1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Vaccine. Author manuscript; available in PMC 2022 September 15.

Published in final edited form as:
Vaccine. 2021 September 15; 39(39): 5650-5657. doi:10.1016/j.vaccine.2021.08.003.

Single-Vial Filovirus Glycoprotein Vaccines: Biophysical
Characteristics and Immunogenicity after Co-lyophilization with
Adjuvant

Kendall B. Preston?, Teri Ann S. WongP, Albert ToP, Taylor E. TashiroP, Michael M.
LiebermanP, Alex Granados€®, Karen Feliciano, John Harrison¢, Jake Yalley-Ogunro®,
Hanne Andersen Elyard®, Oreola Doninid, Axel T. LehrerP, Theodore W. Randolphav*
a.Department of Chemical and Biological Engineering, University of Colorado Boulder, Boulder,
CO 80303

b.Department of Tropical Medicine, Medical Microbiology & Pharmacology, John A. Burns School
of Medicine, University of Hawai'i at Manoa, Honolulu, HI 96813

¢BIOQUAL, Inc., Rockville, MD 20850
d-Soligenix, Inc., Princeton, NJ 08540

Abstract

Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV), and Marburg marburgvirus (MARV) are

the most prevalent and pathogenic species of filovirus. Previously, we showed that glycoprotein
antigens from each virus could be lyophilized to create thermostable monovalent subunit vaccines.
However, cross-protection is not expected from the monovalent vaccines and therefore developing
a trivalent filovirus vaccine would be desirable. Subunit protein vaccines often require the addition
of an adjuvant to sufficiently boost the immunogenicity. Typically, liquid suspensions or emulsions
of adjuvants and lyophilized antigens are stored in separate vials to avoid destabilizing interactions
and are only mixed immediately before administration. Herein, we describe the development

and characterization of monovalent and trivalent filovirus vaccines that are co-lyophilized with a
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squalane-in-water emulsion adjuvant. We found that the single-vial presentation retained adjuvant
particle diameter and zeta potential after lyophilization and reconstitution. Furthermore, the
trivalent vaccines elicited high antibody levels against all three antigens in mice and non-human
primates. These results advance the prospect of developing a single-vial trivalent filovirus vaccine,
which would enable easier distribution and administration of the vaccine to resource-poor areas.

Keywords
co-lyophilization; emulsion adjuvant; glycoprotein subunit vaccine; formulation development

1. Introduction

Many vaccine antigens experience instabilities in liquid formulations due to water-mediated
degradation pathways that are often accelerated by elevated temperatures [1]. Thus,
cold-chain systems are used to maintain vaccines at frozen or refrigerated temperatures
throughout manufacturing, transportation, and storage [2]. Vaccine stability can be enhanced
by removing bulk water through drying processes such as lyophilization, which can greatly
reduce water-mediated degradation [3,4]. Lyophilization of vaccines may prolong their shelf
life and lessen dependence on the cold chain by increasing thermostability [5]. Subunit
protein vaccines are seen as safer alternatives to attenuated virus vaccines, but they often
require the addition of an adjuvant to enhance the immunogenicity of these antigens [6].
Typically, dry formulations of vaccine antigens and diluents comprising liquid suspensions
or emulsions of adjuvants are bedside-mixed just before administration to avoid instabilities
arising from interactions between antigens and adjuvants, as is the case with SHINGRIX
[7]. This requires complex multi-vial presentations where the antigen and adjuvant are stored
separately to maintain stability and efficacy. In fact, no lyophilized adjuvanted vaccine that
is currently marketed is provided in a single-vial presentation [8]. Single-vial presentations
would be easier to transport, distribute, and administer, especially in the context of resource-
poor areas, and particularly in low- and middle-income countries.

