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AKS-452 is a biologically-engineered vaccine comprising an Fc fusion protein of the SARS-CoV-2 viral
spike protein receptor binding domain antigen (Ag) and human IgG1 Fc (SP/RBD-Fc) in clinical develop-
ment for the induction and augmentation of neutralizing IgG titers against SARS-CoV-2 viral infection to
address the COVID-19 pandemic. The Fc moiety is designed to enhance immunogenicity by increasing
uptake via Fc-receptors (FccR) on Ag-presenting cells (APCs) and prolonging exposure due to neonatal
Fc receptor (FcRn) recycling. AKS-452 induced approximately 20-fold greater neutralizing IgG titers in
mice relative to those induced by SP/RBD without the Fc moiety and induced comparable long-term neu-
tralizing titers with a single dose vs. two doses. To further enhance immunogenicity, AKS-452 was eval-
uated in formulations containing a panel of adjuvants in which the water-in-oil adjuvant, MontanideTM

ISA 720, enhanced neutralizing IgG titers by approximately 7-fold after one and two doses in mice,
including the neutralization of live SARS-CoV-2 virus infection of VERO-E6 cells. Furthermore, ISA 720-
adjuvanted AKS-452 was immunogenic in rabbits and non-human primates (NHPs) and protected from
infection and clinical symptoms with live SARS-CoV-2 virus in NHPs (USA-WA1/2020 viral strain) and
the K18 human ACE2-trangenic (K18-huACE2-Tg) mouse (South African B.1.351 viral variant). These pre-
clinical studies support the initiation of Phase I clinical studies with adjuvanted AKS-452 with the expec-
tation that this room-temperature stable, Fc-fusion subunit vaccine can be rapidly and inexpensively
manufactured to provide billions of doses per year especially in regions where the cold-chain is difficult
to maintain.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Background

The COVID-19 pandemic has resulted in significant cases of
infection and deaths globally due to the novel SARS-CoV-2 coron-
avirus [1], despite public health measures such as social-
distancing and mask-wearing. Therefore, development of a variety
of vaccine formats and modalities is critical to the implementation
of more effective large-scale public health measures to control the
pandemic [2,3]. The most advanced vaccine platforms include live
viral vectors carrying SARS-CoV-2 Ag-encoding genetic material,
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Fig. 1. Structure of AKS-452, an Fc fusion protein of SP/RBD and human IgG Fc (SP/
RBD-Fc). SARS-CoV-2 SP/RBD Ag (green), Linker of amino acid sequence creating the
fusion between the SP/RBD and the Fc fragment, human IgG1 Fc fragment that
directs antigen presenting cells to take up and process the SP/RBD Ag via FccRs and
enhances residence time via FcRn recycling (red). There is one N-linked glycosy-
lation site on the ‘‘N297” site (using the well-known Kabat amino acid numbering
scheme for antibodies, which for AKS-452 is at position 358 from the N-terminus)
in the Fc fragment, along with two N-linked glycosylation sites in the SP/RBD region
of the molecule at positions 14 and 25 from the N-terminus. The molecular weight
of each monomer of the homodimer is 97,365.48 + 10.0 Da (post deglycosylation).
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liposome-encapsulated mRNA encoding the Spike Protein (SP), and
inactivated whole virus that have reported significant protective
efficacy in relatively short Phase III studies [4–11] leading to Emer-
gency Use Authorization (EUA) [12]. While short-term safety of
these EUA vaccines has been deemed acceptable based on out-
comes of clinical studies and safety monitoring of general popula-
tion vaccination programs, there remains a need for an improved
safety profile upon multiple dosing (reviewed in [13]) and for opti-
mization of the cost, scale, and speed of manufacturing and distri-
bution, especially to underdeveloped geographic regions of
globally-diverse populations [14,15].

To address these obstacles, an adjuvanted recombinant subunit
vaccine, AKS-452, is in development, comprising the fusion protein
Ag, SP/RBD-Fc, formulated in the water-in-oil adjuvant, Mon-
tanideTM ISA 720. The RBD Ag focuses the neutralizing antibody
(nAb) response to the most effective SP region required for virus
binding to the host target protein, angiotensin converting
enzyme-2 (ACE2) [16], thus avoiding Antibody-Dependent Enhance-
ment (ADE) of viral infectivity mediated by non-RBD-binding Abs
to SP, as was shown with SARS and MERS coronavirus vaccine can-
didates [17]. The AKS-452 Fc moiety is designed to enhance
immunogenicity by increasing uptake of the SP/RBD Ag via FccRs
on APCs [18] and prolonging exposure via FcRn recycling such that
immunogenicity might be achieved with a single dose. Immuno-
genicity is further enhanced via delivery with the demonstrably-
safe and well-tolerated ISA 720 adjuvant [19] to ensure amplifica-
tion and durability of neutralizing IgG titers and the desired T
helper 1 (Th1) response. Importantly, the RBD fused with Fc has
demonstrated at least a 10-fold greater production yield relative
to that of the whole SP Ag expression (<0.1 g/L for SP compared
to >1 g/L for SP/RBD-Fc in the same expression system). Here we
describe the development of AKS-452 in animals, which has sup-
ported the initiation of a Phase I/II safety and immunogenicity clin-
ical trial (ClinicalTrials.gov: NCT04681092).
2. Methods

