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Abstract: Objectives: This study aimed to determine the safety and immunogenicity of a combined
intramuscular/intranasal recombinant spike protein COVID-19 vaccine (RCP). Methods: We con-
ducted a randomized, double-blind, placebo-controlled, phase I trial. Three vaccine strengths were
compared with an adjuvant-only preparation. It included two intramuscular and a third intranasal
dose. Eligible participants were followed for adverse reactions. Specific IgG, secretory IgA, neutral-
izing antibodies, and cell-mediated immunity were assessed. Results: A total of 153 participants
were enrolled (13 sentinels, 120 randomized, 20 non-randomized open-labeled for IgA assessment).
No related serious adverse event was observed. The geometric mean ratios (GMRs) and 95% CI
for serum neutralizing antibodies compared with placebo two weeks after the second injection
were 5.82 (1.46–23.13), 11.12 (2.74–45.09), and 20.70 (5.05–84.76) in 5, 10, and 20 µg vaccine groups,
respectively. The GMR for anti-RBD IgA in mucosal fluid two weeks after the intranasal dose was
23.27 (21.27–25.45) in the 10 µg vaccine group. The humoral responses were sustained for up to five
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months. All vaccine strengths indicated a strong T-helper 1 response. Conclusion: RCP is safe and
creates strong and durable humoral and cellular immunity and good mucosal immune response in
its 10 µg /200 µL vaccine strengths. Trial registration: IRCT20201214049709N1.

Keywords: SARS-CoV-2; recombinant vaccine; immune response; immunogenicity; intranasal vaccine

1. Introduction

The protein subunit platform is one of the oldest and most widely used vaccine
platforms [1]. Vaccines using this platform have fewer potential safety concerns and lower
production costs [1,2] They need an adjuvant to induce the required immune response
and using an appropriate one, they are a potent inducer of cellular immunity [3,4]. A
third COVID-19 vaccine in the clinical development phase has used this platform (COVID-
19 vaccine tracker and landscape: https://www.who.int/publications/m/item/draft-
landscape-of-COVID-19-candidate-vaccines accessed on 1 June 2022). They all target
COVID-19 spike protein [2,5]. The glycosylated spike (s) is a trimetric protein, the main
viral antigenic target, essential for viral binding, fusion, and uptake into mammalian
cells [3]. The S protein consists of two subunits, namely the S1 domain for viral attachment
to host cells and the S2 domain for virus–cell membrane fusion [6].

Deep muscular injections are the usual way of delivering COVID-19 vaccines. How-
ever, it is ineffective in inducing mucosal immunity [7]. Mucosal defense is an essential part
of our body’s defense against COVID-19 [8]. Typically, the virus first comes into contact
with the nasopharyngeal mucosa. Mucosal primary target cells need secretory IgA to
effectively prevent viral replication within the nasopharynx, which generally requires a
mucosal route of vaccination [9]. Intranasal vaccination has been reported as an effective
strategy for reducing virus concentration and virus shedding in various animal models
(chimpanzees [10], mice [11,12], and rhesus macaques [13]) and humans alike [8]. Therefore,
many research teams are currently working on developing a COVID-19 vaccine with an
effective intranasal route of delivery [14].

RCP is a combined intramuscular/intranasal recombinant S protein COVID-19 vaccine,
functioning through a cocktail of spike antigens (S1, S2, and S-Trimer using the sequence
ofSARS-CoV-2 variant in Wuhan) formulated using the oil-in-water adjuvant system RAS-
01 (Razi Adjuvant System-01) [15,16]. Its particular design structure allows it to be used on
mucosal surfaces. It includes two injections on days 0 and 21 and one intranasal dose on day
51 using an intranasal mucosal atomization device. The Razi Adjuvant System-01 (RAS-01)
(Razi Vaccine and Serum Research Institute, Karaj, Iran) is an Iranian FDO (Food and Drug
Organization) approved oil-in-water emulsion composed of sesame, olive, and soybean
oils and the non-ionic surfactant Tween 80. A detailed description of its preparation has
been published before [15].

The rationale for including S1 and S2 subdomains alongside the trimeric S protein in
the vaccine formulation is based on the following two points: First, conventional use of
the amount of S antigen may induce harmful immune responses that cause liver damage.
The use of antigen fragments could reduce side effects and increase immunogenicity [17].
Second, as S1 and S2 are the main subdomains of the S protein, using S1 and S2 instead of S
provides the opportunity to use different concentrations of these two in the formulation of
the vaccine. Given that S2 accommodates more preserved parts of the spike genome, its
inclusion in the formulation of the vaccine results in higher resistance/better performance
against new strains of the virus [18–20].

Preclinical studies showed promising safety, humoral, and cellular immunogenicity
results in Syrian hamsters, BALB/c mice, Pirbright guinea pigs, and NZW rabbits. Specific
anti-RBD IgA antibodies peaked following the administration of the intranasal dose in
guinea pigs and persisted for several months in the saliva and serum [15]. In this study, we
examined the safety and immunogenicity, including the mucosal secretory IgA response,

https://www.who.int/publications/m/item/draft-landscape-of-COVID-19-candidate-vaccines
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of the combined intramuscular/intranasal recombinant spike protein COVID-19 vaccine
(RCP) in healthy adults aged 18 to 55 years old.

2. Materials and Methods
2.1. Study Design

We began the trial with a small group of participants (first step) as sentinels. We then
completed a single-center, randomized, double-blind controlled, dose-finding trial with
four arms (three strengths of the vaccine at 5, 10, and 20 µg/200 µL and an adjuvant-only
group) to assess the safety and immunogenicity of the RCP recombinant spike protein
vaccine (second step). Once the first interim analysis results were known and a decision on
the selected vaccine strength for the phase II trial was made, we recruited an additional
group of open-labeled and non-randomized subjects to evaluate mucosal immunity. They
received the selected vaccine strength for their first two intramuscular doses and either
10 µg intranasal vaccine or placebo for their third dose (third step). The clinical Trial Center
of the Iran University of Medical Sciences (CTC-IUMS), as the academic CRO (contract
research organization), conducted this study.

2.2. Participants

Healthy Iranian men and non-pregnant women aged 18 to 55 and with a BMI of
17 to 35, with no current or previous history of COVID-19 infection (negative PCR and
anti-nucleocapsid (N) antibodies) and no history of COVID-19 vaccination, were eligible
to enter this study. We obtained written informed consent from all participants before
the screening. The main inclusion and exclusion criteria were as follows: being healthy
based on the clinical, psychological, and laboratory criteria; signing a written informed
consent form; not having any ongoing, symptomatic, acute, or chronic illness requiring
medical or surgical care on the day of vaccination; negative ELISA test for HIV, HCV,
and HBV; negative pregnancy test based on βHCG on the day of screening and the day
of vaccination; consenting to continue on one effective method of contraception up to
three months after the last vaccine dose; not working in an occupation with a high risk
of exposure to COVID-19; no history of long-term use of immunosuppressive medication
from four months before up to the screening day; no history of allergic diseases, such as
angioedema or anaphylactic reactions, or any allergy to the drug or vaccine.

2.3. Randomization and Masking

We used block randomization with variable block sizes to allocate the study partici-
pants into the three groups receiving three different strengths of the vaccine and a placebo
(adjuvant-only) group, all in single-dose preparations. Blood specimens collected to assess
immunogenicity were coded to blind the immunology lab operators during this research
(for a detailed description, see the study protocol).

2.4. Procedures

The four study groups were used to compare the strengths of 5, 10, and 20 µg/200 µL
of the recombinant spike protein COVID-19 vaccine in an oil-in-water adjuvant and the
adjuvant-only preparation. The eligible participants were randomly allocated to receive
0.2 mL of vaccine/placebo via intramuscular injection into the deltoid muscle on days 0 and
21, followed by a 0.2 mL of the specially prepared intranasal spray of 10 µg vaccine/placebo
on day 51.

Volunteers who passed the initial psychological assessment step were invited to
the study site for a face-to-face interview, signing the informed consent form, physical
examination, and giving blood and nasopharyngeal samples for an additional screening
and PCR test for COVID-19 infection. The eligible individuals were invited to receive the
vaccine or placebo.

