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Summary
Background Safe and effective vaccines are urgently needed to end the COVID-19 pandemic caused by SARS-CoV-2 
infection. We aimed to assess the preliminary safety, tolerability, and immunogenicity of an mRNA vaccine ARCoV, 
which encodes the SARS-CoV-2 spike protein receptor-binding domain (RBD).

Methods This single centre, double-blind, randomised, placebo-controlled, dose-escalation, phase 1 trial of ARCoV was 
conducted at Shulan (Hangzhou) hospital in Hangzhou, Zhejiang province, China. Healthy adults aged 18–59 years 
negative for SARS-CoV-2 infection were enrolled and randomly assigned using block randomisation to receive an 
intramuscular injection of vaccine or placebo. Vaccine doses were 5 μg, 10 μg, 15 μg, 20 μg, and 25 μg. The first six 
participants in each block were sentinels and along with the remaining 18 participants, were randomly assigned to 
groups (5:1). In block 1 sentinels were given the lowest vaccine dose and after a 4-day observation with confirmed safety 
analyses, the remaining 18 participants in the same dose group proceeded and sentinels in block 2 were given their first 
administration on a two-dose schedule, 28 days apart. All participants, investigators, and staff doing laboratory analyses 
were masked to treatment allocation. Humoral responses were assessed by measuring anti-SARS-CoV-2 RBD IgG 
using a standardised ELISA and neutralising antibodies using pseudovirus-based and live SARS-CoV-2 neutralisation 
assays. SARS-CoV-2 RBD-specific T-cell responses, including IFN-γ and IL-2 production, were assessed using an 
enzyme-linked immunospot (ELISpot) assay. The primary outcome for safety was incidence of adverse events or adverse 
reactions within 60 min, and at days 7, 14, and 28 after each vaccine dose. The secondary safety outcome was abnormal 
changes detected by laboratory tests at days 1, 4, 7, and 28 after each vaccine dose. For immunogenicity, the secondary 
outcome was humoral immune responses: titres of neutralising antibodies to live SARS-CoV-2, neutralising antibodies 
to pseudovirus, and RBD-specific IgG at baseline and 28 days after first vaccination and at days 7, 15, and 28 after second 
vaccination. The exploratory outcome was SARS-CoV-2-specific T-cell responses at 7 days after the first vaccination and 
at days 7 and 15 after the second vaccination. This trial is registered with www.chictr.org.cn (ChiCTR2000039212).

Findings Between Oct 30 and Dec 2, 2020, 230 individuals were screened and 120 eligible participants were randomly 
assigned to receive five-dose levels of ARCoV or a placebo (20 per group). All participants received the first vaccination 
and 118 received the second dose. No serious adverse events were reported within 56 days after vaccination and the 
majority of adverse events were mild or moderate. Fever was the most common systemic adverse reaction (one [5%] 
of 20 in the 5 μg group, 13 [65%] of 20 in the 10 μg group, 17 [85%] of 20 in the 15 μg group, 19 [95%] of 20 in the 20 μg 
group, 16 [100%] of 16 in the 25 μg group; p<0·0001). The incidence of grade 3 systemic adverse events were none (0%) 
of 20 in the 5 μg group, three (15%) of 20 in the 10 μg group, six (30%) of 20 in the 15 μg group, seven (35%) of 20 in 
the 20 μg group, five (31%) of 16 in the 25 μg group, and none (0%) of 20 in the placebo group (p=0·0013). As 
expected, the majority of fever resolved in the first 2 days after vaccination for all groups. The incidence of solicited 
systemic adverse events was similar after administration of ARCoV as a first or second vaccination. Humoral immune 
responses including anti-RBD IgG and neutralising antibodies increased significantly 7 days after the second dose 
and peaked between 14 and 28 days thereafter. Specific T-cell response peaked between 7 and 14 days after full 
vaccination. 15 μg induced the highest titre of neutralising antibodies, which was about twofold more than the 
antibody titre of convalescent patients with COVID-19.

Interpretation ARCoV was safe and well tolerated at all five doses. The acceptable safety profile, together with the 
induction of strong humoral and cellular immune responses, support further clinical testing of ARCoV at a large scale.
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Natural Science Foundation China, and Chinese Academy of Medical Sciences.
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Introduction
COVID-19,1,2 caused by SARS-CoV-2, has resulted in 
more than 155 million confirmed cases and more than 
3·2 million mortalities since May 7, 2021.3 The global 
pandemic is ongoing and has placed substantial 
pressures on health-care systems, social stability, and the 
global economy. Further health consequences are anti-
cipated. Safe and effective vaccines are urgently needed 
to control the COVID-19 pandemic. Encourag ingly, 
97 vaccine candidates have been assessed in clinical 
trials, of which 29 are ongoing phase 3 or 4 trials, and an 
additional 183 vaccine candidates are in preclinical 
studies according to WHO.4

