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Summary
Background Although several COVID-19 vaccines have been developed so far, they will not be sufficient to meet the 
global demand. Development of a wider range of vaccines, with different mechanisms of action, could help control 
the spread of SARS-CoV-2 globally. We developed a protein subunit vaccine against COVID-19 using a dimeric form 
of the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein as the antigen. We aimed to assess the safety 
and immunogenicity of this vaccine, ZF2001, and determine the appropriate dose and schedule for an efficacy study.

Methods We did two randomised, double-blind, placebo-controlled, phase 1 and phase 2 trials. Phase 1 was done at 
two university hospitals in Chongqing and Beijing, China, and phase 2 was done at the Hunan Provincial Center for 
Disease Control and Prevention in Xiangtan, China. Healthy adults aged 18–59 years, without a history of SARS-CoV 
or SARS-CoV-2 infection, an RT-PCR-positive test result for SARS-CoV-2, a history of contact with confirmed or 
suspected COVID-19 cases, and severe allergies to any component of the vaccine were eligible for enrolment. In 
phase 1, participants were randomly assigned (2:2:1) to receive three doses of the vaccine (25 μg or 50 μg) or placebo 
intramuscularly, 30 days apart. In phase 2, participants were randomly assigned (1:1:1:1:1:1) to receive the vaccine 
(25 μg or 50 μg) or placebo intramuscularly, 30 days apart, in either a two-dose schedule or a three-dose schedule. 
Investigators, participants, and the laboratory team were masked to group allocation. For phase 1, the primary 
outcome was safety, measured by the occurrence of adverse events and serious adverse events. For phase 2, the 
primary outcome was safety and immunogenicity (the seroconversion rate and the magnitude, in geometric mean 
titres [GMTs], of SARS-CoV-2-neutralising antibodies). Analyses were done on an intention-to-treat and per-protocol 
basis. These trials are registered with ClinicalTrials.gov (NCT04445194 and NCT04466085) and participant follow-up 
is ongoing.

Findings Between June 22 and July 3, 2020, 50 participants were enrolled into the phase 1 trial and randomly assigned 
to receive three doses of placebo (n=10), the 25 μg vaccine (n=20), or the 50 μg vaccine (n=20). The mean age of 
participants was 32·6 (SD 9·4) years. Between July 12 and July 17, 2020, 900 participants were enrolled into the 
phase 2 trial and randomly assigned to receive two doses of placebo (n=150), 25 μg vaccine (n=150), or 50 μg vaccine 
(n=150), or three doses of placebo (n=150), 25 μg vaccine (n=150), or 50 μg vaccine (n=150). The mean age of 
participants was 43·5 (SD 9·2) years. In both phase 1 and phase 2, adverse events reported within 30 days after 
vaccination were mild or moderate (grade 1 or 2) in most cases (phase 1: six [60%] of ten participants in the placebo 
group, 14 [70%] of 20 in the 25 μg group, and 18 [90%] of 20 in the 50 μg group; phase 2: 37 [25%] of 150 in the two-
dose placebo group, 43 [29%] of 150 in the two-dose 25 μg group, 50 [33%] of 150 in the two-dose 50 μg group, 
47 [31%] of 150 in the three-dose placebo group, 72 [48%] of 150 in the three-dose 25 μg group, and 65 [43%] of 150 in 
the three-dose 50 μg group). In phase 1, two (10%) grade 3 or worse adverse events were reported in the 50 μg group. 
In phase 2, grade 3 or worse adverse events were reported by 18 participants (four [3%] in the two-dose 25 μg vaccine 
group, two [1%] in the two-dose 50 μg vaccine group, two [1%] in the three-dose placebo group, four [3%] in the 
three-dose 25 μg vaccine group, and six [4%] in the three-dose 50 μg vaccine group), and 11 were considered vaccine 
related (two [1%] in the two-dose 25 μg vaccine group, one [1%] in the two-dose 50 μg vaccine group, one [1%] in the 
three-dose placebo group, two [1%] in the three-dose 25 μg vaccine group, and five [3%] in the three-dose 50 μg 
vaccine group); seven participants reported serious adverse events (one [1%] in the two-dose 25 μg vaccine group, one 
[1%] in the two-dose 50 μg vaccine group, two [1%] in the three-dose placebo group, one [1%] in the three-dose 25 μg 
vaccine group, and two [1%] in the three-dose 50 μg vaccine group), but none was considered vaccine related. In 
phase 2, on the two-dose schedule, seroconversion rates of neutralising antibodies 14 days after the second dose 
were 76% (114 of 150 participants) in the 25 μg group and 72% (108 of 150) in the 50 μg group; on the three-dose 
schedule, seroconversion rates of neutralising antibodies 14 days after the third dose were 97% (143 of 148 participants) 
in the 25 μg group and 93% (138 of 148) in the 50 μg group. In the two-dose groups in phase 2, the 
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SARS-CoV-2-neutralising GMTs 14 days after the second dose were 17·7 (95% CI 13·6–23·1) in the 25 μg group and 
14·1 (10·8–18·3) in the 50 μg group. In the three-dose groups in phase 2, the SARS-CoV-2-neutralising GMTs 14 days 
after the third dose were 102·5 (95% CI 81·8–128·5) in the 25 μg group and 69·1 (53·0–90·0) in the 50 μg group.

Interpretation The protein subunit vaccine ZF2001 appears to be well tolerated and immunogenic. The safety and 
immunogenicity data from the phase 1 and 2 trials support the use of the 25 μg dose in a three-dose schedule in an 
ongoing phase 3 trial for large-scale evaluation of ZF2001’s safety and efficacy.

Funding National Program on Key Research Project of China, National Science and Technology Major Projects of 
Drug Discovery, Strategic Priority Research Program of the Chinese Academy of Sciences, and Anhui Zhifei Longcom 
Biopharmaceutical.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction
The COVID-19 pandemic caused by SARS-CoV-2 is still 
ongoing worldwide.1–3 As of March 23, 2021, more than 
123 million people have been diagnosed with COVID-19 
in 223 countries and regions, with 2·7 million deaths 
worldwide, according to the Johns Hopkins Coronavirus 
Resource Center.