A small group of sentinel subjects received either a placebo or one of three strengths
of the vaccine in an open-labeled and non-randomized manner. The data and safety
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monitoring board (DSMB) reviewed the safety information of this small group before
granting permission to start the main recruitment phase of the study.

We put the participants under close observation for 3 h and monitored their vital
signs after each vaccine dose. Local and systemic reactions were assessed through daily
calls for six days, and the relevant forms were filled. A 24 h call center with a resident
physician was established to provide medical consultation support for the participants.
Each participant was invited based on a predefined schedule for physical examination
and sampling (Table 1). Any outpatient or inpatient visit to the health professionals was
recorded and followed to detect the medically attended adverse events (MAAEs) (Table 1).

Table 1. Predefined time schedule of this study.

Screening 0 7 14 21 28 35 51 58 65 150

Nasal swab for COVID-19 PCR test a ×
Visit to the study center and physical examination × × × × × × × × × × ×

Psychological assessment ×

Blood sample: screening b ×
Vaccination × × ×

Blood sample: safety c × × ×
Blood sample: humoral immunogenicity × × × × × × × ×
Blood sample: cellular immunogenicity × × × ×

Blood sample: VNT × × × ×

Immediate and solicited local and systemic reactions
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a Participants underwent nasopharyngeal swab testing for SARS-CoV-2 whenever they reported symptoms
suggestive of possible infection. b Tests included CBC, ESR, CRP, sodium, potassium, magnesium, phosphorous,
albumin, total protein, BUN, creatinine, PT, PTT, alkaline phosphatase, ALT, AST, total bilirubin, LDH, urine
protein, urine glucose, U/A RBC, HbA1c, IgM and IgG for SARS-CoV-2, HBsAg, HBcAb, Anti HCVAb, HIV, and
beta HCG for women. c Tests included CBC, ESR, CRP, alkaline phosphatase, ALT, AST, total bilirubin, LDH, urine
protein, urine glucose, and U/A RBC.

IgG antibody responses against specific S, S1, S2, RBD (Receptor Binding Domain),
and NTD (N-Terminal Domain) antigens and IgA antibodies for the RBD antigen were
measured using house ELISA kits and specific COVID-19 antigens (Native Antigen, Oxford,
UK). We tested six serum dilutions (0.1, 0.01, 0.001, 0.0001, 0.00001, and 0.000001) for
each serum specimen and calculated the area under the curve (AUC). Resistance against
changing variants was explored using S1 and S-Trimer antigenic components (Native
Antigen, Oxford, UK) of the Wuhan, Delta, and Omicron SARS-CoV-2 variants. Serum
neutralizing antibody responses were assessed using a conventional virus neutralization
test (cVNT) conducted in a biosafety level 3 laboratory facility. The original live SARS-CoV-2
virus, isolated from Iranian COVID-19 patients, was used for cVNT. We regarded a four-fold
increase in antibody titer as seroconversion [21]. We did not perform conventional VNT on
nasopharyngeal mucosal fluid samples because saliva contains different microorganisms
that contaminate the cell culture. It also contains a variety of enzymes that can damage
the cells in the culture. Nasopharyngeal mucosal fluid-neutralizing antibody activity was
evaluated using a human ACE2 protein (hACE-2) binding assay. We performed a range
of dilutions in the test design, and when we reached the 1:100 dilution, we were able to
omit the background signals. In this dilution, we were able to detect highly sensitive and
specific responses from the targeted serum.

Peripheral blood mononuclear cells were used to assess the cellular immunity response.
We tested them for specific interleukin-secreting T cells before and after the stimulation
using a specific COVID-19 S1 antigen and inactive virus. Lymphocyte proliferation was
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evaluated using the CFSE method. The expression of Gamma interferon (IFNγ), tumor
necrosis factor (TNFα), and interleukin IL-2, 4, 6, and 17 were detected using an Enzyme-
Linked Immunosorbent Assay (ELISA) (R&D, Boston, MA, USA). The number of CD3,
CD4, CD8, CD3/CD8, and CD3/CD4 cells was counted using flow cytometers (Monoclonal
antibody, BD, Richmond, CA, USA) (Supplementary File S1).

2.5. Outcomes

The primary safety outcomes were the frequency and percentage of the partici-
pants with anaphylactic reactions or abnormal vital signs within three hours of receiv-
ing each vaccine dose, solicited local (pain, tenderness, redness/erythema, itching, and
swelling/induration), and systemic (fever, nausea or vomiting, diarrhea, headache, fatigue,
and myalgia) reactions up to a week after receiving the vaccine and abnormal laboratory
findings one week following each vaccine dose. We used modified FDA toxicity scoring
(Tables S1–S3) to classify severity (Guidance for industry: toxicity grading scale for healthy
adult and adolescent volunteers enrolled in preventive vaccine clinical trials. In: Food and
Drug Administration, US Department of Health and Human Services. 2007).

The secondary safety outcomes were the number and percentage of serious adverse
events (SAEs), suspected unexpected serious adverse reactions (SUSARs), and medically
attended adverse events (MAAEs) collected during each visit and the monthly follow-up
calls for up to six months. The secondary immunogenicity outcomes were the specific IgG
antibody responses to S, S1, S2, RBD, and NTD antigens in the vaccine groups two weeks
after the second dose (day 35), IgA antibody response to RBD antigen in nasopharyngeal
mucosal fluid (on days 65, 120, and 150), the proportion of participants with a four-fold
increase in neutralizing antibody response to live SARS-CoV-2 virus antigen on day 35,
and specific T cell (Th1 and Th2 specific cellular immunity) response to the SARS-CoV-2 S1
antigen and inactivated virus.

2.6. Statistical Analysis

The sample size was not based on a test of statistical hypotheses. After each vaccine
dose, we used descriptive summary statistics to evaluate the primary safety objectives.
Secondary immunization outcomes were summarized as the geometric mean (GM) and
geometric mean ratio (GMR), in which a 95% confidence interval was observed at different
points in time. The geometric mean and 95% CI were calculated based on t and log-
transformed distributions. The GMR index (95% CI) was calculated based on Dunnett’s
test, which was used to adjust multiple comparisons with one control. Seroconversion,
measured using ELISA, was defined as a 4-fold increase in the antibody area under the
curve (AUC) compared with the baseline. The safety and immunogenicity data on the
sentinels were analyzed separately and combined with the rest of the data from the four
main study groups. We included all the participants with available data in the safety and
immunogenicity analyses.

A nine-member data and safety monitoring board supervised the conduct, data collec-
tion, and safety outcomes. Assigned representatives from the National Ethics Committee
(NEC), the Ministry of Health’s Food and Drug Organization (FDO), and the Communi-
cable Disease Control (CDC) department attended all the sessions. The four independent
DSMB members included an internist, an infectious disease specialist, a pharmacotherapist,
and a specialist in immunology and allergy. Two other non-voting members were repre-
senting the sponsor. Permission to enter the main recruitment phase was granted by the
committee upon reviewing the safety data from the sentinel group. This study is registered
in www.irct.ir (IRCT20201214049709N1).

3. Results

Between 28 February and 10 April 2021, 685 individuals underwent screening, and
153 eligible participants entered the study in three steps. In the first step, one person
received a placebo (adjuvant only), and three groups of four received the vaccine with

www.irct.ir
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a strength of 5, 10, and 20 µg/200 µL in 48 h intervals, respectively (a sentinel group of
thirteen). In the second step, 120 individuals were randomly assigned into 4 groups of
30, receiving a placebo and the 3 strengths of the vaccine. In the third step, two groups of
ten participants received either an intranasal vaccine or a placebo. Out of the 133 subjects
enrolled in the first two steps, 124 were analyzed in four study groups, including 27, 34,
32, and 31 in the placebo and the 5, 10, and 20 µg/200 µL vaccine groups, respectively (see
Figure 1). The baseline characteristics of all the groups were similar (Tables 2 and S4).

Table 2. Baseline comparison of the 120 randomized participants.