mRNA-based prophylactic vaccines have emerged as a 
leading platform for SARS-CoV-2 protection and are 
being investigated in basic and clinical research5,6 
Preclinical studies have demonstrated that mRNA-based 
vaccines can induce potent and broad protective immune 
responses with an acceptable safety profile.7 Two mRNA 
vaccines developed by Moderna and Pfizer–BioNTech 
have been approved for emergency use, with more than 
94% efficacy in phase 3 clinical trials. Both vaccines 
choose the full-length spike protein of SARS-CoV-2 as 
protective antigens. On the basis that the receptor 
binding domain (RBD) of SARS-CoV-2 spike protein had 
been identified to play a key role in helping coronaviruses 
to enter human cells (and the RBD can induce strong 
humoral and cellular immune responses when used as 
an antigen in various SARS-CoV and MERS-CoV 
studies),8–10 we developed a candidate mRNA vaccine 
(ARCoV) that encodes the RBD of SARS-CoV-211 as our 
antigen of selection. Preclinical studies showed 
immunisation with ARCoV in a two-dose schedule, 
eliciting robust neutralising antibodies against SARS-
CoV-2 as well as T-helper-1-biased cellular responses in 

mice and non-human primates.11 Additionally, ARCoV 
was manufactured as a liquid formulation and can be 
stored at standard refrigerated condition (2–8°C), which 
is convenient for transportation and application. This 
phase 1 clinical trial aimed to assess the tolerability and 
safety profile of ARCoV in Chinese adults.

Methods
Study design and participants
In this single centre, double-blind, randomised, placebo-
controlled, dose-escalation, phase 1 trial, participants 
were recruited from Shulan (Hangzhou) hospital in 
Hangzhou, China. Eligible participants were healthy 
adults aged 18–59 years. Key exclusion criteria included 
history of COVID vaccination; history of infection with 
SARS-CoV-2 or suspected cases; history of infection with 
SARS-CoV or MERS-CoV; history of travelling to 
high outbreak areas or regions outside of China; any 
history of serious adverse reactions to vaccines or drugs; 
abnormalities in health examination; severe diseases with 
atypical clinical manifestations; and pregnancy, lactation, 
or menstruating (appendix p 6).

Participants were recruited through advertisements 
and screened for SARS-CoV-2 infection with nucleic acid 
and serology tests (spike-RBD-specific IgG or IgM). All 
participants had a screening visit in which a full medical 
history and examination were taken in addition to blood 
and urine tests (treponema pallidum, HIV, hepatitis B 
and C serology, kidney and liver function tests, full blood 
count, urinary screen for blood, protein, and glucose, 
and a pregnancy test done in women of childbearing 
potential). Written informed consent was obtained from 
each participant before enrolment.

The protocol and informed consent were approved 
by the Clinical Trial Ethics Committee of Shulan 

See Online for appendix

Research in context

Evidence before this study
We searched PubMed for research articles up to May 8, 2021, using 
a combination of the search terms “COVID-19”, “SARS-CoV-2”, 
“vaccine”, and “trial”. No language or date restrictions were 
applied. We identified peer-reviewed publications of 28 clinical 
trials for 16 COVID-19 vaccines, with six phase 3 studies and 
22 studies described as phase 1 or phase 2, or both. These 
16 vaccines include five inactivated vaccines, four adenovirus-
vectored vaccines, three mRNA-based vaccines, three protein 
subunit vaccines, and one DNA vaccine. 14 vaccines target either 
the whole virus or spike protein. The receptor-binding domain of 
the SARS-CoV-2 spike protein is targeted by two vaccines; one is 
the protein subunit vaccine ZF2001 and the other is the mRNA-
based vaccine BNT162b1. The three mRNA-based vaccines are 
mRNA-1273, manufactured by Moderna, and BNT162b2 and 
BNT162b1, manufactured by BioNTech and Pfizer. The first two 
mRNA-based vaccines target the spike protein whereas the third 
targets the receptor binding domain of the spike protein.

Added value of this study
No vaccine-related serious adverse event was reported in the 
participants, and the incidence of solicited adverse event was 
similar after the first and second vaccinations. In this phase 1 
trial, ARCoV exhibited safety, tolerability, and immunogenicity 
in healthy Chinese adults. A two-dose immunisation schedule 
(on days 0 and 28) with three of the five doses trialled (5 μg, 
10 μg, 15 μg) elicited a time-dependent and dose-dependent 
neutralising antibody response (100% in the 15 μg group) and 
T-cell response (100% in the 15 μg group).

Implications of all the available evidence
These findings indicate that the receptor-binding domain-
based mRNA vaccine ARCoV has an acceptable safety profile 
and induces a strong immune response. A large phase 3 trial 
at 15 μg is currently underway to assess the efficacy of ARCoV 
(NCT04847102).
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(Hangzhou) hospital (YW2020-031-01). This study 
was conducted in accordance with the principles 
of the Declaration of Helsinki and Good Clinical 
Practice.

Randomisation and masking
The trial consisted of five blocks. Participants 
in each block were randomly assigned (5:1) to the 
ARCoV vaccine or placebo. Statisticians performed 
randomisation using SAS (version 9.4). The rando-
misation code was assigned to each participant in 
sequence in order of enrolment and then the 
participants received the investigational products 
labelled with the same code. The vaccine and placebo 
were indistinguishable in appearance. All participants, 
investigators, and staff doing laboratory analyses were 
masked to treatment allocation.

