for 16 hours. Papain digestion
reaction was centrifuged and supernatant containing fabs was collected and filtered. Papain
was subsequently washed with 1 CV 20 mM Tris, pH 8.0 and this supernatant was added to the
first. Digested sera was then purified by SEC on a Superdex 200 Increase 10/300 GL column.
Purified fabs were then concentrated to 50 ul, mixed with 50-fold molar excess of HA-foldon
trimers, and incubated for 16-20 hours at room temperature with gentle rocking. Immune
complexes were purified by SEC on a Superdex 200 Increase 10/300 GL column and used in
EM.

29



Supplementary Figures

>
(g)
o

100 \ MH-NCS9 AR R sty MH-NC99-153_dn5 0O 660
o MH-NCS-9gly e 393’%\:\%%%) 3?3’ 3’“39%/?590 MH-NC99-9gly-153_dn5 LSS
e - TH-NC99 W RN N R & NE99-9gly-159_dn CELEE
: | Tiacmy M S Peee
8 || — THNcesegly oo -~ -NC99-7gly-153_dn N FRRR S
5 H i — TH-NC99-9gly-153_dn5
£ [ 150 kDa
g | i 250-

/\J 100- 1 N 150—
oL ' gy B [
10 15 20 § H 100- |
mL 50— " < 75— =
: 100 LAChL) TR L
35— - N - %
tmHEs : Ll |

% 25— = & 5 37— = .
< 20— z % &
© _— - - -

% 15— = - ' '. T e 20— P —

g e 10 15 0 = s

5 mL
z

0I T 2 T 1
1 10 100 1000
Hydrodynamic diameter (nm)
F G 3 FluA-20 C05 No competitor
Protein + AddaVax E2r
S & » 2 2
# 7 # 2 2
Weeks:0—2—4—6—8—10 = F
Serology: G 8 1+ $ &
P
0 T T T T T T 1 I T T T T 1 k f T T T T 1
107 10° 10° 10¢ 10® 102 10" 10° 10° 10* 10%® 102 10" 10° 107 10° 10° 10* 10° 102 10" 10°
Serum Dilution Factor Serum Dilution Factor Serum Dilution Factor

Figure S1.1 Hyperglycosylated TH-NC99-153_dn5 Mouse Study

(A) SEC chromatograms of NC99 trihead nanoparticle components on a Superdex 200 Increase 10/300
GL column.

(B) Reducing SDS-PAGE of wild-type and hyperglycosylated NC99 monoheads and trihead components
without and with PNGaseF digestion, as well as bare 153_dn5B and 153_dn5A nanoparticle components.
(C) NC99 trihead-153_dn5 nanoparticle legend for Figures S1B, S1D, and S1F. SEC chromatograms of
NC99 trihead-153_dn5 nanoparticle immunogens on a Superose 6 Increase 10/300 GL column.

(D) Reducing SDS-PAGE of NC99 trihead-153_dn5 nanoparticles, as well as the bare 153_dn5
nanoparticle.

(E) DLS of NC99 trihead-153_dn5 nanoparticles.

(F) Schematic illustrating mouse study timeline, immunizations, and serology timepoint.

(G) Competition ELISA curves for NC99-foldon trimer ELISA antigen between week 10 sera and either
FIuA-20, C05, or a no competitor negative control. Dashed line is positive control of monoclonal binding in
absence of sera.
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Figure S1.2 Mosaic and Hyperglycosylated Trihead Components Purification and Characterization
(A) BLI of monohead and trihead nanoparticle components against RBS-directed mAbs (5J8, anti-PR34,
and C05) and FluA-20.

(B) Reducing SDS-PAGE of wild-type and hyperglycosylated monohead and trihead nanoparticle
components without and with PNGaseF digestion.

(C) SEC chromatograms of wild-type and hyperglycosylated monohead and trihead nanoparticle
components on a Superdex 200 Increase 10/300 GL column.
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Figure S1.3 Mosaic, Hyperglycosylated, and Hypervariable Trihead Nanoparticles Purification and
Characterization

(A) SEC chromatograms of individual H1 strains of monohead- and trihead-153_dn5 nanoparticles and all
mosaic nanoparticles on a Superose 6 Increase 10/300 GL column.

(B) Reducing SDS-PAGE of individual H1 strains of monohead- and trihead-153_dn5 nanoparticles and all
mosaic nanoparticles, as well as the bare 153_dn5 nanoparticle.

(C-D) C. DLS and D. nsEM of all mosaic nanoparticles. Scale bar = 100 nm.
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Figure S1.4 Hypervariable Trihead Inmunogen Biophysical Characterization
(A) Legend of constructs in panels A-C. Binding of RBS-directed mAbs to all trihead components.

(B) FluA-20 binding to all trihead components.

(C) Far-UV circular dichroism (CD) spectra of all hypervariable trihead components.
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Figure S1.5 Hyperglycosylated Trihead Stability Characterization by HDX and Thermal Melts

(A) Deuterium uptake profiles across primary sequence plotted at four different timepoints for each
construct.

(B) HDX peptides in panel B highlighted by color on the SI06 (PDB: 5UG0) HA head domain.

(C) Percent deuteration over time for two peptides in the RBS (178-194 and 225-232) and two peptides in
the head trimer interface (215-224 and 204-211).

(D) Melting temperatures of hyperglycosylated monoheads and triheads.
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Figure S1.6 Hypervariable Trihead Immunogen Purification and Mosaic Nanoparticles BLI

(A) SEC chromatograms of hypervariable trihead nanoparticle components on a Superdex 200 Increase
10/300 GL column.

(B) Reducing SDS-PAGE of hypervariable trihead-153_dn5 nanoparticle components, as well as bare
153 _dn5B and 153_dn5A nanoparticle components.

(C) Sandwich BLI of trihead nanoparticle immunogens with C05 first captured on AR2G biosensors and
then subsequent binding of nanoparticles, anti-PR34, and 5J8.
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Figure S1.7 Vaccine-elicited Antibody Responses at Weeks 0 and 22 in Rabbits Immunized with
Monohead and Trihead Nanoparticles

(A). Hypervariable trihead nanoparticle rabbit immunization schedule and groups.

(B) ELISA AUC titers against vaccine-matched MI15 at week 0.

