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ABSTRACT: The vast majority of seasonal influenza vaccines administered each year are derived from virus propagated in eggs
using technology that has changed little since the 1930s. The immunogenicity, durability, and breadth of response would likely
benefit from a recombinant nanoparticle-based approach. Although the E2 protein nanoparticle (NP) platform has been previously
shown to promote effective cell-mediated responses to peptide epitopes, it has not yet been reported to deliver whole protein
antigens. In this study, we synthesized a novel maleimido tris-nitrilotriacetic acid (NTA) linker to couple protein hemagglutinin
(HA) from HINT1 influenza virus to the E2 NP, and we evaluated the HA-specific antibody responses using protein microarrays. We
found that recombinant H1 protein alone is immunogenic in mice but requires two boosts for IgG to be detected and is strongly
IgG1 (Th2) polarized. When conjugated to E2 NPs, IgG2c is produced leading to a more balanced Th1/Th2 response. Inclusion of
the Toll-like receptor 4 agonist monophosphoryl lipid A (MPLA) significantly enhances the immunogenicity of HI—E2 NPs while
retaining the Th1/Th2 balance. Interestingly, broader homo- and heterosubtypic cross-reactivity is also observed for conjugated
H1-E2 with MPLA, compared to unconjugated H1 with or without MPLA. These results highlight the potential of an NP-based
delivery of HA for tuning the immunogenicity, breadth, and Th1/Th2 balance generated by recombinant HA-based vaccination.
Furthermore, the modularity of this protein—protein conjugation strategy may have utility for future vaccine development against
other human pathogens.

KEYWORDS: protein nanoparticle, influenza vaccine, maleimide tris-NTA, E2, homosubtypic cross-reactivity,
heterosubtypic cross-reactivity, hemagglutinin

Recombinant protein vaccines are inherently safer than live through pattern recognition receptors (PRRs), and differential
attenuated vaccines since they pose no risk of reversion to a pharmacokinetics of vaccine components.” " This generally
virulent phenotype and can be used in immunocompromised requires such vaccines to be administered with immunoenhanc-

individuals. Recombinant proteins also obviate the need for
propagation of the pathogen, which may introduce mutations
(as is the case for influenza virus propagated in hen eggs' "), or
pose safety concerns if the pathogen needs to be grown at high
containment (BSL3 or 4). It is also challenging to control
amounts of antigen with live vaccines, which can give rise to
toxicity concerns, immunodominance of nonprotective anti- Received: July 8, 2022
gens, or immune subversion caused by immunomodulatory Published: January 6, 2023
materials.”” However, recombinant proteins tend to have

weaker immunogenicity than live attenuated vaccines, caused

by factors such as rapid draining kinetics, monovalency of

vaccine antigens, reduced capacity to stimulate innate immunity

ing substances (collectively termed “adjuvants”) such as
emulsions and pattern recognition receptor (PRR) agonists,
and typically in multiple (booster) doses to achieve adequate
immunity‘ll

© 2023 The Authors. Published b
Aeric‘;n gﬁemlilcaissscietz https://doi.org/10.1021/acsinfecdis.2c00362

v ACS PUbl ications 239 ACS Infect. Dis. 2023, 9, 239-252


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+J.+Badten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+Ramirez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jenny+E.+Hernandez-Davies"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tyler+J.+Albin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aarti+Jain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rie+Nakajima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rie+Nakajima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiin+Felgner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+Huw+Davies"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Szu-Wen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsinfecdis.2c00362&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aidcbc/9/2?ref=pdf
https://pubs.acs.org/toc/aidcbc/9/2?ref=pdf
https://pubs.acs.org/toc/aidcbc/9/2?ref=pdf
https://pubs.acs.org/toc/aidcbc/9/2?ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/aidcbc?ref=pdf
https://pubs.acs.org/journal/aidcbc?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

Scheme 1. Synthesis Route of mal-tNTA“

o] )( )J\/Br

I\/U\ : DIPEA DMF

1%

OJ<

NH HN 5
o)
o] 0o O)\ )<
NH HN o:g_\—< N N o
o N N
HBTU, DIPEA — [ j 0”0
—_— \;/ 0. ON HN P
DCM/DMF (L
25°C, 18 h o __o
53% \f
o

1 = H-1-Glu(Bzl)-OtBu*HCI, 2 = di-t-butylacetate-L-Glu(Bzl)-OtBu, 3 = di-t-butylacetate-L-Glu-OtBu, 4

tris-NTA-mal (mal-tNTA).

ﬂﬁ@

H2 Pd/C (10 %)
o o O
MeOH /kOJ\/N OH
25°C, 6h
95% 0”0
3 Pl
o) HO__oO

/ T

q\/\‘(OH N/WOH

0 0o o 0
(1) HBTU, DIPEA HO o
DMF, 25 °C, 18 h

°°
66% HO /\>
(2) TFAH,0 :g
25°C, 3 h

71% \f&\/N\)

O HO
OH
N
\ o)

= t-butyl-protected tris-NTA-NH, § =

NP-based vaccine delivery systems are a promising solution,
combining the safety and tunability of subunit vaccines with the
strong immunogenicity of particulate antigen.'””"® This
phenomenon is primarily due to two unique properties of
nanoparticles (NPs): their increased size relative to soluble
antigen and the repetitive pattern in which antigens are
displayed on their surface. Experimental and computational
studies have indicated that dendritic cells preferentially take up
nanoparticles smaller than 500 nm with an optimal uptake size of
ca. 25—50 nm."*"*° Diameters larger than 25 nm also have
increased retention times within draining lymph nodes.'®”>°
Previous studies of nanoparticle (NP) scaffolds with controlled
antigen valencies have also suggested that the antibody-
producing B cells of the adaptive immune system are more
efficiently activated by five or more repeated epitopes, via
improved B cell receptor (BCR) cross-linking and subsequent
activation.”' ~**

