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ABSTRACT

Introduction: ReCOV is a recombinant protein
vaccine that aims to induce cross-neutralization
against SARS-CoV-2 variants. The phase I and
phase II studies were conducted in New Zealand
and the Philippines, respectively, for ReCOV
primary series.

Methods: Both studies were randomized, double-
blind, placebo-controlled designed among
COVID-19 vaccine-naı̈ve healthy adults who
received two doses of study vaccination with a
21-day interval. In phase I, 100 younger (15–-
55 years) and older (56–80 years) subjects were 4:1
randomized to receive ReCOV (20 lg or 40 lg) or
placebo. In the phase II study, 347 subjects
(C 18 years) were 2:1 randomized to receive 40 lg
ReCOV or placebo. Subjects that received ReCOV
were followed up for 6 months after the second
dosing. The safety outcomes included solicited
and unsolicited AEs, SAEs, and AESIs. The
immunogenicity outcomes were live-virus neu-
tralizing antibody (NAb) against prototype, while
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pseudovirus NAbs against several SARS-CoV-2
variants were included in phase II as well.
Results: No related SAE, AESI, or AE leading to
early discontinuation were reported. The AE
incidences were higher in ReCOV groups than
placebo group in phase I while they were similar
between study groups in phase II. The majority of
solicited AEs were mild or moderate with median
duration of 1.0–4.0 days. The common (C 10%)
solicited AEs in phase I were injection site reac-
tions, headache, pyrexia, fatigue, and myalgia,
and common reported (C 5%) ones in phase II
included injection site pain, headache, and
pyrexia. Robust neutralizing activities against the
prototype were observed in ReCOV groups,
peaking at 14 days post the second dosing: in
phase I, the GMTs for 20 lg and 40 lg ReCOV
groups were 1643.2 IU/mL (95% CI 1188.5,
2271.9) and 1289.2 IU/mL (95% CI 868.3, 1914.1)
in younger adults, and 1122.3 IU/mL (95% CI
722.6, 1743.1) and 680.3 IU/mL (95% CI 440.2,
1051.4) in older adults, respectively, while in the
ReCOV group of phase II, the GMTs for subjects
with seronegative and seropositive status at
baseline were 3741.0 IU/mL (95% CI 3113.4,
4495.0) and 6138.3 IU/mL (95% CI 5255.1,
7169.9), respectively. In phase II, substantial
levels of pseudovirus NAbs against SARS-CoV-2
variants were demonstrated; the peak GMTs for
prototype, Omicron BA.2, and BA.4/5 were 8857,
4441, and 2644, and 15,667.3, 7334.3, and 4478.8
among seronegative and seropositive subjects,
respectively. The neutralization persisted till
6 months post the second dosing, with only 2.5-
to 5.2-fold declines for Omicron variants.
Conclusions: Two doses of 20 lg and 40 lg
ReCOV are safe and immunogenic against SARS-
CoV-2 prototype. The cross-neutralizing activi-
ties against Omicron variants support ReCOV
advance to late-stage clinical trials.
Trial Registration: Phase I study, clinicaltri-
als.gov NCT04818801; phase II study, clinical-
trials.gov NCT05084989.

Keywords: SARS-CoV-2; Recombinant two-
component SARS-CoV-2 protein vaccine;
ReCOV; Omicron; Clinical trials

Key Summary Points

Why carry out this study?

Cumulative data suggested that the current
COVID-19 vaccines were unlikely to cope
with SARS-CoV-2 infection and related
diseases efficiently, due to the waning of
vaccine-induced immunity and constant
emergence of SARS-CoV-2 variants.

ReCOV contains the amino acid sequence
of the N-terminal domain and receptor
binding domain domains of Spike protein,
which harbors more neutralization
epitopes. Adjuvantisation of this antigen
with BFA03, an AS03-like oil-in-water
emulsion squalene novel adjuvant,
contributed to the robust immunogenic
and protective effects of ReCOV against
SARS-CoV-2 in animal models.

These studies were designed to evaluate
the safety and immunogenicity elicited by
two doses of 20 lg or 40 lg ReCOV.

What was learned from the study?

Both 20 lg and 40 lg ReCOV were well
tolerated with good safety profiles. No
related serious adverse events, adverse
events of special interest, or adverse
events leading to early discontinuation
were reported. The majority of solicited
adverse events were mild or moderate,
and were transient.

Two doses of 20 lg and 40 lg ReCOV are
immunogenic against the SARS-CoV-2
prototype. Notably, cross-neutralization
against Omicron variants was observed,
strongly supporting this live-virus-based
COVID-19 vaccine moving forward to
late-stage clinical trials.

F. Zhu
Institute of Global Health and Emergency
Pharmacy, China Pharmaceutical University,
Nanjing, People’s Republic of China
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INTRODUCTION

During the global pandemic, coronavirus dis-
ease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-
2) has resulted in considerable illness and death.
By the end of May 2023, more than 760 million
confirmed cases of COVID-19 and more than
6.9 million deaths had been reported by World
Health Organization (WHO) [1]. The outbreak
and extensive spread of COVID-19 have
brought heavy economic and medical burden
globally, seriously threatening human survival
and health. Prophylactic vaccines have become
the most effective means to prevent SARS-CoV-
2-induced diseases.

Although more than a dozen vaccines have
been authorized for emergency use by WHO or
national governments, breakthrough infections
continuously develop and are challenging the
vaccine effectiveness, due to the waning of
vaccine-induced immunity and constant emer-
gence of SARS-CoV-2 variants especially Omi-
cron and its sublineages [2–4]. WHO warned
that Omicron variants can be markedly resistant
to neutralization by serum from individuals
that were fully vaccinated with one of the four
widely used prototype-based COVID-19 vacci-
nes, raising the urgent need for new-generation
vaccines, to cope with diseases induced by
emerging variants with unforeseen immune
escape risks.