(C-D) C. ELISA reciprocal ECs, titers and D. HAI titers at week 22, two weeks post second boost.
Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test; *p
< 0.05; **p < 0.01; *+*p < 0.001; skkxp < 0.0001.
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Table S1.1 Amino acid sequences of novel proteins used in this study
2heptad Monoheads

>MH-NC99
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPEN
GTCFPGYFADYEELREQLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGLY
PNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGKRIENILSKIYHIENEIAELAYLLGELAYKLGEYRIA
IRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIE
YYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-NC99-9gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELREQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRI
NYYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGKRIENILSKIYHIENEIAELAYLLGELAYKLGEYR
IAIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

2heptad Triheads

>TH-NC99
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVLVVSSHYDRVFTPIIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-7gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECELLINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKSYVNNKSKEVLVLWGVHHPPNIGNQRALYHTENAYVLVVSSHYDRVFTPIIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-9gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIGNQRALYHTENAYVLVVSSHYDRVFTPIIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

1heptad Monoheads

>MH-SC18
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MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGKCNIAGWLLGNPECDLLLTASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKTSSWPNHETTKGVTAACSYAGASSFYRNLLWLTKKGSS
YPKLSKSYVNNKGKEVLVLWGVHHPPTGTDQQSLYQNADAYVSVGSSKYNRRFTPEIAARPKVRDQAGR
MNYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRA
YRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYR
KALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-PR34
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGKCNIAGWLLGNPECDPLLSVRSWSYIVETPNSEN
GICYPGDFIDYEELRCQLSSVSSFERFEIFPKESSWPNHNTNGVTAACSHEGKSSFYRNLLWLTEKEGSY
PKLKNSYVNKKGKEVLVLWGIHHPPNSKEQQNLYQNENAYVSVVTSNYNRRFTPEIAERPKVRDQAGRM
NYYWTLLKPGDTHFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYR
IALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-NC99
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRI
NYYWTLLEPGDTHFEANGNLIAPWYAFALSRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYR
IALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-MI15
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSNSDN
GTCFPGDFINYEELRCQLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNS
YPKLNQSYINDKGKEVLVLWGIHHPSTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDQEGRM
NYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-SC18-6gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGASSFYRNLLWLTKKGSS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGTDQQSLYQNADAYVSVGSSKYNRRFTPEIAARPKVRDQAGR
MNYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRA
YRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYR
KALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>MH-PR34-7gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIVETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGKSSFYRNLLWLTEKEGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSKEQQNLYQNENAYVSVVTSNYNRRFTPEIAERPKVRDQAGRM

NYYWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYR
IALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>MH-NC99-9gly
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MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRI
NYYWTLLEPGDTHFEANGNLIAPWYAFALSRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYR
IALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>MH-MI15-7gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGDFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNS
YPKLNQSYINDKGKEVLVLWGIHHPSTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDQEGRM
NYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

1heptad Triheads

>TH-SC18
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGKCNIAGWLLGNPECDLLLTASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHETTKGVTAACSYAGASSFYRNLLWLTKKGSS
YPKLSKSYVNNKGKEVLVLWGVHHPPTGTDQQSLYQNEDAYVIVASSKYDRVFTPLIAARPKVRDQAGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLSVRSWSYIEETPNSEN
GICYPGDFIDYEELRCQLSSVSSFERFEIFPKESSWPNHNTNGVTAACSHEGKSSFYRNLLWLTEKEGSY
PKLKNSYVNKKGKEVLVLWGIHHPPNSKEQQNLYQNENAYVFVGTSNYDRIFTPIIAERPKVRDQAGRMN
YYWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-NC99
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVLVVSSHYDRVFTPIIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-MI15
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNS
YPKLNQSYINDKGKEVLVLWGIHHPSTTADQQSLYQNEDTYVFVSTSRYDKVFKPIIATRPKVRDQEGRMN
YYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH
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>TH-SC18-6gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGASSFYRNLLWLTKKGSS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGTDQQSLYQNEDAYVIVASSKYDRVFTPLIAARPKVRDQAGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34-7gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIEETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGKSSFYRNLLWLTEKEGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSKEQQNLYQNENAYVFVGTSNYDRVFTPIIAERPKVRDQAGRMN
YYWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-9gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIGNQRALYHTENAYVLVVSSHYDRVFTPIIAKRPKVRDQEGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-MI15-7gly
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNS

YPKLNQSYINDKGKEVLVLWGIHHPSTTADQQSLYQNEDTYVFVSTSRYDKVFKPIIATRPKVRDQEGRMN
YYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA

LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-SC18-RBS1
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGENSFYRNLLWLTKSGDS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGADQTDLYQNEDAYVIVASSKYDRVFTPLIAARPKVRDQAGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-SC18-RBS2
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGMNSFYRNLLWLTKKGNS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGEDQKSLYQNEDAYVIVASSKYDRVFTPLIAARPEVRDQIGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH
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>TH-SC18-RBS3
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGEDSFYRNLLWLTKKGKS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGADQEDLYQNEDAYVIVASSKYDRVFTPLIAARPQVRNQIGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-SC18-RBS4
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDLLLNASSWSYIVETSNSEN
GTCYPGDFIDYEELRCQLSSVSSFEKFEIFPKNSSWPNHTTTKGVTAACSYAGAASFYRNLLWLTKKGSS
YPKLSKNYTNNKGKEVLVLWGVHHPPTGEDQKSLYQNEDAYVIVASSKYDRVFTPLIAARPEVRNQKGRM
NYYWTLLEPGDTITFEATGNLIAPWYAFALNRGSGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34-RBS1
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIEETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGQDSFYRNLLWLTEKEGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSSEQKNLYQNENAYVFVGTSNYDRIFTPIIAERPKVRGQHGRMN
YYWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34-RBS2
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIEETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGKSSFYRNLLWLTEKQGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSEEQTALYQNENAYVFVGTSNYDRIFTPIIAERPEVRGQHGRMNY
YWTLLKPGDTIHFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRIAL
KSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKALR
LDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34-RBS3
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIEETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGKSSFYRNLLWLTEKKGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSNEQISLYQNENAYVFVGTSNYDRIFTPIIAERPKVRDQSGRMNY
YWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRIAL
KSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKALR
LDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-PR34-RBS4
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSIAGWLLGNPECDPLLNVSSWSYIEETPNSEN
GTCYPGDFIDYEELRCQLSSVSSFERFEIFPKNSSWPNHTTNGVTAACSHEGKSSFYRNLLWLTEKEGSY
PNLTNNYTNKKGKEVLVLWGIHHPPNSKEQHDLYQNENAYVFVGTSNYDRIFTPIIAERPKVRDQAGRMN
YYWTLLKPGDTIIFEANGNLIAPMYAFALRRGFGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-NC99-RBS1
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MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNSVSSFYRNLLWLTGKNGLY
PNLSKNYTNNKSKEVLVLWGVHHPPNIENQHALYHTENAYVLVVSSHYDRVFTPIIAKRPAVRDQKGRINY
YWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRIAI
RAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEY
YRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-RBS2
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGESSFYRNLLWLTGKGDL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIQNQLNLYHTENAYVLVVSSHYDRVFTPIIAKRPVVRNQQGRIN
YYWTLLEPGDTHFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-RBS3
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGQLSFYRNLLWLTGKSGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIGNQKALYHTENAYVLVVSSHYDRVFTPIIAKRPVVRNQQGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-NC99-RBS4
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAIAPLQLGNCSVAGWILGNPECNLSINASSWSYIVETPNPEN
GTCFPGYFADYEELRCQLSSVSSFERFEIFPKNSSWPNHTVTGVSASCSHNGQLSFYRNLLWLTGKNGL
YPNLSKNYTNNKSKEVLVLWGVHHPPNIQNQLNLYHTENAYVLVVSSHYDRVFTPIIAKRPKVRNQHGRIN
YYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGSGSCIENINSKIYHIENEIAELAYLLGELAYKLGEYRI
AIRAYRIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAI
EYYRKALRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-MI15-RBS1
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHGNVKSFYKNLIWLVKKGAS
YPKLNQSYINDKGKEVLVLWGIHHPSTTTDQMNLYQNEDTYVFVSTSRYDKVFKPIIATRPKVRDQEGRM
NYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-MI15-RBS2
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHGNVKSFYKNLIWLVKKGDS
YPKLNQSYINDKGKEVLVLWGIHHPSTTKDQATLYQNEDTYVFVSTSRYDKVFKPIIATRPTVRGQQGRMN
YYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWEL QHHHHHH