2.1. Vaccine components

AKS-452 is a recombinant fusion protein comprising SP/RBD
and an Fc fragment containing a portion of the hinge region, in
which the full CH2 and CH3 domains of the human IgG1 Fc frag-
ment are connected via a covalent peptide linker sequence, all
encoded by a single nucleic acid molecule expressed in CHO-K1
cells (Fig. 1; #700452, 522 mg/ml; Akston Biosciences, Beverly,
MA; see PCT/US21/26577 for details). AKS-452 (Batch #:
MDS0001) was expressed in a CHO-K1 cell line derivative (Lake-
Pharma, Belmont, CA), harvested via depth filtration (Pall Corpora-
tion, Port Washington, NY), purified via Protein-A affinity
chromatography (MabSelect Sure, Cytiva Life Sciences, Marlbor-
ough, MA) followed by buffer exchange, further purified via anion
exchange chromatography (Q-HP resin, Cytiva) with final buffer
exchange, and concentrated via ultrafiltration-diafiltration (Ten-
genX SIUS 30 kDa, Repligen, Waltham, MA) to 522 mg/mL con-
firmed by A280. Final drug substance was identified via an
observed mass of 112,950.3 Da versus an expected mass of
112,943.4 Da (<0.01% difference) via LC-MS with glycan removal.
The batch was >98% with respect to molecular aggregates via
SEC-HPLC and fragments via capillary electrophoresis-sodium
dodecyl sulfate (CE-SDS) analysis (see Supplemental Methods and
Supplemental Tables 1, 2, and 3 for production and characteriza-
tion details). The expression yield was 0.75 g/L for material used in
this study and has since been optimized to approximately 3 g/L,
compared to less than 0.1 g/L for non-Fc modified, full length SP
produced in the same expression system. For adjuvanted immu-
6602
nizations, sterile aqueous solutions of AKS-452 were emulsified
in the water-in-oil adjuvant, MontanideTM ISA 720 (#2624653, Sep-
pic S.A., Paris, France; 30%/70% aqueous Ag/adjuvant emulsifica-
tion) [19] and injected into animals within 16 h of preparation. A
murine IgG2a Fc fusion protein with the SP/RBD was expressed
in HEK293 cells and was also used for immunizations (muIgG2a-
Fc-SP/RBD; SPD-C5259, 600 mg/ml; AcroBiosystems Inc., Newark,
DE).

2.2. Ethics statement and animal exposure (for all animal studies)

All animal studies (at different institutions) were performed
with protocols approved by their respective Animal Care and Use
Committees (IACUCs) in accordance with the National Institutes
of Health guide for the care and use of laboratory animals (NIH
Publications No. 8023, revised 1978), and with veterinary care in
accordance with the testing facility standard operating procedures
and regulations outlined in the applicable sections of the Final
Rules of the Animal Welfare Act regulations (9 CFR).

2.3. Immunogenicity studies in BALB/c mice

Six- to eight-week old female BALB/c mice (Jackson laborato-
ries, Bar Harbor, ME, USA) were acclimated for at least 7 days prior
to randomization into study groups. Mice were administered one,
two, or three doses of vaccine with or without adjuvant (100 mL,
unless otherwise stated) 21 days apart via s.c. injection. In some
experiments, titers were allowed to resolve below 500 mg/mL SP/
RBD-specific IgG for a few weeks before receiving a booster injec-
tion of AKS-452 without adjuvant. Blood was collected via sub-
mandibular venipuncture into micro-vacutainer tubes 7 days
prior to the first dose and then 14 days after each dose, and
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allowed to clot before serum was separated by centrifugation and
stored at �20 �C.

2.4. Immunogenicity studies in NHPs

An immunization study to evaluate the effectiveness of differ-
ent vaccine formulations was performed at Biomere, Inc (Worces-
ter, MA) with cynomolgus monkeys of Chinese and Indonesian
orgin (purpose bred, Macaca fascicularis). Male and female animals
2- to 4-years of age weighing 2 to 3 kg were purchased from Alpha
Genesis (Yemassee, SC). Animals were acclimated for at least
14 days prior to randomization into study groups and were admin-
istered vaccine in one, two, or three doses without adjuvant at
100 mg (100 lL) or 1,000 mg (1,000 lL) or emulsified in ISA 720
at 10 mg (67 mL) or 30 mg (200 lL) on days 0, 21, and 100 (or day
150 as indicated) via s.c. injection. Animals were observed for
1–3 h after each vaccination dose, then daily for general health.
Blood was collected via peripheral vein venipuncture into vacu-
tainer tubes and allowed to clot prior to serum separation via cen-
trifugation and stored at �20 �C.

2.5. SP/RBD-specific serum IgG titer ELISAs for mouse, NHP, human
samples

Serum anti-SP/RBD IgG Ab titers were determined by several
types of ELISAs. Serum samples were diluted in sample dilution
buffer (1:100–1:10,000) prior to addition to microtiter wells
coated with wild-type SARS-CoV-2 SP/RBD protein (#200080; Lake
Pharma, Inc., San Mateo, CA) and incubated for one hour. Reference
immune sera from the appropriate species (animals treated with
AKS-452 emulsified in ISA 720) were used to generate sample titer
values expressed as a dilution of the reference curve in Reference
Titer Units. Human convalescent serum (HCS) samples from sub-
jects known to have acquired COVID-19 that recovered to an
asymptomatic state for at least 14 days prior to serum collection
were purchased or obtained from BioIVT (Westbury, NY), Invent
Diagnostica (Hennigsdorf, Germany), and locally sourced donors
under informed consent. After washing plates, bound SP/RBD
specific IgG serum Abs were detected by a goat anti-species-
specific IgG (anti-mouse total IgG, IgG1, IgG2a, IgG2b, IgG3, South-
ern Biotech #1073-05, 1083-05, 1093-05, 1103-05, respectively;
anti-NHP IgG, Southern Biotech #4700-05; anti-human IgG, South-
ern Biotech #2046-05) conjugated to horseradish peroxidase (HRP)
followed by TMB chromogenic substrate. After stopping the reac-
tion with a stop reagent (1% H2SO4), optical density (OD) was mea-
sured via a microplate spectrophotometer at 450 nm, and
Reference Titer Units of each OD450 value were calculated from
the reference curve using the 4-parameter standard curve fitting
algorithm of SoftMax Pro (Molecular Devices, San Jose, CA).

