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ArtiC{e history: Background: Previous interim data from a phase I study of AKS-452, a subunit vaccine comprising an Fc
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(SP/RBD) emulsified in the water-in-oil adjuvant, Montanide™ ISA 720, suggested a good safety and
immunogenicity profile in healthy adults. This phase I study was completed and two dosing regimens
were further evaluated in this phase II study.

Methods: This phase Il randomized, open-labelled, parallel group study was conducted at a single site in
The Netherlands with 52 healthy adults (18 - 72 years) receiving AKS-452 subcutaneously at one 90 |g
dose (cohort 1, 26 subjects) or two 45 g doses 28 days apart (cohort 2, 26 subjects). Serum samples were
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Prophylaxis collected at the first dose (day 0) and at days 28, 56, 90, and 180. Safety and immunogenicity endpoints

Pandemic were assessed, along with induction of IgG isotypes, cross-reactive immunity against viral variants, and

COVID-19 IFN-y T cell responses.

Fc-fusion Results: All AEs were mild/moderate (grades 1 or 2), and no SAEs were attributable to AKS-452.

SARS-CoV-2 Seroconversion rates reached 100% in both cohorts, although cohort 2 showed greater geometric mean

Cla<csc_'4i2 IgG titers that were stable through day 180 and associated with enhanced potencies of SP/RBD-ACE2
1n

binding inhibition and live virus neutralization. AKS-452-induced IgG titers strongly bound mutant SP/
RBD from several SARS-CoV-2 variants (including Omicrons) that were predominantly of the favorable
IgG1/3 isotype and IFN-y-producing T cell phenotype.
Conclusion: These favorable safety and immunogenicity profiles of the candidate vaccine as demon-
strated in this phase II study are consistent with those of the phase I study (ClinicalTrials.gov:
NCT04681092) and suggest that a total of 90 pg received in 2 doses may offer a greater duration of
cross-reactive neutralizing titers than when given in a single dose.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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human convalescent serum; PBMC, peripheral blood mononuclear cell; PRNT, Plaque Reduction Neutralization Test; SAE, serious adverse event; SARS-CoV-2, severe acute
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1. Background

Significant hospitalization and death rates of the global COVID-
19 pandemic due to SARS-CoV-2 viral infection have triggered the
development of a variety of vaccines [1,2]. While some vaccines
with acceptable protective efficacy and safety profiles have gained
Emergency Use Authorization or regulatory approval [2-11], there
remain challenges with global distribution and access to COVID-19
vaccines that can be addressed via improved costs and speed of
manufacturing, along with reasonable non-cold-chain vaccine
storage [12,13]. We are developing such a stable recombinant sub-
unit vaccine, AKS-452, that is an Fc fusion protein comprised of the
SARS-CoV-2 SP/RBD and the human IgG1 Fc region formulated in
the water-in-oil adjuvant, Montanide™ ISA 720 [14,15]. Advantages
of the Fc moiety are facilitation of correct protein folding and rapid
purification, in addition to enhanced thermostability, in vivo half-
life, and immunogenicity of target antigens via Fc receptor-
mediated binding to antigen-presenting cells, which has been
demonstrated with other subunit vaccines against coronaviruses
and HIV [16-22]. We have demonstrated enhanced production
efficiency, thermostability, and immunogenicity attributed to the
Fc moiety in AKS-452, in addition to the need for emulsification
in Montanide™ ISA 720 to achieve high IgG titers in unprimed ani-
mals of several species that allows for dose sparing [14]. AKS-452
has recently been evaluated in the dose-ranging phase I portion of
a combined phase I/II clinical trial (ClinicalTrials.gov: NCT04681092)
that demonstrated acceptable safety and immunogenicity profiles
at the day-56 interim analysis, in which the 90 pg dose level
induced the highest IgG neutralizing titers [15]. Therefore, this
dose level was selected for further evaluation at a single 90 pg dose
or two 45 pg doses administered 28 days apart for safety, reacto-
genicity, and immunogenicity in this phase II trial involving
COVID-19-naive healthy adults between 18 and 72 years of age
at a single-center, University Medical Center Groningen (UMCG)
in The Netherlands. Results through the 180-day completion for
this phase II study, along with those of the phase I study through
the 180-day follow-up (included as Supplemental Information) are
presented here.

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 as previously described [14,15] (#MDS0002, 586 pg/ml;
Akston Biosciences, Beverly, MA; see PCT/US21/26577 for details).
AKS-452 drug product was released for clinical use from ICON
(Groningen, The Netherlands) after passing established criteria as
previously described [15] and was stored at —80 °C. Data from sta-
bility studies support storage at —80 °C, 2-8 °C, and 25 °C for at
least twelve months (see Table S1). This sterile aqueous solution
of AKS-452 was thawed and emulsified in the water-in-oil adju-
vant, Montanide™ ISA 720 (#2587851 Seppic S.A., Paris, France;
30%/70% aqueous antigen/adjuvant emulsification) [23,24] and
administered to subjects within 24 h of preparation as previously
described [15].

2.2. Study design and procedures

This phase II study was designed as part of a combined phase I/
Il study (ClinicalTrials.gov, NCT04681092; see Clinical Protocol in
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Supplementary Materials). Potentially eligible subjects were
recruited via announcements on social media and local and regio-
nal newspapers. Screening visits occurred in June-July 2021 during
the second wave of the COVID-19 pandemic that began in July
2021 as the contagious Delta variant began to circulate. During
the screening visit, subjects were provided a questionnaire (with
inclusion and exclusion questions) and informed about study aims,
possible adverse events, procedures, possible hazards, and mainte-
nance of confidentiality of their data. Subjects were then contacted
by phone, mail, or e-mail by a research physician (study investiga-
tor) to confirm subject’s interest in study participation, after which
eligibility was approved by the research physician in consultation
with the treating physician (i.e., principal investigator) by checking
inclusion and exclusion criteria. The first subject was enrolled on
15 July 2021 and the last subject’s final visit occurred on 14 Febru-
ary 2022. Main exclusion criteria were use of corticosteroids (ex-
cluding topical preparations for cutaneous or nasal use) or other
immunosuppressive drugs within 30 days prior to the first vaccina-
tion dose, in addition to previous SARS-CoV-2 infection or vaccina-
tion assessed via questionnaire. Note that testing of SARS-CoV-2
infection was both passively and actively surveilled in which sub-
jects were assessed at screening and monitored after enrolment at

days 0, 28, and 56 via an EUA-approved PCR test (AlinityM SARS-
CoV-2 Assay, Abbott Molecular, Inc.; positive result of infection
was cycle number < 36) in addition to being prompted to take
the test at any time to confirm suspected COVID-19-related symp-
toms, after which any positive test result was reported.

