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Abstract

While the rapid development of COVID-19 vaccines has been a scientific triumph, the need remains
for a globally available vaccine that provides longer-lasting immunity against present and future
SARS-CoV-2 variants of concern (VOCs). Here, we describe DCFHP, a ferritin-based, protein-
nanoparticle vaccine candidate that, when formulated with aluminum hydroxide as the sole adju-
vant (DCFHP-alum), elicits potent and durable neutralizing antisera in non-human primates against
known VOCs, including Omicron BQ.1, as well as against SARS-CoV-1. Following a booster 6ne year
after the initial immunization, DCFHP-alum elicits a robust anamnestic response. To enable global
accessibility, we generated a cell line that can enable production of thousands of vaccine doses per
liter of cell culture and show that DCFHP-alum maintains potency for at least 14 days at tempera-
tures exceeding standard room temperature. DCFHP-alum has potential as a once-yearly booster
vaccine, and as a primary vaccine for pediatric use including in infants.
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INTRODUCTION:

The COVID-19 pandemic was met with record-breaking vaccine development speed,l'2 and wide-
spread vaccination is estimated to have prevented over 14 million deaths in the first year of
implementation.§ Nonetheless, there remains an urgent public health need for vaccine interven-
tions. First, as of May, 2022, the WHO estimates that almost one billion people globally remain un-
vaccinated against SARS-CoV-2." Second, affordability continues to be an obstacle to global vaccine
accessibility, including the cost of low-temperature storage and transport.é'é Third, the protection
against infection provided by vaccine-induced or infection-induced immunity wanes with time,
which has led to frequent booster vaccine doses.Z Fourth, SARS-CoV-2 variants of concern (VOCs)
capable of evading natural or vaccine-induced humoral immunity continue to emerge.§ Finally, as
SARS-CoV-2 becomes endemic, worldwide immunization of the pediatric population, including of
infants, remains an unmet need.2

Protein nanoparticle vaccines, compared to isolated protein subunits, are more readily taken up by
antigen-presenting dendritic cells " and the multivalent presentation of the antlgen fac111tated by
the nanoparticles promotes receptor clustering and subsequent activation of B cells. ™" Indeed

candidate ferritin-based nanoparticle vaccines have shown robust humoral immune responses
against SARS-CoV-2" " and other viral glycoproteins,u‘2 including showing safety and efficacy in
clinical trials.E'Q Previously, we introduced a protein nanoparticle-based vaccine candidate, SAC-
Fer, which displays a truncated form of the prefusion SARS-CoV-2 spike-protein ectodomain trimer
from the Wuhan-1 isolate on self-assembling Heliobacter pylorl ferritin nanopartlcles * SAC-Fer
contains a mutated furin cleavage site and the 2-proline (2P) prefusmn stabilizing substitutions
found in the FDA-approved SARS-CoV-2 mRNA vaccines™ Importantly, SAC-Fer also contains a
deletion of 70 amino acid residues from the C-terminus of the spike ectodomain. This deletion re-
moves a highly flexible region that is not well resolved in cryo-EM structuresé‘ﬂ, and that contains
immunodominant, linear (i.e., not conformational) epitopes frequently targeted by antibodies in
convalescent COVID-19 plasmaﬁ'g. Removal of these immunodominant linear epitopes and multiva-
lent presentation of the modified spike protein on a ferritin nanoparticle substantially improved the
neutralizing potency of elicited antisera relative to other tested vaccines in mice™.

Here, we introduce an updated version of SAC-Fer, called Delta-C70-Ferritin- HexaPro or DCFHP. We
supplemented the 2P stabilizing substitutions with four previously described™ prohne substitu-
tions to create a six-proline substituted (HexaPro) version of the vaccine. Previous work has shown
that the HexaPro SARS-CoV-2 spike protein has increased stability and expression relative to the 2P
version ". We found that DCFHP is more stable to thermal denaturation than SAC-Fer. In addition,
we show that DCFHP can be generated in a Chinese hamster ovary (CHO) cell line at levels exceed-
ing 2 grams per liter.