Lyophilization of adjuvants presents additional challenges. Aluminum salts are the

most commonly used adjuvants, but because they are freeze-sensitive [9], their use in
formulations marketed to date is limited to liquid suspensions [10,11], although we have
previously demonstrated thermostable, lyophilized alum-adjuvanted vaccines [12-16]. Other
adjuvants such as oil-in-water emulsions are prone to phase separation, coalescence, and
aggregation during lyophilization [17,18]. The adjuvant used in this study was CoVaccine
HT™, a squalane-in-water emulsion from Protherics Medicines Development Ltd [19].
CoVaccine HT is comprised of a 1:4:1 ratio of an immunostimulant sucrose fatty acid sulfate
ester (SFASE), squalane, and the surfactant polysorbate 80 emulsified in phosphate-buffered
saline (PBS) [20].

Filoviruses such as Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV) and Marburg
marburgvirus (MARV) are some of the most lethal viruses known. Previously, we showed
that we could thermostabilize monovalent EBOV, SUDV, and MARYV glycoprotein vaccines
through lyophilization [21]. After incubation for up to 12 weeks at 40°C, glycoprotein
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quaternary structure and immunogenicity were maintained in lyophilized formulations. A
vaccine against EBOV infection has been approved [22], but there are no marketed vaccines
for either SUDV or MARV. Moreover, the EBOV vaccine ERVEBO® requires storage

at temperatures not to exceed —60°C [23], effectively limiting its use to ring vaccination
strategies. In recent years, an increase in epidemic activity [24] has demonstrated the

need for a vaccine against multiple species of filovirus [25], and thus developing a

trivalent filovirus vaccine is imperative. In our previous study, each of the lyophilized
monovalent filovirus vaccines was reconstituted with water, combined with CoVaccine

HT and immediately injected into mice [21]. Herein, we describe our effort to reduce

the number of vials to a presentation wherein all three glycoprotein antigens and the
emulsion adjuvant are co-lyophilized in a single vial. A thermostable single-vial trivalent
filovirus vaccine could have a significant impact on incidence of disease by enabling

easier, faster, and more widespread vaccine distribution. Throughout this study, we focus

on optimizing the adjuvant and antigen concentrations, characterizing adjuvant stability after
lyophilization, and assessing the immunogenicity of monovalent and trivalent co-lyophilized
formulations (antigens and adjuvants lyophilized together) in both mice and non-human
primates.

2. Materials and methods

2.1. Materials

Recombinant filovirus glycoproteins EBOV-GP, MARV-GP, and SUDV-GP were produced
at the University of Hawai‘i at Manoa as previously described [26]. Three mL Type |
borosilicate glass vials, 13 mm two-leg butyl rubber stoppers, and 13 mm aluminum

seals were purchased from DWK Life Sciences, LLC (Millville, NJ). Ammonium acetate
was purchased from J.T. Baker (Avantor, Radnor, PA) and trehalose was purchased from
Pfanstiehl, Inc. (Waukegan, IL). Coomassie Brilliant Blue G-250 was purchased from
Amresco (Solon, OH). Precision Plus Protein™ All Blue Standards were purchased from
Bio-Rad Laboratories (Hercules, CA).

2.2. Vaccine formulation

Glycoprotein stock solutions were stored at —80°C in 10 mM PBS at pH 7.4. After thawing
to room temperature, stock solutions were dialyzed overnight with three buffer exchanges
into 10 mM ammonium acetate at pH 7 using Slide-A-Lyzer™ 10,000 MWCO Dialysis
Cassettes (Thermo Fisher, Waltham, MA). Protein stocks were then diluted with additions
of trehalose, CoVaccine HT, and ammonium acetate to reach the final concentrations as
described in Table 1. The formulations were filter sterilized (0.22-micron polyethersulfone
membrane) and 1.0 mL aliquots were dispensed into autoclaved 3 mL Type | borosilicate
glass vials and stoppered halfway with autoclaved rubber stoppers.