NPs have received attention in tumor”*>’ and autoimmune
disease’® > models due to their capacity to elicit strong
cytotoxic T lymphocyte (CTL) and regulatory T cell responses
(T-reg), respectively, to peptide epitopes. However, B cell
epitopes often require specific three-dimensional conformations
that are generally not represented by peptide fragments.**™°
Therefore, there is a need to attach full-length protein antigens
onto NPs. One strategy to accomplish this is genetically fusing
the antigen to a protein that naturally self-assembles into a virus-
like particle (VLP).”’~*' However, genetic fusion frequently
leads to protein misfolding or expression issues.””** For this
reason, alternative methods have been explored to attach full-
length proteins to various NP platforms post-assembly, both
covalently**~*° and noncovalently.*”**

In thlS work, we apply Ni(II)-chelated nitrilotriacetic acid
(NTA), which has an affinity for polyhistidine-tagged
proteins,49_51 as a method for attachment of influenza
hemagglutinin (HA) to an NP assembled from the E2 subunit
of pyruvate dehydrogenase (PDH) (see below). To overcome
the relatively low binding affinity of Ni-NTA to hexahistidine
(Kp of ~13 uM>>*?), we used a cyclic tris-N'TA, which elicits 3—

24—
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4 orders of magnitude higher affinities to Hiss tags than
monovalent Ni-NTA, with a K of ca. 2—20 nM 293 To
accomplish this, a maleimide functional group was added to tris-
NTA to conjugate to the cysteine residues on our E2 NP
scaffold. Although the presence of a repetitive structural array of
antigens and uniform antigen decoration is reported to enhance
B-cell activation and antibody responses, there are currently
limited options in the toolbox of short chemical linkers for
attaching protein antigens to the surface of a nanoparticle while
maintaining the same geometric orientation.'”>® Therefore, the
synthesis and development of a tris-NTA linker could more
broadly enable relatively straightforward, modular assembly of
NP-based vaccines using any polyhistidine-tagged antigen.
E2 is a subunit of the Geobacillus stearothermophilus PDH
complex that self-assembles into a 60-mer hollow spherical
protein cage of ~25 nm diameter"®*” and can be functionalized
with non-native molecules on its external and internal
surfaces.”* ™" We have previously shown that this platform
can efficiently activate dendritic cells® and elicit CD8 T cell
responses in tumor vaccination models when using CD8 epitope
peptide antigens.”**>®® Here, we predicted that attaching a
protein antigen to our E2 nanoparticle using a novel tris-NTA
linker would yield a favorable size (relative to soluble antigen)
that allows for B cell receptor cross-linking”>®* and antibody
production. To test this, we have conjugated an antigen protein
to the surface of E2 for the first time, specifically the 523-amino
acid influenza HA protein (subtype H1 from A/California/7/
2009), and show that it engenders a quantitatively enhanced
antibody response to H1 compared to H1 + E2 administered
separately. We also show that administration of H1—E2 NPs in
an adjuvant comprising toll-like receptor 4 (TLR4) agonist
(monophosphoryl lipid A; MPLA) enhances the magnitude and
breadth of the response over nonadjuvanted formulations.

B RESULTS AND DISCUSSION

Seasonal influenza, caused by influenza A and B wruses, results
in 290,000—650,000 deaths annually worldwide.® In this study,
we selected influenza A virus (IAV) as our pathogen model to

https://doi.org/10.1021/acsinfecdis.2c00362
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Figure 1. Hemagglutinin (subtype H1) protein attachment to E2 using mal-tNTA. The E2 mutant, E279C, is a 60-subunit protein nanoparticle
assembly that contains 60 cysteines on the surface (red points). Maleimide-tNTA is conjugated to these external cysteines (black points), and Ni(II) is
loaded onto tNTA via chelation (green points). A polyhistidine tag on the H1 antigen associates with the Ni-chelated tNTAs to form a coordination

bond, resulting in a nanoparticle displaying H1 on the surface.
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Figure 2. Characterization of tNTA-E2 and H1—E2 nanoparticles. (A) SDS-PAGE showing E2 (E279C) alone (lane 1), tNTA-E2 (lane 2), H1 alone
(lane 3), and H1—E2 (lane 4). (B) Representative chromatogram of the size exclusion chromatography (SEC) performed to separate unreacted HA.
Each collected fraction was analyzed with SDS-PAGE (Figure SI-4) and confirmed H1-bound E2 in the first SEC peak and unbound H1 in the second
peak. (C) Hydrodynamic diameters for E2, tNTA-E2, and H1—E2, and average sizes were 27.3 = 1.1, 28.8 + 2.2, and 38.2 + 1.7 nm, respectively. (D)
Representative transmission electron microscopy (TEM) image of H1—E2 nanoparticles. Scale bar = S0 nm.

develop an E2 nanoparticle (NP) vaccine, due to its relevance to
human health, the detailed understanding of influenza
vaccinology, and the availability of many influenza proteins
with His-tags suitable for Ni-NTA conjugation chemistry.’®’
Attachment of virions to the host cell is mediated by binding of
hemagglutinin (HA) present on the virion surface to cell-surface
sialic acid resides. HA is also the immunodominant target of
virus-neutralizing antibodies and a lead vaccine antigen. Of the
18 known IAV hemagglutinin subtypes (H1—H18), only H1
and H3 are currently found circulating in humans, and we have
chosen to focus on H1 in these studies due to its importance in
seasonal influenza in humans.

Structurally, HA is expressed in the viral membrane as a highly
glycosylated homotrimer with each monomer consisting of a
single polypeptide demarcated into two distinct regions by a
cleavage site: HAI, which contains the highly variable head

241

region and part of the more conserved stem region, and HA2,
which encodes the remainder of the stem (Figure SI-1). Here we
speculated that our E2 NP, which is of a size (~25 nm)
particularly suited to antigen-presenting cell (APC) uptake, and
its ability to present multiple HA proteins in a regular, repetitive
pattern, would lead to the elicitation of superior immunity
compared to a free antigen control.

