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SpikoGen® is a subunit recombinant spike protein vaccine combined with Advax-
CpG55.2™ adjuvant. This COVID-19 vaccine was shown to be safe, immunogenic
and efficacious in previous clinical trials. This study aimed to assess the safety
and immunogenicity of SpikoGen® vaccine as a homologous and heterologous
booster vaccination. This double-blind and randomized placebo-controlled (5:1)
trial was performed on 300 already vaccinated participants. SpikoGen® or saline
placebo was administered as a booster dose to participants who had received a full
two-dose COVID-19 vaccination course. Immunogenicity assessments were done
14 days after the booster dose with the primary immunogenicity outcome sero-
conversion rate of neutralizing antibodies. Safety outcomes included the inci-
dence of solicited adverse events up to 7 days after the booster dose.
SpikoGen® vaccine induced a robust humoral response both as a homologous
and heterologous booster, when compared to the placebo. At Day 14, serocon-
version of neutralizing antibodies was 76% (95% confidence interval [CI]:
69%-82%) in the SpikoGen® group versus 3% (95% CI: 0%-13%) in the placebo
group. The most common local and systemic reported adverse events were
injection site pain and fatigue. No serious adverse events were reported. The
SARS-CoV-2
variants. Irrespective of the primary vaccine course received, SpikoGen® vac-

SpikoGen®-booster induced cross-neutralization of other
cine showed promising effects as both a homologous and heterologous booster
dose. This vaccine also had a good safety profile with no vaccine-associated
serious adverse events. On the basis of these results, SpikoGen® vaccine has
been approved as a booster dose.

Abbreviations: BAU, binding antibody unit; COVID-19, coronavirus disease 2019; FDA, Food and Drug Administration; GMC, geometric mean
concentration; GMFR, geometric mean fold rise; NTD, N-terminal domain; RBDy,, receptor-binding domain (W subscript refers to the Wuhan-Hu-1
strain); S;w, S1w part of the spike protein (W subscript refers to the Wuhan-Hu-1 strain); SARS-CoV-2, severe acute respiratory syndrome coronavirus
2; sSVNT,,, surrogate virus-neutralizing test (W subscript refers to the Wuhan-Hu-1 strain); WHO, World Health Organization.
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INTRODUCTION

As of May 2022, SARS-CoV-2 remains an ongoing
problem with waning natural and vaccine-induced
immunity and immune escape of new variants result-
ing in an increasing number of re-infections and
vaccine-breakthrough infections worldwide. This has
directed development efforts towards optimal vaccine
boosters to restore waning immunity. Nevertheless,
many important questions regarding COVID-19
booster doses remain, including optimal timing, dose
and whether mismatch between the primary vaccine
course received and the booster vaccine affects the
nature of the resulting immune response. A key con-
sideration for COVID-19 boosters is their ability to
induce cross-neutralizing antibodies against relevant
current Omicron variants as opposed to the ancestral
strains on which the current vaccines are based.

Studies have shown that homologous or heterologous
vaccine boosters can enhance serum antibody levels while
having an acceptable safety profile [1, 2]. Immunization by
ChAdOx1 nCoV-19A followed by BNT162b2 mRNA vaccine
induced a strong antibody response [3]. Similarly, booster
vaccination with a recombinant subunit vaccine following
priming with an inactivated SARS-CoV-2 vaccine increased
neutralizing titres [4]. A COVID-19 booster vaccine should
ideally increase the breadth of variant recognition rather
than just amplify the antibody responses against the original
vaccine strain. With Omicron strains currently dominant
globally, a critical test for any current booster vaccine is its
ability to induce Omicron cross-neutralizing antibodies, with
mounting evidence that Omicron is relatively vaccine-
resistant [5].

SpikoGen® is a stable S protein trimer and was opti-
mized for insect cell expression as a soluble secreted product.
This vaccine-induced high titres of neutralizing antibodies
in mice after two intramuscular doses and protected ferrets
from nasal viral shedding [6]. A Phase 1 trial in Australia
was performed with satisfactory safety and immunogenicity
results. Phase 2 and 3 studies of SpikoGen® in Iran demon-
strated positive safety, immunogenicity and efficacy resulting
in emergency use authorization from Iran’s food and drug
organization [7]. Additional trials of SpikoGen® vaccine are
currently in progress in children aged 5 years and above
(NCT05231590).

This study aimed to assess the immunogenicity and
safety of SpikoGen® booster shot following primary vac-
cination with inactivated, viral vector or SpikoGen®
vaccine.