Liquid CoVaccine HT control sample consisted of CoVaccine HT at 10 mg/mL with 9.5%
(w/v) trehalose in 10 mM ammonium acetate at pH 7.
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2.3. Lyophilization

Samples of monovalent, bivalent, and trivalent vaccine formulations were lyophilized using
an FTS Systems LyoStar lyophilizer (Warminster, PA) using a protocol as previously
described [21]. Briefly, the lyophilizer shelves were pre-cooled to —10°C. Half-stoppered
sample vials were surrounded with unstoppered dummy vials containing 1 mL of water.
During freezing, the shelf temperature was decreased to —40°C at a rate of 0.5°C/min

then held at temperature for 1 h. The primary drying phase (at 60 mTorr) started with

a temperature ramp of 1°C/min to —20°C followed by a hold for 20 h. Then, during
secondary drying, the shelf temperature was increased to 0°C at 0.2 °C/min, then to 30°C
at 0.5°C/min, and finally was held at 30°C for 5 h. After the lyophilization cycle was
complete, the lyophilizer was back-filled with filtered nitrogen and the vials were fully
stoppered automatically by moving the lyophilizer shelves. The vials were removed from
the lyophilizer shelves and the stoppers immediately secured with aluminum caps. All
samples were kept at 4°C until analysis. Prior to use for analytical characterization or
administration to mice or primates, lyophilized vaccine formulations were reconstituted with
sterile, deionized (MilliQ®) water or HyClone HyPure water for injection (GE Healthcare
Life Sciences, Chicago, IL) to 1.0 mL total volume.

2.4. SDS-PAGE

Antigen samples were characterized using SDS-PAGE and Coomassie staining. In order

to reduce oil-in-water adjuvant interference, a sample preparation protocol was followed
from Vaccine Adjuvants: Methods and Protocols [27]. Briefly, 4x Laemmli sample buffer
(Bio-Rad Laboratories, Hercules, CA) was diluted with 2 parts of 20% sodium dodecyl
sulfate (Sigma Aldrich, St. Louis, MO) and 1 part vaccine sample. Prepared samples were
heated to 90°C for 15 minutes, after which they were analyzed using a Mini-Protean®
TGX™ Gel (Bio-Rad) with a Tris-glycine running buffer per the manufacturer’s instructions.
Staining was completed as developed by Studier [28].

2.5. Adjuvant analysis

2.6.

Particle sizes and zeta potentials were measured using an Anton Paar Litesizer 500 (Graz,
Austria). Before analysis, samples were diluted 1:100 with 20 nm-filtered water. Dynamic
light scattering analysis was conducted in disposable polystyrene cuvettes using back
scattering at 175°. Electrophoretic mobilities were measured in Anton Paar Omega Cuvettes
(Graz, Austria). Zeta potentials were calculated from the electrophoretic mobility using the
equations of Henry and Smoluchowski integrated into the analyzer software.

Immunogenicity testing in Swiss-Webster mice

Murine immunogenicity testing was completed for Study A and Study B. Vaccination
groups consisted of an equal number of male and female 7-8 week old Swiss-Webster mice
(n = 6 per group for Study A and n = 8 per group for Study B) that were purchased from
Taconic (Rensselaer, NY) or bred at the University of Hawai‘i from stocks purchased from
Taconic (Rensselaer, NY). Mice were immunized intramuscularly at two sites with a total
100 pL of the prepared vaccine three times, three weeks apart (Days 0, 21, and 42). Serum
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samples were collected two weeks after each dose, and mice were euthanized on Day 56 and
bled by cardiac puncture.

All mouse immunogenicity studies were approved by the University of Hawai‘i Institutional
Animal Care and Use Committee (IACUC), and conducted in strict accordance with

local, state, federal, and institutional policies established by the National Institutes of
Health and the University of Hawai‘i IACUC. The University of Hawai‘i John A. Burns
School of Medicine (JABSOM) Laboratory Animal Facility is accredited by the American
Association for Accreditation of Laboratory Animal Care (AAALAC). Animal experiments
were conducted in consultation with veterinary and animal care staff at the University of
Hawai‘i.