>TH-MI15-RBS3
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MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHAGENSFYKNLIWLVKKGSS
YPKLNQSYINDKGKEVLVLWGIHHPSTTKDQMNLYQNEDTYVFVSTSRYDKVFKPIIATRPTVRGQQGRM
NYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAY
RIALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRK
ALRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>TH-MI15-RBS4
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAVAPLHLGNCSIAGWILGNPECESLNTSSNWSYIVETSNSDN
GTCFPGNFINYEELRCQLSSVSSFERFEIFPKNSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNS
YPKLNQSYINDKGKEVLVLWGIHHPSTTKDQATLYQNEDTYVFVSTSRYDKVFKPIIATRPKVRDQEGRMN
YYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGSGSCIEHIENEIAELAYLLGELAYKLGEYRIAIRAYRI
ALKSDPNNAEAWYNLGNAYYKQGRYREAIEYYQKALELDPNNAEAWYNLGNAYYERGEYEEAIEYYRKA
LRLDPNNADAMQNLLNAKMREEGGWELQHHHHHH

>|53_dn5A pentamer
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLAKYDGSKLRIGILHARGNAEIILELVLGALKRLQEFGVKRENIII
ETVPGSFELPYGSKLFVEKQKRLGKPLDAIIPIGVLIRGSTAHFDYIADSTTHQLMKLNFELGIPVIFGVLTTE
SDEQAEERAGTKAGNHGEDWGAAAVEMATKFNLEEQKLISEEDLHHHHHH

ELISA antigens

>lowa43 (Allowa/1943)
MKARLLVLLCALAATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLLSERSWSYIVETPNSENGTCFPGDFIDYEELREQLSSVSSFERFEIFSKESSWPKH
TTGGVTAACSHAGKSSFYRNLLWLTEKDGSYPNLNNSYVNKKGKEVLVLWGVHHPSNIKDQQTLYQKEN
AYVSVVSSNYNRRFTPEIAERPKVRGQAGRINYYWTLLKPGDTIMFEANGNLIAPWYAFALSRGFGSGIIT
SNASMHECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMIDGWYGYHWQNEQGSGYAADQKSTQNAINGITNIVNSVIEKMNTQF TAVGKEFNNLEKRMENLN
KKVDDGFLDIWTYNAELLVLLINERTLDFHDSNVKNLYEKVKNQLRNNAKEIGNGCFEFYHKCNNECMES
VKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEG
HHHHHH

>Malaysia54 (A/Malaysia/302/1954)
MKARLLILLCALSATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLLSNRSWSYIAETPNSENGICFPGDFADYEELREQLSSVSSFERFEIFPKESSWPKH
NITRGVTVACSHAKKSSFYKNLLWLTEANGLYPSLSKSYVNDREKEVLVLWGVYHHPSNIEDQRTLYRKENA
YVSVVSSNYNRRFTPEIAERPKVRGQPGRMNYYWTLLEPGDKIIFEANGNLIAPWYAFALSRGPGSGIITS
NASMDECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQF TAVGKEFNKLEKRMENL
NKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKNQLRNNAKEIGNGCFEFYHKCDNECME
SVKNGTYDYPKYSEESKLNRAKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHE
GHHHHHH

>USSR77 (A/JUSSR/90/1977)
MKAKLLVLLCALSATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLFSKKSWSYIAETPNSENGACFPGYFADYEELREQLSSVSSFERFEIFPKERSWPK
HDVTRGVTASCSHKGKSSFYRNLLWLTEKNGSYPNLSKSYVNNKEKEVLVLWGVHHPSNIEDQKTIYRKE
NAYVSVVSSNYNRRFTPEIAERPKVRGQAGRINYYWTLLEPGDTIIFEANGNLIAPWHAFALNRGFGSGIIT
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SNASMDECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMIDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLEKRMENL
NKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNECME
SVKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHE
GHHHHHH

>NC99 (A/New Caledonia/20/1999)
MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVETPNPENGTCFPGYFADYEELREQLSSVSSFERFEIFPKESSWPNH
TVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTEN
AYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLLEPGDTIFEANGNLIAPWYAFALSRGFGSGIITS
NAPMDECDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPQRETRGLFGAIAGFIE
GGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRME
NLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNEC
MESVKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEW
HEGHHHHHH

>NC99-T155N/K157T
MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVETPNPENGTCFPGYFADYEELREQLSSVSSFERFEIFPKESSWPNH
TVTGVSASCSHNGKSSFYRNLLWLNGTNGLYPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTEN
AYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLLEPGDTHFEANGNLIAPWYAFALSRGFGSGIITS
NAPMDECDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPQRETRGLFGAIAGFIE
GGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRME
NLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNEC
MESVKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEW
HEGHHHHHH

>NC99-L194W
MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVETPNPENGTCFPGYFADYEELREQLSSVSSFERFEIFPKESSWPNH
TVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRAWYHTEN
AYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLLEPGDTHIFEANGNLIAPWYAFALSRGFGSGIITS
NAPMDECDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPQRETRGLFGAIAGFIE
GGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRME
NLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNEC
MESVKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEW
HEGHHHHHH

>Brisbane07 (A/Brisbane/57/2007)
MKVKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLENSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVEKPNPENGTCFPGHFADYEELREQLSSVSSFERFEIFPKESSWPNH
TVTGVSASCSHNGESSFYRNLLWLTGKNGLYPNLSKSYANNKEKEVLVLWGVHHPPNIGVQKALYHTENA
YVSVVSSHYSRKFTPEIAKRPKVRDQEGRINYYWTLLEPGDTIIFEANGNLIAPRYAFALSRGFGSGIINSNA
PMDKCDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGG
WTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRMENLN
KKVDDGFIDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNDECMES
VKNGTYDYPKYSEESKLNREKIDGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGSGLNDIFEAQKIEWHEG
HHHHHH
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>MI15 (A/Michigan/45/2015)
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGK
LCKLRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSNSDNGTCFPGDFINYEELREQLSSVSSF
ERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLNQSYINDKGKEVLVLWGIHH
PSTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDQEGRMNYYWTLVEPGDKITFEATGNLVVP
RYAFTMERNAGSGIIISDTPVHDCNTTCQTPEGAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNVPSI
QSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKSTQNAIDKITNKVNSVIEKMNTQFTAV
GKEFNHLEKRIENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRNQLKNNAKEIGNGC
FEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREKIDGVGSGYIPEAPRDGQAYVRKDGEWVLLSTFLG
SGLNDIFEAQKIEWHEGHHHHHH

HA-Ferritin nanoparticles used in HAI assays

>|owa4 3-ferritin
MKARLLVLLCALAATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLLSERSWSYIVETPNSENGTCYPGDFIDYEELREQLSSVSSFERFEIFSKESSWPKH
TTGGVTAACSHAGKSSFYRNLLWLTEKDGSYPNLNNSYVNKKGKEVLVLWGVHHPSNIKDQQTLYQKEN
AYVSVVSSNYNRRFTPEIAERPKVRGQAGRINYYWTLLKPGDTIMFEANGNLIAPWYAFALSRGFGSGIIT
SNASMHECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMIDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNNLEKRMENL
NKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKNQLRNNAKEIGNGCFEFYHKCNNECME
SVKNGTYDYPKYSEESKLNREKIDSGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFDHA
AEEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFNFLQ
WYVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS

>Malaysia54-ferritin
MKARLLILLCALSATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLLSNRSWSYIAETPNSENGICYPGDFADYEELREQLSSVSSFERFEIFPKESSWPKH
NITRGVTVACSHAKKSSFYKNLLWLTEANGLYPSLSKSYVNDREKEVLVLWGVHHPSNIEDQRTLYRKENA
YVSVVSSNYNRRFTPEIAERPKVRGQPGRMNYYWTLLEPGDKIIFEANGNLIAPWYAFALSRGPGSGIITS
NASMDECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLEKRMENL
NKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKNQLRNNAKEIGNGCFEFYHKCDNECME
SVKNGTYDYPKYSEESKLNRAKIDSGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFDHA
AEEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFNFLQ
WYVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS

>USSR77-ferritin
MKAKLLVLLCALSATDADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQLGKC
NIAGWILGNPECESLFSKKSWSYIAETPNSENGACYPGYFADYEELREQLSSVSSFERFEIFPKERSWPK
HDVTRGVTASCSHKGKSSFYRNLLWLTEKNGSYPNLSKSYVNNKEKEVLVLWGVHHPSNIEDQKTIYRKE
NAYVSVVSSNYNRRFTPEIAERPKVRGQAGRINYYWTLLEPGDTIIFEANGNLIAPWHAFALNRGFGSGIIT
SNASMDECDTKCQTPQGAINSSLPFQNIHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEG
GWTGMIDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLEKRMENL
NKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNECME
SVKNGTYDYPKYSEESKLNREKIDSGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFDHA
AEEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFNFLQ
WYVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS
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>NC99-ferritin
MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVETPNPENGTCYPGYFADYEELREQLSSVSSFERFEIFPKESSWPNH
TVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTEN
AYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGIITS
NAPMDECDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPQRETRGLFGAIAGFIE
GGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRME
NLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNEC
MESVKNGTYDYPKYSEESKLNREKISGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFD
HAAEEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFENF
LQWYVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS

>Brisbane07-ferritin
MKVKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLENSHNGKLCLLKGIAPLQLGNC
SVAGWILGNPECELLISKESWSYIVEKPNPENGTCYPGHFADYEELREQLSSVSSFERFEIFPKESSWPN
HTVTGVSASCSHNGESSFYRNLLWLTGKNGLYPNLSKSYANNKEKEVLVLWGVHHPPNIGIQKALYHTEN
AYVSVVSSHYSRKFTPEIAKRPKVRDQEGRINYYWTLLEPGDTIIFEANGNLIAPRYAFALSRGFGSGIINSN
APMDKCDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGG
WTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRMENLN
KKVDDGFIDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNDECMES
VKNGTYDYPKYSEESKLNREKIDSGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLFDHAA
EEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHATFNFLQW
YVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKSGS

>MI15-ferritin
MDSKGSSQKGSRLLLLLVVSNLLLPQGVLADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGK
LCKLRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSNSDNGTCYPGDFINYEELREQLSSVSSF
ERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLNQSYINDKGKEVLVLWGIHH
PSTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDQEGRMNYYWTLVEPGDKITFEATGNLVVP
RYAFTMERNAGSGIIISDTPVHDCNTTCQTPEGAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNVPSI
QSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKSTQNAIDKITNKVNSVIEKMNTQFTAV
GKEFNHLEKRIENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRNQLKNNAKEIGNGC
FEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREKIDSGGDIIKLLNEQVNKEMQSSNLYMSMSSWCYT
HSLDGAGLFLFDHAAEEYEHAKKLIIFLNENNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVD
HAIKSKDHATFNFLQWYVAEQHEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS
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Table S1.2 Glycopeptide sequences and occupancies, related to Figure 1.1

Construct Glycopeptide sequence Sequon Position Occupancy (%)
TH-NC99 IAPLQLGNCSVAGWILGN
PE G.NCS.V 63 86.6
NGTCFPGYFADYEE E.NGT.C 94 99
ESSWPNHTVTGVSASCS
HNGK P.NHT.V 129 99.6
NGLYPNLSK P.NLS.K 163 45.1
TH-NC99-7gly | IAPLQLGNCSVAGWILGN G.NCS.V 63 86.2
PE . . .
LLINASSWSYIVET I.NAS.S 81 46.2
NGTCFPGYFADYEE E.NGT.C 94 98.8
NSSWPNHTVTGVSASCS | K.NSS.W 125b 8.4 single,
HNGK P.NHT.V 129 91.5 double
NGLYPNLSK P.NLS.K 163 44.3
SYVNNK(S) N.NKS.K 171 20.1
TH-NC99-9gly ::,)A;LQLGNCSVAGWILGN G.NCS.V 63 70
C.NLS.I 77 :
NLSINASSWSYIVE 63 single,
LNAS.S 81 37 double
NGTCFPGYFADYEE E.NGT.C 94 99.6
NSSWPNHTVTGVSASCS | KNSS.W 125b 5.0 single,
NGLYPNLSK P.NLS.K 163 442
P.NLS.K 163
494 single,
NGLYPNLSKNYTNNK(S) K.INYT.N 167 40.8 double,
9.8 triple
N.NKS.K 171
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Table S1.3 Mutations introduced into hypervariable trihead antigens, related to Figure 1.3

Trihead RBS variant

Mutations

TH-SC18-RBS1

A144E/S145N/K157S/S159D/T189A/Q192T/S193D

TH-SC18-RBS2

A144M/S145N/S159N/T189E/Q192K/K222E/A2271

TH-SC18-RBS3

A144E/S145D/S159K/T189A/Q192E/S193D/K222Q/
D225N/A2271

TH-SC18-RBS4

S145A/T189E/Q192K/K222E/D225N/A227K

TH-PR34-RBS1

K144Q/S145D/K189S/Q192K/D225G/A227H

TH-PR34-RBS2

E158Q/K189E/Q192T/N193A/K222E/D225G/A227H

TH-PR34-RBS3

E158K/K189N/Q192I/N193S/A227S

TH-PR34-RBS4

Q192H/N193D

TH-NC99-RBS1

G143S/K144V/G189E/R192H/K222A/E227K

TH-NC99-RBS2

K144E/N158G/G159D/G189Q/R192L/A193N/K222V/
E227Q

TH-NC99-RBS3

K144Q/S145L/N158S/R192K/K222V/D225N/E227Q

TH-NC99-RBS4

K144Q/S145L/G189Q/R192L/A193N/D225N/E227H

TH-MI15-RBS1 A142G/G143N/A144V/A189T/Q192M/S193N

TH-MI15-RBS2 A142G/G143N/A144V/N159D/A189K/Q192A/S193T/
K222T/Q225G/G227Q

TH-MI15-RBS3 A144E/K145N/N159S/A189K/Q192M/S193N/K222T/
Q225G/G227Q

TH-MI15-RBS4 A189K/Q192A/S193T
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Chapter 2. Design and characterization of H3 and B Triheads

2.1 Results

2.1.1 Design and characterization of H3 Triheads

Given the success of H1 triheads to induce potent HAI and neutralization responses in both
mouse and rabbit animal models, and to match the current influenza seasonal strains, we
sought to apply the trihead design strategies used for H1 triheads to create both H3 and type B
triheads.