ReCOV is expressed in CHO cells, containing
the 14–541 amino acid sequence (NTD and RBD
domains) of Spike protein for SARS-CoV-2
Wuhan-Hu-1, and is fused with the foldon of T4
bacteriophage at the C-terminus to form a
trimerized protein containing NTD-RBD foldon.
A preclinical proof-of-concept study showed
that the combination of NTD and RBD was
superior to either RBD or NTD alone in eliciting
neutralizing activity [5]. ReCOV is adjuvanted
with BFA03, an AS03-like squalene adjuvant,
which is an oil-in-water emulsion containing
two immunostimulants (squalene, a-toco-
pherol). Two-dose immunizations of ReCOV,
with an interval of 21 days, elicited potent high
titers of virus-specific binding and NAb
responses to SARS-CoV-2, and provided

complete protection against challenge with
SARS-CoV-2 in hACE2 transgenic mice and
rhesus macaques [6]. As an antigen-based NAb-
guided COVID-19 vaccine, we have observed
cross-neutralization activity by primary immu-
nization against Brazilian variant P.1 (Gamma),
UK variant B.1.1.7 (Alpha), South African vari-
ant B.1.351 (Beta), Indian variants B.1.617.2
(Delta), and Peruvian variant C.37 (Lambda) in
animal models. ReCOV is therefore expected to
have good broad-spectrum immunogenicity
against SARS-CoV-2 prototype and derived
variants in humans.

Here we report the safety and immuno-
genicity results of ReCOV as two-dose primary
vaccination series from the phase I
(NCT04818801) and the phase II
(NCT05084989) studies.

METHODS

Trial Design and Oversight

The phase I trial was the first in human study
conducted at New Zealand Clinical Research
(Christchurch and Auckland, June
2021–May 2022). The phase II study for the
primary vaccination series was conducted at St.
Paul’s Hospital, Medical City Iloilo, and Health
Centrum in the Philippines (January–September
2022). Both studies were based on the ran-
domized, double-blind, placebo-controlled
design among healthy adults aged 18 years and
older. The placebo in the phase I study was
normal saline, while in the phase II it was all
compositions of ReCOV vaccine except for the
antigen.

In both studies, subjects were excluded if
they had a history of COVID-19 or confirmed
SARS-CoV-2 infection, positive results by SARS-
CoV-2 reverse transcriptase polymerase chain
reaction at screening, received any prior vaccine
against a coronavirus, were immunized with
inactivated vaccines within 14 days or live or
attenuated vaccines within 30 days prior to
enrollment, with acute or severe or uncon-
trolled medical conditions, and pregnant
women. In the phase I study, subjects with
SARS-CoV-2 IgM and/or IgG positive status

Infect Dis Ther (2024) 13:57–78 59



during screening were also excluded. However,
IgM or IgG antibody status was not used as an
exclusion criterion in the phase II study.

In the phase I study (Fig. 1A), low dose
(20 lg) or high dose (40 lg) of ReCOV was
administered in dose escalation manner, and
progressed sequentially from younger (18–-
55 years) to older (56–80 years) adults. Subjects
in each cohort were randomized to receive
ReCOV or placebo at a 4:1 ratio. In each cohort,
two sentinel subjects were vaccinated first and
followed for safety assessment at least 48 h after
the first dosing, before the enrollment of the
rest of the subjects. A safety monitoring com-
mittee (SMC), composed of investigators and
representatives of the sponsor, reviewed all
safety data to day 7, and cumulative safety data
from previous cohorts prior to approval for
escalation from cohort 1 (younger adults, 20 lg
ReCOV) to cohort 2 (younger adults, 40 lg
ReCOV) and cohort 3 (older adults, 20 lg
ReCOV), and from cohort 3 to cohort 4 (older
adults, 40 lg ReCOV). In the phase II study
(Fig. 1B), 40 lg ReCOV was selected on the basis
of its good safety and immunogenicity as shown
in the phase I study, and eligible subjects were
randomized to receive 40 lg ReCOV or placebo
at a 2:1 ratio, stratified by age (18–59 years ver-
sus C 60 years) and serostatus of SARS-CoV-2
IgG/IgM at baseline (negative versus positive).

In both studies, eligible subjects received two
intramuscular doses of ReCOV or placebo,
21 days apart, and were assessed for safety and
immunogenicity as scheduled in the protocols.
In the phase I study, all subjects were followed
up until 30 days post the second dosing, then
were individually unblinded to vaccination
allocation to allow the placebo recipients to
withdraw. ReCOV vaccinated subjects contin-
ued follow-up till 6 months after the last dosing.
In the phase II study, after all subjects com-
pleted the visit 28 days post last dosing, the
unblinded subjects in the ReCOV group con-
tinued follow-up visit until 6 months after the
last dosing.

The sponsor participated in the study design
but had no role in data collection and analysis.
All authors had full access to all the study data
and had final responsibility for the decision to
submit for publication. Both studies received

funding from Jiangsu Recbio Technology Co.,
Ltd. The studies were performed in compliance
with International Council for Harmonization
Good Clinical Practice, and the ethical princi-
ples of the Declaration of Helsinki. Prior to
initiation of the study, the study protocol and
informed consent form were approved by local
ethics committees. Informed consent was
obtained from each subject before any study
procedures were performed.

In the phase I study, the randomization was
performed via the electronic data capture sys-
tem (ViedocTM). To maintain the data integrity,
rolling database lock and unblinding was per-
formed based on the dosage cohorts. In the
phase II study, randomization was performed
via the electronic data capture system (Clinflash
EDC), and the double-blinded period was
maintained until all subjects completed the
visit at 28 days post the second dosing.

Trial Procedures

Safety Assessments
After each dosing, subjects were observed for
30 min (6 h for sentinels in the phase I study) at
a site for assessment of immediate AEs. Solicited
local and systemic AEs were recorded up to
7 days after each dosing. Unsolicited AEs were
recorded from the first vaccination to 30 days
(phase I) or 28 days (phase II) after the second
dosing. SAEs and AESIs were monitored during
the entire study period. AESI was defined as
potential immune-mediated diseases and
COVID-19-specific AEs based on the Coalition
for Epidemic Preparedness Innovations Safety
Platform for Emergency vaccines Project guide-
lines [7].