 Safe and effective vaccines are urgently needed to 
control the spread of COVID-19 globally. After 1 year of 
global efforts, substantial progress has been made 
in the development of vaccines for COVID-19,4 and 
several vaccine candidates based on mRNA technology or 
a virus-vector platform have been developed and showed 
protective efficacy against SARS-CoV-2 in interim 
analyses (70·4% for AZD1222, 94·1% for mRNA-1273, 
95% for BNT1622, and 91·6% for Sputnik V).5–8 To 

date, nine vaccines have received conditional marketing 
authorisation: two mRNA vaccines (developed by 
BioNTech–Pfizer and Moderna) first approved in the 
USA; four adenovirus vaccines (developed by Oxford–
AstraZeneca, Gamaleya, Janssen, and Cansino–Bejing 
Institute of Biotechnology) approved in the UK, 
Russia, the USA, and China; and three inactivated 
vaccines (developed by Sinopharm–China National 
Institute for Communicable Disease Control and 
Prevention, Sinopharm–Chinese Academy of Sciences, 
and Sinovac–China National Institute for Communicable 
Disease Control and Prevention) first approved in 
China. However, the vaccines developed so far cannot 
meet global vaccination requirements because of pro
duction and transport constraints in many remote areas. 
Additionally, the long-term efficacy of these vaccines and 

Research in context

Evidence before this study
We searched PubMed up to Feb 8, 2021, with the search terms 
“COVID-19”, “vaccine”, and “trial”. No language restrictions were 
applied. We identified 26 clinical trials for 15 COVID-19 vaccines, 
with five phase 3 studies and 21 studies described as phase 1 or 
phase 2, or both. These 15 vaccines include five inactivated 
vaccines, four adenovirus-vectored vaccines, three mRNA-based 
vaccines, two protein subunit vaccines, and one DNA vaccine. 
These vaccines mainly target either the whole virus or the spike 
protein. One vaccine targeting the receptor-binding domain 
(RBD) of SARS-CoV-2, BNT162b1, manufactured by BioNTech 
and Pfizer, comprises mRNA expressing the RBD trimer. 
Two studies of a protein subunit vaccine against COVID-19 
have been published: NVX-CoV2373 (Novavax) and SCB-2019 
(Clover). Both vaccines have used the full-length SARS-CoV-2 
spike protein as the antigen, and are formulated with 
adjuvants (Matrix-M1 for NVX-CoV2373; AS03 and CpG/Alum 
for SCB2019). Various RBD-based protein subunit vaccines are 
under clinical and preclinical development, but no clinical studies 
have been published.

Added value of this study
ZF2001 is one of two protein-subunit-based COVID-19 
vaccine candidates that has advanced into phase 3 clinical 

trials. This study is, to the best of our knowledge, the first to 
report phase 1 and phase 2 clinical data for an RBD-based 
protein subunit vaccine against COVID-19 comprising a 
conventional alum adjuvant. We evaluated the safety profile, 
immunogenicity, dose effect, and vaccination schedule for 
ZF2001. ZF2001 was found to be well tolerated, without 
causing any vaccine-related serious adverse events. Three 
immunisations at day 0, 30, and 60 achieved 93–100% 
seroconversion of neutralising antibodies, with the geometric 
mean titres exceeding the magnitude of convalescent serum 
samples obtained from patients admitted to hospital with 
RT-PCR-confirmed COVID-19. Additionally, the vaccine elicited 
moderate cellular immune responses, as demonstrated by the 
balanced production of cytokines associated with T-helper 1 
and T-helper 2 cells.

Implications of all the available evidence
These findings indicate that the RBD-based protein subunit 
vaccine ZF2001 is safe and immunogenic. Phase 3 
clinical trials are ongoing to further investigate its safety 
and protective efficacy.

https://coronavirus.jhu.edu/map.html
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related safety concerns are under investigation.9 An 
ideal COVID-19 vaccine should have high protective 
efficacy and be safe and deployable for billions of 
potential vaccinees. To achieve this goal, an optimal 
vaccine target, platform, and dose regimen are important.4 
Therefore, development of a range of COVID-19 
vaccines with different mechanisms of action would be 
beneficial for diversifying the global vaccine pipeline. 
More than 80 COVID-19 vaccines in development, as 
documented by WHO, are based on the protein subunit 
platform, indicating that this technology is an effective 
platform for the development of COVID-19 vaccines. 
Two protein-subunit-based vaccine candidates targeting 
the SARS-CoV-2 spike (S) protein have entered phase 3 
(NVX-CoV2373; Novavax) and phase 2–3 trials (SCB-2019; 
Clover), with their preliminary phase 1 or phase 1–2 
results reported.10,11 Both vaccines showed high immuno
genicity in recipients.

In response to the COVID-19 pandemic, we launched a 
vaccine development programme against SARS-CoV-2. 
The resulting vaccine candidate, ZF2001, is a protein 
subunit vaccine that has advanced into phase 3 
development (NCT04646590). Compared with other 
vaccine candidates in clinical trials targeting mainly the 
whole virus or the S protein, ZF2001 targets the receptor-
binding domain (RBD) of the SARS-CoV-2 S protein. The 
RBD is responsible for engagement of its cellular 
receptor, angiotensin converting enzyme 2 (ACE2), and is 
an attractive vaccine target to induce immune responses 
focusing on blocking receptor binding.12–14 We rationally 
designed a dimeric form of the SARS-CoV-2 RBD with 
high yields (at levels of g/L) and with substantially 
enhanced immunogenicity compared with the con
ventional monomeric form of RBD in a mouse model.15 
ZF2001 is made with an RBD-dimer protein produced in 
Chinese hamster ovary (CHO) cells adjuvanted with 
aluminium hydroxide.16

The phase 1 trial for ZF2001 began on June 22, 2020, in 
China, and the phase 2 trial began on July 12, 2020, in 
China. Here, we report the results of both trials, in which 
we aimed to assess vaccine safety and immunogenicity.

Methods
Study design and participants
We did two randomised, double-blind, placebo-controlled 
phase 1 and phase 2 trials. The phase 1 trial was done at 
two hospitals in China: The Second Affiliated Hospital 
of Chongqing Medical University (Chongqing) and the 
Beijing Chao-Yang Hospital of Capital Medical University 
(Beijing). The phase 2 trial was done at the Hunan 
Provincial Center for Disease Control and Prevention 
(Xiangtan, China). Eligible participants were healthy men 
and non-pregnant women aged 18–59 years. Health status, 
assessed during the screening period, was based on 
medical history and clinical laboratory findings, vital 
signs, and physical examination. Individuals with a 
history of SARS-CoV infection or COVID-19, who tested 

positive for SARS-CoV-2 exposure (by real-time PCR assay 
or ELISA), or who had contact with a confirmed or 
suspected COVID-19 case were excluded. Exclusion criteria 
also included a history of seizures or mental illness; allergy 
to any ingredient in the vaccine; acute febrile disease 
in the preceding 24 h before enrolment and gastrointestinal 
symptoms in the preceding 7 days before enrolment; 
congenital or acquired immune diseases; serious chronic 
disease; abnormal chest CT image (in the phase 1 trial); a 
positive test for hepatitis B virus, hepatitis C virus, HIV, or 
syphilis; a history of a tumour or cancer; receipt of any 
blood products in the past 3 months; receipt of any 
investigational medicines or vaccines in the past 3 months; 
and an inability to comply with the study schedule. Full 
details of the eligibility criteria are summarised in the trial 
protocols provided in appendix 2 (pp 26–238).