METHODS
Trial design and participants

This study is a parallel randomized and double-blind
placebo-controlled trial performed on 300 COVID-19 vacci-
nated participants with a 5:1 ratio and a follow-up duration
of 6 months after the booster dose. Adults 18 years and
older with stable medical conditions were included in the
study. Participants were allowed to enter the study if they
had received their first vaccination course 4-9 months
before the screening visit. The exclusion criteria included:
pregnant or lactating women; clinical signs or symptoms of
SARS-CoV-2; history of severe or progressive neurological
or seizure disorders, immunosuppressive treatment; history
of severe adverse reactions (e.g., anaphylaxis) to any compo-
nents of SpikoGen® or other medications; receiving any
other research product within 30 days before screening; his-
tory of COVID-19 between the first vaccination series and
booster dose; previous vaccination with any other autho-
rized vaccine within 28 days before screening (or the inten-
tion to receive such a vaccine within 14 days after the
booster dose); history of bleeding tendency disorders;
administration of (or the intention to receive) any blood,
plasma or immunoglobulin products within 90 days before
screening; donation of more than or equal to 450 ml of
blood within 28 days before screening; and any special cir-
cumstances that, in the researcher’s opinion, may increase
the risk of participating in the study or interfere with the
evaluation of the initial objectives of the study.

All participants signed the informed consent form
before enrolment. SpikoGen® or saline placebo was admin-
istered to the participants on Day 0. Fourteen days after the
booster dose, the participants became unblinded and the
trial continued as open-label. The placebo group also
received the SpikoGen® vaccine 14 days after the booster
dose. Safety follow-up will continue until 6 months after
the booster dose.

The study was approved by the Iran National Committee
for Ethics in Biomedical Research (ethics code number:
IR.NREC.1400.015) and was registered at the Iranian
Registry of Clinical Trials (IRCT20150303021315N26)
and at ClinicaTrial.gov (NCT 05175625).

Randomization and masking

Eligible participants were assigned to groups using strati-
fied permuted block randomization with a 5:1 allocation
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ratio (250 to the vaccine booster group, 50 to the placebo
group) by R-CRAN-version 4.0.1. There were three strata
for randomization based on the primary vaccine plat-
form: received. Adenoviral vector (including ChAdOx1 or
Sputnik V), inactivated whole virus (BBIBP-CorV or
COVIran Barekat) or recombinant protein (SpikoGen®).
Most of the SpikoGen®-prime participants were past par-
ticipants of the SpikoGen® Phase 2 clinical trial. The
appearance of the vaccine and the placebo were identical,
and the participants, investigators, and laboratory staff
were masked to the treatment allocation.

Outcomes

The primary outcome was seroconversion rate of neutral-
izing antibodies via surrogate virus-neutralizing test
(sVNTy,). Secondary outcomes included the geometric
mean concentrations (GMC) of S, receptor-binding
domain,, (RBDy,), and neutralizing antibodies in the two
groups. Geometric mean fold rise (GMFR) in comparison
to baseline along with seroconversion against S, RBDy,
and T-cell responses were also assessed on Day 14.

Seroconversion was defined as a change in the status
of antibody levels from negative to positive based on the
prespecified commercial ELISA kits threshold and at
least a fourfold rise in the antibody levels on Day 14 over
the baseline values. T-cell response was assessed on
40 participants in the SpikoGen® booster group only on
Days 0 and 14. The test was performed based on Quanti-
FERON SARS-CoV-2 RUO (Qiagen) toolset. Tube 1 con-
tained spike protein CD4-+ peptide epitopes and tube
2 contained spike protein CD4+ and CD8+ peptide epi-
topes from the spike protein. The levels of interferon-
gamma in plasma samples were reported in international
units per millilitre according to the manufacturer’s
instructions. The full data regarding the whole of these
assays and thresholds are provided in the Supporting
Information.

Safety outcomes included the incidence of local and
systemic solicited adverse events for 7 days after the
booster dose. Serious adverse events are being evaluated
up to 6 months after the booster dose. Safety outcomes
were reported based on the classifications provided in the
Medical Dictionary for Regulatory Activities (MedDRA).
Each patient’s severity score was assessed based on the
FDA toxicity grading scale [8].

Statistical analysis

This booster dose study included 300 participants. The
sample size was not calculated based on statistical power.

All the participants who received the booster dose were
included in the safety population. Safety was presented as
counts and percentages of participants with at least one
solicited (local or systemic) adverse event for each group.
The immunogenicity objectives were reported based on
the per-protocol set in which all randomly selected par-
ticipants received a booster dose of the study treatment
and did not have missing antibody results or major proto-
col deviation. Moreover, participants who were infected
with SARS-CoV-2 were excluded from the per-protocol
population.