Placebo
n = 30

Vac. 5 µ

n = 30
Vac. 10 µ

n = 30
Vac. 20 µ

n = 30
Total

n = 120

Gender, n (%)

Male 20 (66.67) 26 (86.67) 24 (80.0) 21 (70.0) 91 (75.83)

Female 10 (33.33) 4 (13.33) 6 (20.0) 9 (30.0) 29 (24.17)

Age

Mean (SD) 35.76 (6.69) 36.16 (8.03) 37.3 (6.94) 35.03 (6.65) 36.06 (7.06)

Median (min–max) 36.5
(21–54)

36
(21–49)

36.5
(23–55)

35.5
(23–55)

36.0
(21–55)

Body-mass index

Mean (SD) 26.18(3.52) 25.99 (3.81) 25.89 (3.46) 25.72 (4.65) 25.94 (3.84)

Median (min–max) 26
(18.5–33)

25.5
(19.2–34.2)

25.2
(18.7–32.4)

25.85
(18.7–34.7)

25.7
(18.5–34.7)

Smoking, n (%)

Current Smoking 5 (16.67) 8 (26.67) 8 (26.67) 8 (26.67) 29 (24.17)

Past Smoking 3 (10.0) 2 (6.67) 6 (20.07) 2 (6.67) 13 (10.83)

Never Smoking 22 (73.33) 20 (66.67) 16 (53.33) 20 (66.67) 78 (65.0)

Education, n (%)

Diploma 5 (16.67) 5 (16.67) 4 (13.33) 4 (13.33) 18 (15.0)

Diploma plus 3 (10.0) 2 (6.67) 3 (10.0) 0 (0.0) 8 (6.67)

Bachelor 8 (26.67) 11 (36.67) 10 (33.33) 12 (40.0) 41 (34.17)

Master 9 (30.0) 10 (33.33) 10 (33.33) 10 (33.3) 39 (32.50)

Doctoral and above 5 (16.67) 2 (6.67) 3 (10.0) 4 (13.33) 14 (11.67)

Job, n (%)

Unemployed/Retired 2 (6.67) 4 (13.33) 0 (0.0) 1 (3.33) 7 (5.83)

Government employee 9 (30.0) 9 (30.0) 9 (30.0) 10 (33.33) 37 (30.83)

Private employee 7 (23.33) 7 (23.33) 12 (40.0) 9 (30.0) 35 (29.17)

Private work 7 (23.33) 8 (26.67) 7 (23.33) 8 (26.67) 30 (25.0)

Housewife 5 (16.67) 2 (6.67) 2 (6.67) 2 (6.67) 11 (9.17)
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We did not observe any immediate allergic reactions. The participants reported only
mild to moderate (grade II or lower) solicited local and systemic reactions during the
first week after each vaccine dose, which was similar in all four study groups (Figure 2).
The most common local adverse reaction was tenderness at the injection site. At least
one local grade II reaction was seen in seven (22.6%), nine (26.5%), eight (23.5%), and
eight (23.5%) participants following the two injections in the placebo, 5, 10, and 20 µg
vaccine groups, respectively. Systemic grade II adverse reactions were seen in one (3.2%),
seven (20.6%), two (5.9%), and six (17.5%) subjects in each of the study groups, respectively.
The most prevalent systemic adverse reaction was headache (see Table S6). Adverse
reactions following the intranasal dose were rare (Table S7 and Figure 2).
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Figure 2. Solicited local and systemic adverse reactions. The percentage of the participants with
adverse reactions in each intervention group according to the FDA toxicity grades (mild, moderate, se-
vere, and life-threatening) during the seven-day period after each dose. There were no grade 3 (severe)
or grade 4 (life-threatening) events.

We detected 87 unsolicited adverse events in 63 individuals over a 6-month follow-
up. No vaccine/placebo-related serious adverse event was seen. Medical attention was
required on six occasions: two cases of exacerbation of migraine, one case of dizziness
diagnosed as a vestibular disorder, one case of cellulitis, which was treated by antibiotics,
one case of generalized urticaria following intranasal dose, and one case of radial nerve
injury caused by the injection (see Supplementary Material, Table S8). All the cases received
the necessary outpatient treatments and were followed until complete recovery. A chemical
pregnancy case was a report of menstrual retardation after receiving the first dose in the
10 µg vaccine group in a 35-year-old woman with a history of fertility problems. She did not
receive the second dose of the vaccine and reported a positive pregnancy test (β-HCG = 107)
and vaginal bleeding around the same time four weeks after receiving the first dose. This
pregnancy did not lead to para-clinical detection of the fetal pole in ultrasound and was
unlikely to be related to the vaccine. Abnormal laboratory findings were generally mild
(grade II or lower), equally distributed among study groups (see Supplementary Material,
Table S11), and ultimately resolved within a few weeks. We observed only one case of
grade III increase in liver enzymes (ALT = 187 IU/dL) that returned to the normal range
within 30 days.

All vaccine groups induced significant humoral antibody responses (Figure 3A and
Supplement Tables S12–S16). The geometric mean ratios (GMRs) and their 95% confi-
dence interval, compared with placebo on day 35 for S antigen, were 3.44 (1.66–7.14),
4.19 (2.00–8.79), and 6.12 (2.90–12.89) in the 5, 10, and 20 µg vaccine groups, respectively
(see Tables 3 and S12). The corresponding figures for RBD (see Tables 3 and S15) were
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3.40 (1.63–7.07), 4.07 (1.94–8.55), and 5.88 (2.78–12.44). They remained relatively unchanged
over the rest of the study period. The GMRs for the S antigen on day 150 in the three
vaccine groups were 3.20 (1.70–9.03), 5.60 (1.68–27.39), and 5.61 (1.70–25.28), respectively.
The other specific antibodies (S1, S2, RBD, and NTD) except N also showed similar pat-
terns of increase (see Figure 3 and Supplement Tables S13, S14 and S16). We observed a
small decline in ELISA specific antibody responses against S-Trimer by changing SARS-
CoV-2 variants over time (see Figure 3C). The decline was more marked against the S1
antigenic component.

The GMR for anti-RBD secretory IgA in mucosal fluid, at two weeks after the intranasal
dose, was 23.27 (21.27–25.45) in the participants receiving the 10 µg vaccine compared to
placebo, indicating a robust mucosal immunity response. The corresponding figures for
70 and 100 days after the intranasal dose were 17.85 (16.13–19.77) and 15.76 (14.23–17.45)
(see Figure 4A). We observed significant inhibition of ACE2 adhesion in the mucosal
fluid of the participants receiving the intranasal 10 µg vaccine compared with the lack of
inhibition in the recipients of the intranasal placebo (p < 0.001) (see Figure 4B).

We observed a four-fold rise in serum-neutralizing antibody titers on day 35 in 56%,
66%, and 77% of participants in 5, 10, and 20 µg vaccine groups, respectively (Figure 3B).
The geometric mean ratios (GMR) and their 95% confidence interval compared with the
placebo on day 35 for neutralizing antibody titers were 5.82 (1.46–23.13), 11.12 (2.74–45.09),
and 20.70 (5.05–84.76) in study groups, respectively. Neutralizing antibody responses were
tightly correlated with anti-S and anti-RBD in all three vaccine groups (see Figure S6 and
Table S18).