Procedures
ARCoV doses were 5 μg, 10 μg, 15 μg, 20 μg, or 25 μg total 
mRNA per 0·5 mL (co-developed by AMMS, Abogen 
Biosciences, and Walvax Biotech, and manufactured as a 
liquid formulation).11 The vaccine was administered in the 
deltoid muscle on day 0 and day 28. Placebo was saline 
solution (0·9% sodium chloride, Suzhou Abogen 
Biosciences).

The trial was done in a dose-escalation manner. The first 
six participants in each block were sentinels and were 
randomly assigned (5:1) to receive the vaccine ARCoV or 
placebo, along with the remaining 18 participants. For 
example, in block 1, the six sentinels were given the lowest 
dose (5 μg) of vaccine and after a 4-day observation with 
confirmed safety analyses, the remaining 18 participants 
in the same dose group proceeded to receive 5 μg ARCoV 
or placebo, and six sentinels in block 2 were given their 

Figure 1: Trial profile
*Axillary temperature 37·3°C or higher. †Withdrew voluntarily in 25 μg group: three withdrew voluntarily and one received freeze-dried rabies vaccines for human use and tetanus vaccine due to cat 
scratch.
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first administration (figure 1). The sentinels stayed in 
hospital for observation for at least 24 h after the first dose. 
The criteria that had to be met from the 4-day safety 
observation were no vaccine-related deaths or life-
threatening serious adverse events; no fester, abscess, or 
necrosis at the inoculation site associated with vaccination; 
no severe acute allergic reactions within 24 h after 
vaccination; no systemic urticaria (defined as appearing in 
three or more sites of the body) within 72 h after 
vaccination; no fever above 40°C within 7 days after 
vaccination; no more than two participants receiving first 
dose with grade 3 or above adverse events that did not 
resolve within 48 h of vaccination. The same criteria 
applied to all participants.

Participants were observed in the clinic for 60 min after 
the vaccination. Local and systemic reactions and all other 
events were recorded using a diary card during the 28-day 
follow-up. At days 1, 4, 7, and 28 after each dose of 
vaccination, all participants had blood and urine samples 
taken for blood biochemical, blood routine, blood 
coagulation, and urine routine tests. We graded adverse 
events and abnormal changes in laboratory tests according 
to the China National Medical Products Administration 
guidelines or the US Food and Drug Administration (FDA) 
toxicity grading scale (appendix pp 8 –9). 28 days after the 
first vaccine dose and at days 7, 15, and 28 after the second 
dose, venous blood was collected from all participants for 
detecting IgG and neutralising antibodies. For comparison 
of the participants’ humoral responses with those elicited by 
SARS-CoV-2 infection, 34 serum specimens from patients 
with COVID-19 were tested as reference samples (appendix 
p 7). At 7 days after the first dose and 7 days and 15 days after 
the second dose of vaccine, venous blood from the first 
12 participants (ten vaccine group, two placebo group) of 
each group was collected for cellular immunoassay.

Outcomes
The primary endpoint for safety was incidence of adverse 
events or adverse reactions within 60 min, and at 

days 7, 14, and 28 after each vaccine dose. The secondary 
endpoint for safety was abnormal changes in laboratory 
tests at days 1, 4, 7, and 28 after each vaccine dose. For 
immunogenicity, the secondary endpoint was titres of 
neutralising antibodies to live SARS-CoV-2, neutralising 
antibodies to a pseudovirus, and RBD-specific IgG at 
baseline and 28 days after the first vaccination and at 
days 7, 15, and 28 after the second vaccination. The 
exploratory endpoint was T-cell responses at 7 days after 
the first vaccination and at days 7 and 15 after the second 
vaccination. Seroconversion was defined as a change 
from seronegative at the lower limit of quantification to 
seropositive, or a fourfold titre increase if the participant 
was seropositive at the lower limit of quantification. 
Regarding the ELISpot measured T-cell response, the 
results were expressed as the number of spot-forming 
cells per 1 000 000 cells, which was 50 or more and twice 
the negative control that was considered positive.

Statistical analysis
We assessed the safety endpoints in the safety population, 
which included all participants who received at least one 
vaccine dose. We analysed the number and proportion of 
participants with adverse reactions after vaccination and 
compared safety profiles across the dose groups. We 
assessed immunogenic endpoints in the per-protocol 
population, who completed their assigned two-dose 
vaccination schedule and with available antibodies 
results.

The sample size was not determined on the basis of 
statistical power calculations. The National Medical 
Products Administration of China recommended a 
minimum sample size of 20–30 participants for a pilot 
vaccine trial. Measurement data were expressed as mean 
(SD) or geometric mean and counting data or grade data 
were expressed as frequency. Statistical analysis of 
multiple mean was performed using unpaired t test or 
one-way ANOVA, and statistical analysis of categorical 
outcomes was done by Pearson χ² test or Fisher’s exact 

5 μg group 
(n=20)

10 μg group 
(n=20)

15 μg group 
(n=20)

20 μg group 
(n=20)

25 μg group 
(n=20)

Placebo group* 
(n=20)

Total 
(n=120)

Sex

Male 15 (75%) 12 (60%) 14 (70%) 8 (40%) 11 (55%) 15 (75%) 75 (62.5)

Female 5 (25%) 8 (40%) 6 (30%) 12 (60%) 9 (45%) 5 (25%) 45 (37.5)