Missing data were not imputed. No multiplicity
adjustments were made in this study. Continuous data
were compared using t-test and categorical data were
assessed using a chi-squared test or Fisher’s exact test.
Hypothesis testing was two-sided, and p values less
than 0.05 were considered significant. The 95% ClIs
for GMC and GMFR were calculated based on the
t-distribution of the log-transformed values and then
back-transformed to the original scale at each time
point for presentation. Wilcoxon tests were used to
compare the paired samples to evaluate the difference
in the concentrations of interferon-gamma in the
SpikoGen® group.

Sub-group analyses were performed based on the type
platform of vaccine used in the primary vaccination
course. We used R (version 4.0.1), STATA 14 and
Graphpad Prism for all statistical analyses. Results are
presented as RU/ml per the assay kit results but were
also converted into binding antibody units (BAUSs) using
the WHO standards (see Supporting Information).

RESULTS

The trial was initiated on 15 December 2021. In total,
250 participants were enrolled in the SpikoGen® booster
group, and 50 received the saline placebo. Screening pro-
cess of the participants is provided in the CONSORT
diagram in Figure 1. Participants in the inactivated-
prime and viral vector-prime had on average received
their primary vaccination series only 4-5 months previ-
ously, whereas most in the SpikoGen® group had
received their primary vaccination series approxi-
mately 6 months previously as part of the SpikoGen®
Phase 2 trial. The baseline serology status of the partic-
ipants is provided in Table 1.

As Table 1 shows, at baseline, 33 (53.23%) of partici-
pants in the SpikoGen® prime group, 65 (38.24%) in the
inactivated whole virus prime group and 34 (50%) partici-
pants in the viral vector prime group were still seroposi-
tive. Demographic data and medical histories of the
participants are also presented in Table 1.
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1121 participants screened

A 4

821 Screen failuresor not eligible
383 History of COVID-19 after primary vaccination

v

355 Receiving the primary vaccination within 4
months before booster dose

52 Receiving immunosuppressive medications

31 History of severe allergic reactions

300 Underwent Ran

domization (1:5)

A 4

250 assigned to SpikoGen® Group

and received injection

51 Excluded from PP analysis <

250 included in
safety population

199 included in PP
analysis

A 4

50 assigned to Placebo Group and

received injection

11 Excluded from PP analysis

A\ 4

50 included in
safety population

39 included in PP
analysis

FIGURE 1 CONSORT flowchart showing schema of screening, randomization and analysis of participants

Immunogenicity outcomes

By Day 14 post-booster, seroconversion of neutralizing
antibodies in the pooled population was 76% (95% CI:
69%-82%) in the SpikoGen® booster group versus 3%
(95% CI: 0% to 13%) in the placebo group. Seroconversion
of binding IgG against the S;, protein in the pooled pop-
ulation was 56% (95% CI: 49% to 63%) for SpikoGen®
group versus 0% (95% CIL: 0%-9%) for the placebo group
and seroconversion of binding IgG against the RBD,, pro-
tein in the pooled group was 64% (95% CI: 57%-70%) for
SpikoGen® group versus 0% (95% CI: 0%-9%) for the pla-
cebo group. The results of seroconversion based on the
type of the primary vaccination course are provided in
Table 2.

The results of the concentrations of antibodies at base-
line and 14 days after the booster dose are shown in
Figure 2.

The use of the WHO standards allowed us to convert
the results into BAUs. The results of these concentrations
based on BAU are provided in Table S1.

The fold-rise of the antibodies over baseline values
is shown in Table 3. The geometric mean fold rise in
neutralizing antibodies following prime vaccination
with the inactivated whole virus platform, viral vector
platform, and SpikoGen® were 25.77 (95% CI: 18.51-
35.87), 14.32 (95% CI: 8.81-23.27) and 11.33 (95% CI:
6.45-19.92), respectively. As the table shows, these
increases are more prominent in participants whose first
vaccinations were based on the inactivated whole virus
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TABLE 1
the participants

Baseline characteristics and past medical history of

SpikoGen® Placebo
Characteristics N =250 N=50
Sex—n (%)

Male 114 (45.60) 18 (36)
Age (years)—mean + SD 44.04 +16.05  48.99 + 18.10
First vaccination

platform—n (%)

Inactivated whole virus 142 (56.8) 28 (56.0)

Viral vector 56 (22.4) 12 (24.0)

SpikoGen® 52 (20.8) 10 (20.0)
Seropositive at baseline—n (%)

Inactivated whole virus 54 (38.03) 11 (39.29)

Viral vector 29 (51.79) 5(41.67)