Enrolled subjects were randomized to one of the two cohorts
receiving either a single 500 pL dose of 90 pg (cohort 1) or two
250 pL doses of 45 pg 28 days apart (cohort 2) via subcutaneous
injection in the deltoid region of the upper arm. Each subject was
observed during a 15 min post-vaccination period before being
released. Safety reviews and immunogenicity assessments were
scheduled for study days 0, 28, 56, 90 and 180, at which time blood
samples were obtained for preparation of serum and PBMCs and
stored frozen until analysis. An informed consent form was signed
voluntarily before any study-related procedure was performed,
indicating that the subject understood the purpose and procedures
required for the study and was willing to participate. Subjects were
given an emergency call card at the day-0 visit prior to vaccination
and instructed to report, in an unsolicited manner, every change in
health or well-being after vaccination at the day-1 visit. After the
opportunity to report and discuss unsolicited reactions at this
day-1 visit, subjects were given a symptom questionnaire and
diary card after which they were instructed to report (i.e., solicited)
any adverse events (AEs) and serious adverse events (SAEs) at any
time during the trial. During all follow-up appointments, subjects
reported any symptoms in an open unsolicited manner followed
by a solicited symptom questionnaire discussion. Participants
could also contact clinical trial researchers (via contact information
on the emergency card) to report symptoms at any moment
between follow-up appointments. (See [15] for details of the clin-
ical study procedures in the Research Protocol, # 900452-CT-20-
001.)

2.3. Trial oversight

The trial was reviewed and approved by the Central Committee
on Research involving Humans (CCMO) in The Hague, together
with a review by the Ministry of Health, Welfare and Sport
(VWS). Local feasibility was assessed and approved by the UMCG
Institutional Review Board. For release of the trial at the clinical
site, the UMCG was the regulatory sponsor and TRACER BV (The
Netherlands) was the contract research organization that managed
and was responsible for the entire clinical project. The decision to
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submit the manuscript for publication was made by all authors
who vouch for the accuracy and completeness of the reported data
and for the fidelity of trial operations to the protocol. No one who is
not an author contributed to the preparation of the manuscript.

2.4. Primary and secondary endpoints

Primary endpoints were local and systemic (general) AEs and
SAEs of each dose schedule, and secondary endpoints were serum
anti-SP/RBD-specific IgG titers and inhibitory/neutralization
potencies. Research objectives included IgG titers against mutant
SP/RBD of different SARS-CoV-2 variant strains (via enzyme-
linked immunosorbent assays, ELISA) and the neutralization of
such live virus variants (via Plaque Reduction Neutralization Test;
PRNT), in addition to serum IgG isotyping and peripheral blood
mononuclear cell (PBMC) IFN-y production (via ELISPOT). AEs
and SAEs were graded by a numerical scoring system defined by
the NCI Common Terminology Criteria for Adverse Events (NCI
CTCAE; version number V4.03; i.e.,, Grade 1, Mild; Grade 2, Moder-
ate; Grade 3, Severe or medically significant but not immediately
life threatening; Grade 4, Life threatening consequences; Grade 5,
Death related to the adverse event).

2.5. Laboratory analyses

Different types of ELISAs were used to measure SARS-CoV-2 SP/
RBD-specific binding IgG titers (see details in Supplemental Meth-
ods). A semi-quantitative screening ELISA (SARS-CoV-2 IgG, ARCHI-
TECT I System, Abbott, Sligo, Ireland) was performed at the UMCG
that detected anti-SARS-CoV-2 SP IgG titers in which validated
negative and positive cutoff values were used as inclusion and
exclusion enrollment criteria, respectively, during screening. A
quantitative anti-SP/RBD IgG titer ELISA (AntiCoV-ID™ IgG ELISA,
Akston Biosciences, Beverly, MA) was used to assess titers at base-
line (day 0) and on days 28, 56, 90, and 180 post-vaccination in
which seropositivity was defined as a titer >4.5 standard deviations
above the value obtained using sera from 80 COVID-19-naive sub-
jects [i.e., 2.42 pg/mL, data not shown). The seroconversion rate of a
cohort was defined as the percentage of subjects that became
seropositive after receiving vaccination. The capacity of anti-SP/
RBD antibodies (and associated IgG isotypes) to bind a series of
SP/RBD mutant proteins from known SARS-CoV-2 variants was
assessed by ELISA (see Supplemental Methods for details). The
potency of serum to inhibit binding of recombinant SP/RBD to
recombinant angiotensin-converting enzyme II (ACE2) were
expressed as % inhibition at 40-fold dilution and inhibitory dilution
50% (IDsq) values, and were performed at Akston Biosciences (Bev-
erly, MA) as previously described [14]. A PRNT was performed with
VERO E6 cells to define the % inhibition values at 40-fold serum
dilution; the three viral strains evaluated were Original Washing-
ton (USA-WA1/2020; World Reference Center for Emerging Viruses
and Arboviruses, University of Texas Medical Branch, TX, USA;
GenBank accession no. MN985325.1), Alpha (NR-54011, BEI
Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA/
CA_CDC_5574/2020), and Delta (NR-55611, BEI Resources, NIAID,
NIH: SARS-Related Coronavirus 2, Isolate hCoV-19/USA/
PHC658/2021 Lineage B.1.617.2; contributed by Dr. Richard
Webby and Dr. Anami Patel). SP/RBD-specific T cell responses in
PBMC samples were evaluated via an IFN-y ELISPOT assay using
SP/RBD peptide pools of the Original Washington, Alpha, and Omi-
cron B.1 strains and performed at the UMCG. All assays were con-
ducted in a blinded fashion and performed as previously described
[14,25] or included in Supplementary Methods. HCS samples from
unvaccinated subjects (ie., n 32) known to have acquired
COVID-19 (confirmed via PCR test) that recovered to an asymp-
tomatic state for at least 14 days prior to serum collection during
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the first wave of COVID-19 (i.e., from February through December
2020) were purchased or obtained from BiolVT (Westbury, NY),
Invent Diagnostica (Hennigsdorf, Germany), and locally sourced
donors under informed consent. [The mean + SD age at time of
sampling was 42.7 + 13.7 years (range, 21-77 years), mean + SD
days after COVID-19 symptoms at which samples were obtained
was 26.4 + 5.1 (range, 19-34 days)].