A Luminex 200 multiplex microbead immunoassay format
(Luminex Corp., Austin, TX) was also used to detect NHP serum
Abs specific for different SARS-CoV-2 Ags (performed at the
University of California at Davis, Primate Assay Laboratory, Davis,
CA) [20,21]. The following antigens were conjugated to carboxy-
lated magnetic beads: SARS-CoV-2 Nucleocapsid His-tag (Sino Bio-
logical, Wayne, PA), BetaCoV/Wuhan/IVDC-HB-05/2019 SP trimers
His-tag (aa 1-1208; GIAID# EPI_ISL_402121; Immune Technology
Corp, New York, NY), SP/RBD His-tag (GenScript, Piscataway, NJ),
and gamma-irradiated viral lysate, SARS-Related Coronavirus 2, Iso-
late USA-WA1/2020, Gamma-Irradiated, NR-52287 (deposited by
the CDC, obtained through BEI Resources) [22]. The four conju-
gated beads were mixed in wells of a 96-well microtiter plate,
incubated with test sera or control IgG (Positive Control SARS-
CoV-2 NHP immune-serum-derived IgG and Negative Control
IgG) diluted in PBS-0.05% Tween20 with 2% Prionex blocking agent,
washed, and detected via PE-conjugated goat anti-human IgG (that
6603
also binds macaque IgG; Jackson ImmunoResearch, West Grove,
PA). Results were reported as mean fluorescent intensity (MFI)
units in which a sample was considered positive if it was above
the Positive Control IgG MFI.

2.6. ACE2 binding inhibition ELISA

This competitive inhibition ELISA is comprised of serially
diluted serum sample addition to recombinant SP/RBD protein
bound to plastic wells of a 96-well plate. After washing away
unbound proteins, biotinylated-human ACE2 (biotin-huACE2;
R&D Systems, Minneapolis, MN) was added for binding to any free
SP/RBD. After washing, streptavidin-labelled HRP was added to
bind to bound biotin-huACE2. The assay was developed as
described above for ELISAs. Inhibitory Dilution 50% (ID50), a
potency value per sample that represents the reciprocal dilution
at which 50% of the total ACE2 binding signal occurred, was calcu-
lated using GraphPad Prism software via a 4-parameter curve fit
algorithm, log-inhibitor vs. response, variable slope.

2.7. Plaque reduction neutralization test (PRNT)

nAb titers were determined by the PRNT as previously
described [23] and performed at the Feigin ABSL3 Facility (Texas
Children’s Hospital, Houston, TX) using the SARS-CoV-2 viral
strain, USA-WA1/2020 (# NR-52281; BEI Resources, Manassas,
VA). Positive and negative control nAbs (Sino Biological, Wayne,
PA) were used as 100% and 0% cell viability values. The serum neu-
tralization titer is the reciprocal of the highest dilution resulting in
an infection reduction of >50% (PRNT50).

2.8. NHP infection model of SARS-CoV-2 live virus challenge

2.8.1. Cynomolgus monkeys and vaccination
A total of 10 cynomolgus monkeys of Chinese and Indonesian

origin (purpose bred, Macaca fascicularis) were used in the study,
in which the five vaccinated animals were from the immunized
NHP group at Biomere, Inc. described above for the immunization
segment. These animals were shipped to BIOQUAL (Rockville, MD)
and housed in BSL3 conditions for at least two weeks prior infec-
tion. An additional five naïve animals were purchased from Prim-
Gen, Inc. (Lehigh Acres, FL) by BIOQUAL. Prior to all blood
collections, animals were anesthetized using ketamine. At the
end of the study, animals were euthanized with an intravenous
overdose of sodium pentobarbital.

2.8.2. Propagation of SARS-CoV-2 virus and infection of animals
VERO-E6 cells (ATCC; #CRL 1586) were grown in Dulbecco’s 260

modified essentialmedia (DMEM;Gibco)with 10% heat-inactivated
fetal bovine serum (FBS; Gibco) at 37 �C with 5% CO2. SARS-CoV-2
passage (P) 4 isolateUSA-WA1/2020 (BEI resources, NR-52281,Gen-
Bank accession numberMN985325.1)was used to generate the ani-
mal exposure stock (P5). The stock was generated by infecting
VERO-E6 cells at a multiplicity of infection (MOI) of 0.002 in DMEM
containing2% FBS; viral supernatantwas harvested at four days post
infection. The stock was confirmed to be SARS-CoV-2 via deep
sequencing and confirmed to be free of adventitious agents. Animals
were infectedwith a total of 1.1� 105 plaque-forming units (PFU) of
the SARS-CoV-2 viral strain, USA-WA1/2020 (NR-52281; BEI
Resources, Manassas, VA) in 2 mL; i.e., 1 mL drop-wise with a 3 mL
syringe via the intranasal route (0.5 mL into each nostril) and 1 mL
with a French rubber tube via the intratracheal route. Viral titers
were collected by nasal swabs (two flocked swabs per animal,
FLOQSwabs�, Copan, Carlsbad, CA, placed into one vial each contain-
ing 1mL PBS) and bronchioalveolar lavage (BAL)was collected using
10 mL saline administered and aspirated using a rubber feeding
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tube. Collected swabs and BAL aliquots were stored at �80 �C until
viral load analysis. The amounts of viral RNA copies permL of bodily
fluid or per gramof tissueweredeterminedusing aqRT-PCR assay as
previously described [24] using the following primer and probe
sequences:

Genomic RNA (gRNA): 2019-nCoV_N1-F:50-GAC CCC AAA ATC
AGC GAA AT-30; 2019-nCoV_N1-R: 50-TCT GGT TAC TGC CAG TTG
AAT CTG-30; 2019-nCoV_N1-P: 50-FAM-ACC CCG CAT TAC GTT
TGG TGG ACC-BHQ1-30;

Subgenomic RNA (sg-RNA): SG-F: CGATCTTGTAGATCTGTTCCTCA
AACGAAC; SG-R: ATATTGCAGCAGTACGCACACACA; PROBE: FAM-
ACACTAGCCATCCTTACTGCGCTTCG-BHQ.

2.9. huACE2-Tg mouse infection model of SARS-CoV-2 live virus
(B.1.351 variant)

2.9.1. Mice and vaccination
All experimental procedures were performed in the Feigin

ABSL3 Facility (Texas Children’s Hospital). Specific-pathogen-free,
4–5-weeks-old, female and male B6.Cg-Tg(K18- ACE2)2Prlmn/J
Fig. 2. Adjuvant role of the Fc moiety in the IgG-Fc-SP/RBD vaccine antigen. BALB/c mice
RBD fusion protein), murine IgG2a-Fc SP/RBD fusion protein, or SP/RBD that lacks an IgG
on Day 0) and second (administered on Day 21) doses, respectively, and evaluated for (
functional potency to inhibit huACE2 from binding to SP/RBD (ID50 values represent the
sample). Group means were compared using a parametric mixed model ANOVA of the lo
and random animal); the effect of human (AKS-452) vs. murine Fc was not significant for
Fc) vs. AKS-452 or murine IgG2a-Fc/RBD respective dose groups for both IgG titer and AC
FC/RBD dose and that 5 mg RBD dose � 10 mg AKS-452 or murine IgG2a-FC/RBD dose.