Synthesis of Maleimido Cyclic tris-NTA. To perform the
conjugation of the protein antigen to the E2 NP, we generated a
maleimido cyclic tris-NTA (mal-tNTA) as described in the
Materials and Methods section. By the synthetic route shown in
Scheme 1, hundreds of milligrams of mal-tNTA were readily
produced, enabling antigen conjugation to the NPs. Liquid
chromatography—mass spectrometry (LC—MS) was used to
confirm the identity of mal-tNTA (Figure SI-2). Mal-tNTA is
significant as a new linker for joining His-tagged proteins to

https://doi.org/10.1021/acsinfecdis.2c00362
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Figure 3. Vaccine groups and immunization schedule. (A) Table summarizing the vaccine groups and dose amounts per injection. Group (A) PBS
control; group (B) Hemagglutinin (H1); group (C) E2 nanoparticle and H1 (unconjugated); group (D) E2 nanoparticle and H1 (unconjugated),
with MPLA (TLR4 agonist); group (E) H1—E2 (conjugated); group (F) H1—E2 (conjugated) with MPLA. (B). Timeline of immunizations and

plasma collection.

thiol-functionalized materials, such as cysteine-containing
proteins, enabling modular assembly of different protein NPs
and antigens. Previous uses of tNTA on NPs involved the use of
tNTA linkers with lipid tails that allowed for embedding into
liposomes, but here we show a covalent method of attaching
tNTA onto protein NPs via maleimide.”*™”° The tris-NTA
linker has previously been applied to delay the release of antigens
and deliver genome-editing proteins from liposome NPs in vitro,
though in vivo studies have not corroborated these ﬁndings.ﬁg_70
Nonetheless, in vivo studies utilizing tris-NTA to bind protein
antigens to liposome NPs have shown elevated antibody
responses compared to unbound protein antigen and efficacy
in a tumor model.**”’

Surface Display and Attachment of His-Tagged
Influenza Hemagglutinin Protein to E2 Nanoparticle.
Attachment of mal-tNTA to E2. HA was successfully attached
on the surface of the E2 NP as shown in Figures 1 and 2. The
conjugation of mal-tNTA to E2 was supported by the ~1 kDa
band shift on sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Figure 2A) and confirmed by
mass spectrometry (Figure SI-3). The theoretical molecular
weights of E2 (E279C mutant) and mal-tNTA conjugated to E2
are 28091 and 29179 Da, respectively. Experimentally, we
obtained molecular weights of 28091 + 0 Da for E2 (E279C; n =
3) and 29177 + 0.5 Da for mal-tNTA-E2 (n = 3), both of which
closely match predicted values. Both SDS-PAGE and MS data
show that the conjugation yield was >90%. The resulting mal-
tNTA-E2 nanoparticles also structurally remained intact,
resulting in a single peak at an average hydrodynamic diameter
0f 28.8 + 2.2 nm, which is similar to the size of E2-alone (27.3 +
1.1 nm; Figure 2C); thus, particles appeared to be physically
stable, and no aggregation issues were observed after mal-tNTA
conjugation.

Attachment of H1 to E2. Our model HA antigen, H1 from A/
California/7/2009 (Sino Biological), was His-tagged at the C-
terminus, expressed in HEK293T cells, and lacked the
transmembrane domain and cytoplasmic tail of native
hemagglutinin. The protein also lacks an engineered trimeriza-
tion domain, and size exclusion chromatography (SEC)
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comparing the elution profiles of this soluble H1 shows elution
profiles consistent with previously reported monomers of
H17*” and other HA subtypes (H3, H5),””””° rather than
their trimers (Figure SI-4). Although HA trimers may present
quaternary epitopes not found in monomers and thereby elicit
antibodies from a broader repertoire of B cell clones,”””” we aim
to construct H1—E2 using HA monomers to facilitate synthesis,
which is an important consideration for future nanoparticle
vaccine scale-up. Moreover, we have also published IgG cross-
reactivity profiles against different drift variants for mice that
were administered monomeric or trimeric HS; we found that
these datasets are highly correlated (R* = 0.92), suggesting the
immunogenicity of monomeric HA is broadly overlapping with
trimeric HA.”®

To attach the His-tagged H1 to E2, we chelated tNTA-E2
with Ni(II) and incubated it with the His,-tagged H1. The H1—
E2 product was then separated from unbound HI1 by size
exclusion chromatography (SEC), resulting in protein elution
within two distinct peaks (Figure 2A,B). SDS-PAGE analysis of
each of the fractions from the SEC showed that, as expected
based on size, the first peak contained E2 nanoparticles with
attached H1 and the second peak was free, unbound H1 (Figure
SI-5). It should be noted that the tNTA-HI1 interaction with the
hexahistidine is a coordination, not a covalent, bond and
therefore leads to the appearance of separate H1, E2, and tNTA-
E2 subunit bands on the SDS-PAGE denaturing gel (Figure 24,
lane 4; Figure SI-5). The H1/E2 binding ratio was calculated
from the SEC chromatograms based on the area under the curve
as described in the Materials and Methods section. The average
ratio of H1 bound per E2 nanoparticle was determined to be
13.1 + 1.0 and was consistent with estimations based on SDS-
PAGE band intensities. This protein assembly yielded an intact
HI1-E2 particle with an average hydrodynamic diameter of
approximately 38.2 + 1.7 nm (Figure 2C), ca. 9—10 nm larger
than the sizes for E2 alone (E279C variant) and tNTA-E2
(Figure 2C). This H1—E2 size is within the range of the ideal
size range for lymph node retention times and dendritic cell
uptake.'°~>*°* Dynamic light scattering (DLS) data also did not
show evidence of protein aggregation after H1 attachment to the

https://doi.org/10.1021/acsinfecdis.2c00362
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Figure 4. H1-specific IgG profiling by protein microarray. Six groups of five C57BL/6 mice (Groups A—F) were administered different formulations as
indicated and boosted on d14 and d49 (red arrows). Array data are shown as dots plots of IgG signal intensities at different time points post-prime
against H1 variants displayed on an influenza virus HA protein microarray; each dot represents an individual H1 variant (mean of S mice) with lines
connecting the means (+SD error bars). (A) HAO, full-length H1 (N = 21 variants); (B) HA1 fragment of H1 (N = 21 variants). Variants of HA0 and
HA1 were utilized and reflect those listed in Supporting Information, Table S1 and Figure SI-10. One-way analysis of variance (ANOVA)
(nonparametric) comparisons using a Kruskal—Wallis test were made between both pre- and post-boost time points: **#¥p < 0.0001, ***p < 0.001,
*¥p < 0.01, *p < 0.05 Abbreviations: PBS, phosphate-buffered saline; H1 + E2, unconjugated H1 and E2 NPs; H1—E2, conjugated H1 and E2 NPs,

MPLA, monophosphoryl lipid A.

nanoparticle. Transmission electron microscopy of H1—E2
further confirms the intact monodispersed nature of the
nanoparticles reported by DLS and the assembly of particles
consistent with a hollow dodecahedral cage structure (Figure
2D).