SpikoGen® 28 (53.85) 5(50)
Medical history—frequency (%)*

Anxiety/depression 4(1.6) 3(6)

Arrhythmia 5(2) 0(0)

Asthma 2(0.8) 0(0)

Cerebrovascular accident 18 (7.2) 7(14)

Deep vein thrombosis 13(5.2) 4(8)

Diabetes mellitus 15(6) 2(4)

Dyslipidemia 18 (7.2) 6(12)

Hepatic steatosis 18 (7.2) 4(8)

Hypothyroidism 2(0.8) 0(0)

Malignancy 9(3.6) 2(4)

Multiple sclerosis 5(2) 2(4)

Ischemic heart disease 6(2.4) 1(2)

Nephrolithiasis 12 (4.8) 2(4)

Osteoarthritis 5(2) 1(2)

Rheumatoid arthritis 2(0.8) 1(2)

Other autoimmune disorders 17 (6.8) 7 (14)

“Malignancy includes Prostate cancer and breast cancer. Other autoimmune
disorders include Ankylosing spondylitis, Autoimmune thyroiditis, Behcet’s
syndrome, Cutaneous vasculitis, Hyperthyroidism, Inflammatory bowel
disease, Lichen planus, Psoriasis and Psoriatic arthropathy.

platform (which includes BBIBP-CorV and COVIran
Barekat).

Cross-neutralization of other variants
results

Next, we sought to assess the impact of the SpikoGen®
booster on cross-neutralizing the major variants of

concern using a range of lentivirus pseudotype assays. A
random sample of 42 baseline sera (14 from each of the
3 primary vaccine groups) was first assessed for neutrali-
zation activity against the prevailing Delta or Omicron
BA.1 variants (Figure 3). Seropositivity was defined as a
PVNT titre of greater than 16. Of the baseline samples
tested, 37/42 (88.1%) were seropositive for neutralization
activity against Delta, whereas only 12/42 (28.6%) of base-
line sera were seropositive against Omicron (Figure 3a).
Overall, Omicron titres at baseline were 7.2-fold lower
than for Delta. When broken down by primary vaccine
group, baseline Delta neutralization activity was highest
for the SpikoGen®-prime (GMT 89, 95% CI: 44-179), fol-
lowed by inactivated-prime (GMT 73, 95% CI: 38-139)
and viral vector-prime (GMT 59, 95% CI: 29-120) groups,
although these differences were not significant. Baseline
Omicron BA.1 neutralization titres by subgroup went
from viral vector-prime (GMT 12, 95% CI: 6.2-24), to
SpikoGen®-prime (GMT 11, 95% CL 5.6-23) to
inactivated-prime (GMT 7.5, 95% CI: 5.0-11) groups.

Next, at Day 14, post-booster sera from the 42 subjects
were tested for their ability to neutralize Alpha, Beta,
Gamma, Delta, Lambda and Omicron BA.1 pseudotype
lentiviruses (Figure 4). All boosted sera showed high neu-
tralization of Alpha (GMT 422, range 94-1024) and Delta
(GMT 384.9, range 70.4-1024), variants. Neutralization
titres against Beta, Gamma, Lambda and Omicron BA.1
variants were all significantly less than for Alpha, with
the geometric mean fold ratio reduction from Alpha,
being Beta (1.5), Lambda (1.7), Omicron (2.2) and
Gamma (2.5) (Figure 4b). When the Day 14 post-booster
Delta or Omicron BA.1 responses were broken down by
primary vaccine subgroup, no significant differences were
seen between groups. Notably, the post booster fold-rise
in Omicron pVNT titres for each of the primary vaccine
groups was higher than the fold-rise in Delta pVNT titres,
with the difference between Delta and Omicron neutrali-
zation reduced from more than 7-fold lower before the
boost, to ~2-fold lower after the boost (Figure 3b).

To more closely examine the pattern of neutralization
of variants, we constructed a heatmap showing each sub-
ject’s response against each of the major variants
(Figure 4c). While a small number of subjects showed
similar responses against all variants, most subjects
showed a high level of variability, with high titres against
some variants but low responses against others. To see
which variants might be closest serologically, we assessed
the correlation of the Day 14 post-booster pVNT
responses between variants. Alpha showed a high corre-
lation to Gamma (r = 0.63) and Omicron responses
(r = 0.61), whereas Omicron showed the highest correla-
tion to Gamma (r = 0.77) and Beta (r = 0.65) responses
(Figure 4d). Finally, we compared the fold increase in
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TABLE 2 Seroconversion rate in the participants
Pooled SpikoGen® Inactivated virus Viral vector
SpikoGen® Placebo SpikoGen® Placebo SpikoGen® Placebo SpikoGen® Placebo
SVNT,,
SCR 151 (76) 1(3) 28 (68) 0(0) 87(80) 1(5) 36 (73) 0(0)
95% CI (69-82) (0-13) (52-82) (0-34) (71-87) (0-24) (59-85) (0-34)
Siw 1gG
SCR 111 (56) 0 (0) 14 (34) 0 (0) 74 (68) 0(0) 23 (47) 0 (0)
95% CI (49-63) (0-9) (20-51) (0-34) (58-77) (0-16) (33-62) (0-34)
RBD,,
SCR 127 (64) 0(0) 18 (44) 0(0) 84 (77) 0(0) 25 (51) 0(0)
95% CI (57-70) (0-9) (28-60) (0-34) (68-85) (0-16) (36-66) (0-34)