6604
(Stock No: 034860, K18 hACE2) hemizygotes were purchased from
The Jackson Laboratory (Bar Harbor, ME). Ten K18-huACE2-Tg mice
per group (5 male, 5 female) received one or two doses of vaccine
21 days apart after which blood samples were obtained 4 days
prior to viral challenge on day 35 after the initial vaccine dose.

2.9.2. Propagation of SARS-CoV-2 virus and infection of mice
SARS-CoV-2 virus, Beta variant in lineage B.1.351 was obtained

as a stock (NR-54009 BEI Resources, Source from the Africa Health
Research Institute) and used to generate a master seed stock by
infecting at low MOI of 0.01 Vero CCL-81 cells, with titrations per-
formed on Vero-E6 cells as previously described [25]. This viral
stock genetic sequence was verified using Oxford Nanopore
sequencing technologies using the NEBNext ARCTIC protocol
(New England Biolabs, Ipswich, MA). K18-huACE2-Tg mice were
infected intranasally with 104 PFU of virus in a final volume of
20 mL following isoflurane sedation. Mice were monitored daily
for morbidity (i.e., body weight and clinical scoring) and mortality.
After signs of weight loss, daily monitoring occurred 2–3 times per
day. Mice showing >20% loss of initial body weight or a clinical
6 to 8 weeks of age were immunized with two doses of AKS-452 (human IgG1 Fc-SP/
Fc moiety, and serum was collected on Days 14 and 35 after the first (administered
A) anti-SP/RBD IgG titers via ELISA (using a mouse serum reference curve) and (B)
reciprocal of the dilution at which 50% of ACE2 binding was achieved by a serum
g transformed data conducted in SAS software (model effects: treatment, dose, day
both IgG titer and ACE-2 inhibition potency. However, p < 0.0001 (****) for RBD (no
E-2 inhibition potency; note that 0.5 mg RBD dose � 1 mg AKS-452 or murine IgG2a-
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score of �4 more than once per day were defined as reaching the
experimental endpoint and humanely euthanized, and all mice
were euthanized at the end of study on day 11.
2.10. Statistical analyses

Group means were compared using either 1-way or 2-way anal-
ysis of variance (ANOVA) tests, as appropriate, on the log trans-
formed data using either SAS (SAS Institute, Cary, NC) or
GraphPad Prism (GraphPad, San Diego, CA) software. The Log-
Rank (Mantel-Cox) Survival Curve test was applied to the data in
Fig. 9C. Because the statistical analysis is exploratory in nature,
no adjustments were made for multiple comparisons. Specific sta-
tistical analyses and results are described in detail in each of the
figure captions.
Fig. 3. Immunogenic enhancement by adjuvants added to AKS-452. BALB/c mice 6
to 8 weeks of age were immunized with two doses of AKS-452 (human IgG1 Fc-SP/
RBD fusion protein) at 1 mg and 10 mg doses (100 mL) formulated with or without the
adjuvant Montanide ISA 720. Serum was collected on Days 14 and 35 after the first
(administered on Day 0) and second (administered on Day 21) doses, respectively,
and evaluated for (A) anti-SP/RBD IgG titers via ELISA (using a mouse serum
reference curve), (B) functional potency to inhibit huACE2 from binding to SP/RBD
(ID50 values that represent the reciprocal of the dilution at which 50% of the ACE2
binding was achieved), and (C) neutralization potency (PRNT50) of live SARS-CoV-2
viral infection of live VERO-E6 cells (i.e. the reciprocal of the highest dilution at
which 50% plaque reduction neutralization was achieved). Group means were
compared using a parametric mixed model ANOVA of the log transformed data
conducted in SAS software (model effects: adjuvant, dose, day and random animal);
* p < 0.05 relative to the analogous dose level group without adjuvant. ** p < 0.01
relative to the analogous dose level group without adjuvant. y p < 0.05 relative to
the analogous day 14 value. yyp < 0.01 relative to the analogous day 14 value.
yyyp < 0.001 relative to the analogous day 14 value. yyyyp < 0.0001 relative to the
analogous day 14 value.
3. Results

3.1. Immunogenicity in mice and rabbits

To demonstrate enhancement of immunogenicity by the Fc
moiety of the AKS-452, BALB/c mice received two s.c. injections
21 days apart of AKS-452 (containing the human IgG1 Fc moiety),
mouse IgG2a Fc-SP/RBD, or SP/RBD lacking an Fc moiety at differ-
ent dose levels, and serum was collected 14 days after each dose
(i.e., days 14 and 35, respectively) and assessed for anti-SP/RBD-
specific titers (Fig. 2). (Note that one SP/RBD molecule has approx-
imately half the molecular weight of the SP/RBD-Fc molecule.)
Both dose levels of the human and mouse IgG Fc antigenic mole-
cules induced significantly greater SP/RBD-specific IgG (Fig. 2A)
and ACE2-RBD binding inhibitory (Fig. 2B) titers at both timepoints
than did immunization with molar equivalent dose levels of
unmodified SP/RBD, demonstrating the Fc-enhancing effect. Fur-
thermore, human and mouse Fc-based Ags induced similar titers
demonstrating that foreign sequences of the human IgG1 Fc did
not appear to play an enhancing role in this BALB/c mouse
immunogenicity model. The human IgG1 Fc moiety of AKS-452
was confirmed to bind mouse FccRs in addition to those of NHP
and rabbit at similar affinities (data not shown).