The H1 trihead design strategy was adapted for H3 and type B influenza hemagglutinin strains.
Initial design constructs for the H3 trihead were made using the strain A/Hong Kong/1/1968. The
same cut-points as the H1 trihead were used for the H3 trihead, encompassing residues 57-264
(H3 numbering). Initial H3 ‘monohead’ designs had a 2-heptad linker and included resurfacing
mutations to the hydrophobic scar left at the HA cut-points but lacked any designed disulfide
bonds or trimer interface mutations. This initial design showed no expression. Since some
mutations to the RBS periphery made during the design of the hypervariable H1 trihead were
seen to dramatically increase expression, some of these mutations were applied to improve H3
trihead expression. This design strategy makes sense in the context of influenza virus evolution,
wherein the RBD is a highly immunodominant epitope on HA and, though the RBS must
conserve key residues in order to maintain receptor sialic acid binding, the RBS periphery has
evolved dramatically in order to escape immune pressure (Koel et al. 2013; Zost et al. 2019;
Angeletti et al. 2017; Altman, Angeletti, and Yewdell 2018). This evolution is thus a result of
immune evasion and does not necessarily correlate with improved structural integrity of HA.
Three initial mutations in the RBS periphery, G142N/P143G/G144E, on the H3 monohead
showed detectable C05 binding by BLI in a small scale screen (data not shown), as compared
to no CO05 binding in previous constructs. Further resurfacing mutations were made based on
structural observation and natural H3 sequence conservation data, comprising
I62E/V78G/L86Q/A106E/S114E/T192K/W234Y/V244T. This design led to a low level of
expression by C05 binding, SEC, and SDS-PAGE (data not shown). The same designed
disulfide bond between the HA head and the GCN domain was also successfully used in the H3
trihead, between residue 110 and the first residue on the GCN domain. Finally, trimer interface
mutations, similar to those in H1 trihead design, were introduced, resulting in a 50-fold
enhancement of expression. This is by contrast to H1 trihead design, where the H1 monoheads
expressed well and introduction of hydrophobic trimer interface mutations slightly reduced
expression. This HK68 trihead design (TH-HK68), which included all aforementioned mutations
and S203L/Q210E/T212A/N216V mutations at the trimer interface, showed a large soluble
trimer peak by SEC at ~14 mL when purified in a 25 mM Tris, pH 8.0, 150 mM NaCl, 200 mM
Arginine, 5% glycerol buffer (Figure 2.1A). This protein was then assembled into
trihead-153_dn5 nanoparticles and purified on SEC. This trihead antigen was fully resolved as
displayed on the surface of the nanoparticle in nsEM 2D class averages, indicating rigid, closed
trimeric head formation (Figure 2.1B). The TH-HK68 nanoparticle component showed high C05
binding with minimal FIuA-20 binding (Figure 2.1C), indicating both RBS antigenic preservation
and trimer interface closure.
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Similar expression-enhancing and trimer interface mutations used in TH-HK68 design were
introduced into the more recent H3 A/Hong Kong/1/2014 strain. Differences between these two
strains are notable at the trimer interface, which is slightly wider in HK14, so it has
T212VIN216VI instead of T212A/N216V in TH-HK68. This construct, TH-HK14, also expressed
very well, eluted mostly as soluble trimer at ~13 mL on SEC in 25 mM Tris, pH 8.0, 150 mM
NaCl, 5% glycerol buffer (Figure 2.1A), and bound to C05 but also bound to FIuA-20 (Figure
2.1D), so it is not yet a fully closed trihead. This TH-HK14 construct lacked the Q210E mutation
that enhanced expression and closure in TH-HK68, so that mutation will be tested in future

efforts to improve TH-HK14.
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Figure 2.1 Biophysical characterization of H3 triheads

(A) SEC chromatograms of TH-HK68 and TH-HK14 on a Superdex 200 Increase 10/300 GL column.
(B) nsEM 2D class averages of TH-HK68-153_dn5. Scale bar = 25 nm.

(C) BLI of mAbs C05 and FluA-20 against TH-HK68 and D) TH-HK14.

2.1.2 Design and characterization of type B Triheads

Design of an initial influenza B monohead started with trying several constructs with various HA
head cut-points of the Victoria lineage B/Brisbane/60/2008 strain. These included the same
cut-point as the type A triheads with residues 49-277 in type B numbering (TB1), inclusion of an
additional B-strand at the C-terminus with residues 49-283 (TB2), and one design that included
the entire vestigial esterase domain of HA with residues 31-326 fused with a short, flexible linker
to 153_dn5B (TB-long). All constructs showed high protein expression by SDS-PAGE, however
only TB2 and TB-long showed binding to anti-type B RBS mAb CR8033 (Dreyfus et al. 2012)
(data not shown), indicating proper folding. TB2 was chosen to move forward for further trihead
design to maximize potent RBD responses with this more minimal RBD construct. The type B
head structure was too different from the type A heads to apply the same designed disulfide
bond mediating head closure. Thus, a new disulfide bond was designed between residue Q106
in the type B head and at the third position away from the N-terminus of the GCN domain within
the flexible linker connecting the heads to the GCN domain (Figure 2.2A). This construct, with
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an additional S213I hydrophobic mutation at the trimer interface, showed good expression by
SDS-PAGE and was antigenically intact as it bound to CR8033 (data not shown). However,
nsEM 2D averages showed little resolution of head antigen as displayed on assembled 153_dn5
nanoparticles (Figure 2.2B). Since no anti-trimer interface mAbs have been characterized for
influenza B HA, nsEM averaging of nanoparticles was the only assay used to indicate head
closure for this type.
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Figure 2.2 Biophysical characterization of type B triheads

(A) Model of type B trihead design and blow up of designed disulfide bond.

(B) nsEM 2D class averages of round 1 and C) round 2 type B trihead design. Scale bar = 25 nm.

(D) SEC chromatogram of TH-PH13 on a Superdex 200 Increase 10/300 GL column.

(E) BLI of mAb H2365 against TH-PH13.

(F) nsEM 2D class averages of round 3 of type B trihead design (TH-PH13-153_dn5). Scale bar = 25 nm.