Participants were recruited through community 
recruitment advertisements. All participants provided 
written informed consent before enrolment. The trial 
protocol was approved by the institutional review board 
of The Second Affiliated Hospital of Chongqing Medical 
University, Beijing Chao-Yang Hospital of Capital 
Medical University, Hunan Provincial Center for Disease 
Control and Prevention, and the National Medical 
Products Administration of China, and was done in 
accordance with the Declaration of Helsinki and Good 
Clinical Practice. Safety oversight for specific vaccination 
pause rules and for advancement was done by an 
independent safety monitoring committee.

Randomisation and masking
Participants in phase 1 were randomly assigned (2:2:1) 
into three groups to receive three doses of the vaccine 
(25 μg or 50 μg dose) or placebo on day 0, 30, and 60. 
Participants in phase 2 were randomly assigned 
(1:1:1:1:1:1) into six groups, with three groups receiving 
two doses of the vaccine (25 μg or 50 μg dose) or placebo, 
30 days apart, and three groups receiving three doses of 
the vaccine (25 μg or 50 μg dose) or placebo, 30 days 
apart.

The study statisticians used SAS statistical software 
(version 9.4) to generate a random table of participants in 
each dose group. These statisticians were not allowed to 
participate in other aspects of these clinical trials and 
were not allowed to disclose the masking code to any 
personnel participating in the clinical trials. Participants 
were randomly assigned to the vaccine group or the 
placebo group according to the block randomisation 
method, with a block of five and block size of five, in 
phase 1, and a block of 75 and block size of 12 in phase 2. 
Investigators at the trial site assigned random numbers 
according to the order of the screening sequence of 
eligible participants, and experimental vaccines were 
obtained and administered according to these random 
numbers. Trial participants, field investigators, and the 
laboratory team were masked to group allocation during 
the trial.
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Procedures
The vaccine was jointly developed by the Institute 
of Microbiology, Chinese Academy of Sciences, and 
Anhui Zhifei Longcom Biopharmaceutical.15 The vaccine 
was manufactured according to good manufacturing 
practice guidelines by Anhui Zhifei Longcom Biopharma
ceutical. The recombined vaccine encodes the SARS-
CoV-2 RBD antigen (residues 319–537, accession number 
YP_009724390), with two copies in tandem repeat dimeric 
form, and was manufactured in the CHOZN CHO K1 cell 
line (Sigma-Aldrich Trading; Shanghai, China) as a liquid 
formulation containing 25 μg or 50 μg per 0·5 mL in a vial, 
with aluminium hydroxide as the adjuvant. The placebo 
contained only aluminium hydroxide in buffer. Vaccines 
were stored at 2–8°C before use. The vaccine or placebo 
was administrated intramuscularly in the arm of each 
participant.

For both trials, participants were observed in the 
observation room for 30–60 min after each dose of 
vaccination for emergent adverse events. During the 
first 7 days after each vaccination, any adverse events were 
self-reported by participants daily on the diary cards, and 
verified by investigator visits and confirmation. Adverse 
events occurring 8–30 days after each vaccination were 
reported by participants through contact cards. Any 
serious adverse events occurring within 1 year after the 
first dose of vaccination will be monitored, and follow-up 
is ongoing. Solicited local adverse events at the injection 
site within 7 days after vaccination included pain, 
swelling, induration, redness, rash, and pruritus; and 
solicited systemic adverse events within 7 days after 
vaccination included fever, cough, dyspnoea, diarrhoea, 
anorexia, nausea, vomiting, muscle pain (not at the 
injection site), arthritis, joint pain, headache, fatigue, 
acute allergic reaction, irritation, and mental disorders 
(including anxiety, depression, mania, and insanity). 
Laboratory safety tests including routine blood and serum 
chemistry and routine urine testing were done to 
assess any toxicity after vaccination. Adverse events and 
abnormal changes in laboratory tests were graded 
according to the latest scale issued by the National 
Medical Products Administration of China (2019 version).

Serum samples were collected to evaluate binding 
responses against the RBD antigen and neutralising 
activity against live SARS-CoV-2. Peripheral blood 
mononuclear cells (PBMCs) were collected to assess 
specific T-cell responses. Blood samples were taken from 
participants at the scheduled site visits before vaccination, 
and on day 14, 30, 37, 60, 67, and 90 after the 
first vaccination in phase 1, and on day 14, 30, 44, 60, 74, 
and 90 in phase 2. We used ELISA kits (Wantai BioPharm, 
Beijing, China) to evaluate binding antibody responses 
against RBD proteins according to the manufacturer’s 
protocol. We also assessed neutralising activities against 
live SARS-CoV-2 by microcytopathogenic effect assays 
(appendix 2 p 23). PBMCs from whole blood were isolated 
and stored in liquid nitrogen in advance, then thawed 

before testing. An enzyme-linked immunospot (ELISpot) 
assay (BD Biosciences, San Diego, CA, USA) was used to 
quantify the specific T-cell responses according to a 
previously reported method (appendix 2 p 24). PBMCs 
were stimulated with overlapping peptide pools covering 
RBD protein for around 20–24 h (interferon-γ [IFNγ] and 
IL-2) and 40–48 h (IL-4 and IL-5) before detection, and the 
number of spot-forming cells per 300 000 cells was 
calculated. We measured the secretion of IFNγ, IL-2, IL-4, 
and IL-5 with BD ELISpot.

Convalescent serum samples (appendix 2 pp 20–21) 
were obtained by health-care workers from patients 
admitted to hospital (Beijing Ditan hospital, Capital 
Medical University, Beijing, China) with RT-PCR-
confirmed SARS-CoV-2 infection between Jan 22 and 
Aug 1, 2020. Written consent from these patients was 
obtained by the hospital to use these samples for 
this study. The neutralising activities of these serum 
samples against live SARS-CoV-2 were measured by a 
microcytopathogenic effect assay.

Outcomes
For the phase 1 trial, the primary outcome was the safety 
of the COVID-19 vaccine. The secondary outcome was 
immunogenicity. For the phase 2 trial, primary outcomes 
were safety and immunogenicity.

