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The highly transmissible severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) Omicron variant has caused high
rates of breakthrough infections in those previously vaccinated
with ancestral strain coronavirus disease 2019 (COVID-19)
vaccines. Here, we demonstrate that a booster dose of UB-612
vaccine candidate delivered 7–9 months after primary
vaccination increased neutralizing antibody levels by 131-, 61-,
and 49-fold against ancestral SARS-CoV-2 and the Omicron
BA.1 and BA.2 variants, respectively. Based on the receptor-
binding domain protein binding antibody responses, the UB-612
third-dose booster may lead to an estimated approximately 95%
efficacy against symptomatic COVID-19 caused by the ancestral
strain. Our results support UB-612 as a potential potent booster
against current and emerging SARS-CoV-2 variants.
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InNovember2021, the severe acute respiratory syndromecorona-
virus 2 (SARS-CoV-2) Omicron (B.1.1.529) variant of concern
was first reported in South Africa and quickly spread, eventually
displacing Delta to become the global predominant circulating
variant [1]. Currently, the Omicron variant has 5 major circulat-
ing sublineages: BA.1, BA.2, BA.4, BA.5, and BA.2.12.1. BA.1 was

the dominant variant, circulating throughout November 2021–
February 2022 until it was displaced by BA.2 during the spring
of 2022. Three new sublineages—BA4, BA5 (emerged in South
Africa), andBA.2.12.1 (emerged in theUnited States)—are poised
to become dominant variants and likely to result in new waves of
global infection and disease [2].
The Omicron variants have .50 new amino acid substitu-

tions, 15–20 of which are in the receptor-binding domain
(RBD) of the spike (S) protein [1]. The newly emerged
Omicron variants carry additional RBD substitutions: L452R,
F486V (BA4 and BA5), and L452Q (BA.12.1) (Figure 1A) [2].
More than 90% of neutralizing antibodies in plasma of con-

valescent individuals and up to 99% of neutralizing antibodies

elicited by the messenger RNA [mRNA]–1273 vaccine are di-

rected to RBD [3]. The RBDmutations could largely be respon-

sible for Omicron’s ability to evade neutralizing antibodies

induced by the authorized coronavirus disease 2019

(COVID-19) vaccines [4]. In multiple studies, sera from prima-

ry series vaccineees had 20- to 30-fold reduced neutralization

activity against Omicron, compared to the ancestral

SARS-CoV-2 or D614G viruses [4–6]. The emergence of new

variants, in addition to rapidly waning immunity over time,

has raised concerns about breakthrough infections and high-

lights the need for boosters. Homologous booster vaccines,

all based on the full-length S protein, were capable of restoring

protective neutralizing antibodies to levels achieved after pri-

mary immunization [4].
In contrast to most of the authorized COVID-19 vaccines,

which encode the full-length S protein, theUB-612 vaccine can-
didate is composed of aWuhan-Hu S1-RBD-sFc fusion protein,
and is enriched with an additional 5 peptides representing
pan-sarbecovirus-conserved T helper (Th) and Cytotoxic T
Lymphocyte (CTL) epitopes on the S2 subunit, membrane
(M), and nucleocapsid (N) proteins [7]. A favorable safety
and tolerability profile forUB-612was demonstrated in approx-
imately 4000 participants in phase 1 and phase 2 trials [7]. Two
immunizations with UB-612 elicited long-lasting neutralizing
antibody titers similar to levels detected in convalescent patients
[7]. These antibodies were shown to be cross-reactive against
Delta and Omicron variants [7]. A third dose, delivered at
7–9 months after the second dose, boosted the level of neutral-
izing antibodies by 37-fold compared to its peak titer after the
2-dose primary immunization [7].
The objectives of this study were to evaluate themagnitude of

neutralizing antibodies elicited by a third dose (booster) of
UB-612 against Omicron and their associated activity to recom-
binant S and RBD protein antigens across various SARS-CoV-2
variants.
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METHODS

After receiving a 2-dose primary vaccine series or a booster
given at 7–9 months after the second dose, sera from 15
participants in the phase 1 clinical trial (UB-612, 100-µg
dose) (Supplementary Table 1) were tested in a SARS-CoV-2
live virus cytopathic effect (CPE) microneutralization test at
Vismederi, Siena, Italy (a Coalition for Epidemic Preparedness
Innovations testing laboratory for COVID-19 vaccines).
Previously, live virus CPE-based neutralization assays were
identified to be the most stringent compared to other plaque
reduction–, foci reduction–, or pseudotyped virus–based
neutralization assays [9]. The immunoglobulin G (IgG) antibod-
ies binding to SARS-CoV-2 RBD and trimeric spike antigen
were tested in a multiplex solid-phase chemiluminescence
assay (Meso Scale Discovery) as described previously [10].
The detailed Materials and Methods for clinical trial and sample
information, neutralization assays, immunological assays,
and statistical analyses are described in the Supplementary
Materials.