Age, years 30·5 (23·3–38·0) 28·0 (24·3–38·8) 24·0 (21·0–29·3) 27·0 (22·3–39·0) 26·5 (22·3–29·8) 25·0 (22·0–30·0) 27·0 (22·0–34·8)

Ethnicity

Han 20 (100%) 20 (100%) 19 (95%) 20 (100%) 19 (95%) 20 (100%) 118 (98%)

Others 0 0 1 (5%) 0 1 (5%) 0 2 (2%)

Body-mass index, 
kg/m²

24·3 (3·2) 24·1 (3·1) 24·8 (3·5) 23·4 (2·8) 23·7 (3·6) 23·6 (2·8) 24·2 (3·1)

Medical history or existing disorder

Hypertension 1 (5) 0 0 0 0 0 0

Data are n (%), mean (SD), or median (IQR). *Participant data taken from all five blocks.

Table 1: Baseline demographic characteristics in phase 1
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test. Hypothesis testing was two sided and significance 
was defined as p value less than 0·05.

An independent data and safety monitoring committee, 
consisting of an independent statistician, clinician, 
epidemiologist, and statistical expert, was established 
before the start of the trial. Safety data for 14 days and 
28 days after the second vaccination was assessed and 
reviewed by the committee.

We used SAS (version 9.4) or GraphPad Prism 
(version 8.0) to analyse data. This trial is registered with 
Chictr.org.cn, ChiCTR2000039212.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the article.

Results
Between Oct 30 and Dec 2, 2020, 230 individuals were 
screened and 120 were enrolled in the phase 1 trial 
(figure 1). There were 20 participants in each of the 
vaccine dose groups and the placebo group. All 
120 participants received at least one dose of the vaccine 
or placebo and were included in the safety analysis. 
Four participants withdrew, none due to adverse 
events (two withdrew voluntarily after first vaccination, 
two withdrew after second vaccination; appendix p 15). 
116 participants were eligible for immunogenic 
assessment.

The median age of participants was 27·0 years 
(IQR 22·0–34·8), and mean body-mass index was 
24·2 kg/m² (SD 3·1). Of 120 participants, 75 (62·5%) 
were male sex and 45 (37·5%) female sex. Overall male to 
female ratio was 5:3. The majority of participants 
(118 [98%]) were of the Han ethnic group. One participant 
with a history of hypertension was enrolled in the 5 μg 
dose group. Baseline demographic characteristics of the 
participants at enrolment were similar among the 
treatment groups in terms of median age, ethnic group, 
body-mass index, and medical history or pre-existing 
conditions (gender ratio of participants χ²=8·00, ν=1; 
table 1).

Adverse events were graded according to the guidelines 
for vaccine clinical trials issued by the US FDA and 
the China National Medical Products Administration 
(tables 2, 3). 7 days after first or second vaccination, 
reactogenicity was partly dose-related (table 2). The 
incidence of solicited adverse events was 12 (60%) of 20 in 
the 5 μg group, 16 (80%) of 20 in the 10 μg group, 19 (95%) 
of 20 in the 15 μg group, 19 (95%) of 20 in the 20 μg group, 
and 16 (100%) of 16 in the 25 μg group, compared with 
one (5%) of 20 in the placebo group. The most common 
solicited adverse reactions reported were injection site 
pain, fever, headache, fatigue or malaise, injection site 
redness, muscle pain, injection site induration and itch, 
joint pain, diarrhoea, and chills (tables 2, 3). Adverse 
events after first or second vaccination were transient and 

managed with simple standard medication or care, or 
resolved spontaneously (appendix pp 16–18). Most 
reported adverse reactions were mild or moderate in 
severity and about 95% resolved in the first 2 days after 
first or second vaccinations: the remaining resolved within 
5 days. Only one participant developed grade 3 pain in the 
injection site. Grade 3 fever was the only severe systemic 

5 μg 
group 
(n=20)

10 μg 
group 
(n=20)

15 μg 
group 
(n=20)

20 μg 
group 
(n=20)