Safety outcomes were the occurrence of adverse events 
between the first injection to 30 days after the final 
injection, including all adverse events, adverse events 
related to vaccination, adverse events at grade 3 and worse, 
and adverse events leading to withdrawal of participants. 
Serious adverse events will be monitored for up to 1 year. 
All adverse events and serious adverse events related to 
vaccination in all groups and dose regimens were analysed.

Outcomes for immunogenicity were the seroconversion 
rate and magnitude, in geometric mean titres (GMTs), of 
the RBD-binding antibody, SARS-CoV-2 neutralising 
antibody, and T-cell cytokine production. Seroconversion 
was defined as the highest reciprocal dilution of serum 
greater than 11 for binding antibodies, or higher than four 
for neutralising antibodies. Serum samples from the 
vaccine groups and convalescents were compared to 
assess the immunogenicity of the vaccine.

Statistical analysis
The safety analysis was done in all participants who 
received the first dose after enrolment. The immuno
genicity analyses were done on both the intention-to-
treat and per-protocol sets at various timepoints, as 
defined in the study protocol. The intention-to-treat 
population comprised all participants who completed 
randomisation and received at least one dose of vaccine 
or placebo, and had a valid pre-immunisation 
immunogenicity result. The per-protocol sets refer to 
participants who conformed to the inclusion and 
exclusion criteria and the trial protocol, who completed 
the course of vaccination and had valid immunogenicity 
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results both before immunisation and the indicated days 
after vaccination as designated in the protocol. For 
phase 2 the sample size calculation was based on the 
assumption that the positive rate of the neutralising 
antibody would reach 80% in the vaccine group 
and 30% in the placebo group, and the test level would 
be a unilateral α=0·025. We calculated that, with a 
sample size of 900 participants in phase 2, the difference 
between the vaccine and placebo could be estimated with 
99·99% confidence.

We first compiled statistics of the number and 
proportion of participants with adverse events or serious 
adverse events after vaccination and compared the 
difference among dose groups using Fisher’s exact test. 
The RBD-binding antibodies and neutralising titres 
against live SARS-CoV-2 were calculated with sero
conversion rates and GMTs. Cytokine production was 
calculated with GMTs. We used the Clopper-Pearson 
method to calculate 95% CIs, χ² tests and the Fisher’s 
exact probability method to compare differences in the 
proportion of adverse events among the dose groups, and 
Student’s t test to analyse the significance of ELISpot 
GMTs between different timepoints and neutralising 
GMTs between groups. Statistical analyses were done with 
SAS, version 9.4, and GraphPad Prism, version 8.0.1.

These trials are registered with ClinicalTrials.gov 
(NCT04445194 and NCT04466085) and participant follow-
up is ongoing.

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 report.

Results
Between June 22 and July 3, 2020, 107 individuals were 
recruited and screened for phase 1 of the trial in 
Chongqing and Beijing, China (figure 1). After exclusion 
of 57 individuals, 50 eligible participants were randomly 
assigned into three groups to receive the 25 μg dose 
(n=20) or 50 μg dose (n=20) of the vaccine or placebo 
(n=10). The mean age of all participants was 32·6 years 
(SD 9·4; range 20·9–57·9), with balanced age distribution 
among vaccination groups (table 1). Eight of ten 
participants in the placebo group, 15 of 20 in the 25 μg 
group, and 18 of 20 in the 50 μg group completed 
the three-dose immunisation and follow-up visits as 
scheduled (figure 1; appendix 2 p 1).

Between July 12 and July 17, 2020, 1085 individuals 
were recruited and screened for phase 2 of the trial 

(Figure 1 continues on next page)

20 assigned to 25 μg group

20 received first dose

2 withdrew

18 received second dose

15 received  third dose

20 included in safety analysis; 15 completed
       immunogenicity analysis

3 withdrew

10 assigned to placebo group

10 received first dose

1 withdrew

 9 received second dose

 8 received  third dose

10 included in safety analysis; 8 completed
       immunogenicity analysis

1 withdrew

20 assigned to 50 μg group

20 received first dose

1 withdrew

19 received second dose

18 received  third dose

20 included in safety analysis; 18 completed
      immunogenicity analysis

1 withdrew

107 participants screened 
A    Phase 1

57 excluded
3 did not meet inclusion criteria 

53 met exclusion criteria
1 withdrew consent

50 randomised
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in Xiangtan, China (figure 1). After exclusion of 
185 individuals, 900 participants were enrolled into the 
trial and randomly assigned to six groups (n=150 per 
group) to receive the 25 μg or 50 μg dose of the vaccine or 
placebo, in either a two-dose or a three-dose schedule, 
30 days apart. The mean age of participants was 
43·5 years (SD 9·2; range 18·8–59·7), with balanced age 
and sex distribution among vaccination groups (table 1). 
All 450 participants on the two-dose schedule completed 
the full vaccination and follow-up visits. Among parti
cipants on the three-dose schedule, 146 (97%) of 150 in 
the placebo group, 148 (99%) of 150 in the 25 μg group, 

and 148 (99%) of 150 in the 50 μg group received the full 
vaccination and completed the follow-up visits (figure 1; 
appendix 2 p 1).

In the phase 1 trial, six (60%) of ten participants in the 
placebo group, 14 (70%) of 20 in the 25 μg group, 
and 18 (90%) of 20 in the 50 μg group reported at least 
one adverse event within 30 days after vaccination, 
with no significant between-group differences (table 2; 
appendix 2 pp 2–4). Within 7 days after vaccination, most 
of the local and systemic reactogenicity was mild 
or moderate (grade 1 or 2 adverse events). The most 
common solicited local adverse events were injection-site 

Figure 1: Trial profiles
(A) Phase 1. (B) Phase 2. 17 participants (nine in phase 1, and eight in phase 2) were not included in the per-protocol cohort for safety and immunogenicity analysis; 
reasons for their withdrawal are listed in appendix 2 (p 1).