To further enhance immunogenicity of the SP/RBD-Fc Ag, the
ISA 720 adjuvant was selected for its potent immunogenicity and
its demonstrated favorable safety profile and low reactogenicity
in humans in many clinical trials [19,26–29]. 1 and 10 mg dose
levels were prepared with and without ISA 720 and administered
in two doses 21 days apart. ISA 720 significantly enhanced serum
IgG (Fig. 3A) and ACE2-inhibition potency (Fig. 3B) titers by
approximately 4- to 20-fold at both dose levels after the first and
second doses. Note that the ACE2-inhibitory potency titers were
similar to or greater than those titers of HCS, demonstrating rele-
vancy to human COVID-19 infection. Accordingly, the IgG and
ACE2-inhibitory potency titers induced by ISA 720 correlated to
significant enhancement of serum potency to neutralize live
SARS-CoV-2 virus from infecting live VERO-E6 cells, which were
also similar to or greater than those of HCS (Fig. 3C). ISA 720 also
induced significant Th1 type responses (i.e., greater IgG2a/b iso-
types relative to IgG1) compared to those induced without adju-
vant (Fig. 4; IgG2a/IgG1 isotype mean titer ratios at day 35
without and with ISA-720 were 0.7 and 7.0, respectively), demon-
strating the favorable protective Th1 response expected from a
COVID-19 vaccine.

To further understand the immunogenic potential of AKS-452
formulated with ISA 720, a one- versus two-dose regimen study
was performed (Fig. 5). The two-dose regimen showed a slightly
greater enhancement of IgG and ACE2-inhibition potency titers rel-
ative to that of a single-dose regimen by 1.4- to 3-fold with the
6605
10 mg (Fig. 5B, left and right) and 30 mg (Fig. 5C, left and right)
AKS-452 dose levels, and by 5-fold in the presence of the lowest
dose level of 1 mg (Fig. 5A, left and right) on days 42 and 67. These
results support that effective immunity of a single dose of AKS-452
in ISA 720 is possible at the higher dose levels and should be eval-
uated in clinical settings. In further support of possible variables
for clinical design, the volume of injection with ISA 720 had no
impact on the immunogenic capacity of AKS-452 dose level to
induce IgG titers and ACE2-inhibitory potency (Fig. 5D, left and
right) after the first and second doses, demonstrating that a single



Fig. 4. AKS-452-Induced mouse IgG Isotypes analysis. BALB/c mice 6 to 8 weeks of age were immunized with two doses of AKS-452 (human IgG1 Fc-SP/RBD fusion protein) at
a 10 mg dose level formulated with or without Montanide ISA 720 adjuvant. Serum was collected on Days 14 and 35 after the first (administered on Day 0) and second
(administered on Day 21) doses, respectively, and evaluated for anti-SP/RBD IgG titer isotypes, (A) IgG1 (Th2 type), (B) IgG2a (Th1 type), and (C) IgG2b (Th1 type) via isotype-
specific ELISAs (using a mouse serum reference curve). Group means were compared using a parametric mixed model ANOVA of the log transformed data conducted in SAS
software (model effects: adjuvant, day and random animal); * p < 0.05, ** p < 0.01, *** p < 0.001 relative to the respective dose level without adjuvant at each timepoint.
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vaccine formulation can be manufactured in which different dose
levels of AKS-452 can be achieved by simply varying the dose
volume.

In addition, three doses of AKS-452 in ISA 720 (30 mg and 100 mg
dose levels) administered 14 days apart demonstrated no differ-
ence in immunogenicity between s.c. and i.m. routes of administra-
tion in New Zealand White rabbits (Supplemental Methods and
Supplemental Fig. 1), in which no significant toxicities were
observed in two different studies (a GLP and a non-GLP), confirm-
ing that AKS-452 has no direct toxic or pathological effects on lung
or other relevant tissues (data not shown).

3.2. Immunogenicity and protective efficacy in NHPs (Cynomolgus
monkeys)

Immunization (s.c.) of the more genetically-relevant NHP spe-
cies, cynomolgus monkeys, with 10 mg (N = 3) or 30 mg (N = 3)
AKS-452 dose levels formulated in ISA 720 induced strong IgG
(Fig. 6A) and ACE2-inhibitory (Fig. 6B) titers after one, two, and
three doses, and all doses achieved ID50 potencies greater than
those of all HCS samples tested (dotted line in Fig. 6B). Moreover,
when titers were allowed to resolve after the second dose, such
titers were readily restored after the third ‘‘booster” dose on day
100 or 150, demonstrating that a durable memory immunity is
present even when serum titers wane (Fig. 6A and B). Also, serum
neutralization potency of live SARS-CoV-2 virus infectivity similar
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to or greater than that of HCS was apparent after the first two
doses (Fig. 6C).

Using these immunized NHPs after the third vaccine dose
(N = 5) and a naïve NHP cohort (N = 5), a live SARS-CoV-2 virus
challenge study was performed via intranasal and intratracheal
delivery of an active SARS-CoV-2 virus (strain WA/1/2020). (One
of the six NHPs immunized above, #6101, had a heart condition
unrelated to vaccine, i.e., prior to day 0 of immunization, that pre-
cluded evaluation in this viral challenge study). The five NHPs
immunized with three doses of AKS-452/ISA 720 demonstrated
significant anti-SP/RBD IgG titers and ACE2-inhibitory ID50 values
assessed 7 days prior to viral challenge compared to the five naïve
control NHPs with negligible or undetectable levels (Fig. 7). To
assess viral infectivity, nasal swabs and bronchiolar lavage (BAL)
samples were obtained from all animals on days 2, 4, and 7 after
viral inoculation, and analyzed for viral titers via qRT-PCR yielding
viral copies per mL of viral gRNA (a measure of both live and dead
virus) and sg-RNA (a measure of active viral replication) (Fig. 7).
The normal kinetics of viral infection were demonstrated in naïve
animals in which the highest viral load in the nasal cavity (gRNA
and sg-RNA) was present on day 2 and remained substantial to
the end of study on day 7 (Fig. 7). Viral load in the bronchiolar
space, while more variable among naïve animals, showed a similar
kinetic pattern (although 3 of 5 naïve animals naturally resolved
viral levels by day 7 via sg-RNA analysis; Fig. 7). In contrast, all five
vaccinated animals showed significantly lower viral levels on day 2
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Fig. 6. AKS-452-induced immunogenicity in NHPs (cynomolgus monkeys) with Montanide ISA 720 adjuvant. N = 3 animals/group received three doses of AKS-452 of either
the 10 mg or 30 mg dose level in ISA 720. Serum samples were collected at several days after the first (administered on Day 0), second (administered on Day 21), and third
(administered on either Day 100 or 150) doses, respectively, and evaluated for (A) anti-SP/RBD IgG Ab titers (IgG mg/mL via ELISA using an NHP immune IgG standard curve),
(B) functional potency to inhibit huACE2 from binding to SP/RBD (ID50 values that represent the reciprocal of the dilution at which 50% of the ACE2 binding was achieved); the
dotted line refers to the highest HCS levels from Fig. 3B), and (C) neutralization potency (PRNT50) of live SARS-CoV-2 viral infection of live VERO-E6 cells (i.e. the reciprocal of
the highest dilution at which 50% plaque reduction neutralization was achieved). Note that titers were allowed to resolve after the second dose before the third booster dose
was given. Human convalescent serum was evaluated for potency to neutralize live SARS-CoV-2 virus from infecting VERO-E6 cells (C). Group means were compared using a
parametric mixed model ANOVA of the log transformed data conducted in SAS software (model effects: dose, day and random animal); *** p < 0.001 relative to the respective
dose level at Day 21.
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and completely resolved infection by day 4 (Fig. 7), demonstrating
a highly protective efficacy of the vaccine. Accordingly, gross
pathology and histological evaluation of necropsy lung tissue sam-
ples collected at the end of study on day 7 demonstrated signifi-
cant inflammation scores in naïve animals that were nonexistent
or negligible in the vaccinated animals (Table 1). Indeed, such
results demonstrate the lack of ADE by this vaccine.