In the phase I study, AEs were graded for
severity according to US Food and Drug
Administration Toxicity Grading Scale for
Healthy Adult and Adolescent Volunteers
Enrolled in Preventive Vaccine Clinical Trials
[8]. In the phase II study, China National Med-
ical Product Administration Guidelines for
Adverse Event Classification Standards for
Clinical Trials of Preventive Vaccines were
adopted for AE severity evaluation.
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Investigators judged the severity gradings and
assessed causality.

Immunological Assessments
In the phase I study, immunogenicity tests were
performed at the central laboratory 360Biolabs
(Melbourne VIC, Australia) with validated
assays and following laboratory standard oper-
ating procedures. Microneutralization assay was
applied for NAb testing, with a prototype SARS-
CoV-2 hCoV-19/Australia/VIC01/2020 (Gen-
Bank MT007544.1) passaged in Vero E6 cells.
Sequence analysis of the spike protein showed
high sequence homology between SARS-CoV-
2 hCoV-19/Australia/VIC01/2020 and Wuhan-
Hu-1 strain with only one nucleotide difference
(S247R). The first WHO International Standard
(Catalog #20/136) was adopted to calibrate its
in-house standards and subsequently converted
its assay results to international units (IU/mL).
RBD- and NTD-specific IgGs were measured
with V-Plex SARS-CoV-2 Panel 1 (IgG) Multiplex
ELISA (MSD Cat # MESOK15359U-4). Peripheral
blood mononuclear cells (PBMCs) were stimu-
lated with PepMix SARS-CoV-2 Spike glycopro-
tein peptide pool, and CD4? and CD8? T cells
secreting interleukin (IL)-2, interferon-c (IFNc),
IL-4, or IL-5 were detected by flow cytometry to
assess the T cell immune responses.

In the phase II study, a validated microneu-
tralization assay was implemented for live-virus
neutralization at the central laboratory Viro-
clinics Biosciences, with a SARS-CoV-2 strain

which harbors highly homologic sequence to
Wuhan-Hu-1 strain. The WHO international
standard (Catalog #20/136) was also used to
calibrate the NAb titers. To assess the cross-
neutralizing activities, NAbs against the proto-
type, Omicron BA.2 and BA.4/5 were tested via a
validated VSV-based pseudovirus neutralization
assay, at the central laboratory Gobond Testing
Technology (Beijing) Co., Ltd and following
laboratory standard operating procedures.

Statistical Analysis

For the phase I study, a sample size of 100 with
25 subjects in each cohort was considered suf-
ficient to provide a descriptive summary of
safety and immunogenicity of two dose levels of
ReCOV in two age groups. For the phase II
study, a sample size of 340, anticipating around
50% of the subjects being seronegative at base-
line, was determined to provide more than 99%
power to detect a difference in seroconversion
rates (SCRs) between 95% and 5% in investiga-
tional vaccine and placebo, respectively, when
one-side type I error is 0.025.

Continuous variables were summarized
using mean or geometric mean with standard
deviation, median, minimum, maximum,
interquartile range, and coefficient of variance.
For categorical variables, frequency and per-
centage (%) of subjects were presented. The
default significance level was 5%, and all con-
fidence intervals (CIs) reported were two-sided
95% CIs, unless otherwise specified in the
description of the analyses. Safety analyses were
performed in all randomized subjects who
received at least one vaccination for the phase I
study (safety analysis set), among all random-
ized subjects who have received at least one
vaccination (SS1), and who have received two
doses vaccination (SS2) for the phase II study.
Immunogenicity analyses were performed in all
randomized subjects who have received at least
one vaccination and had at least one quantifi-
able immunogenicity sample collected after
vaccination (immunogenicity analysis set,
IMM). Chi-square test/Fisher’s exact test was
used for statistical test of the differences
between groups. Antibody titers were log-

bFig. 1 Flow diagram of phase I and phase II studies. SMC
safety monitoring committee, EOS end of study. Phase I
study (A): cohort 1 will be enrolled and dosed first.
Cohorts 2 and 3 will be enrolled and dosed in parallel,
after a review of safety data through to 7 days following the
first dose from cohort 1 by the SMC. Cohort 4 will be
dosed after a review of safety data through to 7 days
following the first dose from cohort 3, as well as
cumulative data from all previously completed cohorts, if
available. Phase II study (B): as a result of the COVID-19
surge from late December 2021 to March 2022 in the
Philippines, 51.4% (178) of enrolled subjects were SARS-
CoV-2 IgM or IgG positive at baseline, with 118 in
ReCOV group and 60 in placebo control group,
respectively
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transformed before using for calculation of
geometric mean titers (GMTs) or geometric
mean increase (GMI), and analysis of variance
(ANOVA) was performed for statistical test of
intergroup differences. The antibody titers
reported as below the lower limit of quantifi-
cation were analyzed using half of the limit
value. Titers that were greater than the upper
limit of quantification were converted to the
upper limit. The SCR was defined as the pro-
portion of subjects with at least fourfold
increase in postvaccination antibody titers over
baseline. All analyses were conducted using SAS
Version 9.4 or higher (SAS Institute).

RESULTS

Trial Population

In both studies, the demographic and baseline
clinical characteristics of the subjects were
comparable across vaccination groups (Table 1).
In the phase I study, the mean age was
31.4 years and 61.3 years among younger and
older adults, with a comparable gender distri-
bution in both age groups. Most subjects were
White (55.0%) and Asian (35.0%). All 100 sub-
jects except for one in the older group received
at least one study vaccination and 98 subjects
completed the full vaccination. In the phase II
study, 347 subjects were randomized: 66.5%
were male, all were Asians of Philippine descent,
and the mean age was 31.8 years. About half
(51.4%) of the enrolled subjects were SARS-CoV-
2 IgM or IgG positive at baseline due to the
COVID-19 surge during the enrollment period.
All subjects except one received at least one
study vaccination and 338 subjects completed
the full vaccination. Subjects were followed up
regularly throughout the study period, and any
individual feeling unwell and/or suspected of

being infected with the SARS-CoV-2 virus (pre-
senting with fever, cough, and other respiratory
symptoms) was tested for SARS-CoV-2 nucleic
acid to confirm infection. No COVID-19-posi-
tive individuals were identified. Figure 1 pre-
sents flow diagrams for phase I and phase II
studies.

