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ABSTRACT
SARS-CoV-2 has caused the COVID-19 pandemic since early 2020. As of January 2022, the worldwide spreading of SARS-
CoV-2 leads to approximately 0.35 billion of human infections and five millions of deaths. Current vaccination is one of
the effective ways to control SARS-CoV-2 transmission and reduce the disease severity. However, the antibody level
against the immunogen significantly drops several months after the standard two-dose vaccination, and hence a
third or fourth dose booster (the same immunogen) has been suggested to boost the antibody response. Here, we
described an ultra-effective nasal vaccine booster that potently induced the extraordinary high-level of neutralizing
antibody in pre-vaccinated mice. The vaccine booster is composed of a recombinant receptor binding domain of
SARS-CoV-2 spike (either wild-type or omicron) fused with a domain of SARS-CoV-2 nucleoprotein. In the absence of
adjuvants, a single intranasal administration of the booster in pre-vaccinated mice significantly induced systemic and
mucosal antibody responses as evidenced by the elevation of the cross-variant neutralizing antibody and induction
of IgA in bronchoalveolar lavage respectively. Most importantly, the single dose nasal vaccine booster (omicron
version) potently enhanced the neutralizing activity against authentic SARS-CoV-2 omicron virus infection. Taken
together, the induction of respiratory mucosal immunity and the enhancement of cross-variant neutralizing activity
by the nasal vaccine booster warrants further clinical trials in humans.
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Main

As of 26 January 2022, the SARS-CoV-2 virus has
caused for more than 350 million confirmed
COVID-19 cases of infection worldwide. Vaccination
remains the most crucial preventive measure against
the disease. Currently, several types of COVID-19 vac-
cines have been widely employed, including inacti-
vated whole virions, adenoviruses, protein subunits
and mRNA vaccines. Two doses of intramuscular
vaccination of either of the vaccines generally elicit
high-level neutralizing antibodies (nAbs) that can
effectively neutralize the original SARS-CoV-2 and
the subsequently emerged variant strains (for
examples alpha and beta variants), but to a lesser
extent to delta variants [1,2]. However, the recently
emerged omicron variant encodes a spike protein car-
rying more than 30 point mutations [3,4], some of
which are located at the binding sites of neutralizing
antibodies [5,6]. This is one of the key reasons
accounted for the recent high incidence of break-
through omicron infections [7,8]. In view of the

compromised neutralization against the most recently
emerged omicron variant, plus the significant decline
of nAb level after 4–6 months of vaccination, a third
dose of vaccination has been suggested and is already
implemented in some countries. It is also predictable
that frequent boosting of antibody response may be
required to maintain the level of nAbs high enough
to combat the future emerging variants.

With respect to this, we designed and tested the
novel idea of using a chimeric SARS-CoV-2 protein
(N-RBDWT), which composes of spike receptor-bind-
ing domain (RBD) fused with a domain of nucleocap-
sid protein, as a nasal vaccine booster without
adjuvant. A mouse vaccination model was designed
to determine the booster efficacy (Figure 1(A)).
Groups of mice first completed the primary vacci-
nation by intramuscular injection of two doses of
COVID-19 mRNA vaccine (BioNTech) with a time
interval of fourteen days between the two injections.
Fourteen days after the second dose, the nasal vaccine
booster (18 µg per mouse) or PBS (20 µL) were admi-
nistered intranasally to the mice. Sera and
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Figure 1. Neutralizing antibodies elicited by nasal N-RBD vaccine boosters. (A) Experimental design for nasal vaccine booster. Mice
were intramuscularly injected with 2 doses of COVID-19 mRNA vaccine (1 µg per mouse), with 14 days apart. At day 28, 18 µg N-
RBDWT (recombinant SARS-CoV-2 spike RBD fused with nucleocapsid NTD) was administered intranasally for the booster group (n
= 4 biological replicates). PBS was given intranasally for the control group (n = 6 biological replicates). Sera and bronchoalveolar
lavage (BAL) fluids were collected at day 42. (B) Serum anti-SARS-CoV-2 spike RBD antibody at day 42 was detected by ELISA and
presented as IgG endpoint titer. (C) SARS-CoV-2 virus neutralization of pooled sera from day 42 was quantitated by focus reduction
neutralization (FRNT) assay. Data were shown as the reciprocal of dilution where 50% focus reduction was detected (FRNT50). (D
and E) BAL anti-SARS-CoV-2 spike RBD IgG (D) and IgA (E) at day 42 was determined by ELISA. (F) SARS-CoV-2 virus neutralization
of pooled BAL fluids from day 42 was quantitated by FRNT assay and presented as FRNT50. (G) Similar to A, mice were given 2
doses of COVID-19 mRNA vaccines, and N-RBDWT or N-RBDOmicron booster were administered intranasally at day 28 (n = 6 biologi-
cal replicates). (H-K) SARS-CoV-2 virus neutralization of pooled sera obtained from N-RBDWT and N-RBDOmicron booster groups at
day 42 were quantitated by FRNT assay. (L-O) Neutralization of pooled BAL fluids obtained from N-RBDWT and N-RBDOmicron boos-
ter groups at day 42. Samples were measured in duplicates and all data points (8-12 replicates) were included in statistical analysis.
Statistical tests were performed using two-tailed unpaired t-test. (*: p < 0.1; **:p < 0.05; ***:p < 0.005; n.s.: not significant).
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bronchoalveolar lavage (BAL) fluids were collected for
the detection of RBD-specific antibodies and nAbs
against parental SARS-CoV-2 and variants. As
expected, sera of mice vaccinated with two doses of
COVID-19 mRNA vaccine contained high level of
anti-RBD IgG antibodies, the mean endpoint titer of
which reached 1.1 × 105. Surprisingly, the nasal boos-
ter could further boost the serum anti-RBD IgG level
from 1.1 × 105 to 2.6 × 105 (Figure 1(B)). Next, we
examined the serum neutralizing ability against auth-
entic live viruses including wild-type SARS-CoV-2
(Wuhan-Hu-1; WH01), D614G (B.1.36.27), delta
(B.1.617.2) and omicron (B.1.1.529) variants (Figure
1(C)). First, we showed that nasal booster greatly
enhanced the authentic live virus neutralization
against wild-type SARS-CoV-2 (Wuhan-Hu-1) from
FRNT50= 2.2 × 103 to 15.6 × 103 (bar 1 compared to
bar 2, Figure 1(C)). It is worthy to note that, without
the nasal booster, there were a 30% and 86% reduction
in neutralization against delta and omicron variants
respectively (black bar 1 compared to black bar 5
and 7, Figure 1(C)). In line with recent reports, neu-
tralization against the omicron variant drastically
dropped, which could account for the recently increas-
ing number of breakthrough infections worldwide [9].
Surprisingly, a single dose of nasal N-RBDWT booster
not only potentiated the neutralization against auth-
entic SARS-CoV-2 and delta variant but also the omi-
cron variant (orange bar 6 and 8, Figure 1(C)).
Importantly, the N-RBDWT nasal booster strongly
induced SARS-CoV-2-specific mucosal immunity as
evidenced by the 21-fold increase in IgG and 11-fold
increase in secreted IgA against RBD in BAL (Figure
1(D,E)). The booster also enhanced the degree of neu-
tralization against wild-type, D614G, delta and omi-
cron viruses in BAL fluids (Figure 1(F)). Taken
together, both the elevated endpoint titer of anti-
spike RBD antibodies in BAL and the enhanced neu-
tralization against different variants of live SARS-
CoV-2 viruses indicated successful induction of
mucosal immunity. It is noteworthy that our nasal
booster N-RBDWT contains a nucleoprotein domain.
We observed that a single dose of N-RBDWT could
also elicit N-specific antibody (supplementary Figure
1), implying that the nasal booster not only enhanced
the preimmunized anti-spike RBD antibody response
but also functioned as a new immunogen. Further
study on the induction of lung resident memory B
cells and follicular helper T cells by nasal booster
will reveal the underlying mechanism on the induc-
tion of mucosal immunity after primary intramuscular
vaccination.