Interestingly, in a separate study with four NHPs that received
three doses of AKS-452 in the absence of adjuvant, one animal,
#4101, unexpectedly showed a significant anti-SP/RBD IgG titer
response after the first dose and a profound response after the sec-
ond and third doses (Fig. 8A; ACE2-inhibition potency titers were
also observed, data not shown). Note that this animal was dosed
with the lower dose level of 100 mg, so dose level was not a factor
in its response. We hypothesized that this animal’s immune
system had been primed to SP/RBD, and therefore explored the
Fig. 5. AKS-452: One vs. two Doses and varying ISA 720 volume BALB/c mice 6 to 8 week
21, inverted blue triangles) of AKS-452 at (A) 1 mg, (B) 10 mg, or (C) 30 mg dose levels formu
regimen at a (D) 1 mg dose level that was formulated in different volumes of ISA 720. Se
panels) via ELISA (using a mouse serum reference curve) and functional potency (right
reciprocal of the dilution at which 50% of the ACE2 binding was achieved). Group means w
of the log transformed data conducted in SAS software (model effects: regimen, day and
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possibility that it had been exposed to SARS-CoV-2 infection during
breeding and nurturing prior to this study that was initiated in
May 2020, at which time the animal was approximately 2 years
of age. While baseline serum samples obtained prior to immuniza-
tion showed no detectable levels of anti-SP/RBD IgG titers (Fig. 8A),
a more specific titer analysis was performed with a panel of SARS-
CoV-2 Ags, including nuclear capsid protein, whole SP, and those
undefined Ags in a viral lysate (Fig. 8B; bottom panel). Surprisingly,
significant and substantial titers were detected against the viral
lysate antigen only in the samples from animal #4101, but not in
those from the other animals, suggesting that #4101 had a prior
infection with SARS-CoV-2 or a serologically cross-reactive agent
that went undetected that primed its immune system to vaccina-
tion with AKS-452. Indeed, these observations support the poten-
tial use of AKS-452 in the absence of adjuvant as a booster
vaccination in individuals who have contracted SARS-CoV-2
s of age were immunized with either one or two doses (administered at Days 0 and
lated with Montanide ISA 720. In addition, AKS-452 was administered as a two-dose
rum was collected on designated days and evaluated for anti-SP/RBD IgG titers (left
panels) to inhibit huACE2 from binding to SP/RBD (ID50 values that represent the
ere compared using a parametric mixed model ANOVA for each AKS-452 dose level
random animal); * p < 0.05, ** p < 0.01, relative to the analogous 1-dose timepoint.



Fig. 7. AKS-452-induced protection from viral challenge in NHPs (cynomolgus monkeys) with Montanide ISA 720 adjuvant. Animals were either untreated (Naïve) or
received three doses of AKS-452 of either 10 mg or 30 mg in ISA 720 on Days 0, 21, and 100 (or day 150 for #6001) in which serum was collected on Day 125 (animals #7101,
#7102, #7103) or Day 175 (#animals #6001 and #6102) and assessed for anti-SP/RBD-specific IgG titers (NHP serum reference units) and ACE2-inhibition potency (ID50).
Seven days after serum collection, animals were challenged via intranasal and intratracheal split dose of live SARS-CoV-2 virus (Washington strain, total of 1.1 � 105 PFU).
Intranasal swab and bronchiolar lavage samples were collected on Days 2, 4, and 7 after viral challenge and analysed for levels of virus via quantitative RT-PCR for genomic
viral RNA (gRNA; detects live and inactivated virus) and sub-genomic viral RNA (sg-RNA; associated with live virus replication) and reported as viral RNA copies per mL of
nasal and bronchiolar wash. * p < 0.05, *** p < 0.001, **** p < 0.0001 for comparison between the ‘‘Naïve” and all ‘‘AKS-452/ISA720-treated” groups on each day using
parametric 2-way ANOVA of log transformed data in GraphPad Prism software (for each panel a model with dose (treatment) and day as effect).

Table 1
Lung Histopathology of NHPs after viral challenge and protection with AKS-452 in Montanide ISA 720 adjuvant.