B    Phase 2

150 assigned to
        placebo group

150 received 
         first dose

2 withdrew

148 received
         second dose
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         third dose

150 included in
         safety analysis;
         146 completed
          immunogenicity
          analysis

2 withdrew

150 assigned to
         25 μg group

150 received 
         first dose

150 received
         second dose

149 received 
         third dose

150 included in
         safety analysis;
         148 completed
          immunogenicity
          analysis

1 withdrew

150 assigned to
         50 μg group

150 received 
         first dose

1 withdrew

150 assigned to
        placebo group

150 received 
         first dose

150 received
         second dose

 150 included in
          safety and
          immunogenicity
           analyses

150 assigned to
         25 μg group

1085 participants screened

450 assigned to two-dose cohort 

185 excluded
2 did not meet inclusion criteria 

180 met exclusion criteria
3 withdrew consent

   900 randomised

150 received 
         first dose

150 received
         second dose

 150 included in
          safety and
          immunogenicity
           analyses

150 assigned to
         50 μg group

150 received 
         first dose

150 received
         second dose

 150 included in
          safety and
          immunogenicity
           analyses

1 withdrew

149 received
         second dose

149 received 
         third dose

150 included in
         safety analysis;
          148 completed
          immunogenicity
          analysis

1 withdrew

450 assigned to three-dose cohort 
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pain, redness, and itch (table 2). The most common 
solicited systemic adverse events were cough, fever, and 
headache (table 2). Two (10%) grade 3 or worse adverse 
events were reported in the 50 μg group. One was vaccine 
related (swelling and redness) and the other was a serious 
adverse event (rhabdomyolysis), but was assessed by the 
investigators as being unrelated to the vaccine (appendix 2 
pp 14–19). No vaccine-related serious adverse events were 
reported.

In the phase 2 trial, the overall frequency of adverse 
events was low within 30 days after vaccination. Among 
participants receiving two doses, 37 (25%) of 150 in the 
placebo group, 43 (29%) of 150 in the 25 μg group, and 
50 (33%) of 150 in the 50 μg group reported at least one 
adverse event. Among participants receiving three doses, 
47 (31%) of 150 in the placebo group, 72 (48%) of 150 in 
the 25 μg group, and 65 (43%) of 150 in the 50 μg group 
reported at least one adverse event (table 3; appendix 2 
pp 3, 5). Within 7 days after each vaccination, most of the 
local and systemic reactogenicity was mild or moderate 
(grade 1 or 2 adverse events). The most common solicited 
local adverse events in participants on the two-dose and 
three-dose schedules were injection-site pain, swelling, 
induration, redness, and itch (table 3). The most 
common solicited systemic adverse events in participants 
on the two-dose and three-dose schedules were fever, 
cough, headaches, and fatigue (table 3). 18 participants 
reported grade 3 or worse adverse events, and 11 (61%) of 
these were vaccine related: redness (six participants: 
four in the three-dose 50 μg group, one in the three-dose 
25 μg group, and one in the two-dose 50 μg group), 
swelling (three participants in the three-dose 50 μg 
group), injection-site pain (one participant in the 
three-dose 25 μg group), induration (one participant in 
the three-dose 50 μg group), rash (one participant in 
the three-dose 50 μg group), fever (one participant in the 

Phase 1 trial (n=50) Phase 2 trial (n=900)

Placebo, 
three-dose 
(n=10)

25 μg, 
three-dose 
(n=20)

50 μg, 
three-dose 
(n=20)

Placebo, 
two-dose 
(n=150)

25 μg, 
two-dose 
(n=150)

50 μg, 
two-dose 
(n=150)

Placebo, 
three-dose 
(n=150)

25 μg, 
three-dose 
(n=150)

50 μg, 
three-dose 
(n=150)

Age (years)

Mean (SD) 32·5 (11·3) 31·7 (9·7) 33·6 (8·5) 44·1 (9·3) 43·04 (9·6) 44·4 (8·4) 43·4 (8·9) 42·7 (9·4) 43·2 (9·4)

Median (IQR) 29·4 
(21·0–57·9)

26·7 
(22·9–54·7)

34·1 
(20·9–49·4)

46·1 
(20·7–59·4)

43·7 
(18·8–58·4)

45·3 
(19·9–59·1)

44·4 
(20·7–58·0)

43·7 
(20·0–59·7)

43·7 
(19·3–59·6)

Ethnicity

Han Chinese 9 (90%) 20 (100%) 18 (90%) 149 (99%) 150 (100%) 150 (100%) 149 (99%) 150 (100%) 148 (99%)

Other 1 (10%) 0 2 (10%) 1 (1%) 0 0 1 (1%) 0 2 (1%)

Sex

Male 5 (50%) 14 (70%) 11 (55%) 68 (45%) 65 (43%) 57 (38%) 74 (49%) 71 (47%) 63 (42%)

Female 5 (50%) 6 (30%) 9 (45%) 82 (55%) 85 (57%) 93 (62%) 76 (51%) 79 (53%) 87 (58%)

Mean BMI kg/m² 
(SD)

22·5 (1·5) 24·0 (2·8) 22·6 (2·8) NR NR NR NR NR NR

Data are mean (SD), median (IQR), or n (%). BMI=body-mass index. NR=not recorded.

Table 1: Baseline demographic characteristics of participants in phase 1 and phase 2 trials

Placebo 
(n=10)

25 μg dose 
(n=20)

50 μg dose 
(n=20)

p value

Overall adverse events within 30 days

Any 6 (60%) 14 (70%) 18 (90%) 0·1786

Grade ≥3 0 0 2 (10%) 0·3469

Solicited adverse events within 7 days

Any 3 (30%) 12 (60%) 14 (70%) 0·1286

Grade ≥3 0 0 1 (5%) 1·0000

Solicited systemic adverse reactions

Any 1 (10%) 4 (20%) 5 (25%) 0·7423

Fever 0 2 (10%) 0 0·3469

Headache 0 1 (5%) 1 (5%) 1·0000

Fatigue 0 0 1 (5%) 1·0000

Weakness 0 0 1 (5%) 1·0000

Cough 0 1 (5%) 3 (15%) 0·5123

Impaired appetite 1 (10%) 0 0 0·2000

Nausea 0 0 2 (10%) 0·3469

Muscle pain 0 1 (5%) 0 1·0000

Solicited local adverse reactions

Any 2 (20%) 9 (45%) 12 (60%) 0·1298

Grade ≥3 0 0 1 (5%) 1·0000

Injection-site pain 2 (20%) 4 (20%) 11 (55%) 0·0527

Swelling 0 1 (5%) 3 (15%) 0·5132

Grade ≥3 swelling 0 0 1 (5%) 1·0000

Induration 0 2 (10%) 5 (25%) 0·187

Redness 1 (10%) 4 (20%) 4 (20%) 0·8016

Grade ≥3 redness 0 0 1 (5%) 1·0000

Rash 0 0 1 (5%) 1·0000

Itch 0 4 (20%) 7 (35%) 0·1012

Unsolicited adverse reactions

Any 4 (40%) 6 (30%) 6 (30%) 0·8535

Data are n (%). p values are calculated with Fisher’s exact test.