The increase in the percentage of lymphocyte proliferation (measured using the CFSE
method) in response to stimulation by the S1 antigen and inactivated virus on day 35
compared with that of day 0 was 3.3%, 11.2%, 17.9%, and 22.9% in the placebo, 5, 10, and
20 µg study groups, respectively (Figure 5B). Following stimulation with the S1 antigen
and inactivated virus, IFN-
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4. Discussion 
We found that the RCP recombinant spike protein COVID-19 vaccine is safe and 

well-tolerated. Moreover, it does not cause serious adverse reactions in healthy adult vol-
unteers. The incidence of solicited adverse reactions in all the study groups was similar, 
and no vaccine-related SAEs were seen. The most frequent adverse reaction was a head-
ache, followed by injection site tenderness. We observed antibody responses against both 
S and RBD antigens in the 10 and 20 µg vaccine groups on day 35, which were four and 
six times higher than the placebo. These responses were sustained until the end of the 
study period. Similarly, on day 35, the serum neutralizing antibody response in the 10 and 
20 µg vaccine groups was 11 and 21 times higher than that in the placebo group. A strong 
secretory IgA response to the RBD antigen was observed in the participants two weeks 
after receiving the intranasal dose, which remained high for over three months. We 

, TNF-α, IL-2, and IL-17 (Th1) increased on day 35 compared
with those on day 0 in all the vaccine groups (see Figure 5A). The rate of increase was
almost similar in the 10 and 20 µg vaccine groups, but it was higher than that of the 5 µg
vaccine group. The IL-4 response (Th2) revealed an increase on day 35 compared with day
0 in all the vaccine groups (see Figure A). IL-6 did not change in any of the study groups.
The percentage of CD3/CD4 cells remained relatively the same on days 35 and 0 in all
the vaccine groups; meanwhile, the percentage of CD3/CD8 cells showed a noticeable
increase. Overall, our findings indicated a strong T cell response to all the investigated
vaccine strengths with Th1 dominance and an increase in cytotoxic cells (see Figure S7).
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Figure 3. (A) Scatter diagram of specific IgG antibody responses (AUC) against S, S1, S2, RBD, NTD,
and N (Nucleocapsoid) antigen (SARS-CoV-2 variant in Wuhan) in the intervention groups over the
predefined study time schedule. Geometric means and 95% confidence intervals have been shown on
the diagram. (B) Scatter diagram of serum neutralizing antibody titers (cVNT with the SARS-CoV-2
variant in Wuhan) in the intervention groups over the predefined study time schedule. Geometric
mean titers giving 50% serum neutralization and 95% confidence intervals are shown in the diagram.
The horizontal solid line is the cut-off titer of 1:4. The horizontal dotted line is the baseline titer.
(C) ELISA-specific IgG antibody responses against s1 and s-trimer antigenic components by changing
SARS-CoV-2 variants over time (SARS-CoV-2 variant in Wuhan, Delta, and Omicron) in the 10 µg
vaccine group.
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Table 3. Geometric mean ratio and 95% CI of specific antibody responses (AUC) to S, S1, S2, RBD, and NTD antigens (measured using ELIZA) and neutralizing
antibody response (measured using cVNT) in the intervention groups over the predefined study time schedule.

Baseline a Day 7 Day 14 Day 21 a Day 28 Day 35 Day 65 Day 150 Seroconversion
Rate b on Day 35
(%) and 95% CI cGMRAUC (95% CI)

Anti S antibody

Placebo 1 1 1 1 1 1 1 1 14.8 (4.2–33.7)

Vac. 5 µg 1.28 (1.08–1.52) 1.36 (1.00–1.84) 1.50 (0.99–2.28) 1.50 (0.92–2.45) 1.96 (1.03–3.73) 3.44 (1.66–7.14) 3.55 (1.69–11.25) 3.20 (1.70–9.03) 55.9 (37.9–72.8)

Vac. 10 µg 1.01 (0.85–1.20) 1.21 (0.90–1.64) 1.29 (0.85–1.96) 1.57 (0.96–2.57) 1.97 (1.03–3.78) 4.19 (2.00–8.79) 3.68 (1.61–15.33) 5.60 (1.68–27.39) 65.6 (46.8–81.4)

Vac. 20 µg 0.90 (0.75–1.07) 0.93 (0.69–1.26) 1.03 (0.68–1.56) 1.15 (0.70–1.89) 1.96 (1.02–3.78) 6.12 (2.90–12.89) 5.15 (1.66–25.79) 5.61 (1.70–25.28) 80.0 (61.4–92.3)

Anti S1 antibody

Placebo 1 1 1 1 1 1 1 1 14.8 (4.2–33.7)

Vac. 5 µg 1.28 (1.08–1.52) 1.36 (1.0–1.84) 1.50 (0.99–2.28) 1.50 (0.92–2.45) 1.96 (1.03–3.73) 3.46 (1.67–7.18) 2.70 (0.73–9.97) 3.04 (0.87–10.59) 47.0 (29.8–64.9)

Vac. 10 µg 1.01 (1.08–1.20) 1.21 (1.14–1.64) 1.24 (0.82–1.88) 1.57 (0.96–2.57) 1.97 (1.03–3.78) 4.22 (2.01–8.84) 2.87 (0.87–9.52) 5.61 (1.64–19.17) 62.5 (43.7–78.9)

Vac. 20 µg 0.90 (0.75 -1.07) 0.93 (0.69–1.26) 1.03 (0.68–1.56) 1.15 (0.70–1.89) 1.96 (1.02–3.78) 6.15 (2.92–12.97) 4.20 (1.19–14.84) 4.95 (1.40–17.45) 80.0 (61.4–92.3)

Anti S2 antibody

Placebo 1 1 1 1 1 1 1 1 11.1 (2.3–29.1)

Vac. 5 µg 1.46 (1.09–1.95) 1.49 (1.05–2.10) 1.65 (1.05–2.61) 1.73 (1.02–2.93) 2.17 (1.10–4.30) 4.04 (1.90–8.59) 2.69 (1.67–6.82) 3.17 (1.62–10.91) 47.0 (29.8–64.9)

Vac. 10 µg 1.07 (0.80–1.44) 1.26 (0.89–1.77) 1.39 (0.88–2.20) 1.67 (0.99–2.84) 2.17 (1.09–4.34) 4.89 (2.28–10.50) 2.94 (1.60–9.78) 4.40 (1.61–22.65) 65.6 (46.8–81.4)

Vac. 20 µg 0.87 (0.65–1.16) 0.95 (0.67–1.34) 1.07 (0.68–1.68) 1.25 (0.73–2.12) 2.14 (1.06–4.30) 6.98 (3.23–15.08) 4.05 (1.64–16.61) 4.68 (1.63–23.81) 83.3 (65.3–94.3)

Anti RBD
antibody

Placebo 1 1 1 1 1 1 1 1 14.8 (4.2–33.7)

Vac. 5 µg 1.38 (1.13–1.68) 1.45 (1.06–1.98) 1.57 (1.00–2.47) 1.43 (0.87–2.34) 1.99 (1.06–3.76) 3.40 (1.63–7.07) 2.69 (1.68–6.82) 3.38 (1.68–10.38) 55.9 (37.9–72.8)

Vac. 10 µg 1.05 (0.86–1.27) 1.21 (0.89–1.64) 1.30 (0.83–2.05) 1.57 (0.96–2.57) 1.88 (0.99–3.58) 4.07 (1.94–8.55) 3.04 (1.60–10.49) 5.98 (1.67–32.79) 62.5 (43.7–78.9)

Vac. 20 µg 0.91 (0.75–1.11) 1.01 (0.74–1.37) 1.05 (0.67–1.65) 1.13 (0.69–1.86) 2.01 (1.05–3.84) 5.88 (2.78–12.44) 4.22 (1.65–17.99) 5.75 (1.69–27.94) 83.3 (65.3–94.3)

Anti NTD
antibody

Placebo 1 1 1 1 1 1 1 1 14.8 (4.2–33.7)

Vac. 5 µg 1.31 (1.08–1.60) 1.40 (1.03–1.91) 1.54 (1.01–2.37) 1.50 (0.91–2.47) 1.93 (1.01–3.67) 3.24 (1.51–6.93) 2.30 (1.71–4.71) 3.44 (1.68–10.70) 50.0 (32.4–67.6)

Vac. 10 µg 1.06 (0.87–1.29) 1.21 (0.89–1.64) 1.31 (0.85–2.00) 1.62 (0.98–2.66) 1.98 (1.03–3.81) 4.23 (1.95–9.15) 3.01 (1.63–9.49) 5.75 (1.67–30.27) 65.6 (46.8–81.4)

Vac. 20 µg 0.93 (0.76–1.13) 1.01 (0.74–1.37) 1.12 (0.73–1.71) 1.24 (0.75–2.05) 2.11 (1.09–4.09) 6.67 (3.07–14.52) 4.12 (1.68–15.49) 5.52 (1.69–25.79) 83.3 (65.3–94.3)

Neutralyzing
antibody cVNT

Placebo 1 - - - - 1 1 1 14.8 (4.2–33.7)