3D protein modeling using ChimeraX shows that on the
surface of a 60-mer E2 nanoparticle, the location of the cysteines
at position 279 is clustered in a trimeric configuration, with
neighboring cysteines estimated to be only ~3 nm apart (Figure
SI-6). Based on modeling, monomeric HA is estimated to have a
diameter of ~3.0 nm. Therefore, it is likely that steric hindrance
between HA monomers limits the number of proteins that could
associate with the tNTA-functionalized cysteines. Although the
resulting average attachment ratio is below the theoretical
maximum, this value is close to the observed conjugation of
another model protein, green fluorescent protein (GFP), to E2
nanoparticles using the same tNTA/His-tag strategy (Methods
in the Supporting Information, Figure SI-7). In examining the
attachment of GFP to E2 using this tNTA approach, a molar
excess of GFP was reacted with E2 which resulted in ~9 GFP
attached to the surface of E2. We speculate that the theoretical
maximum number of 60 HI1 on a nanoparticle may not be
necessary for a vaccine formulation, since B cell recegtor Cross-
linking has an ideal antigen spacing of 5—10 nm,*?%°® which is
above the distance of neighboring cysteines on this platform
(Figure SI-6).

Immunogenicity of H1 Is Enhanced by Conjugation to
E2, with or without MPLA. We then examined the
immunogenicity of our HI—E2 nanoparticles in mice in vivo,
following the vaccine groups and immunization schedule
summarized in Figure 3. Plasma samples collected at regular
intervals were probed for IgG breadth using HA protein
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microarrays (Figures 4 and SI-8). IgG reactivity toward full-
length (HAO) proteins is shown in Figure 4A. Phosphate-
buffered saline (PBS) controls (Group A) failed to produce H1-
specific IgG at any time point, as expected. H1 (Group B) was
antigenic in the absence of an adjuvant, although required two
boosts to generate a broad response across different H1 variants.
Conjugation of H1 to E2 NPs (H1—E2, Group E) did not
enhance immunogenicity unless also administered with MPLA
(Group F). Inclusion of MPLA to the H1—E2 conjugate also
dramatically accelerated the response such that IgG was
detected on day 10 (after a single dose), with a significant
increase in magnitude after the first boost, and a further increase
after the second boost. MPLA also enhanced the magnitude of
the response to unconjugated H1 (Group D) although signals
were lower than when conjugated (Group F). Interestingly,
Group C, which received unconjugated H1 and E2 without
MPLA, never induced H1-specific antibodies at any point during
the study. Since H1 alone was able to induce IgG, there appears
to be a suppressive function of E2 when admixed with H1. This
suppressive effect does not appear to be unique to HI, as it was
also observed when mice were immunized with a different
protein antigen (CBU1910 from Coxiella burnetii) mixed with
E2; however, the suppression that is observed for CBU1910
appears to be at a lower extent (Figure SI-9). The reasons for this
are currently unclear but seem to be overcome by the inclusion
of MPLA (as can be seen in Group D). At no point in the study
did any animals exhibit noticeable adverse reactions, including
weight loss to any of the formulations (data not shown).

IgG reactivity toward HA1 fragments is shown in Figure 4B.
HA1 contains the variable head domain and part of the
conserved stem domain. Thus, cross-reactivity for HA1 is more
stringent than for the whole HAOQ protein since HAI contains

https://doi.org/10.1021/acsinfecdis.2c00362
ACS Infect. Dis. 2023, 9, 239—252


https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00362?fig=fig4&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

(A) HAO (B) HA1
ns
60000 60000 -
961 lgG1 ook
l ns
ns
40000
2 ] ¢ 8
[72]
GroupA. PBS
8 20000- $ * Group
£ = Group B. H1/PBS
E l » Group C. H1+E2
't%, 07 + Group D. H1+E2+MPLA
§ 1 lgG2c 1 Group E. H1-E2
= 20000- T e 8 o Group F. H1-E2+MPLA
- *
]
40000
i X T
60000- 60000

Figure 5. Attachment of H1 to E2 (H1—E2) modulates the immune response to H1 toward a more balanced IgG1/IgG2c antibody response. Box and
whisker plots with each dot representing an individual H1 variant (means + SD of n = S mice) after probing d70 samples on HA protein microarrays
followed by IgG1 and IgG2c-specific secondary antibodies. (A) HAO, full-length H1, (B) HA1 fragment of H1. 21 variants of HAO and 21 variants of
HAL1 were utilized and reflect the H1 variants listed in Supporting Information, Table S1 and Figure SI-10. One-way ANOVA (nonparametric)
comparisons using a Kruskal—Wallis test for means of the data were performed between groups as shown, ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.0S. Abbreviations: PBS, phosphate-buffered saline; H1 + E2, unconjugated H1 and E2 NPs; H1—E2, conjugated H1 and E2 NPs, MPLA,

monophosphoryl lipid A.

fewer conserved amino acids found in the stem. Overall, the
dynamics of the response are similar to that seen against the full-
length HAO, although the magnitude of signals for HAl
fragments is lower, consistent with lower sequence identity
between HAI fragments and the immunizing H1 variant.
Moreover, the accelerated (d10) response seen against full-
length HAO in Group F was not seen against the HA1 fragment,
suggesting IgG against the stem (not encoded in HAL) arise
first.