The IFN-y ELISPOT assay was used to quantitate the frequency
of SP/RBD-specific IFN-y-producing T cells in PBMC samples col-
lected at days 0, 28 (for cohort 1), 56 (for cohort 2), 90, and 180.
A subject’s response to vaccination was reported as the ratio (Stim-
ulation Index; SI) of the mean IFN-y net-Spot-Forming Cells (net-
SFC) from each post-vaccination day dividing by the mean net-
SFC of the respective day 0 for each subject. In addition to the SI,
each post-vaccination PBMC sample was scored in a binary manner
as a positive or negative responder sample defined as having a SI of
at least 2 in addition to having at least 25 net-SFCs greater than
that of the day 0 sample. Reported here are the SIs of all samples
in which “negative responder” samples were assigned a value of
“1”, in addition to the proportion (and percentage in parentheses)
of “positive responders” per cohort and timepoint. Note that addi-
tional PBMC samples were obtained from an external cohort of
subjects who participated in the Vaccination Against COVID-19 in
Cancer (VOICE) clinical trial (Cohort A: individuals without cancer)
who received two injections, 21-days apart, of the mRNA-1273
SARS-CoV-2 vaccine (ClinicalTrials.gov Identifier: NCT04715438)
[26], in which blood samples were collected 28 days after the sec-
ond injection.

2.6. Statistical analysis

As described in the Study Protocol (see Supplemental Informa-
tion), statistical derivation of the dosing regimen and number of
subjects for this phase II study were based on the phase I interim
safety assessment conducted on each cohort considering a mini-
mum projected seroconversion rate of 7/10 for each cohort (a true
positive was based on the quantitative SP/RBD IgG ELISA positive/
negative cutoff criteria). While each of the six phase I cohorts
passed the safety criteria (i.e., no AEs > grade 3 and no SAEs due
to vaccine) and immunogenicity criteria (>70% seroconversion
rate) to advance to phase II, only cohorts that received the higher
dose level of 90 pg (either in a single dose or two doses) achieved
a 100% conversion rate, which was selected for phase II. Accord-
ingly, statistical analysis of phase I immunogenicity data (follow-
ing methods of the Study Protocol) derived a total of 52
participants in phase II sufficient to provide a descriptive safety
and immunogenicity assessment. Subject demographic character-
istics (such as age, sex, race, ethnicity, Body Mass Index, medical
history, and morbidity) were displayed as geometric means with
standard deviations or as medians with range and frequencies.
Continuous variables were tested for normal distribution and if
non-normally distributed, data were log;o-transformed to obtain
a normal distribution. Immunogenicity data were log-
transformed (except for PRNT data) before performing 1-way or
2-way analysis of variance (ANOVA) comparisons of least squares
means, as appropriate, using SAS® for Windows™ Version 9.4 Proc
Mixed (SAS Institute, Inc.). Tukey adjustment for multiple compar-
isons or Dunnett adjustment for one control group comparison
were used. Specific statistical analyses and results are described
in detail in each figure legend. As a per-protocol criterion, any sub-
ject showing a positive SARS-CoV-2 infection via PCR testing was
allowed to continue in the study, but all data collected after infec-
tion diagnosis was evaluated separately from the statistical study
analyses. Such data was not handled as an Intent-To-Treat analysis
because of the known specific safety and immunogenicity param-
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eters affected by such an infection that would confound the effects
of vaccination.

3. Results
3.1. Subject demographics and safety assessment

Seventy-six subjects were screened, resulting in enrolment of
52 subjects (Fig. 1) comprised of 31 men (59.6%) and 21 women
(40.4%) with a mean age of 41.5 years (range 18 to 72 years; see
Table 1 for demographics). None of the 52 subjects in either dosing
cohort reported an AE > grade 3 or an SAE. In fact, all AEs were
Grade 1 (mild) except for two transient “chest pain” AEs that were
deemed Grade 2 (moderate) (Table 2). There were 56 local AEs (all
related to vaccine dosing) reported by 39 subjects after the first
dose that were collected in a solicited manner, in which 47 of these
AEs appeared within 7 days of injection (Table 2). Forty-six of these
local AEs resolved within 7 days whereas 10 resolved between 7
and 71 days. Note that 8 subjects showed an Injection Site Nodule
AE after the first dose that is expected from use of the Montanide
ISA 720 adjuvant [23], in which 3 of these resolved within 7 days
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while the other 5 resolved between 30 and 105 days. There were
21 local site AEs after the second injection of similar nature to
those after the first dose, in which 6 of 7 Injection Site Nodule AEs
showed a protracted resolution (Table 2). Unsolicited general AEs
reported after the first and second doses were mostly unrelated
to dosing, and those that were related to dosing tended to appear
and resolve within 7 days (Table 2). Note that 8 subjects (4 from
cohort 1 and 4 from cohort 2) acquired SARS-CoV-2 infection with
mild to moderate symptoms after day 90 and before their final visit
at day 180 that occurred between 12 Nov 2021 and 24 Jan 2022
(Table 2) during the European Omicron infection wave first
announced 24 November 2021 [27]. No irregularities were
observed in laboratory analyses in any subject during the entire
180-day trial (Table S2). For comparison, the complete 6-month
laboratory data and AE results of the predecessor phase I trial are
reported in Table S3 and Table S4, respectively (i.e., including days
90 and 180 that were not reported in the previously published
interim day-56 analyses [15]), which demonstrated a similar safety
profile, showing that none of the 60 subjects in any of the six dos-
ing cohorts had an AE > grade 3 or an SAE attributable to AKS-452

[

Enrollment

dosing.