Table 2: Adverse events and reactions in the phase 1 trial
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two-dose 25 μg group), headaches (one participant in 
the two-dose 25 μg group), and cough (one participant in 
the three-dose placebo group). Seven participants 
reported serious adverse events (one [1%] in the two-
dose 25 μg vaccine group, one [1%] in the two-dose 
50 μg vaccine group, two [1%] in the three-dose placebo 
group, one [1%] in the two-dose 25 μg vaccine group, and 
two [1%] in the two-dose 50 μg vaccine group), but none 

was considered to be related to the study vaccine as 
assessed by the investigators (appendix 2 pp 14–19). No 
adverse events of special interest were reported.

In the phase 1 trial, we measured the serological RBD-
binding IgG titres by ELISA to assess antibody responses. 
Baseline antibody titres of participants are shown in 
appendix 2 (p 6). At day 30 after the first immunisation, 
seroconversion rates were 61% (11 of 18 participants) in 
the 25 μg group and 79% (15 of 19 participants) in the 
50 μg group, and increased to 100% in both groups 
(15 of 15 participants in the 25 μg group and 18 of 18 in 
the 50 μg group) at day 30 after the second and 
third immunisations (figure 2A; appendix 2 pp 7–8). At 
day 30 after the first dose, GMTs of vaccine-induced 
RBD-binding IgG were 23·1 (95% CI 11·2–47·9) in the 
25 μg dose group and 40·8 (22·5–74·0) in the 50 μg dose 
group, and increased to 1077·0 (663·7–1747·5) in the 25 μg 
dose group and 825·5 (486·9–1399·4) in the 50 μg dose 
group at day 30 after the second dose. GMTs further 
increased to 2719·5 (95% CI 1584·0–4668·8) in the 25 μg 
group and 2776·8 (1875·5–4111·2) in the 50 μg group at 
day 30 after the third dose (figure 2B; appendix 2 pp 7–8).

We also measured 50% neutralising titres in serum 
samples of participants. Baseline titres of neutralising 
antibodies of participants are summarised in appendix 2 
(p 6). At day 30 after the second dose, seroconversion rates 
reached 93% (14 of 15 participants) in the 25 μg group 
and 94% (17 of 18 participants) in the 50 μg group. 
At day 7 after the third dose, seroconversion rates 
were 100% in both groups (figure 2C; appendix 2 p 9). The 
SARS-CoV-2-neutralising GMTs were 14·0 (95% CI 
8·0–24·6) in the 25 μg group and 11·4 (6·6–19·8) in the 
50 μg group at day 30 after the second dose, and 
increased to 94·5 (49·3–181·3) in the 25 μg group 
and 117·8 (64·6–214·9) in the 50 μg group at day 7 after 
the third dose (figure 2D; appendix 2 pp 9–12). Meanwhile, 
a panel of 89 SARS-CoV-2 human convalescent serum 
samples was tested for comparison. The GMT of 
neutralising antibodies for the SARS-CoV-2 convalescent 
serum panel was 51·2 (95% CI 38·3–70·5; figure 2D).

Baseline antibody titres of participants from the 
phase 2 trial are summarised in appendix 2 (p 6). At 
day 30 after the first immunisation, in participants on the 
two-dose schedule, seroconversion rates of RBD-binding 
IgG were 1% (one of 147) in the placebo group, 
59% (87 of 147) in the 25 μg group, and 65% (96 of 147) in 
the 50 μg group (appendix 2 pp 10–12); in participants 
on the three-dose schedule, seroconversion rates of 
RBD-binding IgG were 0% (none of 141) in the placebo 
group, 63% (92 of 145) in the 25 μg group, and 
62% (89 of 143) in the 50 μg group. At day 30 after the 
second dose, in participants on the two-dose schedule, 
seroconversion rates increased to 1% (two of 147) in the 
placebo group, 95% (140 of 147) in the 25 μg group, 
and 97% (142 of 147) in the 50 μg group; in participants 
on the three-dose schedule, seroconversion rates were 0% 
(none of 141) in the placebo group, 96% (139 of 145) in the 

Two-dose schedule Three-dose schedule p value

Placebo 
(n=150)

25 μg dose 
(n=150)

50 μg dose 
(n=150)

Placebo 
(n=150)

25 μg dose 
(n=150)

50 μg dose 
(n=150)

Overall adverse events within 30 days

Any 37 (25%) 43 (29%) 50 (33%) 47 (31%) 72 (48%) 65 (43%) <0·0001

Grade ≥3 0 4 (3%) 2 (1%) 2 (1%) 4 (3%) 6 (4%) 0·1871

Solicited adverse reactions within 7 days

Any 16 (11%) 27 (18%) 32 (21%) 19 (13%) 55 (37%) 42 (28%) <0·0001

Grade ≥3 0 2 (1%) 1 (1%) 1 (1%) 2 (1%) 5 (3%) 0·1460

Solicited systemic adverse reactions

Any 8 (5%) 15 (10%) 16 (11%) 16 (11%) 15 (10%) 13 (9%) 0·5890

Grade ≥3 0 2 (1%) 0 1 (1%) 0 0 0·2189

Fever 6 (4%) 8 (5%) 10 (7%) 12 (8%) 12 (8%) 11 (7%) 0·6787

Grade ≥3 fever 0 1 (1%) 0 0 0 0 0·4152

Headache 1 (1%) 3 (2%) 1 (1%) 0 3 (2%) 0 0·2160

Grade ≥3 
headache

0 1 (1%) 0 0 0 0 0·4152

Fatigue 0 4 (3%) 3 (2%) 4 (3%) 0 0 0·0422

Cough 1 (1%) 3 (2%) 3 (2%) 3 (2%) 1 (1%) 0 0·4310

Grade ≥3 
cough

0 0 0 1 (1%) 0 0 0·4152

Nausea 1 (1%) 1 (1%) 0 1 (1%) 0 1 (1%) 0·8479

Muscle pain 0 1 (1%) 0 0 1 (1%) 0 0·5481

Solicited local adverse reactions

Any 9 (6%) 17 (11%) 19 (13%) 6 (4%) 45 (30%) 35 (23%) <0·0001

Grade ≥3 0 0 1 (1%) 0 2 (1%) 5 (3%) 0·0121

Injection-site 
pain

6 (4%) 5 (3%) 7 (5%) 4 (3%) 18 (12%) 18 (12%) 0·0003

Grade ≥3 
injection-site 
pain

0 0 0 0 1 (1%) 0 0·4152

Swelling 2 (1%) 6 (4%) 9 (6%) 2 (1%) 21 (14%) 20 (13%) <0·0001

Grade ≥3 
swelling

0 0 0 0 0 3 (2%) 0·0102

Induration 1 (1%) 4 (3%) 8 (5%) 0 14 (9%) 11 (7%) <0·0001

Grade ≥3 
induration

0 0 0 0 0 1 (1%) 0·4152

Redness 2 (1%) 12 (8%) 12 (8%) 1 (1%) 24 (16%) 21 (14%) <0·001

Grade ≥3 
redness

0 0 1 (1%) 0 1 (1%) 4 (3%) 0·0337

Rash 0 3 (2%) 4 (3%) 0 2 (1%) 1 (1%) 0·1514

Grade ≥3 rash 0 0 0 0 0 1 (1%) 0·4152

Itch 0 9 (6%) 13 (9%) 0 28 (19%) 26 (17%) <0·0001

Unsolicited adverse reactions

Any 6 (4%) 5 (3%) 4 (3%) 8 (5%) 7 (5%) 4 (3%) 0·7847

Data are n (%). p values are calculated with Fisher’s exact test.