Safety Outcomes

In both studies, no vaccination-related SAE,
AESI, AE leading to early discontinuation, or
clinically significant abnormalities in vital signs
or laboratory results related to study vaccina-
tion were reported.

In the phase I study, the incidences of AEs
were generally higher in ReCOV groups than
those in the placebo group (normal saline). In
the pooled ReCOV group and placebo group,
the incidences of solicited local AEs were 65.0%
and 10.0% among younger adults and 69.2%
and 10.0% among older adults, respectively; the
incidences of solicited systemic AEs were 60.0%
and 30.0% among younger adults and 51.3%
and 50.0% among older adults, respectively
(Fig. 2A, B); the incidences of unsolicited AEs
were 65.0% and 20.0% among younger adults
and 59.0% and 70.0% in older adults (Table S1
in the supplementary material). Unexpectedly,
the incidences of AEs in the 40 lg ReCOV group
were remarkably lower in the phase II study
than in the phase I study, and appeared to be
similar to placebo group (all compositions in
ReCOV vaccine except for the antigen): the
incidences of solicited local AEs, solicited sys-
temic AEs, and unsolicited AEs were 13.4%,
19.0%, and 7.8% in the ReCOV group and
16.5%, 13.9%, and 8.6% in the placebo group,
respectively (Fig. 2C, Table S1).

In the phase I study, although the incidences
of solicited local AEs tended to be higher in the
40 lg ReCOV group (younger adults 70.0%,
older adults 84.2%) than those in the 20 lg
ReCOV group (younger adults 60.0%, older
adults 55.0%), the incidences of solicited sys-
temic AEs appeared unrelated to the dose level
(Fig. 2), and unsolicited AEs were similar
between the two dose level groups (Table S1).

bFig. 2 Frequency of solicited local and systemic AEs after
the first or second dosing with two dose levels of ReCOV
among younger adults (A) and older adults (B) in the
phase I study and with 40 lg ReCOV among adults in the
phase II study (C)
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Fig. 3 GMTs of neutralizing antibody against SARS-
CoV-2 prototype in the phase I study. The GMTs of
neutralizing antibody at baseline, before the second
vaccination (21p1), 14 days (14p2), 30 days (30p2),

3 months (3mp2), and 6 months (6mp2) post the second
vaccination, respectively, are illustrated for younger adults
(A) and older adults (B)
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The incidences of solicited AEs after the first
and second dosing were compared. In the
phase I study, the incidences of solicited AEs
after the second dosing tended to be higher
than those post the first dosing. In the pooled
ReCOV group, the incidences of solicited local
and systemic AEs were respectively 48.1% and
21.5% after the first dosing and 58.2% and
49.4% after the second dosing (Fig. 2A, B).
However, different data trends in the ReCOV
group were observed in the phase II study: the
incidences of solicited local and systemic AEs
were respectively 10.7% and 13.8% after the
first dosing and 5.4% and 8.6% after the second
dosing (Fig. 2C).

Consistent common AEs in ReCOV groups
were observed in the phase I and phase II stud-
ies. In the phase I study, the common (C 10%)
solicited local AEs were injection site reactions
(first dose 48.1%, second dose 58.2%); the

common (C 10%) solicited systemic AEs were
fatigue (first dose 13.9%, second dose 34.2%),
myalgia (first dose 6.3%, second dose 30.4%),
headache (first dose 8.9%, second dose 27.8%),
and pyrexia (first dose 0, second dose 12.7%)
(Fig. 2A, B); all solicited AEs in ReCOV groups
were transient (median duration 4 days, pooled
ReCOV group) and mild in severity, except for
one young adult in the 20 lg ReCOV group who
developed moderate pyrexia (Tables S2 and S3
in the supplementary material). In the phase II
study, the common (C 5%) solicited AEs in the
ReCOV group were injection site pain (11.6%),
headache (8.9%), and pyrexia (8.0%), as shown
in Fig. 2C; all solicited AEs were transient (me-
dian duration 1.0–4.0 days) and mild or mod-
erate in severity, except for one subject in the
ReCOV group who experienced one grade 3
injection site rash and three subjects in the
ReCOV group who experienced three grade 3

Fig. 4 GMTs of neutralizing antibody against SARS-
CoV-2 prototype in the phase II study. The GMTs of
neutralizing antibody at baseline, 14 days (14p2) and
6 months (6mp2) post the second vaccination are

illustrated for the overall study population (Overall),
subjects with SARS-CoV-2 seronegative status at baseline
(Seronegative), and subjects with SARS-CoV-2 seroposi-
tive status at baseline (Seropositive)
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events of pyrexia (Table S4 in the supplemen-
tary material). Similarly, almost all unsolicited
AEs were mild to moderate in severity in both
studies (Table S1). In the phase I study, the
common (C 10%) unsolicited AEs in ReCOV
groups were upper respiratory tract infection. In
the phase II study, no common unsolicited AE
was detected in the ReCOV group.

Immunogenicity Outcomes

Robust neutralization against SARS-CoV-2 pro-
totype was consistently shown in ReCOV
groups for both phase I and phase II, starting
from 21 days post the first dosing, peaked at
14 days post the second dosing, and persisted
till the end of the studies, i.e., 6 months post
the second dosing. In addition, strong cross-
neutralization against the prototype, Omicron

BA.2, and BA.4/5 were observed in the phase II
study. The phase I study also proved that
ReCOV elicited persistent Th1 biased cellular
response.