Assessed for eligibility (n=76)

Excluded n=24 )
*Not meeting inclusion criteria (n= 16)

*Declimed to participate (n=6)
*Other reasons (n= 2)

Randomized (n=52)

[

Allocation

]

A

Allocated to Cohortt 1 and received 1 x 90 pg
dose (n=26)

Allocated to Cohort2 and received 2 x 45 ug
doses 28 days apart (n=26)

A

[

Follow-Up

]

Lost to follow-up between days 90-180 due to:

* SARS-CoV-2 infection (n=4)

+ dropout - subject’s decision to receive an
available EUA vaccine (n=2)

Lost to follow-up between days 90-180 due to
SARS-CoV-2 infection (n=4)

[

Analysis

A

)

Analysed through visit day 90 (n=26) and

visit day 180 (n=24)

* Excluded from analysis due to dropout
between days 90-180 (n=2)

Analysed through visit day 180 (n=26)

Fig. 1. AKS-452 Phase II clinical study design. Phase Il was a 2 x 26 design; i.e., Cohort 1 was a single-dose (90 pig) and Cohort 2 was a two-dose (45 pg) regimen in which
subjects were enrolled and dosed concurrently. The dosing regimens were based on safety and immunogenicity outcomes of the interim results of the phase I study [15].
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Table 1

AKS-452 Phase Il characteristics of subjects at baseline.
Characteristic Cohort 1 (1 x 90 ug) Cohort 2 (2 x 45 ug) Total
No. of Subjects 26 26 52

Sex -N (%)

Male

Female

Age - yr

Mean

Range

Race/Ethnicity - N (%)

Caucasian

Black

Other

Body Mass Index [Median (range)]
SARS-Cov-2 seronegative - N (%)
Congenital abnormalities - N (%)

16
10

433
18-72

26

0

0

24.69 (19.66-29.13)
26

15
11

39.7
20-67

24
1

1

24.71 (19.31-29.99)
26

31 (59.6%)
21 (40.4%)

41.5
18-72

50 (96.2%)
1(1.9%)

1(1.9%)

24.70 (19.31 - 29.99)
52 (100%)

Cardiac abnormalities 1 0 1(1.9%)
Non-cardiac abnormalities 0 0 0

No abnormalities 25 26 51 (98.1%)
Charlson Comorbidity Index (CCI) - N (%)

0 26 24 50 (96.2%)
1 0 2 2 (3.8%)
Use of medication in month prior to screening - N (%) 11 10 21 (40.4%)
Antibiotics/antiviral therapy 1 0 1(1.9%)
Statins 1 1 2 (3.8%)
Hormone treatment 0 1 1(1.9%)
Antihypertensive drugs 0 2 2 (3.8%)
Benzodiazepines 0 1 1(1.9%)
Opiates 0 1 1(1.9%)
Other 9 6 15 (28.8%)

3.2. Humoral immunogenicity

A single administration of 90 g (cohort 1) of AKS-452 resulted
in a 96% (25 of 26 subjects) anti-SP/RBD IgG titer seroconversion
rate at days 28, 56, and 90 and declined to 85% by day 180
(Fig. 2A). In contrast, administration of two 45 pg doses 28 days
apart (cohort 2) resulted in 100% seroconversion from days 56 to
180 (Fig. 2A). Mean anti-SP/RBD IgG titers were similar between
cohorts 1 and 2 at day 28 (i.e., after a single dose), but were signif-
icantly higher on days 56 and 180 in cohort 2 after the subjects
received the second 45 ng dose on day 28 (Fig. 2A). The mean titer
on day 180 of cohort 1, but not that of cohort 2, showed a signifi-
cant decline relative to the respective day 28 mean titer. Thus, two
doses of the lower dose level, 45 pg, achieved greater titers for
longer duration than did a single dose of the full dose level,
90 pg. Similar results in the two-dose cohorts in the phase [ study
were observed (Fig. S1). With respect to titers induced by the first
dose in Cohort 2, there was an inverse correlation between the titer
on day 28 and the degree of response to the second dose (i.e., the
titer ratio of day 56/day 28) such that an anti-SP/RBD IgG titer of
14 pg/mL was an approximate cut-off that defined a 3-fold respon-
siveness (Fig. 2B). A similar inverse correlation was also observed
in the two-dose cohorts of phase I (Fig. S2). All phase II subjects
showed IgG responses that strongly inhibited SP/RBD binding to
ACE2 at day 56 in which the two-dose cohort 2 achieved signifi-
cantly greater inhibitory IgG titers than those of the single-dose
cohort 1 (Fig. 3A). A strong correlation was observed between indi-
vidual subjects’ respective day-56 IgG titers of SP/RBD binding (p.g/
mL) and ACE2-SP/RBD inhibition (inhibitory dilution 50%; IDsg)
from both cohorts (Fig. 3B). Note that mean IgG binding (Fig. 2A)
and ACE2-SP/RBD inhibition (Fig. 3A) titers from both cohorts were
similar to or greater than those of the HCS group, demonstrating
that AKS-452 vaccination is as effective at inducing titers against
SP/RBD of the Original SARS-CoV-2 strain as those induced via
infection of that strain (i.e., HCS sera were obtained during the first
COVID-19 wave of the Original strain).
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IgG titer isotyping demonstrated the favored effector isotype
responses, IgG1 and IgG3, to vaccination in both cohorts through-
out the trial (Fig. 4; similar results were observed in the phase I
study, Fig. S2). While the IgG1 and IgG3 responses peaked on
day 56, different kinetics were observed for the other isotype
responses that peaked on day 90 (i.e., [gG2) or day 180 (i.e., IgG4)
for both cohorts.

A series of mutant SP/RBD ELISAs were used to address whether
the Original Washington strain (WT) SP/RBD antigenic sequence of
AKS-452 induced IgG titers that bound mutant SP/RBD epitopes of
currently known SARS-CoV-2 variant strains (Fig. 5). Similar to the
kinetic profiles of IgG titers against the Original Washington SP/
RBD (see Fig. 2), the second dose in cohort 2 significantly enhanced
mean IgG titers against all mutant SP/RBDs by day 56 and were sig-
nificantly greater than those of the respective cohort 1 means
(Fig. 5). Day-180 titers against mutant SP/RBDs (except for Omi-
cron BA.2) showed a substantial and significant decline in both
cohorts relative to the respective day-56 titers, although cohort 1
showed a more substantial decline than cohort 2. Similar results
after the second dose were also observed in phase I (Fig. S4; note
that Omicron variant SP/RBDs were not available at the time of
Phase I analyses). Mean IgG titers to Omicron BA.1 and Omicron
BA.2 SP/RBD variants were consistently lower than those of other
variants, including the Original Washington WT strain.