Note: Percentages for seroconversion rate (SCR) were calculated as a number of subjects who reported the event divided by the number of subjects in the
Per-Protocol Set at Day 14 with non-missing data multiply 100. The 95% confidence interval (CI) for SCR was calculated using the exact Clopper-Pearson method.
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TABLE 3 GMFR of S, IgG, RBDy, IgG and sVNT,, in the participants
Pooled SpikoGen® Inactivated virus Viral vector
SpikoGen® Placebo SpikoGen®  Placebo SpikoGen® Placebo SpikoGen®  Placebo
SVNT,,
Day 14 (n) 199 39 41 9 109 21 49 9
GMFR 18.83 1.34 11.33 1.46 25.77 1.40 14.32 1.13
95% CI (14.71-24.10) (1.15-1.56) (6.45-19.92) (1.04-2.04) (18.51-35.87) (1.09-1.79) (8.81-23.27) (0.97-1.31)
S1w-1gG
Day 14 (n) 199 39 41 9 109 21 49 9
GMFR 5.92 1.09 5.11 1.18 7.49 1.11 3.97 0.98
95% CI (4.94-7.10) (0.99-1.21) (3.10-8.44) (0.89-1.56) (5.93-9.45) (0.98-1.25) (2.91-5.42) (0.74-1.30)
RBD,,-1gG
Day 14 (n) 199 39 41 9 109 21 49 9
GMFR 11.24 1 7.59 1.11 17.06 1.05 6.81 0.81
95% CI (8.77-14.42) (0.87-1.15) (4.29-13.41) (0.87-1.43) (12.25-23.77) (0.93-1.18) (3.89-9.83) (0.47-1.40)

Note: The 95% confidence interval (CI) for geometric mean fold rise (GMFR) was calculated based on the t-distribution of the log-transformed values, then

back-transformed to the original scale for presentation.
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FIGURE 3 Lentivirus pseudotyping neutralization test for Delta and Omicron BA.1 in a random subset of 14 baseline sera from each
primary vaccine group (a). Results from the same individuals, 2 weeks after the SpikoGen® booster dose (b). Column height shows GMT

Omicron BA.1 pVNT titres from baseline to 2-week
post-boost for each group. The SpikoGen®-prime group
had the greatest response with a 17.8-fold increase in Omi-
cron pVNT responses post booster, then the inactivated-
prime group with a 14.4-fold increase and the viral vector-
prime group with a 13.2-fold increase (data not shown).

stimulation with CD4+ epitopes. Moreover, the median
[IQR] interferon-gamma concentration changed from
0.11 [0.08-0.21] at baseline to 0.17 [0.09-0.39] on Day
14 (p = 0.005) after stimulation with CD44 and CD8+
epitopes. These results are also provided in Table S2.

Safety outcomes
T-cell responses
A graphical representation of the incidence of solicited
adverse events after the booster injection is shown in
Figure 5. As can be seen, 174 (70%) participants devel-
oped at least one adverse event following the booster dose

In the SpikoGen® group, the median [IQR] interferon-
gamma concentrations changed from 0.10 [0.07-0.21] at
baseline to 0.15 [0.08-0.30] on Day 14 (p = 0.006) after
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scale on the right (c). Pairwise correlations were performed of pVNT results against each variant of concern for Day 14 post-booster sera of
44 subjects and depicted as a heatmap with the correlations shown in each cell and colour scale depicting the extent of correlation shown on
the right (all correlations shown were significant at p < 0.05 (d)

of SpikoGen® compared to 18 (36%) in the placebo group. (66% in the SpikoGen® group vs. 16% in the placebo
Considering local complications, injection site pain was  group). Among systemic complications, fatigue was the
the most common adverse event among the two groups most reported adverse event, being detected in 70 (28%)
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Grade3