Vac. 5 µg 1.08 (0.98–1.20) - - - - 5.82 (1.46–23.13) 0.95 (0.03–27.05) 0.84 (0.02–28.22) 58.8 (40.7–75.3)

Vac. 10 µg 1.00 (0.91–1.10) - - - - 11.12 (2.74–45.09) 31.11 (1.46–663.67) 6.58 (0.17–259.11) 68.7 (49.9–83.9)

Vac. 20 µg 1.00 (0.91–1.10) - - - - 20.70 (5.05–84.76) 17.46 (0.47–652.38) 1.68 (0.03–82.75) 83.3 (65.3–94.3)

a Participants received intramuscular vaccine/placebo injections on days 0 and 21, followed by an intranasal spray of vaccine/placebo on day 51 (please also see Table 1). b The
seroconversion rate in each placebo/vaccine group was calculated by dividing the number of participants experiencing a four-fold increase in antibody titer by the total number of
participants tested. c The 95% confidence intervals for proportions were calculated using the Clopper–Pearson method. Comparing the confidence intervals of seroconversion rates in the
vaccine groups with the placebo group shows a statistically significant difference between the responses in the groups. (The difference is statistically significant when the confidence
intervals do not cross).
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the 10 µg vaccine versus the placebo) over the predefined study time schedule. Geometric means
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4. Discussion

We found that the RCP recombinant spike protein COVID-19 vaccine is safe and well-
tolerated. Moreover, it does not cause serious adverse reactions in healthy adult volunteers.
The incidence of solicited adverse reactions in all the study groups was similar, and no
vaccine-related SAEs were seen. The most frequent adverse reaction was a headache,
followed by injection site tenderness. We observed antibody responses against both S
and RBD antigens in the 10 and 20 µg vaccine groups on day 35, which were four and
six times higher than the placebo. These responses were sustained until the end of the
study period. Similarly, on day 35, the serum neutralizing antibody response in the 10
and 20 µg vaccine groups was 11 and 21 times higher than that in the placebo group. A
strong secretory IgA response to the RBD antigen was observed in the participants two
weeks after receiving the intranasal dose, which remained high for over three months. We
showed inhibition of ACE2 adhesion using nasopharyngeal mucosal fluid of the recipients
of intranasal 10 µg vaccine on day 65. The vaccine also evoked cellular immunity detected
with increased lymphocyte proliferation and secretion of IFNγ, TNFα, IL-2, and I-L4 in
response to stimulation by the S1 antigen and inactivated virus. The T-helper-1 response
was predominant.

The prevalence of local and systemic adverse reactions to the RCP recombinant spike
protein COVID-19 vaccine was relatively low, generally mild, and resolved spontaneously.
Similar to many other subunit vaccines, local pain and tenderness were at the top of
the local reactions list [3,22–24]. No case of fever following the injections was detected.
This observation was in accordance with the reports in other protein subunit adjuvanted
vaccines [24]. The case of chemical pregnancy was thoroughly discussed in the data and
by the safety monitoring board. An independent non-member gynecologist advised the
DSMB in this regard.

The RCP recombinant spike protein COVID-19 vaccine contains a third intranasal
dose. The nano-sized structure of this vaccine [15] allows its direct application on mucosal
surfaces, infiltration to epithelial cells, and subsequent stimulation of the relevant cells of
the immune system. Therefore, the RCP can switch the antibody class to secretory IgA
and provide mucosal immunity, which could potentially block the transmission of COVID-
19 [8,14] and was our primary purpose in integrating the intranasal dose into the vaccination
program. Given the SARS-CoV-2 pandemic, the prime/boost combination of the two
intramuscular (days 0 and 21) and one intranasal dose (day 51) could elicit rapid systemic
followed by mucosal immune responses [25,26]. The minimum one-month interval between
the intranasal dose and the second intramuscular dose was needed to avoid confronting
the immune system with an antigenic load while the specific antibodies were on the rise
following the previous load of the same antigen (the two intramuscular doses) [25,27]. We
detected a high level of COVID-19-specific anti-RBD IgA antibodies in nasopharyngeal
mucosal fluid, which remained high throughout the study. Furthermore, we demonstrated
a significant ACE2 adhesion inhibition as a result of intranasal vaccination with the 10 µg
vaccine, indicating a strong secretory IgA antibody response with neutralizing capability.
Currently, there are 11 other vaccine candidates containing intranasal doses at different
phases of clinical trials [7]. This report is the first on the findings from intranasal vaccines
in humans.

Furthermore, there were strong antibody responses two weeks after the second injec-
tion against various specific COVID-19 antigens (S, S1, S2, NTD, RBD, and N). Antibody
against nucleocapsid (N) was measured to differentiate between the immune system re-
sponses to wild virus and the vaccine, which showed a negligible contribution of the former
to the total antibody response. Despite the negative serological anti-N antibody results,
a number of the subjects from the placebo and other vaccinated groups were infected
at different time points post-vaccination. However, using a randomized control group
receiving a placebo enabled us to account for the contribution of subclinical infections with
wild virus in the overall observed antibody responses in either of the vaccine groups by
calculating the geometric mean ratio (GMR). Masking the immunology lab operators to the
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immunogenicity results provided some assurance regarding the unbiased assessment of the
immune response. Although comparing the ELISA antibody responses in vaccine groups
to the placebo offered some estimates of their magnitude, clinical interpretation of their
efficacy remains to be seen. Neutralizing antibody activity was assessed after exposing
sera from the participants to the wild virus isolated from the Iranian population at the start
of the pandemic in early 2021. The strong and positive correlation between neutralizing
antibody titer and ELISA S and RBD-specific antibodies suggested that these two mainly
mediate the neutralization.

Specific cellular immunity plays an essential role in COVID-19 inhibition. Interleukins
are the first-level cell mediators for the activation of cellular immunity. The results obtained
herein proved the development of prominent specific cellular immunity against COVID-
19. In this study, Th1 was higher than Th2. Our observed strong specific high-affinity
IgG antibody response could be explained by the increase in IL4 secretion (Th2 pathway
activation) and transformation of B-cells to plasma cells [28]. Long-lasting immunity as
shown by sustained specific antibody response up to 150 days (See Table 3) is the result
of the Th1 pathway activation [29,30]. The in vitro increase in lymphocyte proliferation
against antigen S1 and inactivated virus showed activation of memory T cells, which were
formed with vaccination. The in vitro challenge of peripheral blood mononuclear cells with
antigen S1 and inactivated viruses showed that CD8 cells responded more than CD4 cells.
This is another reason for immune activation via cytotoxic T cells. Considering lymphocyte
proliferation and other results, such as the Th1/Th2 ratio, we can claim that the vaccination
system favorably activated cellular immunity. Some slight increases in the level of cytokines
in the placebo group could be explained by a few occurrences of subclinical infections as
described above.

The study started when some vaccines had received emergency use authorization;
however, none of them were available for the Iranian population. Therefore, the national
ethics committee allowed us to use a placebo as the comparator in this study. We used a
separate group of non-randomized open-label participants for the evaluation of mucosal
immunity and unfortunately, appropriate serum specimens were not taken simultaneously
from this group.

The RCP vaccine uses recombinant SARS-CoV-2 spike protein in its monomeric (S1
and S2 subunits) and trimeric form (S-Trimer) formulated in the oil-in-water adjuvant [15].
Additional testing of stored serum samples using S1 and S-Trimer antigens showed a negli-
gible (10% Omicron vs. variant in Wuhan) decline in ELISA-specific antibody responses
against S-Trimer by changing the SARS-CoV-2 variants over time (see Figure 3C) while
the percentage of decline against monomeric S1 was remarkably high (45% Omicron vs.
variant in Wuhan). This finding suggests that the inclusion of monomeric S2, a more
preserved component of spike protein, and S-Trimer in the structure of the RCP vaccine has
made it more resistant to the changing variants of SARS-CoV-2 [15,16,18–20]. Furthermore,
multiple spike antigens used in building the vaccine allow integration of new antigens
from future variants much easier.