25 μg 
group 
(n=16)*

Placebo 
group 
(n=20)†

p value

Solicited adverse reactions

Any 12 (60%) 16 (80%) 19 (95%) 19 (95%) 16 (100%) 1 (5%) <0·0001

Grade 3 0 3 (15%) 6 (30%) 8 (40%) 6 (38%) 0 0·0005

Injection site adverse reactions

Any 8 (40%) 14 (70%) 16 (80%) 19 (95%) 14 (88%) 1 (5%) <0·0001

Grade 3 0 0 0 1 (5%) 0 0 1·0

Pain 6 (30%) 13 (65%) 14 (70%) 18 (90%) 12 (75%) 1 (5%) <0·0001

Redness 3 (15%) 4 (20%) 9 (45%) 8 (40%) 9 (56%) 0 0·0012

Swelling 1 (5%) 0 2 (10%) 3 (15%) 5 (31%) 0 0·046

Induration 0 1 (5%) 3 (15%) 6 (30%) 6 (38%) 0 0·0019

Itch 2 (10%) 1 (5%) 3 (15%) 5 (25%) 3 (19%) 0 0·19

Systemic adverse reactions

Any 10 (50%) 15 (75%) 18 (90%) 19 (95%) 16 (100%) 0 <0·0001

Grade 3 0 3 (15%) 6 (30%) 7 (35%) 5 (31%) 0 0·0013

Fever 1 (5%) 13 (65%) 17 (85%) 19 (95%) 16 (100%) 0 <0·0001

Headache 5 (25%) 5 (25%) 9 (45%) 11 (55%) 9 (56%) 0 0·0004

Fatigue or 
malaise

8 (40%) 8 (40%) 7 (35%) 6 (30%) 9 (56%) 0 0·0024

Joint pain 1 (5%) 5 (25%) 1 (5%) 5 (25%) 2 (13%) 0 0·046

Muscle pain 3 (15%) 8 (40%) 3 (15%) 5 (25%) 5 (31%) 0 0·022

Chills 0 3 (15%) 0 7 (35%) 2 (13%) 0 0·0006

Nausea 3 (15%) 2 (10%) 2 (10%) 1 (5%) 2 (13%) 0 0·60

Diarrhoea 1 (5%) 2 (10%) 4 (20%) 2 (10%) 2 (13%) 0 0·40

Vomiting 1 (5%) 0 1 (5%) 1 (5%) 2 (13%) 0 0·38

Unsolicited adverse reactions‡

Any 18 (90%) 20 (100%) 19 (95%) 19 (95%) 16 (100%) 12 (60%) 0·0003

Fever 0 0 0 1 (5%) 0 0 1·0

Low 
lymphocyte 
count

11 (55%) 20 (100%) 17 (85%) 18 (90%) 15 (94%) 2 (10%) <0·0001

Grade 3 0 2 (10%) 4 (20%) 3 (15%) 2 (13%) 0 0·14

CRP increased 2 (10%) 2 (10%) 2 (10%) 1 (5%) 2 (13%) 1 (5%) 0·97

Injection site 
discomfort

1 (5%) 0 0 0 0 0 1·0

Neutrophil 
decreased

0 2 (10%) 2 (10%) 5 (25%) 2 (13%) 0 0·065

Cough 0 0 1 (5%) 2 (10%) 0 0 0·43

URI 2 (10%) 2 (10%) 0 1 (5%) 1 (6%) 2 (10%) 0·87

UTI 2 (10%) 2 (10%) 1 (5%) 3 (15%) 2 (13%) 1 (5%) 0·97

Albuminuria 0 3 (15%) 2 (10%) 2 (10%) 1 (6%) 1 (5%) 0·72

Data are n (%). CRP=C-reactive protein. URI=upper respiratory tract infection. UTI=urinary tract infection. 
*Four participants withdrew. †Participant data taken from all five blocks. ‡Until day 56 related to investigational 
vaccine.

Table 2: Solicited adverse reactions for 7 days after first or second vaccinations, and unsolicited adverse 
reactions until day 56, graded by US Food and Drug Administration criteria in phase 1
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adverse reaction associated with vaccin ation. No grade 3 
fever was reported in the 5 μg group, whereas three (15%) 
of 20 participants reported grade 3 fever in the 10 μg 
group. This incidence increased with higher dosage 
(six [30%] of 20 participants in the 15 μg group, 
seven [35%] of 20 in the 20 μg group, and six [38%] 
of 20 in the 25 μg group). Participants who received the 

placebo had no adverse events except for one who had 
mild pain at the injection site. The incidence of solicited 
adverse events after first vaccination, for systemic adverse 
events and local adverse events, was similar to that after 
the second vaccination (appendix pp 11–12). For example, 
the incidence of grade 3 fever after the first vaccination 
was similar to that after the second vaccination (one [5%] 
of 20 participants in the 10 μg group, four [20%] of 20 in 
the 15 μg group, four [20%] of 20 in the 20 μg group, 
four [20%] of 20 in the 25 μg group vs two [10%] of 20, 
three [15%] of 20, five [25%] of 20, four [25%] of 16). For 
fatigue or malaise, headache, and redness compared with 
the first vaccination, the incidence slightly decreased after 
the second vaccination (appendix pp 11–12). Additionally, 
unsolicited adverse events related to vaccination were 
mild and moderate and mainly included infections 
(mostly urinary tract infections and upper respiratory 
tract infections), and kidney and urinary system diseases 
(mostly albuminuria). Unsolicited adverse events 
unrelated to vaccination mainly included infections 
(urinary tract infections, upper respiratory tract infections, 
naso pharyngitis, conjunctivitis, periodontitis, and otitis 
media), gastrointestinal disorders (toothache, nausea, 
diarrhoea, abdominal distension, oral ulcer, and vomit), 
and nervous system disorders (headache and hypo-
esthesia; appendix p 10).

During the safety observation, most participants in 
each vaccination group reported at least one unsolicited 
adverse reaction. The most common abnormalities were 
transient decreases in lymphocyte and neutrophil counts; 
and increases in C-reactive protein concentrations, 
urinary tract infections, and albuminuria in vaccine 
participants. Lymphocyte count on day 1 after first or 
second vaccination significantly reduced in all vaccine 
groups compared with the placebo group then recovered 
back to baseline 4 days after first or second vaccination. 
Additionally, on day 1 after first vaccination, lymphocyte 
counts increased significantly in the placebo group, 
which was still within normal clinical range 
(appendix p 13). All laboratory abnormalities were self-
limited and resolved in a short period without clinical 
symptoms. Results were consistent with lymphocyte 
counts12 and concen trations of C-reactive protein13,14 

reported as pharma codynamics markers after 
administration of mRNA vaccines against influenza and 
rabies.