Severity . Grade1 . Grade2

Localized Symptoms

Any adverse event SpikoGen 1 1
Placebo 1 ]
Injection site pain SpikoGen 1 [
Placebo 1 ]
Injection site SpikoGen 1 |
swelling/induration Placebo - [ ]
o SpikoGen 1 |
Injection site erythema
Placebo 1 |
SpikoGen 1 1
Injection site bruising Placebo - |
0 10 20 30 40 50 60 70 80 90 100
Systemic Symptoms
SpikoGen 1 |
Any adverse event Placebo 1 |
SpikoGen 1 |
Fatigue Placebo 1 |
SpikoGen 1 |
Headache Placebo 1 |
SpikoGen 1 |
Myalgia Placebo { [N
|
Arthralgia Placebo 1
SpikoGen 1 [ |
Nausea/vomiting Placebo - u
SpikoGen 1 | |
Chills
Placebo 1 |
SpikoGen 1 [ |
Pyrexia Placebo 1
Axillary pain SpikoGen 1 i
Placebo 1
0 10 20 30 40 50 60 70 80 90 100

FIGURE 5 Solicited local and systemic adverse events. Shown is the percentage of participants in each group (SpikoGen®, placebo)
with solicited local (upper figure) and systemic (lower figure) adverse events according to the toxicity grading scale during the 7 days after
the booster. There were no grade 4 (life-threatening) events

participants in the SpikoGen® group versus 7 (14%) par-
ticipants in the placebo group.

Exploratory results

In this study, 37 participants in the SpikoGen® primed
stratum were the participants of Phase 2 trial of

SpikoGen®. Hence, we assessed the increase in the S,
and RBD,, levels after the booster dose in comparison
with 2 weeks after the second dose of the primary vacci-
nation in Phase 2. The results are shown in Figure 6.
GMC of IgGs against Sy, at 2 weeks after the second dose
was 39.99 (95% CI: 22.83-70.06) versus 66.38 (95% CI:
44.16-99.79) 2 weeks after the booster dose. GMC of IgGs
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FIGURE 6 The trend of S;,, and RBDy, antibodies in primary vaccination and booster dose of SpikoGen®. RBD,, receptor-binding
domain (W subscript refers to the Wuhan-Hu-1 strain); Sy, S1w part of the spike protein (W subscript refers to the Wuhan-Hu-1 strain).

against RBD, at 2 weeks after the second dose was 22.47
(95% CI: 10.1-49.96) versus 41.4 (95% CI. 23.55-72.79)
2 weeks after the booster dose.

DISCUSSION

Based on the solid rise in antibody levels 2 weeks after
administration of the SpikoGen® booster dose in all
groups, SpikoGen® looks to be a promising option as

either a homologous or a heterologous adjuvanted
protein-booster after priming with itself or with inacti-
vated whole virus or viral vector vaccines.

Irrespective of vaccine platform used, it is now well
recognized that serum neutralizing antibody levels fall
rapidly from their peak, with antibodies after vaccination
waning at similar rates to antibodies induced by natural
infection, with an average of ~90% loss in RBD IgG levels
within 90 days [9]. It was estimated that after two doses
of BNT162b2 mRNA COVID-19 vaccine, the antibody
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half-life in initially seronegative subjects was 55 days
(95% CI: 37-107 days), although it was estimated to be
longer (80 days, 95% CI: 46-303) in previously infected
subjects who were seropositive prior to vaccination [10].
A rapid decline in antibody levels post-vaccination was
consistent with our baseline study data which showed
that just 4-6 months after a primary course of inacti-
vated, viral vector or recombinant protein vaccine,
already ~50% of vaccinees no longer had detectable
serum neutralizing antibodies by sVNT,,. This was true
irrespective of primary vaccine type subjects had
received, albeit there was a trend to lower baseline
SVNT,, levels in the inactivated-prime vaccinees. As
serum neutralizing antibody levels are considered the
best predictor of protection [11], our baseline sVNT,, data
might suggest receipt of a third booster dose may be ben-
eficial at an interval of less than 4 months after the sec-
ond dose. This may be particularly relevant given the rise
of the new vaccine-resistant variants such as Omicron to
which vaccine immunity may wane even faster [12].