Table 3: Adverse events and reactions in the phase 2 trial



Articles

www.thelancet.com/infection   Published online March 24, 2021   https://doi.org/10.1016/S1473-3099(21)00127-4	 9

Figure 2: Humoral immune 
responses in phase 1 and 
phase 2 trials
Seroconversion rates (A) 
and GMTs (B) of RBD-binding 
antibodies at different 
timepoints after vaccination in 
phase 1. Seroconversion 
rates (C) and GMTs (D) of 
neutralising antibodies at 
different timepoints after 
vaccination in phase 1. 
Seroconversion rates (E) 
and GMTs (F) of RBD-binding 
antibodies at different 
timepoints after three-dose 
vaccination in phase 2. 
Seroconversion rates (G) 
and GMTs (H) of neutralising 
antibodies at different 
timepoints after three-dose 
vaccination in phase 2. 
Results for the two-dose 
groups are shown in 
appendix 2 (p 22). Error bars 
represent 95% CIs. The 
horizontal dashed lines in 
panels B, D, F, and H indicate 
the limit of detection. 
GMT=geometric mean titres. 
HCS=human convalescent 
serum. RBD=receptor-binding 
domain.
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25 μg group, and 94% (134 of 143) in the 50 μg group. At 
day 14 after the third dose, in participants on the 
three-dose schedule, seroconversion rates were 0% (none 
of 140) in the placebo group, 99% (143 of 144) in the 25 μg 
group, and 97% (139 of 143) in the 50 μg group (figure 2E; 
appendix 2 pp 10–12). In participants on the two-dose 
schedule, RBD-binding IgG GMTs significantly increased 
from 19·4 (95% CI 16·0–23·6) 30 days after the first dose 
to 419·5 (325·8–540·1) 30 days after the second dose in 
the 25 μg group (p<0·0001); and from 22·6 (18·5–27·6) 
30 days after the first dose to 344·8 (271·0–438·7) 30 days 
after the second dose in the 50 μg group (p<0·0001; 
appendix 2 pp 10–12). By contrast, GMTs in the 
placebo group were between 5·7 (95% CI 5·5–5·9) 
and 6·0 (5·4–6·6) after the first, second, and third doses. 
In participants on the three-dose schedule, RBD-binding 
IgG GMTs significantly increased after each dose, 
from 24·4 (95% CI 19·6–30·2) 30 days after the first dose 
to 467·3 (366·8–595·3) 30 days after the second dose and 
to 1782·3 (1440·2–2205·7) 14 days after the third dose in 
the 25 μg dose group; and from 22·2 (18·1–27·4) 30 days 
after the first dose to 302·5 (234·2–390·6) 30 days after 
the second dose to 1140·0 (882·2–1473·2) 14 days after 

the third dose in the 50 μg dose group. By contrast, GMTs 
in the placebo group were between 5·8 (95% CI 5·5–6·1) 
and 5·9 (5·6–6·2) after the first, second, and third doses 
(figure 2F; appendix 2 pp 10–12).

With regard to neutralising antibody titres against live 
SARS-CoV-2, seroconversion rates and GMTs were 
analysed. For participants on the two-dose schedule, 
seroconversion rates were 0% (none of 150) in the 
placebo group, 76% (114 of 150) in the 25 μg group, 
and 72% (108 of 150) in the 50 μg group 14 days after 
the second dose (appendix 2 p 13). For participants on 
the three-dose schedule, seroconversion rates were 1% 
(two of 147) 14 days after the second dose in the placebo 
group, 83% (124 of 149) in the 25 μg group, and 73% 
(108 of 148) in the 50 μg group; seroconversion rates 
14 days after the third dose were 0% (none of 146) in the 
placebo group, 97% (143 of 148) in the 25 μg group, 
and 93% (138 of 148) in the 50 μg group (figure 2G, 
appendix 2 p 13). Neutralising GMTs against live 
SARS-CoV-2 14 days after the second dose in participants 
on the two-dose schedule were 17·7 (95% CI 13·6–23·1) 
in the 25 μg group and 14·1 (10·8–18·3) in the 50 μg 
group. In participants on the three-dose schedule, 

Figure 3: Th1 and Th2 cell responses in the phase 1 trial
Cytokines IFNγ and IL-2 of Th1 cells and IL-4 and IL-5 of Th2 cells were measured with enzyme-linked immunospot assays. p values were calculated with Student’s 
t test. IFNγ=interferon-γ. IL=interleukin. ns=not significant. PBMCs=peripheral blood mononuclear cells. Th1=T helper 1. Th2=T helper 2.
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neutralising GMTs increased from 19·5 (95% CI 15·2–25·0) 
14 days after the second dose to 102·5 (81·8–128·5) 
14 days after the third dose in the 25 μg group; and 
from 12·6 (10·0–16·0) 14 days after the second dose 
to 69·1 (53·0–90·0) 14 days after the third dose in the 
50 μg group. By contrast, neutralising GMTs in the 
placebo group were 2·1 (95% CI 2·0–2·1) 14 days after 
the second dose and 2·0 (2·0–2·0) 14 days after the third 
dose (figure 2H; appendix 2 p 13). After three doses, both 
the 25 μg and 50 μg groups showed neutralising 
GMTs exceeding the level of a panel of convalescent 
serum samples (figure 2H). The 25 μg group showed a 
significant increase in neutralising GMTs compared with 
the convalescent samples (p=0·0004) in the phase 2 trial, 
while the 50 μg group did not. We similarly observed no 
enhancement of neutralising GMTs for participants 
receiving the high dose (50 μg) compared with those 
receiving the low dose (25 μg).

To assess T-cell responses, in the phase 1 trial we did 
ELISpot assays for PBMCs of participants against 
the SARS-CoV-2 RBD protein. T-helper 1 (Th1) and 
T-helper 2 (Th2) cell responses were measured by 
detection of the Th1 cytokines IFNγ and IL-2 and the 
Th2 cytokines IL-4 and IL-5. As expected, no increase in 
T-cell cytokines was observed in the placebo group. By 
contrast, the 25 μg and 50 μg doses elicited moderate 
levels of both Th1 (IFNγ and IL-2) and Th2 (IL-4 and IL-5) 
cytokine production after the immunisations (figure 3).