2.7. Immunogenicity testing in non-human primates

Filovirus-naive, adult cynomolgus macaques (Macaca fascicularis) were housed at
BIOQUAL, Inc. (Rockville, MD) during the vaccination period. Animals were vaccinated
three times intramuscularly into both deltoids with 0.5 mL of vaccine or with formulations
containing adjuvant only at weeks 0, 3 and 8. Serum or plasma was collected periodically
until week 10 after the first vaccination.

Non-human primate (NHP) experiments were approved by the BIOQUAL, Inc. Institutional
Animal Care and Use Committee (IACUC) and conducted in strict accordance with

local, state, federal and institutional policies established by the United States National
Institutes of Health. The BIOQUAL, Inc. Animal Facilities are accredited by the American
Association for Accreditation of Laboratory Animal Care (AAALAC). Animal experiments
were conducted in consultation with veterinary and animal care staff at BIOQUAL, Inc.

2.8. Antigen-specific IlgG immunoassays

Concentrations of filovirus GP-reactive IgG in mouse sera were determined as described
previously [21] using a Luminex®-based (Austin, TX) microsphere immunoassay. The same
method and modifications were also used to analyze NHP serum samples.

2.9. Statistical analysis

Significant differences in 1gG antibody concentrations between groups of animals were
determined using an ANOVA analysis with multiple comparisons using OriginPro, \ersion
2020 (Northampton, MA). Significant differences between two sets of biophysical data were
determined using unpaired t tests. P-values < 0.05 were considered significant.

3. Results

3.1. Antigen and adjuvant biophysical characterization

Glycoprotein and CoVaccine HT emulsion stability were quantified with a variety of
biophysical characterization methods. CoVaccine HT suspensions in water are optically
turbid and thus not amenable to analysis by most spectroscopic techniques that require
sample transparency [27]. Because of this, a number of typical protein analyses were not
possible. In addition, the high concentration of polysorbate in CoVaccine HT interferes
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with size exclusion chromatography, which has previously been shown to be a potent
stability-indicating assay for the three glycoproteins [21]. Figure 1 shows the SDS-PAGE
gel of EBOV-GP in vaccines from Study A: Adjuvant Dose Response Study. To reduce the
adjuvant interference with protein bands, test mixtures were prepared with 1 part vaccine
sample, 2 parts 20% SDS, and 1 part 4x concentrated Laemmli sample buffer and were
incubated at 90°C for 15 minutes according to a published protocol [27]. The main EBOV-
GP band appeared at 100 kDa, and all samples had similar band intensities regardless of the
concentration of CoVaccine HT, indicating that substantial antigen degradation did not occur
when EBOV-GP was co-lyophilized with CoVaccine HT.

Zeta potential is a key indicator of the stability of colloidal dispersions such as those formed
by CoVaccine HT emulsions in water. Zeta potentials reflect the surface charge density

on particles and thus the electrostatic repulsion between charged particles, with larger
magnitudes of the zeta potential representing more electrostatic repulsion and therefore less
propensity for agglomeration and precipitation [29]. The zeta potential of CoVaccine HT
emulsions was approximately —=53 mV, which indicates good colloidal stability [30]. In
samples that were lyophilized and reconstituted, this value remained unchanged (Figure 2).
Formulating the CoVaccine HT with mixtures of the glycoproteins in various concentrations
did not affect the zeta potential. Thus, the CoVaccine HT emulsion was stable after
formulation and lyophilization.

CoVaccine HT emulsions were manufactured as nanoemulsions (about 110 nm in diameter).
Emulsion droplet size is important for maximizing the effectiveness of the adjuvant and to
activate the correct immune response for optimal vaccine efficacy [31,32]. Maintenance of
the droplet size after lyophilization and reconstitution ensures that maximal adjuvanticity

is achieved. CoVaccine HT emulsions control samples diluted to 10 mg/mL had droplet
hydrodynamic diameters of approximately 113 nm before and after lyophilization and
reconstitution (Figure 3). The hydrodynamic diameters of emulsion droplets in the various
co-lyophilized formulations after reconstitution were between 110-120 nm, with no
dependence on the concentration of CoVaccine HT or antigens.