Vehicle AKS-452

(10 mg) (30 mg)
Number of Animals 5 3 2

Number of animals with minimal (Grade 1)
and mild (Grade 2) events

ACCESSORY LOBE
Bronchoalveolar lymphoid tissue hyperplasia 1 0 0
Increased alveolar macrophages 0 2 2
Alveolar inflammation, mononuclear 5 0 0
Interstitial inflammation, mononuclear 3 0 0
Perivascular inflammation, mixed or mononuclear 3 1 1
Fibrosis, interstitial 0 0 0
Pneumocyte hyperplasia (non-papillary) 1 0 0

LEFT LOBE
Increased alveolar macrophages 1 1 2
Pneumocyte hyperplasia (non-papillary) 3 0 0
Fibrosis, interstitial 2 0 0
Interstitial inflammation, mononuclear 2 0 0
Perivascular inflammation, mononuclear 4 0 1
Alveolar inflammation, mononuclear 5 0 1

RIGHT LOBE
Increased alveolar macrophages 0 1 2
Bronchoalveolar lymphoid tissue hyperplasia 1 0 0
Pneumocyte hyperplasia (non-papillary) 1 0 0
Interstitial inflammation, mononuclear 1 0 1
Perivascular inflammation, mononuclear or mixed 5 2 2
Alveolar inflammation, mononuclear 5 0 0
Bronchial inflammation, mixed 0 1 0
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Fig. 8. Substantial AKS-452-induced immunogenicity in an NHP (cynomolgus monkeys) in the absence of adjuvant. Animals received three doses of either 100 mg or 1,000 mg
AKS-452 without adjuvant at 21 days apart. Serum was collected at designated times and evaluated for (A) anti-SP/RBD IgG Ab titers by ELISA (using an NHP serum reference
curve reported as Reference Unit Titer values) and (B) SARS-CoV-2 anti-nucleocapsid, anti-whole SP Ag, anti-viral lysate, and anti-SP/RBD via Luminex immunoassay
(reported as raw MFI values).
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infection or received a primary vaccination and require a safe
boosting approach to augment protective titers.

In further support of the boosting potency in the absence of
adjuvant, a single dose of 10 mg AKS-452 without adjuvant was
able to substantially re-stimulate IgG titers in previously-
immunized BALB/c mice (Supplemental Fig. 2) after their previous
adjuvanted AKS-452-induced titers were allowed to subside below
500 mg/mL prior to the booster dose.

3.3. Immunogenicity and protective efficacy against the B.1.351
variant in huACE2-Tg mice

It is clear that different variants of SARS-CoV-2 containing
unique mutations are associated with increased infection rates in
different parts of the world including the B.1.1.7 (N501Y),
B.1.351 (K417N, E484K, N501Y), and B.1.617.2 (L452R, T478K)
variants [30–32]. Therefore, protective immunity against the more
evasive B.1.351 variant of SARS-CoV-2 by vaccination with AKS-
452 formulated in ISA 720 live virus was confirmed in the murine
model of SARS-CoV-2 infection using the K18-huACE2-Tg mouse
model [33,34] containing the human ACE2 receptor which confers
SARS-CoV-2 infection susceptibility versus wild-type mice [35,36].
K18-huACE2-Tg mice were immunized with 1, 10, or 30 mg of AKS-
452 formulated in ISA 720 in which 10 mg and 30 mg dose levels
were evaluated at a single dose, and 1 mg and 10 mg dose levels
were evaluated at two doses administered 21 days apart prior to
viral challenge on day 35 (Fig. 9). Four days prior to viral challenge,
IgG titers were similar among all four groups of mice (Fig. 9A).
Upon viral challenge, unvaccinated (vehicle; naïve) control animals
showed an aggressive decline in body weight from days 5 to 10
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(Fig. 9B) that correlated with a decrease in survival incidence to
10% by day 9 (Fig. 9C) and a maximum mean disease score of
approximately 4.5 by day 9 (Fig. 9D). Clear dose responses in body
weight, survival incidence, and disease score were observed
between the 10 and 30 mg one-dose groups, and between the 1
and 30 mg two-dose groups. Interestingly, one dose of the highest
dose level of 30 mg and 2 doses of the lowest dose level of 1 mg
showed similar efficacies that were greater than those of both
one- and two-doses of 10 mg such that animal weight was pre-
served and survival was enhanced to 60% to 70% with associated
mean disease scores of 1.6 to 2.0. While an expected dose response
in efficacy was observed between the 10 mg and 30 mg one-dose
groups, there was an inconsistency with the two-dose 10 mg
response relative to that of the two-dose 1 mg response. While both
of these two-dose groups induced similar IgG titers (Fig. 9A) and
were able to induce protection (Fig. 9 B, C, D), it remains unclear
why this dose response was reversed. Nevertheless, these results
support the possibility that a single dose of a higher dose level
could be used to achieve protective immunity even against the
more infectious B.1.351 variant.

4. Discussion

This study describes the development of a unique protein sub-
unit COVID-19 vaccine, AKS-452, based on the concept of fusing
the immune-enhancing human IgG Fc moiety with an
immunogenically-focused antigenic component of the SARS-CoV-
2 virus, SP/RBD. Consistent with our results here, fusion of IgG Fc
with the RBD fragment of SP from the original SARS virus
demonstrated significant immunogenicity in mice relative to the



Fig. 9. AKS-452-induced protection from viral challenge in K18-huACE2-Tg mice with Montanide ISA 720 adjuvant. Animals were treated with PBS vehicle or one dose of
AKS-452 in ISA 720 adjuvant at dose levels of 10 or 30 mg on Day 0 or two doses at dose levels of 1 mg and 10 mg on Days 0 and 21 prior to challenge on Day 35 via intranasal
and intratracheal split dose of live SARS-CoV-2 virus (B1.351 variant, total of 105 PFU). (A) Serum samples were obtained three days prior to challenge and assessed for SP/
RBD-specific IgG titers (ELISA using a mouse non-specific polyclonal IgG standard curve). Mice were (B) weighed, (C) assessed for mortality, and (D) evaluated for disease
score at daily intervals after viral challenge (disease scores of euthanized animals were included in longitudinal means; Clinical Scoring System included the following 0–5
scale; 0, Healthy, no signs of disease, body tone appropriate, weight is consistent or increasing from the previous day, normal activity level; 1, �5% weight loss and/or no signs
or very mild signs of disease, no hunching, normal to slightly decreased activity level; 2, 5–10% weight loss and/or mild signs of disease, decreased activity; 3, 10–15% weight
loss and/or onset of breathing abnormalities such as rapid shallow breaths, some hunching, mildly lethargic; 4, 15–20% weight loss and/or rapid breathing abnormalities,
hunching, lethargy; 5, >20% weight loss, respiratory distress or moribund condition, immediate euthanasia required). Panel B, # N < 3 due to reduction in survival that negated
statistical analyses. Panel C, * p < 0.05, ** p < 0.01 for comparison to ‘‘Vehicle” group via Log-Rank (Mantel-Cox) Survival Curve test with no adjustment for multiple
comparisons. Panel D, * p < 0.05, ** p < 0.01 for comparison between ‘‘Vehicle” and individual ‘‘AKS-452/ISA720-treated” groups on each day using a parametric mixed model
ANOVA of untransformed data with adjustment for multiple comparisons with Dunnett-Hsu correction (model: treatment, day and random animal effects, dotted-lined box
denotes significant values). All statistical analyses were performed using SAS software.
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SARS-RBD fragment alone [37,38]. In fact, this human IgG Fc-fusion
enhancing approach has been demonstrated with the development
of a MERS coronavirus vaccine containing recombinant protein of a
truncated MERS SP/RBD fragment (residues 377–588) fused to
human IgG Fc that increased immunogenicity via FccR-binding
on APCs, in addition to increasing in vivo half-life and stability
[17,39].