The size of the sVNT,, response to the SpikoGen®
booster dose was particularly robust in the participants
who had received a primary course of inactivated whole
virus vaccine. Inactivated virus vaccines typically present
only low and variable amounts of spike protein to the
immune system due to the low ratio of spike protein to
total virus protein content in the inactivated vaccine and
because some cleavage of S; from S, occurs during the
beta-propiolactone inactivation process [13]. Hence, in
individuals primed with inactivated vaccine, exposure to
the much larger 25 pg dose of spike protein in SpikoGen®
may stimulate a particularly strong recall memory B cell
response, helping explain the large rise in sVNT,, in this
group. The Advax-CpG adjuvant in the SpikoGen®
booster dose is also likely to have contributed to this
strong response. A similar situation may apply if viral
vector vaccines only induce low endogenous levels of
spike protein that result in suboptimal B cell priming,
with no way to quantitate the amount of spike protein
generated in vivo by this vaccine. These results are con-
sistent with the idea that boosting with a heterologous
vaccine platform may give a stronger response than
boosting with a homologous vaccine. Indeed, another
COVID-19 vaccine study showed following priming with
two doses of inactivated virus vaccine, a heterologous
protein subunit booster elicited a strong anti-RBD and
neutralizing antibody responses [4]. In another study,
after priming with two doses of inactivated CoronaVac
vaccine, boosting with a viral vector vaccine performed
better than a third homologous inactivated booster [14].

These studies and our own suggest that a heterolo-
gous booster dose after inactivated whole virus may often
give a better response than a homologous booster dose.

In the 37 participants of Phase 2 trial of spikoGen®
who received the booster dose, GMFR of antibodies
against S;,, and RBDy, after the booster dose was ~1.5 in
comparison to the second dose. This is in line with a trial
of a booster dose of homologous inactivated vaccine that
showed a 1- to 3-fold increase after the third dose com-
pared to the second dose [1]. Fourteen days after a third
homologous ChAdOx1 nCoV-19 adenovirus boost, there
was a 2.1-fold increase in GMT levels over the second
dose [15].

Most of the participants in the SpikoGen® primed
subgroup in this study were previously enrolled in the
original Phase 2 trial and had received their second dose
of SpikoGen® almost 6 months before receiving the
booster dose in this study. Considering this group had a
second to booster dose interval was on average about a
month longer than the other groups, the frequency of
positive neutralizing antibody levels 6 months after the
SpikoGen® primary vaccine course (53.23%) trended
higher than for participants who had received the inacti-
vated whole virus vaccines (38.24%). The frequency of
positive neutralizing antibody after the Adenovirus viral
vector® primary vaccine course was near to SpikoGen®
primary vaccine course (50%).

How might the spike antibody levels achieved with
the booster in our study, translate into SARS-CoV-2 pro-
tection? The use of the WHO standards allowing conver-
sion of results into BAU/ml allows some comparisons to
be made between studies. One study using data from a
ChAdOx1 nCoV-19 adenoviral vaccine study reported a
vaccine efficacy of 80% against symptomatic infection
with SARS-CoV-2 Alpha (B.1.1.7) equated to an anti-S;y,
level of 264 BAU/ml, a level of 113 BAU/ml, to an effi-
cacy of 70% and a level of 54 BAU/ml to an efficacy of
60% [16]. The overall levels in our booster study are
favourably comparable to these levels and based on these
predictions would be consistent with an efficacy of 80%
against symptomatic infection with SARS-CoV-2 Alpha
variant. Goldblatt et al. used samples from a number of
studies using different vaccine technologies broad to
define a serological cut-off in the BAU whereby the per-
centage of subjects in a population above that cut-off pre-
dicted the population level of protection [17]. The GMC
to spike WT following immunization with mRNA-1273
and BNT162b2 vaccines were 5530 BAU/ml and 2653
BAU/ml, respectively, compared to 196 BAU /ml and
61 BAU/ml following ChAdOx1 nCoV-19 and J&J vac-
cines, respectively. Across all the vaccine studies ana-
lysed, the mean protective threshold was 154 BAU/ml for
WT virus. Using this cut-off, our results are well in the
protective levels after the booster dose.

Attempts can similarly be made to correlate S;-binding
IgG levels with protection against other SARS-CoV-2
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variants, after adjustments are made for any relative reduc-
tion in neutralization titres [16]. As neutralizing anti-
body levels against variants such as beta, gamma or
omicron are typically lower than against the wildtype
virus, the cut-off level of S;y-binding IgG predictive
of protection against these variants would need to be
adjusted accordingly. Hence, to predict protection
against a variant with a 3-fold reduction in neutralizing
titre, would require using an adjusted S;,-binding IgG
cut-off of 3 x 60 = 180 BAU/ml.