3.2. Immunogenicity of co-lyophilized vaccine formulations

The immunogenicities of various vaccine formulations were tested in mouse and primate
models. Study A probed the effect of various concentrations of CoVaccine HT (from 0.3-1.0
mg/dose) with two EBOV-GP dose levels (either 1 or 10 ug) in Swiss-Webster mice. After
dose 2, potent IgG responses were seen in groups immunized with co-lyophilized vaccines
(Figure 4a). The control samples, E1+CoV1 LIQ and E10+CoV1 LIQ, consisted of liquid
EBOV-GP and liquid CoVaccine HT that were formulated fresh from stocks immediately
before administration. The corresponding samples co-lyophilized in single vials elicited
similar responses. A wider range of antibody responses among animals within a group with
lower geometric mean titers (GMTSs) were observed at the lower EBOV-GP dose level (1 ug)
than at the higher dose level (10 ug). After dose 3 (Figure 4b), the immune response range
among animals within a group was considerably tightened, and there were no statistically
significant differences between 1gG concentrations observed in relation to EBOV-GP dose
levels for groups receiving the same adjuvant dose. In addition, the study showed that after

Vaccine. Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Preston et al.

Page 7

three doses, lower concentrations of CoVaccine HT were equally as effective at inducing
antigen-specific 1gG as the highest concentration of 10 mg/mL.

Because lower levels of CoVaccine HT were shown to elicit equal immunogenicity in
co-lyophilized formulations, the antigen dose response study (Study B) was completed with
CoVaccine HT doses at 0.3 mg. Both monovalent and trivalent formulations at low (0.1 pg)
and high (1 pg) antigen dose levels were tested in Swiss-Webster mice, with 1gG antibody
responses after dose 2 and 3 against all three immunogens shown in Figure 5. As expected,
antibody concentrations were generally higher after vaccine dose 3. Trivalent co-lyophilized
vaccines were seen to be somewhat more immunogenic than their monovalent vaccine
counterparts at the same antigen dose, which was especially evident in the 1gG responses
against SUDV-GP and MARV-GP. This result may suggest that the antibody titers were
bolstered when additional antigens were added into formulations, possibly due to a degree of
cross-reactivity.

In addition to evaluating immunogenicity in mice, single-vial vaccines were also tested

for immunogenicity in non-human primates (NHPs). The main focus of Study C was

to confirm that co-lyophilized vaccines were as immunogenic in primates as they were
previously shown to be in mice. Previous data (not shown) suggested that MARV-GP

might show immunodominance over EBOV-GP or SUDV-GP responses. To further explore
this possible effect, monovalent EBOV-GP formulations were tested against bivalent and
trivalent formulations using MARV-GP at two different dose levels (5 or 10 pg). As an
additional strategy, an EBOV-GP prime followed by two trivalent boosters was attempted

to minimize interference from MARV-GP on the EBOV-specific response. Besides the
CoVaccine HT-only control group, all primates received an EBOV-GP dose of 25 pug
whether in monovalent or multivalent preparations. Starting at week 5 (two weeks after

the second immunization), there was very little difference in the 1gG responses against
EBOV-GP across all test groups (Figure 6a). Antibody responses against EBOV-GP or
SUDV-GP for groups receiving 25 ug SUDV-GP for all three doses were nearly equivalent,
indicating that increasing the MARV-GP dose from 5 pg to 10 pg did not produce the
suspected dominating effect (Figure 6b). Antibody responses against MARV-GP were
similar regardless of whether MARV-GP was formulated in bivalent or trivalent vaccines

or if MARV-GP was given as a 5 or 10 g dose (Figure 6¢). The prime/boost test group (blue
triangles) that received a monovalent EBOV-GP for the first dose and a trivalent mixture for
the second and third doses showed interesting results. Since the primates received the same
amount of EBOV-GP for all three doses, there was little difference between these groups
and the EBOV-GP monovalent group or any of the trivalent groups for EBOV-specific