Our vaccine formulation, DCFHP-alum, consists of DCFHP antigen formulated with aluminum hy-
droxide (Alhydrogel ", referred to herein as alum) as the only adjuvant ® Aluminum salt adjuvants
are the most commonly used adjuvant in human vaccines licensed by the FDA and regulatory agen-
cies worldwide, and have been administered to billions of individuals over the past 90 yearss_‘



Moreover, aluminum salt adjuvants are currently used in infant vaccines against hepatitis B, diph-
theria-tetanus-pertussis (DTaP), Haemophilus influenzae type b (Hib), and pneumococcus infec-
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tious agents , with an excellent safety profile. *

We show here that DCFHP-alum elicits a robust and durable immune response in mice against
SARS-CoV-2 VOCs. Additionally, we demonstrate that DCFHP-alum remains stable at temperatures
ranging from 4°C to 37°C for at least 14 days, as assessed by immunization studies in mice. Thus, we
anticipate that local distribution of the DCFHP-alum vaccine could be feasible without refrigeration.

Finally, we demonstrate that a two-dose intramuscular immunization regimen in rhesus macaques
with DCFHP-alum elicits antisera with durable, robust and broad neutralization of VOCs, including
the Omicron subvariants BA.4/ 5" and BQ.l,@ along with a balanced Th1 and Th2 immune re-
sponse. Strikingly, these non-human primate (NHP) antisera also show robust and durable neutral-
ization activity against the phylogenetically divergent SARS-CoV-1 pseudovirus.ﬂ Boosting these
immunized NHPs after ~1 year with a third dose of DCFHP-alum elicits a robust, broad-spectrum,
anamnestic neutralizing antibody response. Taken together, these results suggest that DCFHP-alum
may provide an affordable and effective solution to pediatric and worldwide vaccination against
SARS-CoV-2 and present the possibility of an effective, once-yearly booster.

RESULTS:

Vaccine design and characterization

We sought to further optimize our ferritin-based nanoparticle vaccine, SAC—Fer,H to generate
DCFHP, which includes additional stabilizing proline residues to promote robust expression. DCFHP
maintains the 2P substitutions  and deletion of 70 C-terminal spike ectodomain residues contained
in SAC—Fer,ﬂ but also incorporates four proline residue substitutions and a modification to the mu-
tated furin cleavage site, as described in the HexaPro spike design& (Fig 1A). As expected, DCFHP is
expressed at higher levels than SAC-Fer following transient transfection in Expi293F cells (SI Fig
1A-B). SDS-PAGE analysis of purified DCFHP showed the expected monomeric molecular weight of
~160kDa (Fig 1B). Additionally, size-exclusion chromatography coupled with multiangle light scat-
tering (SEC-MALS) analysis shows that the nanoparticle has a molecular weight (~3.4MDa) consis-
tent with a ferritin-based nanoparticle displaying eight copies of the SARS-CoV-2 spike ectodomain
trimer (Fig 1C). Differential scanning fluorimetry (DSF) experiments indicate that thermal denatu-
ration of DCFHP occurs at higher temperatures compared to SAC-Fer, and these changes are similar
to those observed between the 2P and HexaPro variants of the spike trimer (SLFig 1C), suggesting
that HexaPro mutations induce similar stabilizing effects in the context of the nanoparticle. Biolayer
interferometry (BLI) binding of conformation-specific antibodies”  indicates proper epitope pre-
sentation (SI Fig. 1D). Finally, single particle cryo-electron microscopy (cryo-EM) of DCFHP shows a
multivalent particle displaying eight copies of the SARS-CoV-2 trimer arrayed radially from a fer-
suggest that the spike component of DCFHP maintains the same native conformation as in SAC-Fer,
with increased stability and expression levels conferred by the HexaPro substitutions.
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Figure 1 -