The early (d10) appearance of Hl1-specific IgG in Group F
suggests conjugation of antigen to the NP enhances class
switching of H1-specific B cells. Since neither unconjugated H1
with MPLA (Group D) nor conjugated H1—E2 without MPLA
(Groups D and E, respectively) shows IgG at d10, the data from
Group F indicates physical linkage of H1 to E2 and MPLA are
synergistic in the acceleration of the response. This may be
owing to the increased size of the H1—E2 complex compared to
unconjugated H1, which may lead to improved lymph node
retention required for class switching and affinity matura-
tion.”*”**" In addition, the display of H1 on the E2 NP in a
repeating manner is conducive for B cell receptor (BCR) cross-
linking, which is a requirement for B cell activation.*’ BCR
cross-linking has also recently been shown to play a role in
germinal center induction within lymph nodes, a necessary step
for achieving affinity maturation and class switching of B cells.*”
Finally, because the particulate nature of the H1—E2 nano-
particle makes it more likely to be taken up by APCs, we
speculate that these cells may have higher levels of H1-derived
peptide/MHC complexes on their surface leading to enhanced
T cell activation.”"* Of note, activated CD4 “helper” T cells can
then contribute to T cell-dependent maturation of B cells to
elicit higher IgG titers. It is suspected that one or a combination
of the above mechanisms are contributing to the accelerated and
increased magnitude of signals observed in Group F.
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H1—E2 Nanoparticle Inmunizations Elicited an IgG1/
IgG2c Balanced Antibody Response. Endpoint plasma
(d70) was also probed for H1-specific IgG1 and IgG2c using
isotype-specific secondary antibodies (Figure S). Group B
(unadjuvanted H1) defaults to a strongly IgGl-polarized
response. In contrast, Group D (unconjugated E2 + HI with
MPLA) and Group F (conjugated H1—E2 with MPLA) elicited
a balanced IgG1 and IgG2c response, with Group F eliciting
marginally higher IgG2c signals than group D. Group E (H1—E2
without MPLA) also induced a balanced response, although the
magnitude of the signals was significantly lower in the absence of
MPLA.

IgG1/1gG2 subtyping is frequently used as a surrogate marker
for Th2 and Thl functionality, respectively.*>~*" In previous
studies we showed the capacity of E2 NP to elicit antitumor
immunity when conjugated with tumor peptide antigens and
administered with CpG (a TLR9 agonist) as an adjuvant.*%>%
The Thl-skewing property of CpG is well known.*® In the
present study, the HI—E2 conjugate in the absence of MPLA
(Group E) was able to elicit modest IgG2c, while H1 alone could
not, which suggests that the E2 NP itself may have some
inherent Th1-biasing properties. This is a novel finding and is
significant as many FDA-approved human vaccines adjuvanted
with alum (aluminum hydroxide salts) are biased toward
stimulating Th2 immunity. Although neutralizing antibody
responses have conventionally been the focus of evaluating
influenza vaccine efficacy, it is now clear that Thl and cell-
mediated responses are also important for protection against
influenza.*”*’

Unlike B cells, which are confined to recognizing structural,
often highly variable, antigens on the surface of viruses, T cells
can recognize epitopes found within nonstructural antigens
expressed in infected cells, and which in many cases are highly
conserved between variants. This potentially high sequence
conservation makes T cell epitopes promising vaccine antigens,
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particularly for pathogens such as influenza which has the
capacity to undergo antigenic drift. CD8 T cells, which act by
killing infected cells that present pathogen-associated peptide
epitopes on MHCI, have long been demonstrated to have the
capacity to react against heterosubtypic influenza strains” "> and
their role in controlling symptomatic infection is well
documented.”””* Although the design of E2 nanoparticle-
based cancer vaccines with tumor-associated antiégens has been
demonstrated to elicit a CD8 cytotoxic response,””*” the utility
of E2 for inducing CD8 to whole protein antigen is still under
investigation. Our data does show, however, the ability of our E2
NP to skew IgG responses toward IgG2c, suggesting a stronger
Thl CD#4 cell-mediated response, which may have benefits in
the context of influenza vaccine design.%’96

H1-E2 Conjugated NPs Elicited Broader Homosub-
typic and Heterosubtypic Cross-Reactivity than Uncon-
jugated H1. Subtype cross-reactivity on the array is a potential
correlate of the breadth of the response induced by a vaccine.
The head region of HA, encoded in HA1, is the most variable
region found between influenza variants and contains epitopes
recognized by neutralizing antibodies. Mutations within
neutralizing antibody epitopes (located predominantly in the
immunodominant head of HA) lead to immune selection of
variants able to escape antibody neutralization and the
emergence of novel variants.”” More conserved regions, located
in both the HA1 and HA2 domains, that play functional roles in
receptor binding and membrane fusion, respectively, are widely
considered as prime targets for eliciting broad or cross-
protective immunity. However, such vulnerabilities are often
masked by glycans” "' and may be inaccessible to antibodies
or subdominant in the response, making them unsatisfactory
targets for vaccination. Here we demonstrate that loading H1 on
E2 NPs enhances antibody responses toward both of head and
stem regions of different influenza subtypes. Shown in Figure 6

245

are IgG profiles for day 70 plasma. (A list of the HA proteins
printed on the microarray and resulting data are given in
Supporting Information Table S1.) The plots in Figure 6A show
the signals for each vaccine group (mean of S mice) against all
HAO (full-length) HAs printed on the array, spanning HA
subtypes 1 through 18 (horizontal axis), organized by
phylogenetic group. The data for individual full-length (HAO)
H1 and HS variants are also shown in the box plots in Figure
6B,C, respectively. H1 and HS both belong to phylogenetic
group 1 and have ~63% amino acid sequence identity. While
vaccine Groups B, D, E, and F were all able to elicit
homosubtypic cross-reactivity (i.e., to the H1 variants) only
Group F (H1—E2 conjugate with MPLA) elicited detectable
heterosubtypic responses for HS and other Group 1 subtypes.
Overall, Group F elicited both the highest homo- and
heterosubtypic antibody signals.