Discussion
The S protein RBD is an attractive vaccine target against 
COVID-19.17 To date, various vaccine candidates based on 
the RBD have shown efficacy in animal models against 
SARS-CoV, MERS-CoV, and SARS-CoV-2.4 Several 
RBD-based COVID-19 vaccines are being evaluated in 
clinical trials.4 Clinical data have been published for an 
RBD-based COVID-19 vaccine candidate, developed by 
BioNTech and Pfizer. This candidate, BNT162b1, is an 
mRNA-based vaccine and showed good immunogenicity 
in healthy adult volunteers, but it was not chosen for 
further development.18,19 Here, we report, to the best of 
our knowledge, the first clinical data for an RBD-based 
protein subunit vaccine against COVID-19.

In these phase 1 and phase 2 trials, we found that 
vaccination with the 25 or 50 μg doses and two-dose or 
three-dose schedules was well tolerated. The frequency 
of adverse events between the vaccine and placebo 
groups was similar in both phase 1 and phase 2. Most 
adverse events were mild or moderate, with the most 
common symptoms being injection-site pain, redness, 
and swelling. These adverse events are anticipated for 
alum-adjuvanted protein subunit vaccines and were 
transient and resolved within 3–4 days after vaccination. 
Compared with other COVID-19 vaccine candidates, 
such as mRNA-based vaccines or adenovirus-vectored 
vaccines, the occurrences of fever and fatigue were lower 
with ZF2001.20–27 Compared with another protein subunit 

vaccine, NVX-CoV2373, which used Matrix-M1 as an 
adjuvant, the occurrences of injection-site pain, fatigue, 
headache, and nausea were also lower with ZF2001.28 
However, safety data in different clinical trials are affected 
by subjective factors, such as personal feelings, from 
participants. Our data demonstrate a potential application 
of the RBD protein in a COVID-19 vaccine. These results 
could be applicable to other RBD-based COVID-19 
vaccines under development.

Humoral responses have been considered as immune 
correlates of protection against SARS-CoV-2.4 So far, 
humoral responses for several COVID-19 vaccine 
candidates in clinical trials have been reported. Notably, it 
is difficult to compare different vaccine candidates since 
there are no standardised neutralisation assays. We used 
microcytopathogenic effect assays to determine neutra
lising antibody titres for serum samples from vaccinees, 
with a panel of COVID-19 convalescent serum samples as 
the control. The comparative immunogenicity showed that 
three doses of ZF2001 elicited neutralising GMTs two 
times greater than the GMTs tested for the convalescent 
serum samples. Notably, two mRNA-based vaccines and 
two adenovirus-vectored vaccines have reported 70–95% 
efficacy against COVID-19 in phase 3 clinical trials, 
with their vaccine-induced humoral responses being 
reported to be similar to or higher than those from 
convalescent samples.5,20,23,24,27 Although interpretation of 
vaccine immunogenicity can be influenced by the severity 
of the illness of the convalescents selected for comparison, 
our findings indicate that ZF2001 is potentially effective 
against COVID-19. Three-dose vaccination substantially 
enhanced antibody responses compared with two-dose 
vaccination, but increasing the antigen dose from 25 μg to 
50 μg did not improve immunogenicity. Therefore, the 
25 μg antigen with the three-dose schedule has been 
selected for further efficacy evaluation in a phase 3 trial 
(NCT04646590).

 Cellular immune responses also have a protective role 
in SARS-CoV-2 infection. Virus-specific T-cell responses 
were associated with milder disease in patients with 
COVID-19.4 Based on the levels of spot-forming cells per 
0·3 million cells, cytokines representing both Th1 and 
Th2 responses were moderately elicited after vaccination. 
The moderate but balanced production of cytokines 
associated with Th1 and Th2 cells might be beneficial 
in promoting T-cell-mediated protection rather than 
resulting in vaccine-enhanced respiratory disease, which 
is presumably caused by predominantly Th2-biased 
responses.29

There were 50 volunteers in phase 1, and the mean age 
was 32·6 years, compared with 900 participants in phase 2, 
with a mean age of 43·5 years. The differences in mean 
age and the trial sizes might account for the variation in 
the frequency of adverse events and immunogenicity 
observed between phases 1 and 2. Additionally, the 25 μg 
dose showed higher immunogenicity than the 50 μg dose 
in the phase 2 trial. We speculate that the 25 μg dose is 
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sufficient to elicit the desired immune response. A larger 
dose might not further increase immunogenicity; instead, 
it could decrease antibody responses.

 These trials have several limitations. First, participants 
in both trials were young adults aged 18–59 years and we 
did not include children and older people; yet older people 
are known to be more vulnerable to SARS-CoV-2 infection. 
Moreover, the study populations were not ethnically 
diverse, with the majority of participants being Han 
Chinese. These limitations will be addressed by our 
outreach study, by including a cohort of older participants 
(aged >60 years; NCT04550351) and in phase 3 trials 
enrolling participants from a more diverse range of ethnic 
backgrounds (NCT04646590). Second, immunogenicity 
was tested at day 30 after full vaccination in phase 1 and at 
day 14 after full vaccination in phase 2; the full duration of 
the immune response cannot be assessed during this time 
period. Immune responses at later timepoints, including 
at least 6 months after vaccination, will be obtained in the 
follow-up visits and investigations. Third, there was no 
benchmark to evaluate protective immune responses 
against COVID-19. Therefore, although ZF2001 induced 
neutralising GMTs higher than those observed in the 
convalescent samples, the protective efficacy of the vaccine 
cannot yet be confirmed. Since no participant was 
subsequently exposed to SARS-CoV-2, we were unable to 
assess the protective efficacy of ZF2001. This limitation 
will be addressed in the ongoing international multicentre 
phase 3 trials. Fourth, we used the ELISpot assay to detect 
cytokine production, without distinguishing between 
CD4+ and CD8+ cells. Therefore, we cannot evaluate the 
cytotoxic T lymphocyte response at present. Additionally, 
compared with the two-dose regimen reported for the 
other vaccines, a three-dose schedule is more time 
consuming for mass immunisation. However, given that 
current vaccine supplies are inadequate to meet the global 
demand, a three-dose schedule is still a viable alternative 
for large-scale immunisation because of ZF2001’s pro
mising safety profile, scalable production, and low-cost 
transportation requirements (2–8 °C).
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