IgG. The response against MARV-GP was absent after dose one and showed a lower 1gG
concentration after dose 2, but by two weeks after dose 3, the prime/boost group had similar
antibody levels to groups that received MARV-GP for all three doses. This effect was not
seen for SUDV-GP, where the prime/boost group had similar antibody concentrations as
groups not receiving doses of SUDV-GP throughout the study, highlighting the importance
of proper timing and combination of immunizations.
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4. Discussion

No currently licensed lyophilized vaccine that contains adjuvant is presented in a single-vial
format. While there are numerous studies demonstrating the possibility of co-lyophilizing
antigens with aluminum salt adjuvants [12-16] and liposomal formulations [33-35], fewer
reports of successfully co-lyophilizing antigens with oil-in-water emulsions are available to
the public domain. One example, however, is a tuberculosis vaccine developed by Orr et al.
[36] and Kramer et al. [37] that was stabilized by co-lyophilizing a M. tuberculosis fusion
protein with a squalene-in-water nanoemulsion.

In this study, co-lyophilization of the glycoprotein antigens and CoVaccine HT oil-in-water
emulsion adjuvant did not significantly impact the physical characteristics of the emulsion.
After reconstitution, adjuvant parameters such as particle diameter and zeta potential

were not substantially different from those in the liquid starting emulsions. Zeta potential
measurement is a technique that can be used for determining the surface charge of adjuvants
in colloidal suspensions. The magnitude of the zeta potential is representative of the
colloidal stability of the suspension. CoVaccine HT emulsion droplets were measured

to be around —-53 mV, which indicates good stability. This stability was unchanged

after lyophilization and reconstitution, with the zeta potential of co-lyophilized vaccines
determined to be in the range of =50 to —55 mV. A large magnitude in zeta potential
indicates strong repulsion between emulsion droplets, which helps inhibit agglomeration. If
agglomeration did occur, this would be reflected in increases in the droplet hydrodynamic
diameters. We did not observe any large increase in droplet size; using dynamic light
scattering, the droplet diameter was consistently measured to be between 110-120 nm for
all the co-lyophilized and reconstituted test vaccines and controls. Additionally, formulating
the co-lyophilized vaccines as trivalent preparations also did not significantly impact the
emulsion physical characteristics.

Co-lyophilizing filovirus glycoproteins and CoVaccine HT did not impair their
immunological activity. In Study A, single-vial presentations of EBOV-GP and CoVaccine
HT were as immunogenic as the liquid two-vial preparation. Furthermore, excellent
emulsion stability at all points was seen and formulations with lower levels of CoVaccine
HT were as immunogenic as those formulated at the highest concentration tested. However,
this was only seen post-dose three. After dose two, formulations with lower levels of
CoVaccine HT yielded reduced titers, especially in the groups receiving the lower EBOV-GP
doses. The highest CoVaccine HT and EBOV-GP dose (10 g dose of EBOV-GP and 1

mg dose of CoVaccine HT), had high GMTs after dose two that only increased slightly
after an additional dose. For the lower CoVaccine HT groups, larger increases in the GMTs
after dose 3 were seen so that they were at equivalent antibody concentrations regardless

of CoVaccine HT dose. This might indicate that the number of doses could be decreased if
higher doses of both CoVaccine HT and antigen are used.