The plots in Figure 6D show the mean signals for each vaccine
group for all HAI fragments on the array. The HA1 fragment
contains the variable head domain of HA and part of the stem.
Overall, the same vaccine formulations that induced a
homosubtypic cross-reactive response to the full-length (HAO)
HI1 molecule, also induced a homosubtypic cross-reactive
response to the HI HAI fragment, although the breadth was
narrower. Similarly, Group F, which was the only group able to
induce significant heterosubtypic cross-reactivity for full-length
HS, also induced a modest response to HS HAl fragments,
although again the breadth was reduced. The data for individual
HA1 fragments of H1 (homosubtypic cross-reactivity) and HS
(heterosubtypic cross-reactivity) are shown in the box plots in
Figure 6E,F, respectively. These representations of the data
emphasize that the breadth of both homo- and heterosubtypic
responses are broader for the full-length HAO compared to the
HA1 fragment.
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This relatively broader response to full length (HAO)
compared to HA1 fragment by protein microarray (Figure 6)
has been seen in other studies where the breadth of the response
induced by adjuvanted HA was examined using the microarray
platform.””'** One possibility is the stem is immunodominant
over the head, at least when recombinant HA protein is delivered
in adjuvant. This contrasts with the response to natural infection
where the head is usually immunodominant.'”> We speculate
the membrane distal head is readily accessible to antibody on the
virion surface, whereas the stem might be relatively less
accessible to antibody, accounting for the immunodominance
of the head during natural infection. In contrast, administration
of recombinant HA protein in adjuvant may allow the stem to be
more available for antibody recognition. Regardless of the
precise mechanism, this is significant because, in contrast to the
variable head domain, the stem is relatively well conserved and a
vaccine strategy able to drive the response toward the conserved
stem may offer a path to a more broadly protective vaccine
compared to current vaccine approaches.'** We are also aware it
is possible the immunodominance of the stem in this study may
be because HA1 adopts a more authentic conformation in the
array platform when assembled in the full-length (HAO)
molecule rather than as an HAI fragment. Monoclonal
antibodies (mAbs) that are usually used to probe for correct
conformation of HA typically recognize the stem rather than the
head; conversely, HAl-binding mAbs (e.g, those that inhibit
virus-mediated hemagglutination) generally bind to linear
epitopes and are not conformation-dependent. Nevertheless,
we did identify two conformation-sensitive mAbs that bind H1
HA1l on the array that lost reactivity against denatured
antigen,'”” supporting the notion that HA1 is correctly folded
on the array. However, further studies to establish whether the
administration of recombinant HA in adjuvant helps overcome
immunodominance of the head are warranted.

Homosubtypic cross-reactivity of antibodies generated by the
H1 (A/California/7/2009) vaccine and other H1 drift variants
is mediated by B cell clones that recognize antigenically similar
epitopes. Although not defined here, these epitopes will map to
conserved amino acids shared by multiple variants and are
typically regions of the HA protein required for structural
stability, receptor-mediated attachment, or membrane fusion.'®
Homosubtypic cross-reactivity elected by the H1—E2 vaccine
reported here is significant, as it may offer a path to providing
protection against drift variants. Current seasonal influenza
vaccines, manufactured predominantly from inactivated influ-
enza virus and detergent extracted to enrich for the membrane
HA and NA molecules, elicit antibodies that are highly specific
to the immunizing variant. Consequently, seasonal vaccines
need to be revised each year in response to antigenic drift, i.e.,
the process by which the circulating viruses (currently HIN1
and H3N2) accumulate mutations within the neutralizing
epitopes under selective pressure from antibodies. Although the
breadth of the response can be broadened using adjuvants'’*
these are not routinely used for seasonal influenza.

Seasonal influenza vaccines provide negligible heterosubtypic
cross-reactivity. Here we show that among the formulations
tested, the conjugated H1—E2 with MPLA induced cross-
reactivity for HS. Avian influenza H5N1 is endemic in wild birds
and frequently causes outbreaks in domestic poultry; it is also
well known for causing zoonotic infections in humans.'’
Indeed, the risk of pandemics caused by HSN1 has prompted
the stockpiling of HSN1-based vaccines as part of the US
Government’s Pandemic Influenza Vaccine Stockpiling Pro-
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gram. A vaccine able to provide broader protection, achieved
through the use of improved delivery systems such as adjuvants
and/or nanoparticles, would reduce the need for annual
reformulations and may lead to vaccines against both seasonal
and pandemic influenzas, or ideally across all subtypes (so-called
“universal” influenza vaccines).

B CONCLUSIONS

A model antigen (H1 hemagglutinin from influenza) has been
successfully conjugated to the E2 NP using a new tris-NTA
chemical linker that utilizes polyhistidine tags engineered into
recombinant proteins. Unlike many conventional protein—
protein linkers, this strategy enables the attachment of protein
antigens onto the surface of a vaccine nanoparticle platform in a
defined orientation, which can potentially increase B-cell
activation. We tested the antibody responses after admin-
istration with vaccine nanoparticles that were fabricated using
this approach. In immunogenicity studies in mice where H1—E2
was compared to unconjugated H1, the conjugate elicited a
more balanced IgG1/IgG2c response to H1, compared to the
strongly polarized IgGl response seen against H1 alone,
showing the E2 particle may have an inherent Thl-biasing
property. Administration of the HI1—E2 conjugate with MPLA
significantly accelerated the response (with IgG appearing on
d10) but not when administered with unconjugated H1, nor
when H1—E2 conjugate was administered in the absence of
MPLA, suggesting NP-mediated delivery of antigen and MPLA
signaling synergize to accelerate the response. While several
formulations tested engendered homosubtypic cross-reactivity,
only the conjugated H1—E2 NP with MPLA induced significant
heterosubtypic cross-reactivity, a favorable characteristic for
vaccine designs that may protect against drift variants. Our tris-
NTA/His-tag conjugation strategy is applicable to other protein
antigens and should broaden the utility of the E2 NP as a
delivery vehicle for other human pathogens.

B MATERIALS AND METHODS

Materials. Chemical reagents were purchased from Fisher
Scientific, Sigma-Aldrich, Acros Organics, Iris Biotech, or TCI
Pharmaceuticals unless otherwise noted. Phosphate bufter used
for reactions in this study comprised 50 mM KH,PO4 and 100
mM NaCl at a pH 7.4. Phosphate-buffered saline (PBS) used for
in vivo studies was purchased from Gibco. 4-(2-Hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffers used in this
study included 20 mM HEPES with 100 mM NaCl or 360 mM
NaCl at a pH 7.3. Aqueous stock solutions of NiCl, were made
at 500 mM. Stock solutions of mal-tNTA were made at 4 mg/
mL in dimethylformamide (DMF). All HA proteins used in this
investigation, including H1 for conjugating to E2 (variant A/
California/07/2009, HIN1) and HA variants used in the
protein arrays, were purchased from Sino Biological, and catalog
numbers are listed in Supporting Information, Table S1.