Before vaccination, no participants had detectable 
serum IgG that recognised the RBD of the SARS-CoV-2 
spike protein through ELISA (figure 2A). 28 days after 
the first vaccination, only a few participants in the 15 μg 
and 20 μg groups had detectable concentrations of RBD-
specific IgG. 15 days after the second vaccination, 
RBD-specific IgG antibodies were detected in most 
participants and the seroconversion rates were 13 (65%) 
of 20 participants in the 5 μg group, 18 (90%) of 20 in the 
10 μg group, 20 (100%) of 20 in the 15 μg group, 17 (85%) 
of 20 in the 20 μg group, and 13 (81%) of 16 in the 25 μg 

5 μg 
group 
(n=20)

10 μg 
group 
(n=20)

15 μg 
group 
(n=20)

20 μg 
group 
(n=20)

25 μg 
group 
(n=16)*

Placebo 
group 
(n=20)†

p value

Solicited adverse reactions

Any 13 (65%) 19 (95%) 20 (100%) 19 (95%) 16 (100%) 2 (10%) <0·0001

Grade 3 0 7 (35%) 12 (60%) 15 (75%) 14 (88%) 0 <0·0001

Injection site adverse reactions

Any 8 (40%) 14 (70%) 16 (80%) 19 (95%) 14 (88%) 1 (5%) <0·0001

Grade 3 0 0 0 1 (5%) 0 0 1·0

Pain 6 (30%) 13 (65%) 14 (70%) 18 (90%) 12 (75%) 1 (5%) <0·0001

Redness 3 (15%) 4 (20%) 9 (45%) 8 (40%) 9 (56%) 0 0·0012

Swelling 1 (5%) 0 2 (10%) 3 (15%) 5 (31%) 0 0·046

Induration 0 1 (5%) 3 (15%) 6 (30%) 6 (38%) 0 0·0019

Itch 2 (10%) 1 (5%) 3 (15%) 5 (25%) 3 (19%) 0 0·19

Systemic adverse reactions

Any 11 (55%) 19 (95%) 19 (95%) 19 (95%) 16 (100%) 1 (5%) <0·0001

Grade 3 0 7 (35%) 12 (60%) 15 (75%) 14 (88%) 0 <0·0001

Fever 7 (35%) 17 (85%) 18 (90%) 19 (95%) 16 (100%) 1 (5%) <0·0001

Headache 5 (25%) 5 (25%) 9 (45%) 11 (55%) 9 (56%) 0 0·0004

Fatigue or 
malaise

8 (40%) 8 (40%) 7 (35%) 6 (30%) 9 (56%) 0 0·0024

Joint pain 1 (5%) 5 (25%) 1 (5%) 5 (25%) 2 (13%) 0 0·046

Muscle pain 3 (15%) 8 (40%) 3 (15%) 5 (25%) 5 (31%) 0 0·022

Chills 0 3 (15%) 0 7 (35%) 2 (13%) 0 0·0006

Nausea 3 (15%) 2 (10%) 2 (10%) 1 (5%) 2 (13%) 0 0·60

Diarrhoea 1 (5%) 3 (15%) 4 (20%) 2 (10%) 2 (13%) 0 0·35

Vomiting 1 (5%) 0 1 (5%) 1 (5%) 2 (13%) 0 0·38

Unsolicited adverse reactions‡

Any 18 (90%) 20 (100%) 19 (95%) 19 (95%) 16 (100%) 12 (60%) 0·0003

Fever 0 0 0 1 (5%) 0 0 1·0

Low 
lymphocyte 
count

11 (55%) 20 (100%) 17 (85%) 18 (90%) 15 (94%) 2 (10%) <0·0001

Grade 3 0 2 (10%) 4 (20%) 3 (15%) 2 (13%) 0 0·14

CRP increased 2 (10%) 2 (10%) 2 (10%) 1 (5%) 2 (13%) 1 (5%) 0·97

Injection site 
discomfort

1 (5%) 0 0 0 0 0 1·0

Neutrophil 
decreased

0 2 (10%) 2 (10%) 5 (25%) 2 (13%) 0 0·065

Cough 0 0 1 (5%) 2 (10%) 0 0 0·43

URI 2 (10%) 2 (10%) 0 1 (5%) 1 (6%) 2 (10%) 0·87

UTI 2 (10%) 2 (10%) 1 (5%) 3 (15%) 2 (13%) 1 (5%) 0·97

Albuminuria 0 3 (15%) 2 (10%) 2 (10%) 1 (6%) 1 (5%) 0·72

Data are n (%). CRP=C-reactive protein. URI=upper respiratory tract infection. UTI=urinary tract infection. 
*Four participants withdrew. †Participant data taken from all five blocks. ‡Until day 56 related to investigational 
vaccine.