In the next round of type B trihead design, the Yamagata lineage strain B/Phuket/3073/2013
was used instead of the BR08 strain because the newly-discovered anti-RBS mAb H2365 (Bajic
and Harrison 2021) against the Yamagata lineage showed better BLI signal than CR8033, and
the same cut-point, designed disulfide bond, and S213I mutation still showed high expression
as a preliminary type B trihead in this strain. The hydrophobic mutations R101L and V259I,
along with M98R to maintain an electrostatic contact with E173, at the trimer interface showed a
slight improvement in head rigidity on the nanoparticle surface by nsEM averaging as compared
to the previous design (Figure 2.2C). To further improve head trimer closure, additional trimer
interface mutations were introduced that comprised hydrophobic interactions
T2571/T171VIQ224A, an electrostatic pair at N168E/N206K, and K209Q at the center of the
trimer to relieve positive charge repulsion. All of these 10 total mutations combined resulted in a
type B trihead construct, TH-PH13, that showed high expression by SEC (Figure 2.2D), was
antigenically intact by mAb H2365 binding measured using BLI (Figure 2.2E), and showed
well-resolved trimeric head antigen as displayed on the nanoparticle surface by nsEM (Figure
2.2F).
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Given that triheads for all four seasonal strains are close to being developed, the goal with this
project is to develop them as a potential seasonal influenza vaccine candidate. Given the
success of MRNA as a versatile, fast, and highly effective vaccine modality (Corbett et al. 2020;
Sahin et al. 2021), we are aiming to create mMRNA-based trihead nanoparticles. Currently, only
one-component nanoparticles, consisting of a single gene, are able to be used for mMRNA
vaccines. Thus, active efforts are underway to create new one-component nanoparticles
specifically tailored for the trihead antigen.
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Chapter 3. Probing effects of antigen spacing to optimally elicit broad HA
stem responses

3.1 Introduction

Our lab has previously reported on the display of HA ectodomain trimers on the icosahedral
nanoparticle 153_dn5 (Ueda et al. 2020). We showed that a mosaic of the four seasonal HA
strains elicited superior breadth in the resulting immune response as compared to both a
cocktail version and the QIV, and that this increase in breadth was due to an increase in
anti-stem antibodies (Boyoglu-Barnum et al. 2021). This result prompted the exploration of why
these mosaic nanoparticles elicited such an increase in HA stem responses. Our hypothesis
was that the geometry in which the HA stem was being presented to BCRs as displayed on
I153_dn5 was conducive to simultaneously binding of both Fab arms of the BCR to neighboring
antigens. This ‘bivalent ligation’ interaction was posited to engage anti-stem B cells with higher
avidity, leading to their increased activation. Here we sought to test this theory using in silico
modeling, in vitro binding, and finally an in vivo study to probe HA antigen spacing as displayed
on nanoparticles.

3.2 Results

3.2.1 In silico modeling of HA nanoparticle bivalent ligation

Modeling of bivalent ligation of anti-HA antibodies to HA-I53 dn5 nanoparticles was done using
PyMOL (“PyMOL” n.d.). Crystal structures of HA-C05 (PDB: 4fqr) and HA-CR9114 (PDB: 4fqy)
were modeled with HA docked onto the trimeric component 153 _dn5B within the context of
I153_dn5. Since HA is flexibly attached to 153 _dn5, rotation of two neighboring HAs about their
own 3-fold axes was sampled in 1° increments, while measuring the distance between Fab
C-termini at each increment. This distance is where the hinge region of an IgG would be and is
typically around 20-40 A. Thus, the minimal distance between Fab C-termini modeled as bound
to HA-153_dn5 was found to see if it would fall in the 20-40 A range that would be expected to
accommodate bivalent ligation of an IgG. In addition to the rotational degree of freedom, there
are also translational degrees of freedom that we did not model, so this is only a rough
approximation of the total motion of HA relative to 153_dn5. Using this method, the minimal
distance between Fab C-termini of C05 bound to HA-153 _dn5 was 130.1 A, but was 51.8 A for
CR9114 (Figure 3.1A). Based on these measurements, bivalent ligation is not likely to be
possible for C05, but it may be possible for CR9114 given that it is close to the IgG hinge
distance range and given additional translational degrees of freedom.

3.2.2 Biophysical characterization of HA nanoparticle bivalent ligation using BLI and
cryoEM

We next sought to determine if these antibodies were able to bivalently ligate to HA-153_dn5
using BLI to test in vitro binding. Previous work on the characterization of C05 showed that
binding to the H3 HA strain A/Panama/07/99 has an intermediate affinity of 720 nM (Ekiert et al.
2012). While both the C05 1gG and Fab showed similar association rates to this HA, the IgG
showed very little dissociation and the Fab showed complete dissociation. This difference can
be attributed to the bivalent ligation of C05 IgG to neighboring HAs on the surface of the
biosensor that decreases the apparent dissociation rate. This motivated us to make an
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HA-153_dn5 nanoparticle using a strain that had intermediate affinities to both C05 and CR9114.
In that same aforementioned study, the H3 strain A/Hong Kong/1/68 had a similar intermediate
affinity for C05 of 430 nM (Ekiert et al. 2012). This same strain with a D19N mutation in the stem
epitope also exhibited a high dissociation rate against the CR9114 Fab (Dreyfus et al. 2012).
Thus HK68-D19N-153_dn5 was used to test bivalent ligation of C05 and CR9114. This was
accomplished using a sandwich BLI approach by first chemically conjugating the anti-H3 RBS
mAb F045-092 (P. S. Lee et al. 2014) to AR2G biosensors. This mAb captured the HA
nanoparticle to subsequently test antibody binding. The results from this experiment showed
that the C05 IgG and Fabs behaved similarly, both exhibiting binding to the nanoparticles but
also a high degree of dissociation (Figure 3.1B). This was by contrast to CR9114, where the
Fab bound and dissociated, but the IgG bound with no subsequent dissociation. These results
agree with the predictions from our in silico modeling and further support that bivalent ligation is
occurring with anti-stem antibodies to HA nanoparticles.
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Figure 3.1 Modeling, in vitro, and cryoEM data of antibody bivalent ligation to HA-153_dn5
(A) Modeling of C05 and CR9114 bivalent ligation to the HA-I53_dn5 nanoparticle.
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(B) BLI of the HK68-D19N-153_dn5 nanoparticle against C05 and CR9114 IgGs and Fabs.

(C) SEC chromatogram and SDS-PAGE gel of CR9114 IgG in complex with HK68-D19N-153_dn5 on a
Superose 6 Increase 10/300 GL column.

(D) Localized reconstruction from the CR9114+HK68-D19N-153_dn5 complex of one HA trimer, one HA
monomer in complex with one CR9114 Fab arm, and a final reconstruction of two neighboring HA
trimers each in complex with a single CR9114 Fab arm.

In addition to probing for nanoparticle bivalent ligation using BLI, we sought to directly visualize
this interaction using cryo-electron microscopy (cryoEM). CR9114 was first mixed at a 20:1
molar ratio with HK68-D19N-153 dn5. SEC was used to purify this antibody-nanoparticle
complex and its formation in an early eluate fraction was confirmed by SDS-PAGE (Figure
3.1C). CryoEM was then used to solve a localized reconstruction of this complex that focused
on the interaction of CR9114 with two neighboring HA trimers on the surface of 153_dn5 (Figure
3.1D). This was done by first focusing alignments on one HA trimer to yield a 6.5 A resolution
HA trimer structure, then on a single HA monomer in complex with a single Fab arm of CR9114,
yielding a structure at 6.1 A resolution. Refined particles in this monomeric HA-Fab structure
were then subject to a 2D classification without alignment to yield classes that also contained a
neighboring HA, that were then selected for a final round of refinement. This resulted in a
structure of two neighboring HAs, each in complex with a CR9114 Fab arm. A small amount of
density was seen connecting these two Fab arms, and their close proximity suggests that they
likely belong to a single IgG. Moreover, the possibility of these Fabs belonging to separate IgGs
is low due to the steric hindrance that two IgGs would encounter in such a binding orientation.
Rigid-body docking of the HA-CR9114 crystal structure into each of these neighboring densities
closely matched the in silico modeling, with a very similar hinge distance of 51.6 A. Taken
together, this structural data and the BLI data strongly suggests that bivalent ligation of
anti-stem mAbs to HA-I53 _dn5 nanoparticles is occurring and encouraged further exploration of
its effects in vivo.