Synthesis of Maleimido Cyclic tris-NTA (mal-tNTA). To
generate mal-tNTA (S), the synthesis was performed following
the route described in Scheme 1. The synthesis of t-butyl-
protected tris-NTA-NH (4) was first performed as previously
described®® and these steps, with minor modifications, are
detailed in Supporting Information. To produce t-butyl-
protected tris-NTA from (4), maleimido-propionic acid (27
mg, 0.16 mmol) and N,N,N’,N’-tetramethyl-O-(1H-benzotria-
zol-1-yl)uronium hexafluorophosphate (HBTU, 61 mg, 0.16
mmol) were dissolved in DMF (9.5 mL) and N,N-

https://doi.org/10.1021/acsinfecdis.2c00362
ACS Infect. Dis. 2023, 9, 239—252


https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00362/suppl_file/id2c00362_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

diisopropylethylamine (DIPEA, 0.5 mL). After S min, t-butyl-
protected tris-NTA-NH (151 mg, 0.11 mmol) was added and
the reaction was stirred overnight. The solvent was evaporated,
and the product was purified by flash chromatography. Column
conditions were: 40 g silica gel column; mobile phase A:
hexanes; mobile phase B: ethyl acetate. This was run at a
gradient condition of mobile phase B: 0—4 min 0% B, 4—12 min
100% B ramp, 12—20 min 100% B. The product eluted at 13
min. The fractions containing product were collected, and the
solvent was removed by rotary evaporation and dried over high
vacuum. The product was recovered and analyzed by electro-
spray ionization mass spectrometry (ESI-MS) (110 mg, 66%
yield). ESI was performed on a Waters LCT ESI MS with flow
injection at 0.1 mL/min in 100% MeOH. Predicted [M + Na]*:
1613.9 m/z Observed [M + Na]*: 1612.9 m/z.

t-Butyl-protected tris-NTA-mal (109 mg, 0.069 mmol) was
then dissolved in 95% trifluoroacetic acid (TFA) in water (S
mL) and stirred for 2 h. The TFA was removed by rotary
evaporation, and the residue was added to 40 mL of cold diethyl
ether to precipitate the product. The mixture was centrifuged to
recover the product pellet. The pellet was dissolved in 50%
water/ACN, sterile filtered through a nylon 0.22 ym filter, and
lyophilized. The product (S) was weighed and analyzed by LC—
MS in water/acetonitrile with 0.1% formic acid (53 mg, 71%
yield). LC—MS was performed on a Waters LC—MS with QDA
detector with Hclass UPLC with a water/acetonitrile 0.1%
formic acid solvent system. Predicted [M + H]*: 1087.4 m/z
Observed [M + H]*: 1087.8 m/z.

E2 Nanoparticle Expression and Purification. Expres-
sion and purification of the E2 protein nanoparticle were
performed as previously described.””'%” In this study, the E2
mutant E279C was used. This mutant has the native glutamic
acid at position 279, which resides on the exterior surface of the
nanoparticle, replaced with a cysteine residue enabling the
conjugation of the mal-tNTA (and subsequently, HA antigen)
on the thiol.'"”” Briefly, BL21(DE3) Escherichia coli cells
containing the plasmid with the E279C gene were grown in
LB media with ampicillin, and protein expression was induced
with IPTG. Soluble cell lysates were applied to a HiPrep Q
Sepharose anion exchange column (GE Healthcare) followed by
a Superose 6 size exclusion column (SEC, GE Healthcare) for
purification, with 1 mM dithiothreitol (DTT) added to all lysis,
purification, and storage buffers to reduce disulfide bonds and
prevent protein cross-linking of the cysteines. The hydro-
dynamic diameter of the purified protein nanoparticles was
analyzed by dynamic light scattering (DLS; Zetasizer Nano-Z$S
ZEN3600, Malvern). Electrospray ionization mass spectrometry
(Xevo G2-XS Qtof) and SDS-PAGE confirmed molecular
weight and purity. Final protein preparations were stored in 50
mM potassium phosphate at pH 7.4 with 100 mM NaCl and 1
mM DTT at 4 °C for short-term and —80 °C for long-term
storage. Lipopolysaccharide was removed using Triton X-114
(Sigma), residual surfactant was removed with detergent
removal spin columns (Pierce), and low endotoxin levels were
confirmed with a LAL ToxinSensor kit (Genscript).61 Protein
concentrations were quantified by bicinchoninic acid (BCA)
(Pierce, Thermo Fisher Scientific).

Conjugation of Protein Antigen to Protein Nano-
particle. The overall strategy for conjugating the hemagglutinin
(HA) antigen to E2 is shown in Figure 1. The attachment is
mediated by a hexahistidine/Ni-NTA interaction, with the
histidine tag on HA and tNTA on E2.
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Conjugation of mal-tNTA to E2. To remove DTT from
purified E2, the E2 nanoparticles were passed through a 0.5 mL
40 kDa molecular weight cutoff Zeba spin desalting column
(Thermo Fisher Scientific) to exchange with HEPES buffer (20
mM HEPES, 100 mM NaCl, pH 7.3) according to manufacturer
instructions. An 8.5X molar excess of tris(2-carboxyethyl)-
phosphine (TCEP) (Thermo Fisher Scientific) was added and
incubated with the E2 (30—4S min at room temperature),
followed by addition and incubation with a 10X molar excess of
mal-tNTA (1-2 h at room temperature, then at 4 °C overnight)
(final DMF concentration did not exceed 10% (v/v)). A buffer
exchange was performed with a desalting column using 20 mM
HEPES, 100 mM NaCl to remove unreacted mal-tNTA, DMF,
and TCEP. Conjugation efficiency of the mal-tNTA to E2 and
characterization were performed via SDS-PAGE and ESI-MS
(Xevo G2-XS QTof). Protein concentration and hydrodynamic
diameters and protein concentrations were measured via BCA
and DLS, respectively.