Table 3: Solicited adverse reactions for 14 days after first or second vaccinations, and unsolicited adverse 
reactions until day 56, graded by National Medical Products Administration criteria in phase 1
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group. The peak IgG antibody titre was observed in the 
15 μg group 15 days after the second vaccination and the 
geometric mean titre was 2414·8 ELISA units. Geometric 
mean titres were 305 ELISA units in the 5 μg vaccine 
group and 1293 units in the 10 μg vaccine group 15 days 
after the second vaccination, and 529 ELISA units in the 
20 μg vaccine group and 726 ELISA units in the 25 μg 
vaccine group, which were lower than that in the 15 μg 
group.

Serum samples were also assessed for neutralising 
antibodies against SARS-CoV-2 using a pseudovirus-
based assay.15 After first immunisation only a few parti-
cipants developed low titres of neutralising antibodies, 
whereas after the second immunisation most participants 
developed high titres of anti-SARS-CoV-2 neutralising 
anti bodies (figure 2B). 28 days after the second 
vaccination, seroconversion rates increased to 17 (85%) 
of 20 participants in the 5 μg group, 18 (90%) of 20 in the 
10 μg group, 20 (100%) of 20 in the 15 μg group, 19 (95%) 
of 20 in the 20 μg group, and 14 (88%) of 16 in the 25 μg 
group. In the 5 μg, 10 μg, and 15 μg groups, geometric 
mean titres of the pseudovirus 50% neutralising 
antibodies significantly increased by day 15 and peaked at 
day 28 after the second vaccination, whereas in the 20 μg 
and 25 μg groups, titres peaked at day 15 then declined 
slightly at day 28 after second vaccination (figure 2B). 
The peak titre of neutralising antibodies was detected 
in the 15 μg group, and geometric mean titres 
reached 250·9 and 289·7 ELISA units at days 15 and 
28 after second vaccination, respectively.

Consistent with pseudovirus neutralising titres, 
ARCoV induced high concentrations of neutralising 
antibodies against live SARS-CoV-2 (figure 2C). 15 days 
after second vaccination, seroconversion rates for the 
live SARS-CoV-2 neutralising antibody were 16 (80%) 
of 20 in the 5 μg group, 18 (90%) of 20 in the 10 μg 
group, 19 (95%) of 20 in the 15 μg group, 19 (95%) 
of 20 in the 20 μg group, and 15 (94%) of 16 in the 25 μg 
group. After second vaccination, geometric mean titres 
of the live SARS-CoV-2 neutralising antibody in all 
vaccine groups rapidly increased (figure 2C). Peak titre 
of neutralising antibodies against live SARS-CoV-2 was 
detected in the 15 μg group 15 days after second 
vaccination and the geometric mean titre was about 
twofold higher than that of a panel of patients recovering 
from COVID-19 (figure 2C). As expected, the correlation 
of RBD-specific IgG antibody and neutralising antibodies 
to pseudovirus and live SARS-CoV-2 was strong in the 
vaccinated participants by days 43 and 56 (r>0·85, 
p<0·0001; appendix p 19).

Finally, we performed ELISpot assays against the 
SARS-CoV-2 RBD using peripheral blood mononuclear 
cells isolated from the participants in the phase 1 trial. 
SARS-CoV-2-specific T-cell responses were measured by 
detecting the production of IFN-γ and IL-2 in response to 
SARS-CoV-2 RBD targeting peptide pool stimulation 
(figure 3A, B). Following first vaccination, only a small 

Figure 2: ARCoV antibody and neutralisation responses in phase 1
Geometric mean titres of the receptor binding domain-specific IgG by ELISA (A), neutralising antibodies to a 
pseudovirus (B), and live SARS-CoV-2 (C). Serum samples of the participants were collected at baseline (day 0), 
before the second dose (day 28), and after the second dose (days 35, 43, 56). Dots represent a serum sample. Bars 
represent geometric mean titre (SD). Numbers above dots show the geometric mean titre of the group. Dashed 
line indicates the lower limit of quantification.
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proportion of participants in each vaccine group was 
positive with IFN-γ-expressing cells. However, after 
second vaccination all participants in the 5 μg, 10 μg, 
15 μg, and 20 μg groups were positive for IFN-γ-
expressing cells and only one participant in the 25 μg 
group was negative (figure 3A). Similarly, all participants, 
except one in the 25 μg group, were positive with IL-2-
expressing cells at day 7 after second vaccination 
(figure 3B). Mean values for IFN-γ and IL-2-expressing 
cells were maintained 15 days after the second 
vaccination. These results suggested that ARCoV elicited 
strong SARS-CoV-2-specific T-cell responses.