3.3. Live virus neutralization assay

Mean percent neutralization (at 1:40 dilution of serum) of the
Original Washington WT, alpha variant, and delta variant viruses
at days 28, 56, 90, and 180 of AKS-452 vaccination was assessed
via the PRNT (Fig. 6). Consistent with IgG titer kinetic profiles
(see Figs. 2, 3, and 5), mean percent inhibition of the three viruses
at days 56 and 90 after the second dose in cohort 2 were signifi-
cantly elevated relative to the respective cohort 2 day-28 mean
and were similar to HCS means (Fig. 6). While there was a trend
towards greater mean neutralization values at day-56 and day-
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Table 2
AKS-452 Phase Il overview of AEs per cohort.

Cohort 1 (1 x 90 pg) Cohort 2 (2 x 45 pg) Total AE’s
Symptoms days 0-7' days 8-71° days 0-7' days 8-71°

AEs after FIRST dose

Local
Injection site induration 1 1
Injection site nodule 2+1" 1 2" 1+1° 8
Injection site reaction* 4 3+1" 5+1° 1 15
Injection site swelling 3 1 3 7
Injection site tenderness 9 11+1° 21
Injection site muscle pain 2 2
Itchy skin 1* 1
Muscle tension 1 1

General
Dizziness 1 1
Chest Pain 1% (ULR) 1
Coughing 1" (ULR) 1 (ULR) 2
Fever 1 (ULR) 1 (ULR) 2
Gastroenteritis 1 (ULR) 1
General malaise 1 (ULR) 1 (ULR) 2
Headache 5 1 (ULR) + 17 7
Menorrhagia 1 (ULR) 1
Menstruation delayed 1 1 2
Nausea 2 (1ULR) 2
Neck pain 1 1
Palpitations 1 1
Tiredness 2 (+17%) 1 (ULR) 5
Burn-out syndrome 1* (ULR) 1
Eye damage 1* (ULR) 1
Shoulder bursitis 1% (ULR) 1
SARS-CoV-2 Infection 4 (between days 90-180)% 4 (between days 90-180)° 8

AEs after SECOND dose
Chest Pain N/A N/A 1 1
Neck pain N/A N/A 1 1
Tiredness N/A N/A 1 1
Muscle tension N/A N/A 1 1
Injection site nodule N/A N/A 1+6° 7
Injection site reaction N/A N/A 9+ 3" 12
Injection site muscle pain N/A N/A 1 1

* “Injection site reaction” is defined by at least two or more of the following symptoms: swelling, redness, itching or pain at the injection site.
" All AEs were deemed “mild” (except the 2 Chest Pain AEs that were “moderate”) and all were “Possibly, Probably, or Definitely” Related to Vaccination unless designated with
ULR (i.e., Unlikely or Definitely Not Related to Vaccination). There were no SAE’s reported in the study. All Local AEs were collected in a solicited manner, while most General AEs

were unsolicited, especially those with ULR.

T AEs reported within 7 days of injection and resolved within 7 days of appearance unless designated with “*” in which case the AE resolved > 7 and < 71 days. Note that 3
“Injection Site Nodule” AEs that occurred after the Second Dose showed an extended presence beyond 71 days.

* AEs reported between 8 and 72 days after injection and resolved within 7 days of appearance unless designated with “*” in which case the AE resolved > 7 and < 71 days.
§ Subjects dropped out of study between days 90 and 180 due to a positive PCR result for SARS-CoV-2 infection.

90 in cohort 2 relative to cohort 1, these differences were signifi-
cant only in the Original strain at both days (Fig. 6A) and on day
56 in the Delta strain (Fig. 6C). Day-180 neutralization mean values
of the Original (Fig. 6A), Alpha (Fig. 6B), Delta (Fig. 6C) strains sig-
nificantly declined in cohort 2 (but not in cohort 1) relative to the
respective day-56 and day-90 values. In addition, cohort 1 and 2
neutralization potencies against the Original virus at day 28 were
significantly greater (p < 0.01, 2-tailed t-test) than those of the
Alpha and Delta viruses. A similar difference in neutralization
potency at day 28 between the Original strain relative to the Alpha
and Delta strains was observed in phase I (Fig. S5). While there was
not a significant correlation between IgG titer and PRNT values (via
linear regression analysis), there was a clear IgG titer cutoff of
approximately 100 pg/mL above which viral neutralization was
consistently 100% at the 1:40 dilution (red dotted lines in Fig. 6
D, E, and F).

3.4. Cellular immunogenicity
IFN-y-producing T cell responses specific to the SP/RBD anti-

gens of the Original, Delta, and Omicron BA.1 strains were induced
by AKS-452 vaccination in both cohorts (Fig. 7). The kinetic
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response pattern of mean SIs and proportion of positive responders
by each of the three SP/RBD strain antigens demonstrated that the
IFN-v-producing T cell response was maintained throughout the
study to day 180 with slight but significant declines in mean Sls
after day 28 in cohort 1. In contrast, T cell IFN-y responses induced
by the mRNA1273 vaccine significantly declined by day 180, espe-
cially in response to the Omicron BA.1 SP/RBD antigen.

3.5. Stimulation of IgG titers by SARS-CoV-2 Omicron variant infection
after AKS-452 vaccination

A total of eight subjects from phase II (four from cohort 1 and
four from cohort 2) acquired a mild-moderate symptomatic
SARS-CoV-2 infection after day 90 and before their final visit at
day 180 during the recent European Omicron infection wave first
announced 24 November 2021 [27]. Therefore, these subjects
dropped out of the study after day 90 but before day 180, although
each subject donated their day-180 blood sample for this analysis.
While such day-180 serum and PBMC samples from these subjects
were excluded from all other analyses, presentation of these data
in a longitudinal context per subject demonstrated substantial
induction of SP/RBD-specific IgG titers against Original Washing-
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Fig. 2. AKS-452 immuneogenicity: IgG titers. (A) Serum samples were obtained at Days 0, 28, 56, 90 and 180 of the initial vaccine dose and assessed for anti-SP/RBD IgG
binding titers via ELISA and presented per subject (all Day 0 samples were < lower limit of quantitation; not shown). Seroconversion was defined as > 2.42 ng/mL IgG (dotted
line; derived from validation studies with COVID-19 naive subject samples; see Methods). HCS titers were used as a comparator for samples from vaccinated subjects.
Statistical comparisons between mean values of study day within each cohort and between cohorts were performed using a model with “cohort” and “day” values as fixed
effects and a “random subject effect” in which p values were adjusted for multiplicity (Tukey). (B) Correlation between subject’s responsiveness to the second dose (day 56
titer divided by day 28 titer) and the titer on the day of the second dose (i.e., day 28). The dotted lines delineate the approximate day 28 titer that is correlated with a 3-fold
response to the second dose at day 56. The solid black line is the linear regression of log-transformed values.

ton, Alpha, and Delta strains after infection in 7 of the 8 subjects
(Fig. 8 A-E). These day-180 titers increased from the respective
day-90 titers by 2- to 45-fold (Fig. 8F). Infection also strongly ele-
vated potency to neutralize each virus to 100% effectiveness in 7 of
the 8 subjects via PRNT (Fig. 8 G, H, I). These data demonstrate that
infection by SARS-CoV-2 virus after full vaccination strongly
induced IgG titers well beyond those stimulated by vaccination
alone, suggesting that vaccination can prime the immune system
for such strong reactivity to infection. Indeed, the relatively low
IgG titers of HCS from subjects who were infected (with the Orig-
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inal strain) without prior vaccination (Fig. 8 A-E) supports such a
priming concept of vaccination.