Attachment of His,-Tagged Hemagglutinin (HA) to E2
Nanoparticle. A 10X molar excess of NiCl, in aqueous solution
was added to the tNTA-E2 and incubated for 2 h at room
temperature with gentle shaking. Unchelated NiCl, was
removed and buffer exchange (20 mM HEPES, 360 mM
NaCl, pH 7.3) was performed by a spin desalting column. A C-
terminally Hiss-tagged HA monomer lacking its native trans-
membrane domain and cytoplasmic tail from A/California/07/
2009 (HIN1) (Sino Biological, Inc.; reconstituted at 1 mg/mL
in water; GenBank protein accession #ACP41105.1) was added
to Ni-tNTA-E2 at a 0.3:1 ratio of HI/E2 monomer and
incubated at room temperature with gentle shaking for 2 h. The
mixture was filtered with a 0.22 ym poly(vinylidene difluoride)
(PVDF) membrane and separated with a Superose 6 analytical
size exclusion column (SEC) column on AKTA FPLC (Cytiva/
GE Healthcare) to remove unbound HI. Fractions were
evaluated with an SDS-PAGE gel and stained with a Pierce
Silver Stain Kit (Thermo Fisher Scientific) to identify the
fractions containing H1 attached to E2 nanoparticles (H1—E2)
vs unbound HI. Conjugation efficiency of HI to E2 was
estimated using the SEC chromatographs that showed unbound
H1 (peak 2) and conjugated H1—E2 (peak 1) (Figure 2B). In
brief, we calculated the concentration of unreacted H1 from the
area under the curve (AUC) using the volume and A = ebC
(where A = absorbance, € = molar extinction coefficient of H1, b
= path length, and C = molar concentration of unreacted H1).
The extinction coefficient of H1 was estimated using Expasy
ProtParam (88,240 M~ cm™")."% Mole balances of H1 and E2
related the total amount of H1 and E2 input into the conjugation
reaction (respectively) with the amounts after reaction, which
enabled the determination of ratio of H1 bound per E2
nanoparticle (n = 9 independent conjugation batches).

Transmission Electron Microscopy. Five microliters of
the nanoparticles at approximately 0.015 mg/mL were applied
to glow-discharged carbon-coated grids and negatively stained
with a saturated ammonium molybdate solution. The sample
grids were examined with a JEM-2100F transmission electron
microscope (JEOL) equipped with a OneView CCD (Gatan).

Protein Modeling. ChimeraX was used to model E2
nanoparticle (PDB code: 1bSs) and H1 monomer (PDB code:
3ztn), estimate protein dimensions, and generate protein
graphics.'””"'? Protein dimensions were measured using
ChimeraX’s “distance” command and RCSB Protein Data
Bank’s (PDB’s) distance tool. Two amino acids on opposite
sides of the H1 stem region were selected, and their distance was
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recorded. Multiple pairs of amino acids were analyzed and an
average distance for the width of H1 was calculated. A similar
procedure was done to determine the distance between
cysteines on the E2 NP.

Immunizations with H1—E2 Nanoparticles. All animal
studies were carried out in accordance with protocols approved
by the Institute for Animal Care and Use Committee (IACUC)
at the University of California, Irvine, and by the Animal Care
and Use Review Office (ACURO) of the U.S. Army Medical
Research and Materiel Command (USAMRMC). Six groups (N
= S per group) of 6- to 8-week-old CS7BL/6 female mice
(Charles River) were administered 100 pl vaccine formulations
in phosphate-buffered saline (PBS, Gibco) (Figure 3A) via the
subcutaneous route (base of the tail) according to the schedule
shown in Figure 3B. We examined the effects of immunizing
with H1 bound and unbound to the E2 nanoparticle, with and
without the TLR4 agonist, monophosphoryl lipid A (MPLA)
(Avanti Polar Lipids, Inc.). PBS and H1 in PBS served as control
groups. H1 and E2 nanoparticles were administered at 2 and 4
ug/dose, respectively. Since MPLA has limited solubility in
aqueous solution, MPLA was integrated into 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG) liposomes (an
inert co-lipid) at a 1:S molar ratio. The mice were primed via
the s.c. route (base of tail) and boosted with identical
formulations via the same route on days 14 and 49. The mice
were weighed daily for approximately 2 weeks after each
injection and monitored for any changes in behavior or
appearance. On days 0, 10, 28, 42, and 56, blood was collected
via cheek vein bleed. Blood was collected via cardiac puncture on
day 70, the experimental end point.

Antibody Profiling by Influenza Protein Microarray.
The construction and probing methology of the influenza
protein microarray used for the study has been reported
previously.''" Briefly, over 200 recombinant influenza HAs
spanning 18 subtypes, expressed in human or insect cells as
either HAO or HA1 molecules with a C-terminal His-tag, were
purchased from Sino Biological Inc. and printed as described.''"
The array content and raw data are shown in Supporting
Information, Table S1. Plasma samples were incubated with
rehydrated arrays at 4°C overnight and washed in tris-buffered
saline (TBS) containing 0.05% Tween 20 (T-TBS). Bound IgG
was detected using biotinylated anti-mouse IgG (Jackson
ImmunoResearch; Cat No. 115-068-071) and visualized after
washing using streptavidin-conjugated Qdot-800 (Life Tech-
nologies; Cat. No. Q10173MP). For IgG subtyping, anti-mouse
IgGl-Alexa Fluor 647 or IgG2c-Alexa Fluor 555 (Southern
Biotech; Cat. Nos. 1073-31 and 1077-32) were used. After
washing and drying, images were acquired using the ArrayCAM
imaging system (Grace Bio-Labs Inc., Bend, OR).

Statistical Analyses. Data describing nanoparticle charac-
terization (e.g, hydrodynamic diameter, antigen/nanoparticle
ratios, mass spectrometry molecular weights) are presented as
mean =+ standard deviation (SD) of at least three independent
experiments (n > 3), unless otherwise noted. Protein microarray
data from immunized mice sera was compiled in dot plots of
signal intensities for each antigen (mean =+ SD for each vaccine
group) generated in Prism version 9.3.1 (GraphPad, LA Jolla,
CA). One-way ANOVAs were performed using a Kruskal—
Wallis multiple comparison test (Dunn’s multiple comparison)
in Prism; a P value of <0.05 was considered statistically
significant.
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