Discussion
In this phase 1 clinical trial, ARCoV, a SARS-CoV-2 mRNA 
vaccine encoding the RBD of spike protein, demonstrated 
an acceptable tolerability and safety profile in Chinese 
adults. No serious adverse event occurred during this trial. 
The primary grade 3 systemic adverse event was fever, 
which showed an obvious dose-dependent response. 
When adverse events were graded according to the 

guidelines for vaccine clinical trials issued by National 
Medical Products Administration, China, about 50% of 
participants in the 15 μg, 20 μg, and 25 μg groups after 
first vaccination and 88% of participants in the 25 μg 
group after the second vaccination had grade 3 fever. 
However, when adverse events were graded according to 
the guidelines for vaccine clinical trials issued by the US 
FDA, 30% of participants had grade 3 fever in the 15 μg 
group of ARCoV. Thus, the incidence of grade 3 fever of 
ARCoV was similar to the trial results of another 
RBD-based mRNA vaccine, BNT162b1.16 The incidence of 
grade 3 fever of BNT162b1 varied significantly in the same 
30 μg group in adults aged 18–55 years, with none (0%) of 
12 in the USA,17 one (8%) of 12 in Germany,18 and 
four (17%) of 24 in China,16 suggesting varying tolerability 
in different populations. Additionally, the incidence of 
grade 3 fever of the two spike protein-based mRNA 
vaccines, mRNA-127319,20 and BNT162b2,17,21 also varied 
between the phase 1 and 3 trials. The safety profile of 
ARCoV in large-scale populations is under investigation. 
Previous studies17–19 showed that solicited systemic adverse 
events were more frequent and more severe at higher 
doses, which were consistent with our data. Meanwhile, 
several studies17–19 have reported more frequent and severe 
solicited systemic adverse events following the second 
vaccination than we found. However, this finding was not 
observed with ARCoV: the incidence of adverse events 
were similar after first and second vaccination.

ARCoV was immunogenic because participants in all 
groups had strong humoral and cellular immunity after 
the second vaccination. Across the 5 μg, 10 μg, and 
15 μg groups, RBD-specific IgG, neutralising antibodies 
to pseudovirus or live SARS-CoV-2, and secretion of 
IFN-γ and IL-2 cytokines were induced in a dose-
dependent manner. For neutralising antibodies to live 
SARS-CoV-2, the geometric mean titres in the 15 μg 
group were significantly higher than those in the 5 μg 
and 10 μg groups at day 15 after the second vaccination. 
Notably, the second vaccination with 15 μg of ARCoV 
elicited neutralising geometric mean titres about two 
times greater than that from the convalescent sera from 
COVID-19 patients, showing promising efficacy against 
COVID-19.22 The immunogenicity of ARCoV was dose-
dependent from 5 μg to 15 μg, but increasing the 
antigen dose from 20 μg to 25 μg did not improve 
immunogenicity, which was similar to BNT162b1 and 
BNT162b2.17 The underlying mechanism for this 
unusual phenotype remains to be determined and 
could partly be associated with the imbalance of host 
innate and adaptive immune responses.23

Cellular immune responses are protective in 
SARS-CoV-2 infection and T-helper-1-biased responses 
might reduce the risk of vaccine-associated antibody-
dependent enhancement of virus replication or other 
adverse reactions.24 The SARS-CoV-2 RBD was identified 
as the key antigen to induce a strong T-helper-1-biased 
cellular response.11 In phase 1 trials, mRNA-based 

Figure 3: ARCoV-induced specific T-cell responses in phase 1
Blood samples of participants were collected on days 0 (baseline), 7, 35, and 43. The number of IFN-γ-expressing 
cells (A) and IL-2-expressing cells (B) from peripheral blood mononuclear cells were measured by ELISpot. 
Dots represent a blood sample. Bars represent mean (SD). Ratio of positive samples for each group are shown 
above the dots.
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vaccines (ARCoV, BNT162b1)16 and adenovirus-vector 
vaccines (ChAdOx1,25 Ad5 vectored COVID-19 vaccine)26 
induced a strong T-helper-1-cell response in most 
participants. A primary goal of vaccination is to induce 
long-term immunity. In humans, T cells contribute to 
the resolution of SARS-CoV infection and can form a 
long-lasting memory response to SARS-CoV up to 
11 years post-infection in recovered patients.27 For 
SARS-CoV-2, increasing evidence indicates that T cells 
play a major role in the resolution of COVID-19,28,29 and 
SARS-CoV-2-specific memory T cells were detected in 
convalescent patients, even in exposed individuals who 
are seronegative.30,31 Among cytokine profiles of spike-
responsive memory T cells, production was dominated 
by the expression of IL-2 and IFN-γ that were highly 
expressed by CCR6– subsets.32,33 However, presence of 
SARS-CoV-2-specific T cells in vaccinated participants is 
a promising sign that vaccination might give rise to 
immunity; but whether these T cells provide long-term 
protection remains to be tested.

This study has several limitations. First, data 
interpretation is based on a small sample size and more 
data from phase 2 and 3 trials will provide further data to 
evaluate the safety and efficacy of ARCoV. Second, the trial 
was restricted to Chinese adult participants aged 
18–59 years, and trials in older adults are taking place. 
Furthermore, the long-term safety and tolerability of 
ARCoV and persistence of the elicited immune responses 
is yet to be assessed; these aspects are being investigated 
strictly according to the study protocol.

In conclusion, this study confirmed the safety, tolerability, 
and immunogenicity profile of the SARS-CoV-2 mRNA 
vaccine, ARCoV. ARCoV has an excellent stability profile 
that can be stored and transported under refrigerated 
conditions, which is of great convenience for vaccine 
application to the public. A multi-regional phase 3 clinical 
trial is currently underway to test the efficacy of ARCoV.
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