3.2.3 Design and characterization of a novel icosahedral nanoparticle with 132 symmetry
Observations of the in silico modeling and cryoEM structure of CR9114 bound to HA-153_dn5
showed that antibody Fab arms were bound in a somewhat sterically crowded position relative
to each other in order to accommodate bivalent binding. Based on these observations, we
hypothesized that increased spacing between HA antigens would be more conducive to bivalent
ligation of anti-stem antibodies and thus improve their elicitation in vivo. We modeled increased
spacing of trimer nanoparticle components using PyMOL, such that bivalent ligation of the
CR9114 1gG would be promoted on the 2-fold axis of an ideal HA nanoparticle, without any
crowding of its Fab arms. We then calculated that the approximate cage diameter needed to
accommodate this ideal anti-stem bivalent ligation would be 35 nm, notably larger than the 25
nm diameter of I153_dn5.

To create a new nanoparticle idealized for anti-HA stem bivalent ligation, Cara Chao, Rob de
Haas, and | together worked to design cages with 132 symmetry since this symmetry tends to
produce larger cages than an 153 symmetry. An 132 symmetry is composed of trimeric and
dimeric building blocks, and thus libraries of both wild-type and de novo oligomers with C2
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symmetry were compilated for use in initial docking with the I153_dn5B and 153-50A (Bale et al.
2016) (PDB: 1wa3) trimers, since both of these have externally facing N-termini and were
validated to display stable, trimeric HA upon genetic fusion. Pairwise docking of each oligomer
into an 132 nanoparticle symmetry was done using RPXdock (Sheffler et al. 2022), while
keeping the N-terminus of the C3 component facing outward. Filtering was then done to obtain
only those nanoparticle docks with diameters between 30 to 40 nm. The resulting nanoparticle
docks were then designed using ProteinMPNN (Dauparas et al. 2022), where any residue on
one component that was within 8 A from any residue on the other component was allowed to
design. Scoring on the nanoparticle interface was then done using Rosetta in order to filter top
designs, which included the following cutoffs: ddG<-50, SASA>1200, and SC>0.6 (Leman et al.
2020). This resulted in 24 132 nanoparticle designs that were cloned as bicistronic genes and
tested for expression and assembly in E. coli. Designs were purified using ion-metal affinity
chromatography (IMAC) followed by SEC on a Superose 6 Increase 10/300, where nanoparticle
elution would be expected between 9-12 mL. One design, 132-18, showed a substantial peak at
~10 mL and this fraction was also seen to form nanoparticle assemblies by nsEM (Figure 3.2A).
Despite clear nanoparticle formation in this micrograph, we also saw a large amount of much
smaller protein, a lot of which was clearly trimeric and likely corresponds to one of the
nanoparticle components. Subjecting this material to SEC again resulted in a peak at 10 mL but
also a peak at 17 mL, which was observed in the first SEC chromatogram as well and
corresponds to free nanoparticle component. These results indicated that this nanoparticle was
forming, but its formation was unstable and prone to disassembly.
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Figure 3.2 Development of 132-18 nanoparticle

(A) SEC chromatogram on a Superose 6 Increase 10/300 GL column of 132-18 run after IMAC (dotted

line) and run on SEC for a second time (solid line). nsEM micrograph of ~10 mL peak of the 132-18
SEC re-run. Scale bar = 50 nm.

(B) 132-18 cryoEM reconstructions and fitted models.

(C) 132-18 original design model in green and 132-18 cryoEM model in pink with A189L mutation circled.

(D) SEC chromatogram on a Superose 6 Increase 10/300 GL column of 132-18-A189L run after IMAC
(dotted line) and run on SEC for a second time (solid line). nsEM micrograph of ~10 mL peak of the
132-18-A189L SEC re-run. Scale bar = 50 nm.

(E) SEC chromatogram of 132-18_trimer on a Superdex 200 Increase 10/300 GL column.

(F) SEC chromatogram on a Superdex 200 Increase 10/300 GL column and nsEM micrograph of
132-18_dimer-fiber from ~10 mL fraction. Scale bar = 50 nm.

(G) SEC chromatogram on a Superdex 200 Increase 10/300 GL column of 132-18_dimer-F287Y-1256K.

(H) nsEM micrograph of in vitro assembled 132-18 using 132-18_trimer and 132-18_dimer-F287Y-1256K
components. Scale bar = 50 nm.

To understand how this nanoparticle interface was being formed and if we could improve its
stability, we next used cryoEM for structural determination. 3D variability analysis in Cryosparc
(Punjani et al. 2017) identified four different clusters of particles. Refinement of each of these
particle clusters resulted in four different reconstructions, each with a final resolution of ~8 A
(Figure 3.2B). Since this nanoparticle formed multiple states that each only resolved to ~8 A,
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we concluded that there was a high degree of flexibility within this nanoparticle structure. Even
though we could not accurately model side chains in these densities, we were able to fit
backbone structure using Isolde (lab of Randy Read n.d.). This resulted in four models that all
deviated between 0.8 A-1.6 A (Figure 3.2B). Next, we used these models to run ProteinMPNN
again on their cage interfaces to see if new and improved interactions could be made. This
resulted in another four designs, each only differing from the original design by 1-2 point
mutations. Testing these designs in the same manner as the first round resulted in one construct
with a A189L mutation that was observed to predominantly form the intended nanoparticle
structure by nsEM and also did not show free component upon a second run of SEC (Figures
3.2C and 3.2D).

Given the successful, stable formation of 132-18 expressed from a bicistronic gene, we next
tested separate expression of each nanoparticle component in E. coli. Both the trimer and dimer
components showed expression by SDS-PAGE upon IMAC purification. The trimer component
also showed subsequent elution at the predicted volume (~17 mL) upon SEC purification
(Figure 3.2E), however the dimer component eluted much earlier than expected, at ~10 mL
(Figure 3.2F). nsEM showed that this dimer was forming both short (~25 nm) and long (~500
nm) fiber formations on its own (Figure 3.2F). To discourage this fiber formation while
maintaining nanoparticle assembly, dimer resurfacing mutations F287Y and 1256K were
introduced, which are positions located proximal but not within the nanoparticle interface. The
dimer with these mutations was purified in 50 mM Tris pH 8.0, 500 mM NaCl, and 200 mM
Arginine (50 mM Tris pH 8.0, 150 mM NaCl was used previously for the initial dimer purification)
on SEC, which resulted in a large, broad peak around ~18 mL as expected for the soluble dimer
(Figure 3.2G). This material was then mixed at a 1:1 molar ratio with the purified trimer
nanoparticle component, which resulted in fully assembled, homogeneous 132 nanoparticles by
nsEM (Figure 3.2H).