DCFHP design and validation. (A) DCFHP schematic showing the modifications made to convert SAC-Fer into
DCFHP in red. Receptor binding domain (RBD), N-terminal domain (NTD), S1/S2 cleavage site, S2’ cleavage site, fu-
sion peptide (FP), heptad repeat 1 (HR1), as annotated. (B) SDS-PAGE gel showing purified DCFHP running as a
monomer at the anticipated kDa molecular weight (ladder, shown left). (C) UV (yellow) and light scattering (grey)
traces determined from SEC-MALS shows a homogenous nanoparticle peak with approximate molecular weight
(dashed line) of 3.4MDa. (D) 3D reconstructed cryo-EM density maps of DCFHP, refined with octahedral symmetry.
(E) Similar robust neutralization of Wuhan-1 SARS-CoV-2 pseudovirus with day 21 serum from mice immunized
with either SAC-Fer or DCHFP formulated with 500 pg alum and 20 pg CpG 1826, following a single immunization.
Neutralization titers were assessed in a HeLa cell line expressing ACE2 and TMPRSS2. Data for 10 mice are pre-

sented as geometric mean titer and standard deviation. Assay limit of quantitation (LOQ) is shown as a dotted hor-

izontal line.

Finally, mice immunized with either SAC-Fer or DCFHP, adjuvanted with a high dose of alum and
CpG, showed highly robust and similar immunogenic profiles by enzyme-linked immunosorbent as-
say (ELISA) (SI Fig 2A) and pseudoviral neutralization assaysﬂ (Fig 1E); see also™.

DCFHP formulated with alum is highly immunogenic and stable at elevated temperatures

Given the robust immunogenicity of DCFHP formulated with alum and CpG, we hypothesized that
the use of alum as the sole adjuvant for DCFHP (i.e., DCFHP-alum) might still elicit a robust re-
sponse. Indeed, though the response was diminished compared to alum + CpG, DCFHP-alum elicited
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strong pseudoviral neutralizing titers of approximately 10% in mice (SI Fig 2B). Under these condi-
tions, DCFHP is 100% bound to alum®”.

To investigate the stability of the DCFHP-alum vaccine, samples were stored at 4°C, 27°C, or 37°C
for varying times and the immunogenicity of these stored samples was evaluated in a single-dose
mouse immunization study. Remarkably, the DCFHP-alum vaccine remained similarly immunogenic
across all temperatures and storage periods, as measured in pseudoviral neutralization assays (

Fig 2). We conclude that DCFHP-alum is stable, as measured by mice immunogenicity studies, after
storage for at least two weeks at 37°C.
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Figure 2 —

Formulated DCFHP-alum is thermostable up to 37 °C for 14 days. Neutralization titers against Wuhan-1 SARS-CoV-
2 pseudovirus for serum obtained from individual animals 21 days following immunization with DCFHP-alum (10
pg DCFHP with 150 pg alum) that had been stored at a range of temperatures (bottom) for either 7 days or 14 days,
compared to freshly formulated DCFHP-alum (left, black circles). Assay limits of quantitation is shown as a dotted

horizontal line.

Stable expression of DCFHP increases yield and simplifies purification

To facilitate future manufacturing of DCFHP under good manufacturing practices (GMP) conditions,
we next aimed to develop a high-producing stable mammalian cell line expressing DCFHP. To do so,
multiple copies of a codon-optimized DCFHP gene were inserted into CHO-K1 cells using a Leap-In
transposase at ATUM,ﬁ'ﬁ a bioengineering company (see Methods). As anticipatedg, N-glycosyla-
tion profiles of these proteins expressed transiently in Expi293 versus stably in CHO cells differ”
but they are similarly immunogenic in mice, as measured in pseudoviral neutralization assays@.
Following preliminary analysis of expression in pooled cells, 125 single-cell clones were evaluated
for high levels of cell growth and productivity, resulting in 24 lead clones (SI Fig 3A-C). Among
these, we chose clones (SI Fig 4A-C) that showed favorable expression and nanoparticle assembly,
as determined by SDS-PAGE, biolayer interferometry (BLI), and SEC-MALS (SI Fig 3A-C, respec-
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tively). In this manner, we identified five CHO-K1 stable cell clones (SI Fig 4A) that express DCFHP
at a high nanoparticle:zmonomer ratio (SI Fig 4B), with expected stability (SI Fig 4C), and excep-
tional yield (>2 g/L, Fig 4A).
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Figure 4 —