RESULTS

A UB-612 Booster Dose Significantly Increased the Levels of Neutralizing
Antibodies Against the Ancestral Strain and Omicron Variants

Two doses of UB-612 stimulated neutralizing antibody activ-
ity against the wild-type SARS-CoV-2 ancestral strain
(Victoria/1/2020) (geometric mean titer [GMT], 50% virus
neutralization antibody titer [VNT50] of 47.0) and
Omicron BA.1 and BA.2 sublineages (GMT VNT50 of 11
and 10, respectively) (Figure 1B) (n= 15). Comparable levels
of Omicron neutralizing antibodies were also reported after
the primary immunization with mRNA vaccines:
mRNA-1273 (GMT pVNT50 of 14) and BNT162b2 (GMT
pVNT50 of 7) [5, 6].
A booster dose of UB-612 delivered at 7–9 months after the

primary series increased neutralizing antibody titers against
the ancestral Victoria strain and the BA.1 and BA.2 variants
by 131-, 61-, and 49-fold, respectively, compared to the peak
titers achieved after 2 doses (Figure 1B). When compared to
the ancestral Victoria strain, the neutralization of Omicron

Figure 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron BA.1 and BA.2 amino acid substitutions and UB-612 vaccine–induced antibody respons-
es. A, Amino acid substitutions in the spike protein of Omicron’s BA.1, BA.2, BA.2.12.1, BA.4 and BA.5 sublineages. The upper part is the S protein diagram, and the lower part
shows the substitutions. The “.”, “-”, and “+” represent sequence identical, deletion, and insertion, respectively, in Omicron variants compared with the US-WA1/2020 virus.
B, 50% virus-neutralization antibody titers (VNT50, geometric mean titer [GMT]) against SARS-CoV-2 ancestral strain Victoria/1/2020 (VIC01/2020) and Omicron (B.1.1.529)
variant sublineages BA.1 and BA.2 in sera from phase clinical 1 trial (V123) participants (n= 15). The sera were collected at 28 days after 2 doses and at 14 days after the
booster dose with UB-612 (100 µg). Data expressed in the reciprocal dilutions for each serum sample and GMT (95% confidence interval) are plotted. C, Receptor-binding
domain (RBD)–specific immunoglobulin G (IgG) binding titers (geometric concentration) against SARS-CoV-2 major variants of concern in sera collected 28 days after 2 doses
and 14 days after 3 doses with UB-612 (100 µg) from phase 1 clinical trial participants (n= 15). The loss of antibody binding to the RBD of variants compared with the original
RBD (ancestral strain) remains stable between 2 and 3 doses of UB-612 vaccine, despite an increase in levels of binding antibodies to RBD. Abbreviations: CD, connector
domain; CH, central helix; CT, cytoplasmic tail; FP, fusion peptide; GMC, geometric mean concentration; GMT, geometric mean titer; HR, heptad-repeat; NTD, N-terminal
domain; RBD, receptor-binding domain; VNT50, 50% virus neutralization antibody titer.
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BA.1 and BA.2 was reduced by 9.2- and 12.7-fold, respectively.
However, there was only a 1.38-fold reduction in the neutral-
ization of BA.2 compared to BA.1. Previously, in pseudovirus-
based neutralization assay, we reported a 5.5-fold decrease in
neutralizing activity against BA.1 compared to the Wuhan
strain [7].

Expansion of Antibody Breadth Following UB-612 Booster

We evaluated the reactivity of UB-612–elicited antibodies to S and
RBD proteins inmultiplex enzyme-linked immunosorbent–based
assays (ELISAs), using sera from 15 subjects who participated in a
phase 1 trial (V123) and 92 randomly selected subjects, including 8
placebos, from a phase 2 clinical trial (V205) (Supplementary
Tables 1 and2).A thirddose ofUB-612booster stimulated broadly
reactive IgG antibodies, effectively binding to RBDs of 14 diver-
gent SARS-CoV-2 variants, including Alpha, Beta, Gamma,
Delta, and Omicron (Figure 1C and Supplementary Figure 1).
Compared to the peak titers after the second dose, the UB-612
booster increased IgG-binding titers against the Omicron RBD
by .40-fold, and RBDs of other SARS-CoV-2 variants by 30- to
50-fold. The loss of IgG-binding activity toRBD (binding antibody
units [BAU]/mL) was variant dependent and did not depend on
the number of UB-612 immunizations: Alpha (0.98-fold), Beta
(2.44-fold), Delta (1.33-fold), Gamma (1.77-fold), and Omicron
(3.3-fold) after 2 UB-612 immunizations; and Alpha (0.91-fold),
Beta (1.8-fold), Delta (1.4-fold), Gamma (1.55-fold), and
Omicron (3.7-fold) after a third-dose booster.