Several reports clearly demonstrated that anti-
bodies induced by the two-dose intramuscular injec-
tion of spike mRNA vaccine are less neutralizing
against omicron variant [9,10]. It is of great interest
to determine whether the replacement of wild-type

RBD of our N-RBDWT booster by omicron RBD
could further increase the neutralization activity
against the omicron variant without compromising
the augmentation of neutralization against wild-type
SARS-CoV-2 and delta variant. We repeated the
immunization experiment in a mouse model and
compared the neutralization activity induced by the
booster of N-RBDWT and N-RBDOmicron. Serum and
BAL fluid were obtained at 42 days post-immuniz-
ation for authentic virus neutralization assay (illus-
trated in Figure 1(G)). As expected, serum
antibodies elicited by two doses of mRNA vaccine
could potently neutralize the parental SARS-CoV-2
infection only (FRNT50= 6 × 103, black bar in Figure
1(H)), but not the omicron infection (FRNT50= 5 ×
102, black bar in Figure 1(K)). Both N-RBDWT and
N-RBDOmicron booster potently enhanced the neutra-
lizing activity against wild-type, D614G, delta and
omicron virus infection (orange and green bars in
Figure 1(H–K)). Most importantly, N-RBDOmicron

potently enhanced the neutralizing activity against
authentic omicron virus infection (green bars in
Figure 1(K,O)). The booster effect elicited by single
dose of N-RBDOmicron was unprecedently effective,
reaching FRNT50= 1.5×104. Since the omicron variant
predominantly infects the upper respiratory tract and
displays high transmissibility, further development of
N-RBDOmicron into human nasal vaccine booster
could help to control the spreading of the circulating
variants including omicron.

Discussion

The use of recombinant proteins for vaccination has
previously been explored. By applying the protein vac-
cine intranasally, it is possible to induce mucosal
immunity to combat infections of the mucosa theor-
etically. Nonetheless, recent studies demonstrated
that nasal protein vaccines could induce adaptive
immune response only in the presence of strong adju-
vants such as Alum and STING-agonist [11–13], indi-
cating that nasal vaccination with recombinant
proteins may not be a good approach to primary
immunization. However, in this study, we designed a
nasal COVID-19 protein vaccine that served as a boos-
ter after the standard two-dose intramuscular mRNA
vaccination. In the absence of adjuvants, the recombi-
nant protein alone was enough to boost the serum
neutralizing antibody level against multiple SARS-
CoV-2 variants, including the omicron variant.
Importantly, antigen-specific IgA was detected in the
bronchoalveolar lavage of immunized mice, indicating
the successful induction of mucosal immunity by the
nasal protein booster. We postulate that a strong pri-
mary immunization could be a key to the success of
the subsequent boosting with our nasal protein vac-
cine, although the exact molecular mechanism awaits
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discovery. The fact that the production of recombi-
nant protein is easily scalable and does not involve
handling of infectious materials suggests that the
nasal protein vaccine could be a cost-effective booster
with minimal safety concerns. The absence of adju-
vants also minimizes the chance of allergy or irritation
to the mucosa. Together with its high potency in indu-
cing cross-variant antibody response and mucosal
immunity, nasal protein boosters warrant further
studies and clinal trials in humans to combat the
COVID-19 pandemic.
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