DCFHP-alum immunized NHPs elicit long-lived immunity against both Wuhan-1 and BA.4/5 pseudoviruses. (A)
Serum neutralizing titers were monitored over 337 days against Wuhan-1 SARS-CoV-2 pseudovirus for animals in
group A; days of prime and boost indicated with arrows. (B) As in panel A but against BA.4/5 pseudovirus. (C) and
(D) as in panels A and B but with group B NHPs, respectively. Averages and standard deviations for replicate neu-
tralization assays are shown; for panels A-D: n=3,n =4, n =2 and n = 3, respectively. NHP identification provided

correlate with SI table 1. Assay limits of quantitation indicated by horizontal dotted lines.

Additionally, we were able to optimize the purification of the nanoparticles over our previous
method"". The CHO cell-derived supernatant was supplemented to 200mM sodium chloride and
flowed over a HiTrapQ anion-exchange column. The nanoparticle-containing flowthrough was con-
centrated and subjected to size exclusion chromatography purification (see Methods). These
changes enabled rapid and simplified nanoparticle purification, with increased yield, while main-
taining high overall purity.

DCFHP-alum is robustly immunogenic in non-human primates (NHPs)

Encouraged by results demonstrating that sera from mice immunized with DCFHP-alum showed
potent neutralizing activity against SARS-CoV-2 pseudovirus, we sought to investigate the immuno-
genicity of the DCFHP-alum vaccine in NHPs. DCFHP purified from engineered CHO-K1 cells was
used for the immunization of ten male rhesus macaques, aged between 3 and 9 years (SI Table 1).
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The ten NHPs were divided into two groups to test the effect of a short and a long gap between the
primary and booster doses. Longer gaps have been found to produce more robust immune re-

. . 48
sponses in other vaccines.

We primed both NHP groups on day O and boosted at either day 21 (group A) or day 92 (group B) (
Fig 3A and SI Table 2). DCFHP-alum elicited a neutralizing immune response 21 days after a single
immunization in both groups (Fig 3B). While the response was substantially improved following a
booster dose in both groups, the delayed boost elicited better neutralizing antisera, as assessed 14
days post boost (Fig 3C and D; SI Table 3); on average, group B showed approximately a 4-fold in-
creased neutralizing response relative to group A against divergent VOCs. Remarkably, DCFHP-alum
vaccination of NHPs also elicits robust neutralization of pseudotyped SARS-CoV-1 (Fig 3C and D),
which is distant from SARS-CoV-2 on the betasarbecovirus phylogenetic tree.”
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Figure 3 -

DCFHP-alum immunized NHPs elicit cross-reactive neutralizing responses. (A) Immunization scheme for NHPs im-
munized in either group A or group B with a 50 pg dose of DCFHP formulated with 750 pg alum (SI Table 2).
Arrows indicate days of immunization. (B) Pseudoviral neutralization (plotted as the log of the neutralizing titer
(reciprocal serum dilution)) of Wuhan-1 SARS-CoV-2 from NHP serum obtained 21 days following initial immuni-
zation are similar between groups A and B. (C) Cross-reactive pseudoviral neutralization by serum from NHPs iso-
lated 14 days post boost. Means and standard deviations for biological replicates are plotted and noted for each an-
imal (n = number of biological replicates). (D) As in panel C for group B. (E) Limited dilution, neutralization values
for authentic SARS-CoV-2 VOCs for serum samples obtained 14 days post-boost. NHP identification provided corre-
late with SI Table 1. Assay limits of quantitation indicated by horizontal dotted line.