In formulating trivalent vaccines, we sought to uncover the effect of immunodominance,

as there was a concern that MARV-GP specific responses could dominate those of the
ebolavirus species. In monovalent formulations from Study B, MARV-GP was shown to
elicit higher anti-MARV-GP specific antibody concentrations than respective anti-SUDV-GP
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antibody concentrations elicited from monovalent SUDV-GP formulations. When mice were
immunized with all three antigens, antibody concentrations were higher than those resulting
from administration of monovalent formulations of the same antigen dose. Due to the high
degree of primary structure conservation between EBOV-GP and SUDV-GP, there might be
antibodies formed that are cross-reactive to the two glycoproteins. However, it is unclear
whether cross-reactive antibodies also provide cross-neutralization at a level necessary

for immune protection [38,39]. Overall, the addition of more antigens did not seem to
negatively affect the respective humoral responses against a specific glycoprotein. This was
also observed in the NHP immunogenicity Study C. In terms of anti-EBOV-GP antibody
response, the trivalent mixtures in Study C elicited similar concentrations of antibodies

in NHPs as compared to the monovalent EBOV-GP vaccine as all formulations contained
the same dose of EBOV-GP. In Study C, we observed that immunization with MARV-GP
elicited higher antibody concentrations than the other two glycoproteins even though the
MARV-GP doses were much lower, confirming observations seen in mice. Further work is
needed to effectively balance antigens to achieve an optimized immune response against all
three glycoproteins.

A combination of our formulation and process conditions likely helped to stabilize the
antigens and CoVaccine HT adjuvant during lyophilization. Glass-forming excipients such
as trehalose are often added to lyophilized protein formulations to stabilize antigens both
directly through the replacement of hydrogen bonds formed previously with water and
indirectly by reducing molecular mobility through vitrification of antigens in a glassy

state [40,41]. Similarly, glassy trehalose matrices can also decrease the interaction between
hydrocarbon chains in oil-in-water emulsions by maintaining the spatial organization and
distance between the droplets [42]. Trehalose especially has been shown to be effective for
lyophilizing emulsions as compared to other saccharides [37,43]. It has also been shown
that higher concentrations of cryoprotectants in conjunction with faster freezing rates helps
to maximize the stabilization effect [44]. Here, we used a formulation with 9.5% (w/v)
trehalose and a freezing rate of 0.5°C/min. During freezing, trehalose concentrates as more
water is converted to ice, eventually reaching a maximum concentration of about 80% (w/v)
[45]. Therefore, the maximum amount that the rest of the solutes (e.g. the glycoproteins,
ammonium acetate salt, and CoVaccine HT droplets) can cryoconcentrate is 8-fold. The
fast freezing rate also further limits the time the solutes spend in a freeze-concentrated,

but still liquid state. Ammonium acetate is a volatile salt, and partially sublimates during
lyophilization. This can reduce the potentially damaging effects of concentrated salts during
reconstitution that could cause aggregation of both antigens and emulsion adjuvants through
pH shifts and colloidal instabilities [46,47].

Overall, we found that formulating filovirus glycoproteins with adjuvant as a single-vial
presentation through co-lyophilization did not have a significant impact on the biophysical
characteristics of the adjuvant or the immunogenicity of the vaccine formulation. Moreover,
trivalent vaccine formulations produced high antibody concentrations against all three
glycoproteins showing full retention of antigen and adjuvant integrity. A single-vial trivalent
vaccine eases storage and administration, which is beneficial for distribution to resource-
poor areas. Previously, we have shown that monovalent lyophilized glycoprotein vaccines
could withstand temperatures up to 40°C for 12 weeks. Future studies will focus on
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evaluating the thermal stability of co-lyophilized trivalent formulations with the objective
of significantly reducing cold chain requirements for transport and storage.
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Figure 1.
Analysis of Study A: Adjuvant Dose Response Study using SDS-PAGE with Coomassie

staining. Lane labels refer to groups defined in Table 1. The CoVaccine HT (CoV)
concentration ranged from 3-10 mg/mL SFASE. All formulations were lyophilized and
reconstituted.
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Figure 2.
Zeta potentials of CoVaccine HT emulsion droplets in co-lyophilized adjuvanted

formulations compared to zeta potentials for CoVaccine HT (CoV) emulsion droplets alone.
All formulations were lyophilized and reconstituted unless otherwise noted as liquid (L1Q).
Error bars are standard deviation from the average of three replicates. Instrument error was

between 0.5 and 2.1 mV. Labels refer to groups defined in Table 1.
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Figure 3.