To further understand the priming and boosting potential of
AKS-452, there was an opportunity in phase I to offer subjects in
the single dosing cohorts (i.e., cohort 1, 3, and 5 receiving 22.5,
45, and 90 g, respectively) to receive a non-adjuvanted booster
dose after their completion of the study on day 180. Five such sub-
jects agreed to receive a second non-adjuvanted dose on day 180
and responded to a similar degree as those subjects receiving their
second adjuvanted dose at day 28 during the trial (i.e., cohorts, 2, 4,
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Fig. 3. AKS-452 immunogenicity: inhibitory potency and IgG Isotype titers. (A) Serum samples were obtained at Day 56 after the initial vaccine dose and assessed at a 1:40
dilution for % Inhibition of recombinant human ACE2 binding to SP/RBD via ELISA and presented per subject (all Day 0 samples were < lower limit of quantitation; not shown).
Statistical comparisons between cohorts were performed using a model with “cohort” as a fixed effect in which p-values were not adjusted for multiplicity. (B) Comparison of
IgG titer vs. inhibitory potency (inhibitory dilution 50% in ACE2 binding assay, IDs,) of Day 56 sera for vaccinated subjects and HCS. Linear regression was performed on log-
transformed data; adjusted r? 0.638, p < 0.0001 (cohort 1), adjusted r? 0.680, p < 0.0001 (cohort 2), adjusted r? 0.803, p < 0.0001 (HCS).

and 6 [15]) in both IgG titers (Fig. S6 A, B, C) and live virus neutral-
ization (Fig. S6 D, E, F), in addition to a dominant IgG1 response
(Fig. S7). Subject #52 showed an abnormally high increase in titer
only between 28 and 56 days after the booster dose (i.e., study days
208 to 236), which was correlated with a positive test of SARS-
CoV-2 infection during that time. Also, the high titer of Subject
#67 on the day of the booster dose and the non-responsiveness
to this dose is consistent with the inverse correlation observed of
subjects in the phase II cohort 2 (see Fig. 2B).

4. Discussion

The overall safety assessment of AKS-452 in this 52-subject
phase II clinical study (and of the predecessor phase I trial) showed
limited side-effects in which no SAEs were reported, and the
expected site injection symptoms were mild, self-resolving, and
comparable to or less than those of other registered COVID-19 vac-
cines [28,29]. The expected Injection Site Nodule AEs are attributed
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to the use of the water-in-oil adjuvant, Montanide™ ISA 720, nec-
essary for AKS-452 to induce strong IFN-y and IgG titer responses,
as we have previously demonstrated in mice [14]. Although “oil-
in-water” adjuvants (typically 50%/50% oil/water) have demon-
strated major safety concerns with severe injection site reactions,
the Montanide “water-in-oil” adjuvant contains the highly
immunogenic squalene oil that allows less oil content in the for-
mulation (i.e., 30%/70% oil/water) known to dramatically reduce
reactogenicity in humans that has demonstrated a safe use during
clinical trials conducted over 25 years [23,24,30-34].

Limitations of this study were the lack of a control groups
receiving placebo, an active control vaccine, or a non-adjuvanted
formulation of AKS-452. However, inclusion of a negative control
placebo group was discouraged by regulatory authorities due to
the ethical consideration of preventing subjects access to available
EUA vaccines. Also, the objective of this study was not to address
non-inferiority or superiority of AKS-452 in a comparator vaccine
study, nor was it to merely demonstrate the immunogenic values
of the Montanide adjuvant that has been demonstrated in animal
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Fig. 4. AKS-452 immunogenicity Kkinetics and IgG Isotype titers. Serum samples were obtained at Days, 0, 28, 56, 90, and 180 from the initial vaccine dose from all subjects
in cohort 1 (1 x 90 ng) and cohort 2 (2 x 45 pg) and assessed for anti-SP/RBD IgG isotype titers via isotype-specific ELISAs (mean pg/mL + SEM). ¥, p < 0.05; ***, p < 0.001; ****,

p < 0.0001; 2-tailed t-test (GraphPad Prism).

studies with AKS-452 and in a vast number of other clinical stud-
ies, as mentioned above. Another limitation of this study is that the
full kinetic profile of immunogenicity was not established beyond
180 days; i.e., while mean IgG titers trended towards a decline at
180 days, the seroconversion rate was still 100% within the 2-
dose cohort 2. Additional studies are planned to address the
extended duration of immunogenicity and efficacy of AKS-452.