Similar to RBD binding, the results of S protein–binding an-
tibody responses (S:ACE2- and RBD:ACE2-blocking antibody
titers) confirmed the extent of cross-reactivity of UB-612 im-
mune sera after 2 immunizations or a third-dose booster
(Supplementary Figures 2 and 3). These data confirm the
breadth of UB-612–elicited humoral responses, measured by
functional antibody (eg neutralization and ACE2 inhibition)
and IgG-binding assays (against S and RBD), a differentiating
property of UB-612 primarily attributed to its antigenic com-
ponent based on the RBD subunit protein [7].

Vaccine Efficacy Prediction

We compared the level of UB-612–elicited IgG antibodies (ex-
pressed as geometric mean concentration [GMC]) with data
previously reported for several authorized vaccines determined
in equivalent S- and RBD-binding assays [8]. After a 2-dose pri-
mary immunization series, the GMCs of UB-612–elicited IgG
antibodies were 69 (phase 1, n= 15) and 127 (phase 2, n= 84)
BAU/mL against the Wuhan S protein, and 235 (phase 1,
n = 15) and 494 (phase 2, n= 84) BAU/mL against the RBD
antigen (Supplementary Figure 4). These IgG responses were
comparable to those observed in individuals after the primary
immunization with adenovirus-vectored vaccines (1-dose
Ad26.COV2.S or 2-dose ChAdOx1-S) but were lower than the
responses observed after 2 immunizations with mRNA vaccines.

The additional third dose with UB-612 boosted the levels of both
S- and RBD protein–binding IgG antibodies by more than 16-
and 13-fold, reaching the GMCs of 2138 and 6767 (BAU/mL),
respectively, and matching the levels achieved by 2 immuniza-
tions with the mRNA vaccines.
We further utilized a vaccine efficacy predictionmodel based

on the RBD activity of IgG antibodies to the ancestral Wuhan
strain, extending on previous reports based on neutralizing an-
tibodies [11] or S protein–binding activities [8]. According to
this model, the predicted efficacy of a 2-dose primary immuni-
zation with UB-612 against symptomatic COVID-19 caused by
the prototype strain is approximately 72% (considering the
GMC of 235 BAU/mL from 15 phase 1 subjects) or approxi-
mately 82% (considering the GMC of 494 BAU/mL from 84
phase 2 subjects), and after the booster dose is approximately
95% (considering the GMC of 6767 BAU/mL from 15 phase
1 subjects) (Figure 2 and Supplementary Figure 4).

DISCUSSION

We evaluated humoral immune responses stimulated by
UB-612 against SARS-CoV-2 variants and compared the re-
sults to the data reported or generated internally for several au-
thorized COVID-19 vaccines, recognizing the caveats in doing
such comparisons (including lack of international standard re-
agents and use of different assays across manufacturers). Based
on available reports, the level of neutralizing antibodies against
SARS-CoV-2 variants after the UB-612 booster dose was com-
parable to the levels elicited by a booster dose of the mRNA
BNT162b2 [6] and mRNA-1273 [5] vaccines. The homologous
booster of mRNA-1273 or BNT162b2 vaccines dramatically in-
creased neutralizing antibodies to Omicron (20- to 30-fold)
compared with the modest increase reported for the ancestral
strain (1- to 4-fold), likely due to a higher baseline titer for
the ancestral strain [5, 6]. UB-612 vaccine elicited high levels
of neutralizing antibodies to Omicron variants with a 49- to
61-fold increase in VNT50 compared to the preboost baseline.
There is growing clinical evidence linking protection against

COVID-19 with humoral and T-cell immune responses.
Previously, several groups bridged the level of vaccine-induced an-
tibodies to protection against SARS-CoV-2 infection [8, 12]. It is
well established that the RBD-binding antibodies have a strong cor-
relation to virus neutralization [3] and that neutralizing antibody
responses directly correlate with the vaccine-mediated protection
against COVID-19 [10]. Since the RBD is the principal neutralizing
antibody target inUB-612,we evaluated anti-RBD-binding IgGan-
tibodies stimulated by UB-612 and several authorized COVID-19
vaccines concurrently in the same laboratory and test conditions at
University College London, United Kingdom. Booster immuniza-
tion with UB-612 recalled a high level of RBD-binding IgG anti-
bodies matching the levels achieved by the primary
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immunization with mRNA or exceeded those for the adenovirus-
vectored vaccines, across all tested SARS-CoV-2 variants.