To identify what correction factor might be required,
we first sought to determine the relative ability of the
booster sera from randomly selected subjects to neutral-
ize a broad range of variants of concern using a lentivirus
pseudotyping assay. The sera showed high neutralization
of the Alpha (GMT 427, range 94-1024) and Delta (GMT
384.9, range 70.4-1024) variants. Neutralization of Beta,
Gamma, Lambda and Omicron were all significantly
lower than Alpha, and compared to Alpha, neutralization
of Delta was reduced 1.1-fold, Beta 1.5-fold, Lambda
1.7-fold, Omicron 2.2-fold and Gamma 2.4-fold. These
relatively small around 2-fold reductions in neutraliza-
tion compared to Alpha were surprising, as another study
reported mRNA vaccine immune sera had 127- to
187-fold lower ability to neutralize Omicron than wild-
type virus and convalescent sera also had 32- to 60-fold
lower neutralization capacity against Omicron [5].
Although higher neutralization of Omicron was seen in
that study after a third mRNA booster, or after two
mRNA vaccines in previously infected subjects, neutrali-
zation of Omicron was still 10-20-fold lower than for
wild-type virus. Another study found sera of mRNA
immunized subjects showed 7.6-fold lower neutralization
of Beta than wildtype virus, and AstraZeneca immunized
subjects showing 9-fold lower neutralization of Beta
virus [18]. How SpikoGen® vaccine is able to induce such
broadly cross-neutralizing antibodies extending to
Omicron is not known. SpikoGen® vaccine is based on
the full extracellular domain of the spike protein consist-
ing of both S; and S,, and thereby includes both the RBD
and the N-terminal domain (NTD). Studies have shown
neutralizing antibodies can be directed not just to the
RBD but also to the NTD. Hence, the inclusion of both
RBD and NTD in SpikoGen® may induce a broader rep-
ertoire of neutralizing antibodies than just against the
RBD. Furthermore, the spike protein in SpikoGen® is
manufactured in insect cells which glycosylate the spike
protein using paucimannose-type glycans, whereas for
inactivated virus, mRNA and adenoviral vaccines, the
spike protein is produced either in vitro or in vivo by
mammalian cells which confer mostly complex- and
high-mannose-type glycans [19]. This difference in glyco-
sylation could conceivably mean more spike protein

epitopes are accessible in the insect cell-expressed
protein, thereby rendering it more immunogenic [20]. In
addition to potential antigen differences, the Advax-CpG
adjuvant in SpikoGen® has previously been shown to
have the ability to induce extremely broadly cross-
neutralizing antibodies. For example, mice immunized
with an inactivated Japanese encephalitis virus (iJEV)
antigen with Advax-CpG adjuvant cross-neutralized and
were protected against lethal infection with West Nile
virus infection [21]. Sera from these JEV-immunized
mice cross-neutralized an extremely broad repertoire of
flaviviruses including West Nile virus, Murray Valley
encephalitis virus, St Louis encephalitis virus and even
dengue viruses [22]. In the current study, the SpikoGen®-
prime group had the largest increases in Omicron pVNT
responses (17.8-fold) post-booster compared to the
increases in the inactivated-prime group (14.35-fold) and
adenovirus-prime group (13.2-fold). Hence, by virtue of
its unique antigen and adjuvant, SpikoGen® vaccine may
induce a broader variant cross-neutralizing response than
seen with other vaccines.

T-cell responses were also increased after the booster
dose of SpikoGen®. In a study that was performed on
subjects who received a protein-based booster after pri-
mary vaccination with inactivated whole virus, the
interferon-gamma levels rose significantly in the ELIspot
assay after stimulation with S, whereas stimulation with
S, did not induce interferon-gamma [4]. In our study,
stimulation with both CD4+ and CD8+ cells epitopes
resulted in a significant rise in interferon-gamma in com-
parison with baseline and T-cell interferon-gamma
responses were at least modestly increased by the
SpikoGen® booster. A limitation was the low number of
participants in the T-cell response assay and the lack of a
control group for this T-cell evaluation.

Considering vaccine safety, the results showed that
the vaccine was well tolerated. The observed local and
systemic adverse events were consistent with those nor-
mally seen after vaccination and were predominantly in
the mild category and transient with full recovery. Hence,
the favourable safety profile of the SpikoGen® vaccine
that was observed in the previous clinical trials of
SpikoGen® was further confirmed in the current clinical
trial.

In conclusion, a single booster dose of SpikoGen® vac-
cine given 4-9 months after primary vaccination with a
variety of different vaccine types including inactivated
whole virus, viral vector or homologous recombinant pro-
tein, induced a strong rise in SARS-CoV-2 neutralizing anti-
bodies 2 weeks post the booster. Notably, extremely broad
cross-neutralization was observed against all the major vari-
ants of concern, including Delta and Omicron BA.1. The
ability to induce broad cross-neutralization plus its strong
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safety profile makes SpikoGen® vaccine a promising option
as a broad-purpose COVID-19 vaccine booster.
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