3.2.4 HA icosahedral series biophysical characterization and immunogenicity in mice
Recently, a much smaller, 1 component, de novo icosahedral nanoparticle called RC_|_1 was
developed in the Baker Lab using a reinforcement learning algorithm (Lutz et al. 2023). We were
able to genetically fuse HA to the N-terminus of this nanoparticle (Figure 3.3A) using a relatively
long 12 residue Gly-Ser linker and demonstrate both its secretion out of HEK293F cells and
formation using SDS-PAGE, SEC, and nsEM. Antibodies 5J8 and CR9114 both demonstrated
binding to the MI15 strain of HA-RC_|_1, albeit with lower binding than to MI15-153_dn5 (Figure
3.3B), likely due to the very close spacing of HA on RC_|_1. We tested the immunogenicity of
MI15-RC_1_1 compared to MI15-153_dn5 in a preliminary mouse study (Figure 3.3C). Mice
were immunized at weeks 0 and 4 with 1.5 ug total protein. Of note, since the total protein was
the same in both groups, there was 21% more HA in the MI15-RC_|_1 group. ELISA binding
titers in week 6 serum were similarly high for both nanoparticles against MI15 HA ectodomain
(Figure 3.3C). Minimal pre-existing HA titers were present in these animals, as no MI15 titers
were detected in RC_|_1 serum. By contrast to MI15 ectodomain HA, titers were ~2 log higher
in the MI15-RC_|_1 group compared to the MI15-153_dn5 group against the HA stabilized-stem
MI15 (ssMI15). Binding titers against the RC_| 1 nanoparticle were similarly low between the
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MI15-RC_1_1 and RC_I_1 groups, suggesting that the close packing of displayed HA did not

impact scaffold immunogenicity.
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Figure 3.3 Immunogenicity study comparing HA-RC_I_1 and HA-153_dn5

(A) Models of the HA-RC_1_1 and HA-I53_dn5.
(B) BLI of 5J8 and CR9114 against HA-RC_I_1 and HA-153_dn5.
(C) ELISA binding titers elicited in mice immunized with HA-RC_1_1, HA-I153_dn5, or RC_I_1.
Statistical significance for MI15 was determined using one-way ANOVA with Tukey’s multiple
comparisons test; *p < 0.05; skkkp < 0.0001.
Statistical significance for ssMI15 was determined using two-tailed Mann-Whitney test; **p < 0.01.

In parallel to the MI15-RC_I|_1 and MI15-153_dn5 mouse study, we also incorporated these
groups into a larger study using H3 (A/Hong Kong/1/2014) HA on several icosahedral
nanoparticles of varying sizes to test the effects of antigen spacing while keeping valency

constant, with the hypothesis that spacing out HA to promote bivalent ligation would increase

anti-stem responses (Figure 3.4A). HA had been previously established in our lab to secrete as

a stable trimer when genetically fused to the 153-50A trimer nanoparticle component (data not
shown). Since the 132-18 trimer is based on the same structure as 153-50A (PDB: 1wa3), the

same genetic fusion was used to make HA fused to the 132-18 trimer. This construct was

expressed in HEK293F cells and purified by SEC before subsequent nanoparticle assembly.
This resulted in H3-132 nanoparticle formation as demonstrated by nsEM (Figure 3.4B). We

also included H3-153-50, which has the same spacing as H3-153_dn5 but are completely

different scaffolds. Finally, we created an extension series of H3-153_dn5 by incorporating
3heptad and 6heptad coiled-coil GCN4-based extension domains in between the 153_dn5
nanoparticle and the H3 antigen. This spaced out HA such that the 6heptad has similar size and

spacing to the H3-132 nanoparticle. Importantly, T cell epitopes between these three 153_dn5

nanoparticles are the same, whereas T cell help from the underlying scaffold is another variable
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amongst the rest of the groups. All H3 icosahedra formed monodisperse, homogeneous
nanoparticles following SEC purification as seen in nsEM micrographs (Figure 3.4B). We tested
this nanoparticle series in an immunogenicity study in mice. In this study, a 1.5 ug total dose
was used for each group, normalizing the total protein in the entire immunogen. This resulted in
a varying amount of H3 amongst groups, with the H3-RC_|_1 having the biggest increase
(~20-25% more) in total H3 as compared to more similar amounts in the other groups. ELISA
binding titers in week 10 serum were relatively high against respective scaffolds for each group
except H3-RC_|_1 and H3-153-50 groups, which both had relatively low anti-scaffold responses
(Figure 3.4C). Titers against vaccine-matched H3 were comparably high amongst all groups. By
contrast, H3 stabilized-stem (ssH3) titers were ~2 log higher in the H3-RC_|_1 group as
compared to all other groups. Higher titers in the H3-RC_I_1 group compared to all other groups
were also consistently seen against divergent group 2 vaccine-mismatched strains H7, H10,

and ssH10.
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Figure 3.4 Vaccine-elicited Antibody Responses in Mice Immunized with HA Icosahedral Series
(A) Models of all nanoparticles in HA icosahedral series.

(B) nsEM micrographs of all nanoparticles in HA icosahedral series.

(C) ELISA binding titers elicited in mice immunized with HA icosahedral series.

Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test; *p
< 0.05; *xp < 0.01; *#kp < 0.001; **k+kp < 0.0001.

3.3 Discussion

Here we showed that the H3-RC_|_1 nanoparticle elicited dramatically higher, group 2
cross-reactive titers than all other H3 nanoparticles in this HA icosahedral study, and that this
was largely due to an increase in anti-stem responses. One caveat to this study is the
discrepancy in the amount of H3 between groups, with the H3-RC_| 1 group containing
~20-25% more H3 than all other groups. Thus, this study should be repeated with H3
gram-equivalence between groups to normalize the total HA content. Despite this, there are a
multitude of reasons as to why the H3-RC_|_1 group elicited this increase in broad anti-stem
responses. These include T cell help differences amongst the various scaffolds (Woodruff et al.
2018), potential variation in lymph node trafficking due to nanoparticle size and/or variation in
glycosylation patterns (Read et al. 2022; Tokatlian et al. 2019; Aung et al. 2023; Bachmann and
Jennings 2010), nanoparticle stability within the lymph node and antigen susceptibility to
protease degradation (Read et al. 2022; Cirelli et al. 2019; Martin et al. 2020), and differences in
BCR binding and thus B cell activation (Veneziano et al. 2020; Shaw et al. 2019). Since
anti-scaffold responses were low against both H3-RC_| 1 and H3-153-50, but anti-stem
responses were not increased in the latter, competition of anti-scaffold responses does not
appear to be a significant factor in these immune responses. All of these potential factors will
need to be explored in order to understand their weight in shaping humoral responses and to be
able to design improved nanoparticle-based vaccines.

Our in vitro results suggest that bivalent ligation is only happening with anti-stem and not
anti-RBS antibodies against HA-153_dn5. However, our hypothesis that increased spacing of HA
on a larger nanoparticle to further optimize bivalent ligation of anti-stem B cells did not result in
an increase in anti-stem antibodies. One possibility to explain this is that this HA icosahedral
series did not effectively probe for bivalent ligation and another or multiple of the factors
previously mentioned are spurring these differences in immunogenicity. Probing for bivalent
ligation of these HA nanoparticles using anti-stem B cell activation assays or structurally using
cryo-electron tomography may be more effective measures of its effect. Additionally,
improvements to a series of immunogens that have only one variable influencing
immunogenicity at a time while controlling for all other known variables may yield a clearer
understanding of the effect that bivalent ligation has on the immune system.
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