Neutralizing Antibody Response Against SARS-
CoV-2 Prototype
In the phase I study, live-virus NAb against the
prototype was elicited in most subjects at
21 days after the first dosing of both 20 lg and
40 lg ReCOV, with an SCR of 95.0% and 100%
in younger adults and 70.0% and 94.4% in older
adults, respectively. After the second ReCOV
dosing, the SCR reached 100% at 14 days and
remained at this level till the end of the study,
i.e., at least 6 months after the dosing, irre-
spective of dose level and age group. No subject
in pooled placebo groups was seropositive at all
timepoints tested (Table S5 in the

Fig. 5 GMTs of pseudovirus neutralizing antibody against
SARS-CoV-2 prototype and Omicron variants in the
phase II study. The GMTs of pseudovirus NAb against
SARS-CoV-2 prototype, Omicron BA.2, and BA.4/5 at
baseline, 14 days (14p2) and 6 months (6mp2) post the

second vaccination respectively are illustrated for the
overall study population (Overall), subjects with SARS-
CoV-2 seronegative status at baseline (Seronegative), and
subjects with SARS-CoV-2 seropositive status at baseline
(Seropositive)
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supplementary material). The high seroconver-
sion elicited by 40 lg ReCOV was confirmed in
the phase II study. Among subjects seronegative
for SARS-CoV-2 IgG/IgM at baseline, a similar
population to that in the phase I study, the SCR
was significantly higher in the ReCOV group
(99.1%) than that in the placebo group (5.8%)
at 14 days post the second dosing, and
remained at 88.8% in the ReCOV group at the
end of the study (Table S6 in the supplementary
material).

Both phase I and phase II studies showed
that the GMT of live-virus NAb against the
prototype reached peak level at 14 days post the
second dosing, then decreased over time while
remaining at a high level till the end of the
studies (Figs. 3 and 4). In the phase I study, high
levels of GMTs were demonstrated in both
younger and older adults, although the GMTs
tended to be lower in older groups as expected.
Both 20 lg and 40 lg ReCOV induced high
levels of NAb throughout the study period,

40 lg ReCOV tended to elicit higher levels post
the first dosing, while 20 lg ReCOV led a
stronger response post the second dosing. At
21 days post the first dosing, the GMTs in 20 lg
and 40 lg ReCOV groups were 118.0 IU/mL
(95% CI 70.5, 197.3) and 135.5 IU/mL (95% CI
88.4, 207.7) among younger adults and 59.0 IU/
mL (95% CI 28.5, 122.2) and 78.7 IU/mL
(95% CI 47.0, 131.8) among older adults,
respectively. The peak GMTs, at 14 days post the
second dosing in 20 lg and 40 lg ReCOV
groups, were 1643.2 IU/mL (95% CI 1188.5,
2271.9) and 1289.2 IU/mL (95% CI 868.3,
1914.1) among younger adults, with corre-
sponding GMIs of 265.0 and 208.0, while
among older adults, the peak GMTs were
1122.3 IU/mL (95% CI 722.6, 1743.1) and
680.3 IU/mL (95% CI 440.2, 1051.4), with cor-
responding GMIs of 174.9 and 109.7, respec-
tively. At end of the study, 6 months post the
second dosing, the GMTs in the two ReCOV
groups were still above the level post the first
dosing, i.e., 357.6 IU/mL (95% CI 251.1, 509.2)
and 293.0 IU/mL (95% CI 168.1, 510.7) among
younger adults and 178.8 IU/mL (95% CI 125.6,
254.6) and 268.7 IU/mL (95% CI 131.7, 548.3)
among older adults, respectively (Fig. 3).

The strong and persistent live-virus NAb eli-
cited by ReCOV was further demonstrated in
the phase II study (Fig. 4). At baseline, the GMTs
were comparable between vaccination groups;
however, they were at least 20 times higher in
subjects with SARS-CoV-2 seropositive status at
baseline (936.0 IU/mL, 95% CI 704.8, 1242.9)
than those in subjects with seronegative status
at baseline (44.4 IU/mL, 95% CI 34.7, 56.8). At
14 days post the second dosing, the GMTs in
ReCOV groups were significantly higher than
those in placebo groups, irrespective of
serostatus at baseline: in seronegative subjects,
the GMTs were 3741.0 IU/mL (95% CI 3113.4,
4495.0) and 41.7 IU/mL (95% CI 30.4, 57.1),
with GMIs of 84.3 and 1.1, respectively, while in
seropositive subjects, the GMTs were 6138.3 IU/
mL (95% CI 5255.1, 7169.9) and 540.3 IU/mL
(95% CI 391.0, 746.8), with GMIs of 6.6 and 0.8,
respectively (all p values\ 0.0001). In the
ReCOV group, the NAbs remained at high level
at the end of the study, with GMTs of
1094.9 IU/mL (95% CI 894.6, 1340.2) and

Fig. 6 Correlation in titers of neutralizing antibody
measured by live-virus and pseudovirus neutralizing anti-
body tests in the phase II study. The overall Pearson’s
correlation coefficient was 0.95 (p\ 0.0001), indicating a
significant correlation in titers of NAb measured by live-
virus and pseudovirus-based methodologies among all
tested timepoints, i.e., at baseline, 14 days and 6 months
post the second vaccination
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1569.8 IU/mL (95% CI 1315.4, 1873.5) in
seronegative and seropositive subjects,
respectively.

In addition, pseudovirus NAbs against SARS-
CoV-2 prototype was also evaluated in the
phase II study (Fig. 5), with results consistent
with those of the live-virus neutralization. A
significant correlation in titers of NAbs mea-
sured by live-virus and pseudovirus-based tests
was established (Fig. 6), with an overall Pear-
son’s correlation coefficient of 0.95
(p\ 0.0001).

Neutralizing Antibody Response Against
Omicron Variants
Pseudovirus NAbs against the prototype, Omi-
cron BA.2, and BA.4/5 were evaluated in the
phase II study. Among seronegative subjects at
baseline, the SCRs for Omicron BA.2 and BA.4/5
were 91.7% and 91.7% with GMIs of 56.3 and
59.9, respectively, in the ReCOV group, while in

the placebo group, the SCRs were 11.5% and
11.5% with GMIs of 1.3 and 1.3, respectively.
Among seropositive subjects at baseline, the
SCRs for Omicron BA.2 and BA.4/5 were 50.5%
and 58.6% with GMIs of 6.3 and 6.1 in the
ReCOV group and 11.7% and 10.0% with GMIs
of 1.0 and 0.8 in the placebo group, respectively
(Table S6).