When tested against authentic SARS-CoV-2 virus, consistent with the results in pseudoviral assays,
sera from the NHPs showed neutralization against the Wuhan-1 virus and VOCs (Fig 3E). Notably, a
ferritin-based SARS-CoV-2 vaccine candidate that elicits similar neutralizing titers to those de-
scribed here has been shown to confer protection in hamster and NHP challenge models.”
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Long-lived immune responses in non-human primates

We further investigated the durability of the vaccine-induced neutralizing responses elicited in
groups A and B (Fig 4A-D, SI Fig 5, SI Table 2). Notably, all NHPs maintained a neutralizing anti-
serum response against the Wuhan-1 pseudovirus persisting for at least 250 days (Fig 4A and C).
Similarly, albeit more modestly, most animals in group B retained detectable neutralizing potency
against BA.4/5 and the sequence-divergent SARS-CoV-1 out to dne year (Fig 4D and SI Fig 5B), with
titers generally higher than seen in group A (Fig 4B and D and SI Fig 5A and B).

Simple modeling suggests a biphasic decay of neutralizing activity against Wuhan-1 pseudovirus
following the boost for group A (days 35 - 337) with an initial, fast-phase (half-life of ~5 weeks) fol-
lowed by a slow-phase (half-life of several years) (Fig 4, SI Fig 6B and SI Table 4). The fast-phase ac-
counts for approximately 50% of the total decay (SI Fig 6B and SI Table 4). Simple modeling of
these data with a single-phase decay shows a half-life of dne year, with a poorer fit than for biphasic
decay (SI Fig 6A and SI Table 4). Similar trends are seen following the boost for group B (days 106 -
337), although with greater variability, presumably because our long-term data for group B is
sparse (SI Table 4). In either case, a substantial portion of the serum neutralizing activity appears to
decay very slowly with time following immunization of NHPs with DCFHP-alum.

To explicitly test the potential of DCFHP-alum as an annual vaccine, we gave a second boost to all
NHPs on day 381. Animals in both groups A and B showed a strong anamnestic immune response
with average NTsq values against Wuhan-1, BA.4/5, SARS-CoV-1, and BQ.1 of approximately 10%,
10%°, 103, and 10° respectively (Fig 5A-H, data for BQ.1.1 shown in SI Fig 7). The responses for the
animals in group A is particularly striking given that their responses had generally waned prior to
the second boost (compare Fig. 4A and B and SI Fig 5A to Fig. 5 A-C).
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Figure 5 —

Robust serum neutralizing anamnestic responses following a second booster of DCFHP-alum after 6ne year in
NHPs. (A) Pseudovirus neutralization against Wuhan-1 (A), BA.4/5 (B), SARS-1 (C), or BQ.1 (D) by antisera from
NHPs in group A following a boost at day 381. Days shown on x axis. (E)-(H) as in panels A-D but with NHPs in
group B. NHP identification provided correlate with SI table 1. (n = 2 biological replicates throughout). Assay limits

of quantitation indicated by horizontal dotted lines.

As seen previously for with immune responses with protein-based vaccines in a naive population,E
we observed a dominant CD4+ T cell response with no detectable CD8+ T cell response. In both
groups, DCFHP-alum elicited a balanced distribution of Th1 and Th2 CD4+ T cells (Fig 6A-D, and SI
Fig. 8). This response was similar to those reported for previous COVID-19 nanoparticle vaccines
and with other adjuvant formulations.™ Importantly, we detected responses from peptides derived
not only from the original Wuhan-1 strain (Fig 6A and C), but also from the Omicron BA.1 strain (
Fig 6B and D), suggesting responses targeting conserved T cell epitopes.


https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=9810210_nihpp-2022.12.25.521784v1-f0005.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9810210/figure/F6/

’7 Group A—day 21 boost —‘ ’— Group B — day 92 boost *‘

A @ | @ A17x039
| ~7x014

A A13N119
O |0 At3N132

= O Atan104

i=

o

a

=

'é T 1

Z 100 150

£

o

=

=

=

Days

=

BA.1 peptide pool

—

Figure 6 —

DCFHP-alum immunized NHPs shows a balanced distribution of Th1 and Th2 CD4+ T cell responses. T cells from
animals in group A, isolated on the day shown on the x-axis, were stimulated with a peptide pool derived from
Wuhan-1 (A) or Omicron BA.1 (B) spike protein and Th1 (top) and Th2 (bottom) cytokines were measured using
flow cytometry (SLFig, 8). Percent of CD4+ T cells that express either Th1 (IL-2,IFNy or TNFa) (yellows and reds)
or Th2 (IL-4) (greys) cytokines following stimulation shows both are elicited following vaccination with DCFHP-
alum. Arrow denotes day of boost. (C)-(D) As in panels A-B but with NHPs in group B. NHP identification provided

correlate with SI table 1.