Levels of anti-SP/RBD IgG titers and inhibitory potencies were
higher in the two-dose regimen relative to those after the single-
dose regimen, although all were within the range of convalescent
sera. Indeed, HCS titers and potencies have been strongly associ-
ated with protection from SARS-CoV-2 infection [29]. Such IgG
titers correlated well with ACE2-SP/RBD binding titers and neutral-
ization with live virus. Importantly, the IgG1 isotype and IFN-vy-
producing T cell responses induced by AKS-452 are consistent with
the protective responses of the currently registered Emergency Use
Authorization and regulatory-approved vaccines [35,36]. While the
SP/RBD-specific IgG1 and IgG3 titers were orders of magnitude
greater than the IgG2 and IgG4 responses at all timepoints, the
IgG2 and IgG4 isotype responses increased at day 90 despite the
decrease in IgG1 and IgG3 isotype responses which appears to be
a qualitative shift in the immune response to vaccination, a phe-
nomenon that must be further investigated.
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Although the Omicron viral strains were not tested in the PRNT
due to the unavailability of laboratory stocks at the time of publi-
cation, strong anti-Omicron SP/RBD responses were apparent as
measured by IgG titers via ELISAs and by IFN-y-producing T cell
responses via ELISPOT. While AKS-452-induced IgG titers to Omi-
cron SP/RBD were approximately two- to three-fold less than those
to the Original strain, such AKS-452-induced IgG titer responses
are a significant improvement relative to those of the mRNA- and
adenovirus-based vaccines that showed 33- to 44-fold decreases
relative to the Original strain, i.e.,, BNT162b2 (Pfizer-BioNTech)
and ChAdOx1 (AstraZeneca) [37], or completely lost reactivity to
Omicron, i.e., Ad26.COV2.S (J&] Janssen) [38], and these IgG titers
induced by SPs of the Original strain are known to have signifi-
cantly reduced affinities to bind and neutralize Omicron virus from
infection or re-infection due to SP/RBD mutations [27,39]. Accord-
ingly, Omicron SP/RBD-specific IFN-y-producing T cell responses
induced by AKS-452 were maintained during the full 6 months of
the study among cohorts 1 and 2, but those induced by the
mRNA1273 vaccine in healthy subjects (who participated in the
VOICE trial) sharply declined during a similar period (see Fig. 7).
Note, however, additional booster administrations of mRNA- and
adenovirus-based vaccines have demonstrated increased neutral-
ization toward Omicron, suggesting that activation of B cells
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Fig. 5. AKS-452 IgG titers against SARS-Cov-2 viral variants. Serum samples were obtained at Day 0, 28, 56, 90, and 180 from the initial vaccine dose from Cohorts 1 and 2
and assessed for IgG binding titers against SP/RBD from different SARS-CoV-2 variants via ELISA and presented per subject with mean + SEM per cohort. For comparison, the
dotted reference lines denote the highest and lowest mean titers from the Original Washington WT strain (see Fig. 2). HCS from unvaccinated individuals during the first wave
of SARS-CoV-2 infection (i.e., Original Washington strain) was used as a comparator to samples from vaccinated subjects. For each viral variant, statistical comparisons
between days “within a cohort” and “between cohorts” were performed using a model entailing “cohort” and “day” values as fixed effects and a “random subject effect” using
log-transformed values in which p values were adjusted for multiplicity (Tukey-Kramer). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; # p < 0.0001 vs. Cohort 1 days

28, 56, or 90.

against mutant SP/RBD epitopes could be accomplished by multi-
ple vaccination doses [27,40,41]. Perhaps the underlying mecha-
nism of greater reactivity to omicron with SP/RBD-based AKS-
452 or with increased SP-based vaccine dosing may be related to
the “original antigenic sin” phenomenon [42]. That is, an initial B
cell antibody response during first exposure to viral antigen,
whether from natural infection or vaccination, is known to domi-
nate during subsequent exposures to mutated epitope(s) of the
same virus. A consequence of this initial exposure is that the
high-affinity memory B cells against the original antigenic epitopes
can suppress development of new mutant epitope-specific B cells
necessary for protection against the new viral variant, presumably
via mechanisms of immunologic competition [42]. Such suppres-
sion might be more efficiently overcome via vaccination with very
focused antigenic epitopes such as the RBD of AKS-452 rather than
whole SP used in other vaccines. Consistent with this idea are clin-
ical outcomes of an Original-specific SP/RBD-based vaccine that
demonstrated equivalent titers against omicron BA5 and the orig-
inal strain [43]. Indeed, others are evaluating the booster potency
of an Omicron-specific SP/RBD-Fc antigen vaccine formulated in
Alum [19,20].
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While cohort 1 and 2 IgG titers against most SARS-CoV-2 SP/
RBD variants tended to decline after day 90 (i.e., at day 180), IFN-
v-producing T cell responses were maintained at day 180, support-
ing that the dynamics of IgG titers may not accurately reflect the
true protective immune status of subjects receiving AKS-452. This
protracted T cell response relative to IgG titers has been observed
with other COVID vaccines in combination with natural immunity
after SARS-CoV-2 infection [44]. Moreover, humoral (ie., IgG)
responses are associated with extracellular neutralization of
viruses crucial in preventing infection whereas T cell responses rec-
ognize and eliminate virus-infected cells and therefore are associ-
ated with reduced disease severity, including reductions in
hospitalizations and deaths [44]. T cell responses to the multitude
of peptide epitopes of SARS-CoV-2 antigens are much more vari-
able and numerous than those of B cell neutralizing antibodies
such that protective T cell responses are not as sensitive to muta-
tions of SARS-CoV-2 variants (reviewed in [44]). This may explain
why T cell responses are associated with less severe disease even
in subjects that were seronegative at the time of diagnosis (re-
viewed in [44]).
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Fig. 6. AKS-452 serum neutralization of live virus, Plaque Reduction Neutralization Test (PRNT). Serum samples from Cohorts 1 (one 90 pig dose) and 2 (two 45 pig doses)
obtained on Days, 0, 28, 56, 90, and 180 of initial vaccine dose were assessed for % neutralization (at 1:40 dilution of serum) of the Original Washington (A), Alpha (B) and
Delta (C) live virus strains to infect live VERO E6 cells via the PRNT. For each viral variant (panels A, B, C), statistical comparisons between days “within a cohort” and
“between cohorts” were performed using model entailing “cohort” and “day” values as fixed effects and a “random subject effect” using untransformed values in which p
values were adjusted for multiplicity (Tukey-Kramer). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. PRNT potency values were compared to IgG titers against the
respective viral strain SP/RBD (D, E, F) to determine the IgG titer cutoff (~100 pg/mL) that defined a consistent 100% viral neutralization (red dotted line). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Results of these AKS-452 phase I/II studies support a strong
booster capacity of AKS-452, whether in combination with itself
or other vaccines, or with natural immunity after infection. The
concept of boosting is based on a primed immune status caused
by prior infection or vaccination. The Omicron infection
acquired > day 90 after priming with one or two doses of AKS-
452 caused a dramatic increase in IgG titers by day 180 in 7 of 8
subjects. Accordingly, the optional second non-adjuvanted AKS-
452 dose given at day 180 to 5 voluntary “single-dose” subjects
from phase I (cohorts, 1, 3, and 5) induced very rapid and robust
responses 28 days later (day 208), demonstrating that a single dose
of AKS-452 given 6 months earlier provided very strong priming. In
fact, these day-180 booster responses induced without adjuvant
were of similar magnitude to those induced at the scheduled
day-28 “adjuvanted” dose of subjects in the phase I two-dose
cohorts 2, 4, and 6, suggesting that boosting does not necessarily
require adjuvant or need to occur within 28 days of the first (i.e.,
priming) injection to elicit a maximal booster response. Consistent
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with these observations are preclinical results demonstrating very
strong responsiveness to non-adjuvanted AKS-452 of a non-human
primate that had prior, but unnoticed, SARS-CoV-2 infection [14].
In addition, the enhanced vaccine immunogenicity with a pro-
tracted period prior to a booster dose has been demonstrated with
approved mRNA- and adenovirus-based vaccines in which admin-
istration of a third booster dose 12 weeks after the last dose was
significantly more effective than when given 2 to 4 weeks after
the last dose [45]. Collectively, the non-adjuvanted AKS-452 vac-
cine may enable repeated booster injections to amplify the
immune response against the SARS CoV-2 antigen to combat wan-
ing immunity, especially against more infective variants (e.g., delta
and omicron) with higher affinity neutralizing antibodies.