While the Fc moiety is known to enhance Ag presentation via
FccR binding to induce activation signals in APCs, such signals are
typically not strong enough by a vaccine to achieve the activation
threshold of naïve lymphocytes, in addition to not ensuring commit-
ment to Th1 development. However, as we have demonstrated here
with a cynomolgus monkey that possibly had a prior infection with
SARS-CoV-2 or a cross reactive agent, Fc-mediated signals may be
strongenough to re-activatememoryTandBcells of primed individ-
uals that have a low-threshold of activation relative to that of naïveT
cells. Nevertheless, these limitations in the naïve immune system
were overcome by fortifying vaccine potency with a formulation
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of the SP/RBD-Fc Ag in the adjuvant, ISA 720, a water-in-oil emulsi-
fication agent containing the Th1-promoting and human-safe squa-
lene oil [19,26–29,40–42], developed for its low reactogenicity in
humans. Collectively, the Fc moiety of AKS-452 was designed to
act as a mild adjuvant via activation of APCs and to work in concert
with a strong classical adjuvant, ISA 720, to enhance the duration of
Ag exposure to APCs and possibly direct Ag entry into lymph nodes
locally and systemically where additional APCs reside. Indeed, our
demonstration that a single dose of AKS-452 in ISA 720 showed
immunogenic potency and protection of viral infection similar to
that of a two-dose regimen in K18-huACE2-Tg mice supports a
dose-sparing potential.

Several outcomes of this study support the potential use of AKS-
452 in the absence or presence of ISA 720 as a booster vaccine for
subjects that had prior COVID-19 or after vaccination with other
vaccines. First, the response to AKS-452 without adjuvant by one
of the four treated NHPs appeared to be associated with a primed
immune status, perhaps induced via a prior viral infection. While
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such responses in the absence of adjuvant appear to be more read-
ily induced in naïve mice (as our results demonstrate), they are not
expected in naïve animals of NHP species that are genetically-
proximal to humans where reaction to a human protein is less
likely after one or two doses without adjuvant (i.e., as demon-
strated in three of four animals in our study). Second, NHPs immu-
nized with AKS-452 in ISA 720 that were allowed a rest from
vaccination for several weeks during which IgG titers resolved
could be readily re-stimulated with a single booster injection that
achieved maximum neutralizing titers within 21 days. This is con-
sistent with another report demonstrating a strong booster effect
with a subunit SP vaccine in combination with a novel DNA prim-
ing vaccine encoding the full-length SP of SARS-CoV-2 [43]. Indeed,
additional studies are required to definitively demonstrate the
potential of AKS-452 with or without adjuvant to safely boost
the immune response induced by other previously administered
vaccines or prior COVID-19 infection.

Vaccines based on the single SP Ag are likely to protect against
the known SARS-CoV-2 SP mutant strains as has been demon-
strated in humans with EUA-allowed vaccines (reviewed in [44]).
It is worth noting that a recent study evaluating HCS binding to
SP/RBD mutant proteins [45] demonstrated that the vast majority
of SP binding was focused to SP/RBD epitopes (70% to 99% attribu-
ted to SP/RBD binding). This observation supports that the focused
SP/RBD-specific nAb response induced by AKS-452 is expected to
yield a strong protective efficacy and that the risk of variant escape
from SP/RBD-specific vaccinations should not be any greater than
the risk with whole SP Ag vaccinations. Indeed, immunization with
the SP/RBD-specific AKS-452 in ISA 720 effectively protected NHPs
from viral infection with the original USA-WA1/2020 virus result-
ing in significantly lower viral levels and nonexistent or negligible
inflammation scores in lung tissue samples and effectively pro-
tected K18-huACE2-Tg mice from viral infection with the B.1.351
variant resulting in preserved body weight and increased survival.
Thus, the SP/RBD-focused immunogenicity of AKS-452 is likely to
provide effective protection from viral variants with SP/RBD muta-
tions as was demonstrated with the B.1.351 variant.

Our current experience with manufacturing AKS-452 has
demonstrated that a single 2,000L bioreactor production train
run yields enough material for an expected 45 mg dose of drug sub-
stance to treat approximately 100 million people receiving a single
dose. This manufacturing capacity is extremely significant and far
superior to the production throughput and costs of the other
viral-based, nucleic acid-based, and full-length recombinant SP
subunit-based vaccines. Furthermore, ongoing stability studies
indicate preserved physicochemical characteristics and potency
at 25 �C for over six months and 37 �C for up to one month (Supple-
mental Methods, Supplemental Table 3) as might be expected for a
protein subunit Ag built on the stable backbone of a monoclonal
antibody structure. The potency, manufacturability, stability, and
mechanism-of-action of the AKS-452 Fc-fusion protein formulated
with adjuvant, therefore, offer an opportunity to immunize billions
of people globally as frequently as necessary to maintain high
levels of neutralizing anti-SP/RBD Ab titers throughout the popula-
tion. It is expected that single dosing, high expression yields, and
mild storage temperatures of AKS-452 will help address the
world’s large-scale manufacturing and distribution needs of an
effective COVID-19 vaccine.
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