DISCUSSION:

Our DCFHP-alum vaccine candidate, despite being based solely on the ancestral Wuhan-1 sequence,
can elicit a robust, broad-spectrum neutralizing antiserum response in NHPs against SARS-CoV-2
VOCs, as well as against SARS-CoV-1, that is durable for >250 days. These findings challenge the no-
tion that bivalent vaccines are required to address the COVID-19 pandemic. In addition, while there
is continued discussion surrounding annual COVID-19 vaccine boosters,ﬂ‘5 little to no work has
been done to test the capacity of vaccines to elicit neutralizing antibody responses with durability
of dne year and to elicit a subsequent response following an annual booster dose. Qur results show
that DCFHP-alum can elicit durable, broad-spectrum neutralizing antisera (including against
BA.4/5, BQ.1, and SARS-CoV-1) in NHPs. We also show that a robust, anamnestic response can be
elicited following a second boost after 6ne year.
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Several studies of COVID-19 vaccines have established that a cell-culture pseudovirus neutralizing
titer of ~ 102 translates into human vaccine efficacy against symptomatic disease of ~90%.”*In
addition, clinical trials have established a correlation between anti-SARS-CoV-2 monoclonal anti-
body levels (i.e., humoral immunity alone) and protection from COVID—19.£'@ Indeed, SARS-CoV-2
variant booster vaccines have been accepted by the FDA and EMA for emergency use authorization

. o . . . 5960
using neutralizing antibody titer as a correlate of protection.

Accordingly, if our NHP results are reproduced in clinical trials, we anticipate that DCFHP-alum
could be widely used as a booster vaccine for individuals who have been previously vaccinated with
other COVID-19 vaccines, and in unvaccinated individuals that have been previously infected with
SARS-CoV-2. Together, these two categories encompass a large fraction of the world’s population.
As such, DCFHP-alum would be an attractive annual vaccine that could circumvent the need for con-
tinual variant chasing.

We also envision that DCFHP-alum could enable global access to COVID-19 vaccination given its low
projected cost of goods, high scale of production, and favorable broad-spectrum profile. Our results
show that a DCFHP stably integrated CHO-based cell line could enable low-cost, large-scale produc-
tion. Assuming a vaccine dose of <100 micrograms and a purification yield of 210%, we anticipate
production of thousands of DCFHP vaccine doses per liter of engineered CHO-K1 cell culture. As
well, the DCFHP-alum formulation is stable for at least two weeks at temperatures exceeding stan-
dard room temperature. Taken together, DCFHP-alum is an excellent candidate for development as
a new COVID-19 vaccine, offering broad-spectrum protection, and providing the opportunity for
global access without the cold chain distribution challenges encountered with other vaccines.”

Finally, we anticipate the potential use of DCFHP-alum as an important primary vaccine in previ-
ously unvaccinated and uninfected individuals, especially in pediatric populations, including in-
fants. Aluminum salt adjuvants are commonly used in infant vaccines and as part of routine child-
hood immunization schedules, and their excellent safety profile has been established over
decades.”*In infants and other DCFHP-alum vaccine recipients naive to SARS-CoV-2 infection or
vaccination, we would anticipate robust, cross-reactive responses similar to the naive NHPs studied
here. Since primary immunization of NHPs with DCFHP-alum provides remarkably broad protec-
tion against VOCs, DCFHP-alum may be an ideal way to establish initial immune imprintinlcgé_Q‘ﬁ_4
against SARS-CoV-2 in infants.
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