At baseline, the GMTs for both Omicron
strains were similar between vaccination
groups, but were around 15–20 times higher in
seropositive subjects than those in seronegative
subjects, as shown in Fig. 5. At 14 days post the
second dosing, the levels of NAb against both
Omicron strains in ReCOV groups were signifi-
cantly higher than those in placebo groups,
irrespective of serostatus at baseline. Among
seronegative subjects, the GMTs against the
prototype, BA.2, and BA.4/5 were 8856.6
(95% CI 7136.7, 10,991.1), 4441.0 (95% CI
3348.8, 5889.4), and 2644.3 (95% CI 1990.4,

Fig. 7 GMTs of SARS-CoV-2 Spike RBD- and NTD-
specific IgG in the phase I study. The GMTs of SARS-
CoV-2 Spike RBD- and NTD-specific IgG at baseline,
before the second vaccination (21p1), 14 days (14p2),

30 days (30p2), 3 months (3mp2), and 6 months (6mp2)
post the second vaccination are illustrated for the pooled
placebo group, 20 lg ReCOV group, and 40 lg ReCOV
group
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3513.0) in the ReCOV group and 88.6 (95% CI
57.1, 137.2), 76.8 (95% CI 43.7, 134.8), and 43.0
(95% CI 25.6, 72.2) in the placebo group,
respectively; among seropositive subjects, the
GMTs were 15,667.3 (95% CI 13,511.5,
18,167.0), 7334.3 (95% CI 6160.1, 8732.4), and
4478.8 (95% CI 3829.8, 5237.9) in the ReCOV

group and 1548.0 (95% CI 1067.0, 2245.9),
968.4 (95% CI 653.2, 1435.7), and 526.0
(95% CI 357.7, 773.5) in the placebo group,
respectively (all p values\0.0001) (Table S6).
Among subjects receiving ReCOV, the GMTs
were only around 2.1-fold lower for BA.2 and
around 3.5-fold lower for BA.4/5, comparing to

Fig. 8 Th1 and Th2 cytokine responses in the phase I
study. The observation was considered as an outlier if the
value was less than 1.5 9 interquartile range (IQR) below
Q1 or greater than 1.5 9 IQR above Q3. Data show the
percentage of CD4? T cells for Th1 (IL-2 or IFNc) and

Th2 (IL-4 or IL-5) cell responses at baseline, 14 days
(14p2), 30 days (30p2), 3 months (3mp2), and 6 months
(6mp2) post the second vaccination of pooled placebo
group, 20 lg ReCOV group, and 40 lg ReCOV group
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the levels for the prototype, irrespective of
serostatus at baseline (Fig. 5). Consistent with
the results of the prototype, at 6 months post
the second dosing, the GMTs against Omicron
BA.2 and BA.4/5 remained at high levels in the
ReCOV group, i.e., 1447.2 (95% CI 1120.98,
1868.39) and 1052.6 (95% CI 828.6, 1337.3),
respectively, among seronegative subjects and
1474.9 (95% CI 1227.1, 1772.7) and 985.9
(95% CI 829.2, 1172.3), respectively, among
seropositive subjects, only 2.5-fold to 5.2-fold
lower compared to the corresponding peak
levels at 14 days post the second dosing (Fig. 5,
Table S6).

Spike RBD- and NTD-Specific IgGs
In the phase I study, consistently low levels of
RBD- and NTD-specific IgGs were observed in all
study groups at baseline. Comparable peak
GMTs of RBD- and NTD-specific IgGs were
shown in 20 lg and 40 lg ReCOV groups, irre-
spective of age groups. Among older adults, the
peak GMTs tended to be 1.3–1.7 times lower
compared to that among younger adults; how-
ever, the antibody levels were still high and
persisted throughout all testing timepoints tes-
ted. In 20 lg and 40 lg ReCOV groups, the peak
GMTs of RBD- and NTD-specific IgGs were
278,596.1 AU/mL (95% CI 206,532.0,
375,805.1) and 11,232.4 AU/mL (95% CI
8273.6, 15,249.4) in the 20 lg ReCOV group
and 271,838.2 AU/mL (95% CI 216471.5,
341,366.0) and 11,266.5 AU/mL (95% CI
8420.5, 15,074.4) in the 40 lg ReCOV group
among younger adults, while they were
185,337.6 AU/mL (95% CI 136,635.2,
251,399.5) and 9422.8 AU/mL (95% CI 6846.1,
12,969.3) in the 20 lg ReCOV group and
203,829.7 AU/mL (95% CI 145,482.5,
285,577.6) and 6705.9 AU/mL (95% CI 4657.3,
9655.6) in the 40 lg ReCOV group among older
groups, respectively. At 6 months post the sec-
ond dosing, the GMTs of RBD- and NTD-specific
IgGs were still above the level of post the first
dosing, irrespective of dose levels and age
groups (Fig. 7).

Cellular Immune Responses
The cellular immune response was evaluated in
the phase I study. At baseline, very low levels
(B 0.06%) in average percentage of CD4? T cells
secreting antigen-specific IL-2 or IFNc were
observed at baseline among all study groups. In
younger subjects, the average percentage of
CD4? T cells with IL-2 or IFNc secretion
increased to 0.3% (20 lg ReCOV) and 0.2%
(40 lg ReCOV) at 14 days post second dosing
and remained at 0.2% (20 lg ReCOV) and 0.1%
(40 lg ReCOV) at 6 months post the second
dosing, while in older subjects, the level
increased to 0.2% (20 lg ReCOV) and 0.2%
(40 lg ReCOV) at 14 days post second dosing
and remained at 0.2% (20 lg ReCOV) and
0.16% (40 lg ReCOV) at 3 months post the
second dosing. In placebo groups, the average
percentage of CD4? T cells secreting antigen-
specific IL-2 or IFNc remained at low levels at all
timepoints tested. The peak cellular responses
among older adults tended to be lower than
that among younger adults.

In contrast to the Th1 biased cellular
immune responses, no obvious increase in Th2
cytokine (IL-4 or IL-5) secretions was observed
in both age groups receiving 20 lg and 40 lg
ReCOV (Fig. 8). In addition, no obvious CD8?

T cell responses were observed across age groups
and dose levels (data not shown).