In further understanding the boosting capacity of AKS-452, the
possible reason for subject #67 in the phase I trial not responding
to the booster (second) dose may be that the pre-existing high IgG
titers (induced by the priming dose) bound and neutralized the SP/
RBD-Fc antigenic component of AKS-452 that dampened its boost-
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Fig. 7. AKS-452 PBMC assessment of SP/RBD-specific T cell responses via IFN-y ELISPOT assay. The IFN-y ELISPOT assay was used to quantitate the frequency of SP/RBD-
specific IFN-y-producing T cells in PBMC samples stimulated by the SP/RBD of Original Washington, Delta, or Omicron SARS-CoV-2 strains. PBMC samples were obtained from
subjects who received AKS-452 (cohorts 1 and 2) or mRNA 1273 (Moderna; 2 doses 28 days apart) vaccines collected at days 0, 28 (for cohort 1), 56 (for cohort 2), 90 and 180.
For each subject’s sample, the mean of triplicate spot-forming cells (SFCs) of negative control DMSO cultures was subtracted from the mean of triplicate SFCs of SP/RBD-
stimulated cultures to generate the net-SFC value. Reported is the ratio (Stimulation Index; SI) of the mean net-SFCs from each post-vaccination day divided by the mean net-
SFC of the respective day O for each subject’s sample. A “positive responder” sample was defined as having an SI of at least 2 and an increase in the total number of net-
SFCs > 25 per 10 PBMCs, and the proportion (and percentage) are reported per cohort per timepoint. For each viral variant, log-transformed SI values of responders (log;o SI
values > 1) were subjected to an ANOVA model with “cohort” and “day” as fixed effects and a “random subject effect” in which p values were adjusted for multiplicity (Tukey-
Kramer between days within a cohort); *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Comparisons for day 180 mean SI values among Cohorts 1, 2, and mRNA1273
were evaluated using a correction for multiplicity (Dunnett) that showed no significant differences.

ing potential. This was further explored via response correlations
using IgG titers of the two-dose cohorts in phase I (cohort 2, 4,
and 6) and phase II (cohort 2) that showed an inverse correlation
between the titers on the day of the second dose (day 28) and
the degree of response to such second dose (i.e., the ratio of day
56 titer to day 28 titer). An anti-SP/RBD IgG titer of 14 pg/mL
was associated with a 3-fold responsiveness to the second dose
that perhaps could be used to gauge when to administer the sec-
ond dose such that optimal protective neutralizing titers are main-
tained. Collectively, these observations support that boosting
should not occur during sufficiently high titers from prior dosing
of vaccination. Boosting studies are currently in progress in AKS-
452 clinical studies to better quantify the effect in a larger cohort
and in people that received authorized vaccines (ClinicalTrials.gov
Identifier: NCT05124483).

The acceptable safety profile, the 96% to 100% seroconversion
rates, and inhibitory potencies consistent with that of HCS are suc-
cessful outcomes of this phase I/II trial series. In addition, a suffi-
cient scale-up of the GMP manufacturing process will enable

production of a sufficiently large quantity of doses for larger clini-
cal studies and future commercialization of AKS-452. Akston’s cur-
rent estimates indicate that a single 2,000 L bioreactor production
train run could yield enough material for such an expected 45 pg
dose of drug substance (at approximately $1 production cost per
dose) to treat approximately 100 million people receiving a single
dose. A 2,000L bioreactor production train running ten times per
year would therefore supply over 1 billion doses of AKS-452 at
45 ng per dose, creating an abundant vaccine resource world-
wide including low- and middle-income countries. This manufac-
turing capacity is extremely significant and far surpasses the pro-
duction throughput and costs of the other viral-based, nucleic
acid-based, and full-length recombinant SP subunit-based vac-
cines. Therefore, potency, manufacturability, stability at easily
achievable temperatures, and mechanism-of-action of the AKS-
452 vaccine offer an opportunity to immunize a significant number
of people globally to maintain high levels of immunity throughout
the population regardless of COVID-19 status.
Funding statement
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Fig. 8. Modulation of immunogenicity (IgG titers and neutralization potency) by SARS-CoV-2 Omicron variant infection after day 90 of 8 subjects in the AKS-452
Phase II study. Serum samples were obtained at Day 0, 28, 56, 90, and 180 after the initial vaccine dose from four cohort 1 subjects and four cohort 2 subjects who had
acquired SARS-CoV-2 Omicron infection between their day 90 and 180 follow-up visits. Serum samples were assessed for IgG binding titers against SP/RBD from the Original
Washington (A), Omicron B.1 (B), Omicron BA.2 (C), Alpha (D), and Delta (E) SARS-CoV-2 strains via ELISA and presented as the mean pg/mL of duplicate tests. The fold-change
from day-90 to day-180 titers associated with infection is presented in panel F. Sera were also evaluated for potency to neutralize the Original (G), Alpha (H), and Delta (I) live
virus strains from infecting VERO EG6 cells via the PRNT. HCS from unvaccinated individuals during the first wave of the SARS-CoV-2 infection (i.e., Original Washington strain)
was used as a comparator to samples from vaccinated subjects. For each viral variant and each parameter (IgG titer and PRNT), untransformed values of days 90 and 180 were
compared (p values) using an ANOVA model with “day” as a fixed effect and a “random subject effect”.
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