We considered the following two points to select one of the three strengths of the
RCP vaccine to enter the phase II trial. Firstly, any increase in the antigen should not over-
increase the inflammatory factors, such as IL-6. Secondly, given the pandemic situation,
cost-effectiveness, and ethical issues, the least amount of antigen providing sufficient
immune response is desirable. The results revealed that both the 10 and 20 µg vaccines
were safe and could contribute to strong and sustained immune response over the study
period. Therefore, we selected the 10 µg vaccine to enter the next trial phases.

The RCP vaccine is safe and creates strong and durable humoral and cellular immune
responses in its 10 and 20 µg /200 µL vaccine strengths. The 10 µg intranasal dose results
in a robust secretory IgA response with neutralizing capabilities that is necessary for good
mucosal protection.
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5. Conclusions

RCP vaccine is safe and induces robust and long-lasting humoral and cellular immu-
nity and good mucosal immune response in its 10 µg /200 µL vaccine strengths.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines11020455/s1, Supplementary File S1: Protocol Phase I,
II [3,7,9–12,31–36]; Table S1: FDA toxicity grading scale for vital sign abnormalities; Table S2: FDA
toxicity grading scales for solicited local and systemic adverse events; Table S3: FDA toxicity grading
scales for clinical laboratory abnormalities; Table S4: World Health Organisation-Uppsala Monitoring
Centre causality assessment scale; Table S5: Predefined time schedule of the study; Table S6: Demo-
graphic characteristics of the sentinel participants; Table S7: Geometric mean ratio and 95% CI of
specific antibody responses (AUC) to S, S1, S2, RBD and NTD antigens (variant in Wuhan) in the inter-
vention groups over the predefined study time schedule; Table S8: Serum levels of specific antibodies
against S, S1, S2, RBD, NTD and N antigens (variant in Wuhan) in trial participants at enrollment;
Table S9: Number and percentages of subjects experiencing solicited local and systemic adverse
events vaccination dose, by FDA toxicity grade; Table S10: Number and percentages of subjects expe-
riencing solicited systemic adverse events after third dose of vaccine, by FDA toxicity grade; Table
S11: List of adverse events, their grades and causal relationship with the intervention received (sorted
by grade) during the six-month follow-up period; Table S12: List of patients with positive COVID-19
PCR test result during the follow up period; Table S13: Abnormal vital signs during 3 h after dose 1
and 2; Table S14: Number and percentages of subjects experiencing laboratory abnormalities by FDA
toxicity grade; Table S15: Geometric means of IgG antibody responses (presented as area under the
curve, AUC) against S antigen (variant in Wuhan) in the intervention groups over the predefined
study time schedule; Table S16: Geometric means of IgG antibody responses (presented as area under
the curve, AUC) against S1 antigen (variant in Wuhan) in the intervention groups over the predefined
study time schedule; Table S17: Geometric means of IgG antibody responses (presented as area under
the curve, AUC) against S2 antigen (variant in Wuhan) in the intervention groups over the predefined
study time schedule; Table S18: Geometric means of IgG antibody responses (presented as area
under the curve, AUC) against RBD antigen (variant in Wuhan) in the intervention groups over the
predefined study time schedule; Table S19: Geometric means of IgG antibody responses (presented
as area under the curve, AUC) against NTD antigen (variant in Wuhan) in the intervention groups
over the predefined study time schedule; Table S20: Geometric means of IgG antibody responses
(presented as area under the curve, AUC) against N antigen (variant in Wuhan) in the intervention
groups over the predefined study time schedule; Table S21: Geometric mean titer for neutralizing
antibody titer the over the predefined study time schedule; Figure S1: Geometric means of IgG
antibody responses (presented as area under the curve, AUC) against S antigen in the intervention
groups over the predefined study time schedule; Figure S2: Geometric means of IgG antibody re-
sponses (presented as area under the curve, AUC) against S1 antigen in the intervention groups
over the predefined study time schedule; Figure S3: Geometric means of IgG antibody responses
(presented as area under the curve, AUC) against S2 antigen in the intervention groups over the
predefined study time schedule; Figure S4: Geometric means of IgG antibody responses (presented
as area under the curve, AUC) against RBD antigen in the intervention groups over the predefined
study time schedule; Figure S5: Geometric means of IgG antibody responses (presented as area under
the curve, AUC) against NTD antigen in the intervention groups over the predefined study time
schedule; Figure S6: Scatter plots illustrating the correlation between neutralizing antibody responses
and specific IgG ELISA antibody responses (AUC) at 2 weeks after the second dose (day 35) in
the intervention groups. Nonparametric Spearman correlation estimates have been shown on the
diagrams; Figure S7: Scatter diagram of changes in percentage of CD3, CD4 and CD3, CD8 (cytotoxic)
T cells in response to stimulation by S antigen measured by flow cytometry in peripheral blood
mononuclear cell (PBMC) extract in the intervention groups at the day 35 compared to the baseline.
Percentage means have been shown on the diagram. [33–35]

https://www.mdpi.com/article/10.3390/vaccines11020455/s1
https://www.mdpi.com/article/10.3390/vaccines11020455/s1


Vaccines 2023, 11, 455 16 of 18

Author Contributions: M.S.D. and M.H.F.M. conceived the trial, and S.K. is the chief investigator.
M.S.D., A.A., S.A.S. and A.M. contributed to the protocol and design of this study. M.H.F.M., S.K.,
A.E.-h. and S.R.B. led the implementation of this study. M.S.D. and S.M. completed the statistical
analysis and verified the underlying data. M.S.D., A.M. and F.B.A. wrote the manuscript. M.N.,
A.R.M., L.M., F.S., M.B. and M.G. coordinated funding and worked in administrative roles and
study implementation. Also M.N., A.R.M. and L.M. worked as study auditor and supervised data
validation. V.M., N.G., S.S. and M.S. contributed to the data collection. S.R.B., M.H., S.H.R., M.L., A.K.
and M.T. were responsible for laboratory analyses. M.S.D., S.R.B., A.E.-h., M.H.F.M., M.N., A.R.M.,
L.M., F.S., A.R., A.A., A.M., S.A.S., F.B.A., V.M., M.H., N.G., S.H.R., S.M., M.T., M.B., M.L., A.K., M.G.,
S.S., M.S. and S.K. reviewed and approved the final report. All authors had full access to all the data
in the study and had final responsibility for the decision to submit for publication. All authors have
read and agreed to the published version of the manuscript.

Funding: The sponsor of this study (Razi Vaccine and Serum Research Institute) helped with the
design and performed the immunogenicity tests but had no role in data collection, data management,
analysis, interpretation, and writing of the report. These were completed by the IUMS clinical trial
center. The immunology lab was blinded to the identity of the participants in all blood specimens
(see randomization and masking section).

Institutional Review Board Statement: This study was approved by the Iran National Commit-
tee for Ethics in Biomedical Research (IR NREC.1399.005) and performed in accordance with the
Declaration of Helsinki and Good Clinical Practice. The trial protocol is registered in www.irct.ir
(IRCT20201214049709N1).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: We support sharing of the individual participant data. The individual
participant data that underlie the results reported in this article after de-identification (text, tables,
figures, and appendixes) will be shared. Because this is the study’s final report, individual participant
data and supporting clinical documents, including study protocol, statistical analysis plan, and the
informed consent form, will be available immediately following publication for at least one year.
Researchers who provide a scientifically sound proposal will be allowed access to the individual
participant data. Proposals should be sent to the corresponding author. Based on scientific merit,
these proposals will be reviewed and approved by the funder, investigator, and collaborators. Data
requesters will need to sign a data access agreement to gain access.

Acknowledgments: The investigators express their gratitude for the contribution of all trial par-
ticipants. The investigators would like to thank the members of the National Ethics Committee
(Akbar Fotouhi), the Ministry of Health’s Food and Drug Organization (Mosaed), and Communicable
Disease Control (Zahraei), as well as the staff of Razi Vaccine and Serum Research Institute, other
IUM-CTC members, and the Hazrat Rasol hospital staff for their cooperation in the conduction
of trial. In addition, we thank Zeynab Yasin, Alireza Hejrati, Somaye Nasiri, and Sima Shokri as
independent members of the data monitoring and safety committee. This study is funded by the Razi
Vaccine and Serum Research Institute. The study design, data collection, data management, analysis,
interpretation, and writing of this report were completed by IUM-CTC. The sponsor of this study
helped with the design and performed the immunogenicity tests, but it was blinded to the identity of
the participants in all blood specimens. IUM-CTC and Razi participated in the decision to submit the
paper for publication.