Bybridging clinical efficacy andRBD-binding IgG responses for
the authorized COVID-19 vaccines, we predicted that UB-612
may confer efficacy of 95% against symptomatic COVID-19 re-
sulting from the infection with ancestral SARS-CoV-2 strains.
Based on our data showing that a booster dose of UB-612 induced
comparable levels of Omicron-specific neutralizing and
RBD-binding IgG antibodies to those elicited by mRNA vaccines,
it is likely that the UB-612 booster could match the efficacy of
mRNA vaccine boosters to combat Omicron variants.

Moreover, in a recent study, a booster of a SARS-CoV-2
mRNA vaccine was shown to develop new memory B-cell
clones specific to the conserved epitopes of RBD, enhancing
the breadth of cross-variant neutralization [13]. We believe
that UB-612, which contains only the RBD immunogen, unlike
most S protein–based vaccines, may be more effective in recall-
ing, persisting, or generating newmemory B-cell clones against

the conserved RBD epitopes. Another potential advantage of
the UB-612 vaccine is the inclusion of Th/CTL peptides from
S2, M, and N proteins [7], which are highly conserved in
Omicron variants (data not shown) and may provide long-
lasting antibody responses [12] that could further differentiate
UB-612 from many authorized vaccines. There is growing evi-
dence supportive of the importance of vaccine-elicited CD8+ T
cells in protection against Omicron [14].
In summary, a booster dose of UB-612 elicited robust S- and

RBD-specific binding IgG and virus-neutralizing antibodies
against multiple SARS-CoV-2 variants, including Omicron
BA.1 and BA.2 sublineages. The magnitude and extent of reac-
tivity of the neutralizing antibody responses after the UB-612
booster match those reported for the authorized vaccines, in-
cluding BNT162b2 and mRNA-1273.
Our results indicate that UB-612 could offer an alternative

strategy for a booster vaccine, with a predicted efficacy of 95%
against the original SARS-CoV-2. As SARS-CoV-2 continues to

Figure 2. Estimated efficacy of UB-612 vaccine after 2 and 3 doses. A model bridging vaccine-induced receptor-binding domain (RBD) immunoglobulin G (IgG) response to
vaccine efficacy against symptomatic coronavirus disease 2019 caused by the ancestral Wuhan strain [5]. Estimated efficacy of UB-612 after 2 doses is �72% (95% con-
fidence interval [CI], 70%–80%) based on RBD-binding IgG antibodies from 15 participants (phase 1) (geometric mean concentration [GMC], 235 binding antibody units [BAU]/
mL [95% CI, 158–350]),�82% (95% CI, 80%–85%) based on RBD-binding IgG antibodies from 84 randomly selected phase 2 participants (GMC, 494 BAU/mL [95% CI, 337–
725], shown in this graph), and�95% (95% CI, 93%–97%) after a booster vaccination (GMC, 6767 [95% CI, 4142–11 057]). Abbreviations: BAU, binding antibody units; GMC,
geometric mean concentration; IgG, immunoglobulin G; J+J, Johnson & Johnson; Ox/AZ, Oxford/AstraZeneca; RBD, receptor-binding domain; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; WHO, World Health Organization.
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evolve and COVID-19 cases increase due to the newly emerged
Omicron variants, concerns have been raised about the effective-
ness of current vaccines. Because the UB-612 vaccine is not cur-
rently authorized, its efficacy/effectiveness against Omicron is
unknown. UB-612 is currently being evaluated in noninferiority
clinical trials as a heterologous booster for multiple authorized
COVID-19 vaccines including BNT162b2 and ChAdOx
nCoV-19, both of which have shown substantially increased pro-
tection by a homologous or heterologous booster; however, im-
munity waned quickly at approximately 10 weeks or more
(from 62%–73% to 39%–64%, depending on the type of vaccine
used as the primary or the booster dose) [15]. It remains to be
seen if UB-612, as shown to elicit long-lasting neutralizing anti-
body responses (half-life of �27 weeks) [7] with neutralization
against multiple currently circulating variants, will extend its lon-
gevity and breadth of protection as heterologous booster to other
authorized vaccines.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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