DISCUSSION

Both 20 lg (for phase I only) and 40 lg ReCOV
were proven to be well tolerated with a good
safety profile in Caucasian and Asian adults,
when used as a primary vaccination series of
two intramuscular injections with a 21-day
interval. No vaccination-related SAE, AESI, or
AE leading to early discontinuation were
reported. The incidences of solicited local and
systemic AEs and unsolicited AEs in the pooled
ReCOV group were 65.0%, 60.0%, and 65.0%
among younger adults and were 69.2%, 51.3%,
and 59.0% among older adults, respectively,
which were higher than those in the pooled
placebo group. In the phase II study, the inci-
dences of solicited local and systemic AEs and
unsolicited AEs were 13.4%, 19.0%, and 7.8% in
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the ReCOV group, respectively. All solicited AEs
were mild except for one moderate pyrexia in
the phase I study, and the majority of solicited
AEs were mild or moderate in the phase II study.
In the phase I study, the NAb against prototype
was elicited by any dose level of ReCOV at
21 days post the first dosing and peaked at
14 days post dosing. In the phase II study, a
strong neutralization against the prototype was
also elicited by 40 lg ReCOV among subjects
with SARS-CoV-2 seronegative and seropositive
status at baseline. High levels of NAb against the
prototype remained till the end of the studies.
In addition, obvious responses in NAbs against
the prototype, Omicron BA.2, and BA.4/5 were
shown in the 40 lg ReCOV group at 14 days
post the second dosing. The NAbs against BA.2
and BA.4/5 only showed around 2.5- to 5.2-fold
decreases compared to the peak levels till the
end of the study. Besides, Th1 biased cytokine
secretion was detected in ReCOV groups in the
phase I study, with increased CD4? T cells with
IFNc or IL-2 secretions observed.

In the phase I study, consistent safety char-
acteristics were reported between two dose
levels of ReCOV and between younger and older
adults. The incidences of solicited AEs after the
second dosing tended to be higher than those
post the first dosing. Less frequent AEs were
reported in the phase II study compared with
the phase I study, likely due to different toler-
ance between study populations, as the same
safety data collection rules and quality controls
were implemented in both studies. Neverthe-
less, most of the solicited and vaccination-re-
lated unsolicited AEs were transient and mild or
moderate in severity in both studies (only one
moderate pyrexia developed in phase I, one
injection site rash and three pyrexia reported as
grade 3 in phase II), and all solicited AEs were
transient and recovered within a few days in
both studies. No vaccination-related SAE, AESI,
AE leading to early discontinuation or clinically
significant abnormalities in vital signs and lab-
oratory results related to study vaccination were
reported.

ReCOV is adjuvanted with BFA03, which has
the same formulation as AS03 adjuvant.
AS03 has been widely used globally with a good
safety profile in approved and investigated

vaccines against H1N1 and H5N1 pandemics.
By 2019, 90 million people had been vaccinated
with influenza vaccines containing AS03 adju-
vant, including 9 million infants and 300,000
pregnant women [9]. AS03 has also been used in
the development of COVID-19 vaccines, i.e.,
CoV2 preS dTM, which is a recombinant protein
vaccine co-developed by Sanofi and
GlaxoSmithKline, and CoVLP, which is a virus-
like particle vaccine produced from a plant co-
developed by Medicago and GlaxoSmithKline.
Both CoV2 preS dTM and CoVLP showed
acceptable safety and reactogenicity in clinical
trials, with similar characteristics in adverse
events as current ReCOV studies. In the phase II
study of CoV2 preS dTM with three study dose
levels [10], the adverse reactions were transient,
were mostly mild to moderate in severity, and
developed at a higher frequency and intensity
after the second vaccination as observed with
ReCOV in the current phase I study. In the
phase II study of CoVLP [11], only 1.5% and
6.3% participants reported grade 3 solicited AEs
after the first and second dosing, respectively,
and in its phase III study, both local and sys-
temic solicited AEs were also predominantly
mild-to-moderate and transient. The results
from current phase I and phase II studies, in
alignment with AS03-adjuvated influenza and
COVID-19 vaccines, supported the notion that
BFA03-adjuvated ReCOV has a good safety
profile and can be extended to larger-scale
populations.

The robust and persistent neutralization eli-
cited by ReCOV was demonstrated in the cur-
rent two studies. The NAb against SARS-CoV-2
prototype was elicited in most subjects at
21 days after the first vaccination, reached the
peak level at 14 days post the second vaccina-
tion, then decreased overtime but remained at
high level at 6 months post the second vacci-
nation. In the phase I study, high levels of
GMTs were demonstrated in both younger and
older adults, although the GMTs tended to be
lower in older groups as expected. The higher
dose (40 lg) ReCOV tended to elicit an earlier
response while the lower dose (20 lg) ReCOV
led to a higher level of response through the
end of the study, suggesting the dose level in
clinical use requires further confirmation. The
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quick, strong, and persistent humoral responses
induced by ReCOV were supported by the con-
sistent results for both RBD- and NTD-specific
IgGs in the phase I study.

Humoral responses, especially NAbs, have
been considered as immune correlates of pro-
tection against SARS-CoV-2 [12]. Considering
the diversity in laboratory testing methodolo-
gies and lack of head-to-head clinical trials, the
NAbs measured in the current phase I and
phase II studies were calibrated by WHO inter-
national standard which allowed the conver-
sion of the assay results to international units
(IU/mL). This enabled comparison of the results
in current studies with the data from other
vaccines at a certain level. ReCOV elicited
strong neutralization against the prototype with
at least a similar or even higher level than sev-
eral COVID-19 vaccines with proven promising
efficacies. The peak GMTs for the prototype
were 1122.3–1643.2 IU/mL in the phase I study
and 3741.0 IU/mL and 6138.3 IU/mL among
subjects with SARS-CoV-2 seronegative and
seropositive status at baseline in the phase II
study, respectively. In reported clinical studies,
the peak GMTs for the two recombinant protein
vaccines were reported as 224 IU/mL (SCB-2019
[13], a protein subunit vaccine candidate con-
taining a stabilized trimeric form of S-protein
Trimer combined with CpG 1018 and alu-
minum hydroxide) and 408 IU/mL (MVC-
COV1901 [14], a recombinant protein vaccine
containing pre-fusion-stabilized Spike protein
S-2P adjuvanted with CpG 1018 and aluminum
hydroxide), respectively, while for the mRNA
vaccines they were 1404.16 IU/mL (mRNA-
1273) and 928.75 IU/mL (BNT162b2), respec-
tively [15]. In addition to the aforementioned
comparison based on published data, the robust
immunogenicity of ReCOV was confirmed in
the head-to-head phase II study for booster
vaccination, where ReCOV demonstrated com-
parable or stronger neutralizing activities than
BNT162b2, against the prototype and multiple
Omicron variants (manuscript in preparation).