Conflicts of Interest: As an academic CRO, the Iran University of medical sciences clinical trial center
(IUMS-CTC) contributed to the conduct of the trial. S.R.B., A.E., M.N., A.R.M., L.M., F.S., M.H.M.,
S.H.R., M.T., M.B., M.L., A.K., A.G. and M.H.F.M. are Razi Vaccine and Serum Research Institute
employees. S.R.B. is the inventor of the RCP vaccine. The remaining authors are employees of IUMS.

References
1. Soraci, L.; Lattanzio, F.; Soraci, G.; Gambuzza, M.E.; Pulvirenti, C.; Cozza, A.; Corsonello, A.; Luciani, F.; Rezza, G. COVID-19

Vaccines: Current and Future Perspectives. Vaccines 2022, 10, 608. [CrossRef] [PubMed]
2. Li, M.; Wang, H.; Tian, L.; Pang, Z.; Yang, Q.; Huang, T.; Fan, J.; Song, L.; Tong, Y.; Fan, H. COVID-19 vaccine development:

Milestones, lessons and prospects. Signal Transduct. Target. Ther. 2022, 7, 146. [CrossRef] [PubMed]

www.irct.ir
http://doi.org/10.3390/vaccines10040608
http://www.ncbi.nlm.nih.gov/pubmed/35455357
http://doi.org/10.1038/s41392-022-00996-y
http://www.ncbi.nlm.nih.gov/pubmed/35504917


Vaccines 2023, 11, 455 17 of 18

3. Richmond, P.; Hatchuel, L.; Dong, M.; Ma, B.; Hu, B.; Smolenov, I.; Li, P.; Liang, P.; Han, H.H.; Liang, J.; et al. Safety and
immunogenicity of S-Trimer (SCB-2019), a protein subunit vaccine candidate for COVID-19 in healthy adults: A phase 1,
randomised, double-blind, placebo-controlled trial. Lancet 2021, 397, 682–694. [CrossRef]

4. Pack, S.M.; Peters, P.J. SARS-CoV-2-Specific Vaccine Candidates; the Contribution of Structural Vaccinology. Vaccines 2022, 10, 236.
[CrossRef]

5. Krammer, F. SARS-CoV-2 vaccines in development. Nature 2020, 586, 516–527. [CrossRef]
6. Wang, Y.; Wang, L.; Cao, H.; Liu, C. SARS-CoV-2 S1 is superior to the RBD as a COVID-19 subunit vaccine antigen. J. Med. Virol.

2021, 93, 892–898. [CrossRef] [PubMed]
7. Alu, A.; Chen, L.; Lei, H.; Wei, Y.; Tian, X.; Wei, X. Intranasal COVID-19 vaccines: From bench to bed. eBioMedicine 2022, 76,

103841. [CrossRef]
8. Russell, M.W.; Moldoveanu, Z.; Ogra, P.L.; Mestecky, J. Mucosal Immunity in COVID-19: A Neglected but Critical Aspect of

SARS-CoV-2 Infection. Front. Immunol. 2020, 11, 611337. [CrossRef]
9. Bleier, B.S.; Ramanathan, M.; Lane, A.P. COVID-19 Vaccines May Not Prevent Nasal SARS-CoV-2 Infection and Asymptomatic

Transmission. Otolaryngol. Head Neck Surg. 2021, 164, 305–307. [CrossRef]
10. Hassan, A.O.; Feldmann, F.; Zhao, H.; Curiel, D.T.; Okumura, A.; Tang-Huau, T.-L.; Case, J.B.; Meade-White, K.; Callison, J.;

Chen, R.E.; et al. A single intranasal dose of chimpanzee adenovirus-vectored vaccine protects against SARS-CoV-2 infection in
rhesus macaques. Cell Rep. Med. 2021, 2, 100230. [CrossRef]

11. Du, Y.; Xu, Y.; Feng, J.; Hu, L.; Zhang, Y.; Zhang, B.; Guo, W.; Mai, R.; Chen, L.; Fang, J.; et al. Intranasal administration of a
recombinant RBD vaccine induced protective immunity against SARS-CoV-2 in mouse. Vaccine 2021, 39, 2280–2287. [CrossRef]

12. Ku, M.-W.; Bourgine, M.; Authié, P.; Lopez, J.; Nemirov, K.; Moncoq, F.; Noirat, A.; Vesin, B.; Nevo, F.; Blanc, C.; et al. Intranasal
vaccination with a lentiviral vector protects against SARS-CoV-2 in preclinical animal models. Cell Host Microbe 2021, 29,
236–249.e236. [CrossRef] [PubMed]

13. van Doremalen, N.; Purushotham, J.N.; Schulz, J.E.; Holbrook, M.G.; Bushmaker, T.; Carmody, A.; Port, J.R.; Yinda, C.K.;
Okumura, A.; Saturday, G.; et al. Intranasal ChAdOx1 nCoV-19/AZD1222 vaccination reduces viral shedding after SARS-CoV-2
D614G challenge in preclinical models. Sci. Transl. Med. 2021, 13, eabh0755. [CrossRef]

14. Dhama, K.; Dhawan, M.; Tiwari, R.; Emran, T.B.; Mitra, S.; Rabaan, A.A.; Alhumaid, S.; Alawi, Z.A.; Al Mutair, A. COVID-19
intranasal vaccines: Current progress, advantages, prospects, and challenges. Hum. Vaccines Immunother. 2022, 18, 2045853.
[CrossRef] [PubMed]

15. Banihashemi, S.R.; Es-Haghi, A.; Mehrabadi, M.H.F.; Nofeli, M.; Mokarram, A.R.; Ranjbar, A.; Salman, M.; Moradi, H.; Razaz, S.H.;
Taghdiri, M.; et al. Safety and efficacy of combined intramuscular/intranasal RAZI-COV PARS vaccine candidate against SARS-
CoV-2: A Preclinical Study in several animal models. Front. Immunol. 2022, 13, 836745. [CrossRef]

16. Kovalenko, A.; Ryabchevskaya, E.; Evtushenko, E.; Nikitin, N.; Karpova, O. Recombinant Protein Vaccines against Human
Betacoronaviruses: Strategies, Approaches and Progress. Int. J. Mol. Sci. 2023, 24, 1701. [CrossRef] [PubMed]

17. Du, L.; He, Y.; Zhou, Y.; Liu, S.; Zheng, B.-J.; Jiang, S. The spike protein of SARS-CoV—A target for vaccine and therapeutic
development. Nat. Rev. Microbiol. 2009, 7, 226–236. [CrossRef] [PubMed]

18. Hu, J.; Chen, X.; Lu, X.; Wu, L.; Yin, L.; Zhu, L.; Liang, H.; Xu, F.; Zhou, Q. A spike protein S2 antibody efficiently neutralizes the
Omicron variant. Cell. Mol. Immunol. 2022, 19, 644–646. [CrossRef]

19. Ng, K.W.; Faulkner, N.; Finsterbusch, K.; Wu, M.; Harvey, R.; Hussain, S.; Greco, M.; Liu, Y.; Kjaer, S.; Swanton, C.; et al.
SARS-CoV-2 S2-targeted vaccination elicits broadly neutralizing antibodies. Sci. Transl. Med. 2022, 14, eabn3715. [CrossRef]
[PubMed]

20. Shah, P.; Canziani, G.A.; Carter, E.P.; Chaiken, I. The Case for S2: The Potential Benefits of the S2 Subunit of the SARS-CoV-2
Spike Protein as an Immunogen in Fighting the COVID-19 Pandemic. Front. Immunol. 2021, 12, 637651. [CrossRef]

21. Zaccaro, D.J.; Wagener, D.K.; Whisnant, C.C.; Staats, H.F. Evaluation of vaccine-induced antibody responses: Impact of new
technologies. Vaccine 2013, 31, 2756–2761. [CrossRef] [PubMed]