Hydrodynamic diameter of CoVaccine HT emulsion droplets determined from DLS
experiments. All formulations were lyophilized and reconstituted unless otherwise noted

as liquid (L1Q). Error bars are standard deviation from the average of three replicates. Labels
refer to groups defined in Table 1.
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Figure 4.
IgG responses in Study A: Adjuvant Dose Response Study. 1gG concentrations specific to

EBOV-GP from (a) post-dose 2 and (b) post-dose 3 mouse serum samples. Data are shown
as geometric mean titers (GMT) £ 95% confidence interval. Each dot represents the 1gG
concentration measured from serum of one individual mouse. The dotted line represents the
limit of quantification (LOQ); any values measured below this limit are shown here as half
the LOQ. The numbers in the group labels are defined in Table 1 and refer to the dose of
EBOV-GP (E; in ug) and adjuvant (CoV; in mg). Statistically significant differences are only
shown determined for groups receiving both antigen and adjuvant, where * = p < 0.05.
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Figure 5.

Mouse immunogenicity results from Study B: Antigen Dose Response Study. Responses to
immunizations are shown as IgG concentrations against (a,b) EBOV-GP, (c,d) SUDV-GP,
and (e,f) MARV-GP. Each dot represents the antibody concentration measured from serum
of one individual mouse. The dotted line represents the limit of quantification (LOQ); any
values measured below this limit are shown here as half the LOQ. Data are shown at GMTs
+ 95% confidence interval (where all values within a group are above the LOQ) from serum
collected post dose two (PD2, left panels) and three (PD3, right panels). The numbers in the
group labels are defined in Table 1 and refer to the dose of antigen (in pg) and adjuvant (in

mg).
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Figure 6.
NHP immunogenicity from Study C with 1gG responses against (a) EBOV-GP, (b) SUDV-

GP, and (c) MARV-GP. Data are shown as GMTs from n = 3 animals per group, except for
the CoV10 group with n = 1. The dotted line represents the limit of quantification (LOQ).

If any primate in a group had a response less than the LOQ, the GMT is shown as half the
LOQ. The numbers in the group labels are defined in Table 1 and refer to the dose of antigen
(in ug) and adjuvant (in mg).
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Table 1.

Summarized antigen and adjuvant concentrations for co-lyophilized formulations. In addition to antigen and
CoVaccine HT (CoV) at the specified concentrations, each formulation also contained 9.5% (w/v) trehalose
and 10 mM ammonium acetate at pH 7. CoVaccine HT concentration refers to the concentration of the
immunostimulant SFASE.

EBOV-GP SUDV-GP MARV-GP  CoVaccine HT

Study Group 1D (ug/mL) (ug/mL) (ug/mL) (mg/mL)

El 10 0

E10 100 0

E1+CoV0.3 10 3

E10+CoV0.3 100 3

E1+CoV0.5 10 5

Study A: Adjuvant Dose Response Study in Mice E10+CoV0.5 100 5
(Dose Volume = 0.1 mL)

E1+CoV0.7 10 7

E10+CoVO0.7 100 7

E1+CoV1 10 10

E10+CoV1 100 10

CoV1 - - - 10

E0.1+CoV0.3 1 3

E1+CoV0.3 10 3

$0.1+CoV0.3 1 3

. o S1+CoV0.3 10 3

Study B: Antigen Dose Response Study in Mice

(Dose Volume = 0.1 mL) M0.1+CoV0.3 1 3

M1+CoV0.3 10 3

E0.1+50.1+M0.1+CoV0.3 1 1 1 3

E1+S1+M1+CoV0.3 10 10 10 3

E25+CoV5 50 10

E25+S25+M10+CoV5 50 50 20 10

Study C: NHP Immunogenicity Study E25+M10+CoV5 50 20 10
(Dose Volume = 0.5 mL)

E25+S25+M5+CoV5 50 50 10 10

CoV5 - - - 10
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