With the emergence of mutated strains,
especially the Omicron variants, the prototype-
based vaccines were challenged in terms of their
cross-strain immunogenicity and effectiveness.
Unlike vaccines containing only RBD or the full

length of Spike sequences, ReCOV contains
NTD and RBD but without S2 of Spike. NTD and
RBD have been confirmed as containing more
neutralizing epitopes, while S2 contains few
neutralizing antibody epitopes. ReCOV also
combines the NTD-RBD sequence with the fol-
don sequence of phage T4 to form a trimer
structure, ensuring the antigen structure is more
like the natural trimer of SARS-CoV-2. The
immunogenicity of ReCOV can be further
enhanced and persisted by adjuvating with
BFA03, which was also mentioned in the pub-
lication for AS03 adjuvant of H5N1 influenza
vaccine [16]. Therefore, although the sequence
is from Wuhan-Hu-1 strain, ReCOV is expected
to elicit cross-neutralization against SARS-CoV-
2 variants. In the phase II study, ReCOV
demonstrated strong cross-neutralizing activi-
ties for the prototype and Omicron variants
including BA.2 and BA.4/5. At 14 days post
ReCOV vaccinations, only 2.0-fold and 3.5-fold
reductions in the GMTs of NAbs against Omi-
cron BA.2 and BA.4/5, respectively, were
observed compared to the that against the pro-
totype. These reductions were much less sig-
nificant than those reported from primary
vaccination studies with other COVID-19 vac-
cines, i.e., around 20–40-fold reductions in
NAbs against Omicron variants versus the pro-
totype for NVX-CoV2373 (41-fold and 30-fold
reduction for Omicron BA.1 and BA.4/5,
respectively) [17], ZF2001 (13.2-fold and 31.6-
fold reduction for Omicron BA.2 and BA.4/5,
respectively) [18], and BNT162b2 (31-fold
reduction for Omicron variant) [19]. The data
from current phase II study, together with
phase II studies for ReCOV booster vaccination
(manuscript in preparation), proved the con-
cept that with the trimeric RBD-NTD-foldon
structure and in combination with a potent
adjuvant, ReCOV can elicit a strong and broad
spectrum of neutralizing activities and has high
potential to combat emergent SARS-CoV-2
strains including Omicron variants.

In addition to constant emergence of SARS-
CoV-2 variants, breakthrough infections could
be affected by the waning of vaccine-induced
immunity. The current studies consistently
showed that ReCOV-induced NAbs could persist
till at least 6 months post the second
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vaccination. In the phase I study, the SCRs of
neutralizing antibodies remained at 100% at
study end, irrespective of dose levels and age
groups. In the phase II study, the NAbs against
the prototype, Omicron BA.2, and BA.4/5
reduced only around threefold to sixfold at the
end of the study, compared to the peak values.
The data in current studies indicated a longer
immune persistence of ReCOV than other pro-
tein vaccines, e.g., the GMTs declined about
24.3-fold and 7.7-fold for a SARS-CoV-2 recom-
binant Spike protein nanoparticle vaccine
(NVX-CoV2373) and a recombinant SARS-CoV-
2 fusion protein Vaccine (V-01), respectively, at
6 to 8 months post the second dosing compared
to the peak levels [20]. The good immune per-
sistence, together with the high level of NAbs,
further supports the continuous development
of ReCOV especially in this Omicron era.

In the phase I study, Th1 biased cellular
immune responses were observed for both 20 lg
and 40 lg ReCOV, indicated by increased fre-
quencies of CD4? T cells with INFc and/or IL-2
secretion at 14 days post the second dosing, and
remained at almost the same level up to
6 months in younger subjects and 3 months in
older subjects, while no obvious secretion of
Th2 cytokines (IL-4 and IL-5) was detected. Th1
cytokines are important for development of
T cell responses, and CD4? T cell is required for
good induction of memory B cells. A similar
trend of Th1 biased cellular immune responses
has also been reported in studies on mRNA-
1273 [21] and BNT162b2 [22]. Notably, such a
Th1 biased immune response is desirable for the
development of a SARS-CoV-2 vaccine because
of the hypothetical concern for immune-medi-
ated disease enhancement observed in preclin-
ical studies for other coronaviruses.

There were a few limitations in the current
paper: first, both phase I and phase II studies
adopted ReCOV with primary vaccination ser-
ies, which may only be applicable in popula-
tions with limited vaccine accessibility. Second,
the comparisons of immunogenicity with other
COVID-19 vaccines were mainly based on lit-
erature review and no results with head-to-head
comparison studies were included. Third, only
NAbs against Omicron BA.2 and BA.4/5 were
assessed for cross-neutralization. Fourth, no

efficacy results could be reflected in both stud-
ies. Currently, two phase II studies
(NCT05323435, NCT05084989) of the adopted
booster vaccination series, to directly compare
ReCOV with inactivated and mRNA vaccines,
respectively, have demonstrated robust and
persistent immunogenicity against the proto-
type and Omicron epidemic strains; the manu-
script to report the results is under preparation.
In addition, the efficacy results of ReCOV
phase III study (NCT05398848) will be pre-
sented soon.

CONCLUSION

Both 20 lg and 40 lg ReCOV demonstrated
good safety and robust and persistent
immunogenicity in the phase I and phase II
studies for the primary vaccination series.
ReCOV could elicit strong cross-neutralization
against Omicron variants tested as well. The
data strongly support the further development
of ReCOV in large-scale efficacy trials.
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