22. Zhang, J.; Hu, Z.; He, J.; Liao, Y.; Li, Y.; Pei, R.; Fang, X.; Zeng, P.; Fan, R.; Ou, Z.; et al. Safety and immunogenicity of a recombinant
interferon-armed RBD dimer vaccine (V-01) for COVID-19 in healthy adults: A randomized, double-blind, placebo-controlled,
Phase I trial. Emerg. Microbes Infect. 2021, 10, 1589–1597. [CrossRef]

23. Keech, C.; Albert, G.; Cho, I.; Robertson, A.; Reed, P.; Neal, S.; Plested, J.S.; Zhu, M.; Cloney-Clark, S.; Zhou, H. Phase 1–2 trial of a
SARS-CoV-2 recombinant spike protein nanoparticle vaccine. N. Engl. J. Med. 2020, 383, 2320–2332. [CrossRef]

24. Hsieh, S.-M.; Liu, W.-D.; Huang, Y.-S.; Lin, Y.-J.; Hsieh, E.-F.; Lian, W.-C.; Chen, C.; Janssen, R.; Shih, S.-R.; Huang, C.-G. Safety
and immunogenicity of a Recombinant Stabilized Prefusion SARS-CoV-2 Spike Protein Vaccine (MVCCOV1901) Adjuvanted
with CpG 1018 and Aluminum Hydroxide in healthy adults: A Phase 1, dose-escalation study. eClinicalMedicine 2021, 38, 100989.
[CrossRef] [PubMed]

25. Vajdy, M.; Baudner, B.; Del Giudice, G.; O’Hagan, D. A vaccination strategy to enhance mucosal and systemic antibody and T cell
responses against influenza. Clin. Immunol. 2007, 123, 166–175. [CrossRef]

26. Zhou, F.; Goodsell, A.; Uematsu, Y.; Vajdy, M. Prolonged Protection against Intranasal Challenge with Influenza Virus following
Systemic Immunization or Combinations of Mucosal and Systemic Immunizations with a Heat-Labile Toxin Mutant. Clin. Vaccine
Immunol. 2009, 16, 471–478. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(21)00241-5
http://doi.org/10.3390/vaccines10020236
http://doi.org/10.1038/s41586-020-2798-3
http://doi.org/10.1002/jmv.26320
http://www.ncbi.nlm.nih.gov/pubmed/32691875
http://doi.org/10.1016/j.ebiom.2022.103841
http://doi.org/10.3389/fimmu.2020.611337
http://doi.org/10.1177/0194599820982633
http://doi.org/10.1016/j.xcrm.2021.100230
http://doi.org/10.1016/j.vaccine.2021.03.006
http://doi.org/10.1016/j.chom.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33357418
http://doi.org/10.1126/scitranslmed.abh0755
http://doi.org/10.1080/21645515.2022.2045853
http://www.ncbi.nlm.nih.gov/pubmed/35258416
http://doi.org/10.3389/fimmu.2022.836745
http://doi.org/10.3390/ijms24021701
http://www.ncbi.nlm.nih.gov/pubmed/36675218
http://doi.org/10.1038/nrmicro2090
http://www.ncbi.nlm.nih.gov/pubmed/19198616
http://doi.org/10.1038/s41423-022-00847-4
http://doi.org/10.1126/scitranslmed.abn3715
http://www.ncbi.nlm.nih.gov/pubmed/35895836
http://doi.org/10.3389/fimmu.2021.637651
http://doi.org/10.1016/j.vaccine.2013.03.065
http://www.ncbi.nlm.nih.gov/pubmed/23583812
http://doi.org/10.1080/22221751.2021.1951126
http://doi.org/10.1056/NEJMoa2026920
http://doi.org/10.1016/j.eclinm.2021.100989
http://www.ncbi.nlm.nih.gov/pubmed/34222848
http://doi.org/10.1016/j.clim.2007.01.009
http://doi.org/10.1128/CVI.00311-08
http://www.ncbi.nlm.nih.gov/pubmed/19193829


Vaccines 2023, 11, 455 18 of 18

27. Vajdy, M.; Singh, M.; Kazzaz, J.; Soenawan, E.; Ugozzoli, M.; Zhou, F.; Srivastava, I.; Bin, Q.; Barnett, S.; Donnelly, J.; et al. Mucosal
and systemic anti-HIV responses in rhesus macaques following combinations of intranasal and parenteral immunizations. AIDS
Res. Hum. Retrovir. 2004, 20, 1269–1281. [CrossRef]

28. Brown, M.A.; Hural, J. Functions of IL-4 and control of its expression. Crit. Rev. Immunol. 1997, 17, 1–32. [CrossRef]
29. Carcaboso, A.M.; Hernández, R.M.; Igartua, M.; Rosas, J.E.; Patarroyo, M.E.; Pedraz, J.L. Potent, long lasting systemic antibody

levels and mixed Th1/Th2 immune response after nasal immunization with malaria antigen loaded PLGA microparticles. Vaccine
2004, 22, 1423–1432. [CrossRef] [PubMed]

30. Bretscher, P.A. The role of cytokines in determining the Th1/Th2 phenotype of an immune response: Coherence of the T cell
response and the Cytokine Implementation Hypothesis. Scand. J. Immunol. 2022, 95, e13110. [CrossRef]

31. Hale, T.; Angrist, N.; Goldszmidt, R.; Kira, B.; Petherick, A.; Phillips, T.; Webster, S.; Cameron-Blake, E.; Hallas, L.; Majumdar, S.;
et al. A global panel database of pandemic policies (Oxford COVID-19 Government Response Tracker). Nature Human Behav.
2021, 5, 529–538. [CrossRef] [PubMed]

32. van Doremalen, N.; Purushotham, J.; Schulz, J.; Holbrook, M.; Bushmaker, T.; Carmody, A.; Port, J.R.; Yinda, C.K.; Okumura, A.;
Saturday, G.; et al. Intranasal ChAdOx1 nCoV-19/AZD1222 vaccination reduces shedding of SARS-CoV-2 D614G in rhesus
macaques. BioRxiv 2021. [CrossRef]

33. He, Y.; Zhou, Y.; Liu, S.; Kou, Z.; Li, W.; Farzan, M.; Jiang, S. Receptor-binding domain of SARS-CoV spike protein induces highly
potent neutralizing antibodies: Implication for developing subunit vaccine. Biochem. Biophys. Res. Commun. 2004, 324, 773–781.
[CrossRef] [PubMed]

34. Du, T.; Yang, C.L.; Ge, M.R.; Liu, Y.; Zhang, P.; Li, H.; Li, X.L.; Li, T.; Liu, Y.D.; Dou, Y.C.; et al. M1 Macrophage Derived Exosomes
Aggravate Experimental Autoimmune Neuritis via Modulating Th1 Response. Front Immunol. 2020, 11, 1603. [CrossRef]

35. Miao, Q.; Zhang, X.X.; Han, Q.X.; Ren, S.S.; Sui, R.X.; Yu, J.W.; Wang, J.; Wang, Q.; Yu, J.Z.; Cao, L.; et al. The therapeutic potential
of bilobalide on experimental autoimmune encephalomyelitis (EAE) mice. Metab. Brain Dis. 2020, 35, 793–807. [CrossRef]
[PubMed]

36. FDA. Guidance for Industry: Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers Enrolled in Preventive Vaccine Clinical
Trials; Food and Drug Administration, US Department of Health and Human Services: Silver Spring, MA, USA, 2007.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1089/aid.2004.20.1269
http://doi.org/10.1615/CritRevImmunol.v17.i1.10
http://doi.org/10.1016/j.vaccine.2003.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15063565
http://doi.org/10.1111/sji.13110
http://doi.org/10.1038/s41562-021-01079-8
http://www.ncbi.nlm.nih.gov/pubmed/33686204
http://doi.org/10.1101/2021.01.09.426058
http://doi.org/10.1016/j.bbrc.2004.09.106
http://www.ncbi.nlm.nih.gov/pubmed/15474494
http://doi.org/10.3389/fimmu.2020.01603
http://doi.org/10.1007/s11011-020-00555-w
http://www.ncbi.nlm.nih.gov/pubmed/32215835

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Randomization and Masking 
	Procedures 
	Outcomes 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

