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individuals following one-dose
SARS-CoV-2 inactivated
vaccination
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Lei Fan1,2, Ling Xu1,2, Tong Wang1,2, Xiaoyan Wang1,2,
Bin Zhu1,2, Junzhong Wang1,2, Dongliang Yang1,2,
Jia Liu1,2 and Xin Zheng1,2*

1Department of Infectious Diseases, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, China, 2Joint International Laboratory of Infection and
Immunity, Huazhong University of Science and Technology, Wuhan, China, 3Department of
Infectious Diseases, Shandong Provincial Hospital Affiliated to Shandong First Medical University,
Jinan, China, 4Department of Laboratory Medicine, Maternal and Child Health Hospital of Hubei
Province, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China
COVID-19, caused by SARS-CoV-2, has resulted in hundreds of millions of

infections and millions of deaths worldwide. Preliminary results exhibited

excellent efficacy of SARS-CoV-2 vaccine in preventing hospitalization and

severe disease. However, data on inactivated vaccine-induced immune

responses of naturally infected patients are limited. Here, we characterized

SARS-CoV-2 RBD-specific IgG (anti-S-RBD IgG) and neutralizing antibodies

(NAbs) against SARS-CoV-2 wild type and variants of concerns (VOCs), as well

as RBD-specific IgG-secreting B cells and antigen-specific T cells respectively

in 51 SARS-CoV-2 recovered subjects and 63 healthy individuals. In SARS-CoV-

2 recovered patients, a single dose vaccine is sufficient to reactivate robust

anti-S-RBD IgG and NAbs. The neutralizing capacity against VOCs increased

significantly post-vaccination no matter healthy individuals or SARS-CoV-2

recovered patients. In addition, RBD-specific IgG-secreting B cells in SARS-

CoV-2 recovered patients were significantly higher than that in healthy vaccine

recipients. After the vaccine booster, the frequencies of specific IFN-g+ CD4+ T

cell, IL-2+ CD4+ T cell, and TNF-a+ CD4+ T cell responses were significantly

increased in SARS-CoV-2 recovered patients. Our data highlighted the safety

and utility of SARS-CoV-2 inactivated vaccine and demonstrated that robust

humoral and cellular immune response can be reactivated by one-dose

inactivated vaccine in SARS-CoV-2 recovered patients.
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Introduction

The coronavirus disease 2019 (COVID-19), caused by severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infection, has resulted in hundreds of millions of infections

and great mortality worldwide. The increased transmission and

pathogenicity of the emerging various SARS-CoV-2 variant of

concerns (VOCs, Alpha, Beta, Gamma, Delta, and Omicron)

further aggravate the persistence of the pandemic (1–3).

Different SARS-CoV-2 vaccines are widely administered in

healthy individuals worldwide to cope with the current

epidemic situation (4–6). Preliminary results also exhibit

excellent efficacy of the vaccine in preventing hospitalization

and severe disease in healthy individuals (7, 8).

Natural SARS-CoV-2 infection induced durable antibody

response and cellular immune memory at least 8-12 months in

previous reports (9, 10), but the neutralizing antibody titers

dropped to a relatively low level, especially neutralization to the

VOCs (10–13). Hence, it is important to further explore the

humoral and cellular immune response of boost vaccine on

convalescent patients and investigate their capacity to neutralize

various SARS-CoV-2 VOCs.

Several previous studies showed that the SARS-CoV-2

vaccines can prime robust humoral and cellular immune

response in SARS-CoV-2 recovered patients and a single dose

is sufficient to reactivate immune memory (14–17). However,

most studies focused on mRNA vaccines. In addition, the

patients enrolled in these studies had a relatively short interval

(about 2-10 months) between symptom-onset and vaccination,

and the immunological memory of these early convalescent

COVID-19 patients was still maintained at a relatively high

level (18, 19). To date, data on the safety and protective

immunity of SARS-CoV-2 inactivated vaccination for long-

term (more than one year) convalescent patients are still limited.

Here, we aimed to characterize the IgG antibody against the

receptor-binding domain (RBD) of spike protein (anti-S-RBD

IgG), as well as the neutralizing antibodies (NAbs) against the

original SARS-CoV-2 (wild type, WT) and VOCs in long-term

recovered patients (approximately 16 months after symptom

onset) following SARS-CoV-2 inactivated vaccination.

Furthermore, SARS-CoV-2 RBD specific B cells response and

antigen-specific T cells response to SARS-CoV-2 overlapping

peptides were investigated. The graphic abstract including two

cohorts were provided in Figure S1. Evaluation of the safety and

protective immunity of long-term recovered patients boosted
02
with SARS-CoV-2 inactivated vaccines in the real world would

lay a solid foundation for scientific epidemic prevention and

provide a theoretical basis for vaccine optimization.
Methods

Study design and participants

51 SARS-CoV-2 recovered individuals (SR) who were pre-

vaccinated or had completed the first or second dose of

inactivated vaccines (CoronaVac, BBIBP-CorV, or WIBP-

CorV) were consented and enrolled in our study. 63 healthy

subjects(HC) with completed (two doses) vaccination were

enrolled as controls. All the healthy donors (without known

SARS-CoV-2 infection history) were recruited based on self-

reported symptom-free with negative IgG antibody and negative

PCR test of nasopharyngeal swab before vaccination. The disease

severity of COVID-19 recovered patients was defined according

to the Guidelines of the Diagnosis and Treatment for SARS-

CoV-2 issued by the Chinese National Health Committee

(Version 7). All participants were without severe health

conditions or immune-related diseases that may affect the

vaccine response. Clinical data in the acute phase were

obtained from electronic medical records, including

demographic, clinical manifestation, and comorbidities. The

overall incidence of adverse reactions was collected by two

trained physicians via a standard questionnaire. The study

protocol was approved by the Ethics Committee of Wuhan

Union Hospital, Tongji Medical College, Huazhong University

of Science and Technology.
Sample collection and isolation

5-10mL of venous blood from participants was collected to

isolate plasma and peripheral blood mononuclear cells

(PBMCs). After centrifugation at 3000g for 15 min, followed

by 30 min inactivation at 56°C, plasma samples were stored at

-80 °C for further experiments. PBMCs were isolated using Ficoll

density gradient centrifugation (DAKEWE Biotech, Beijing,

China). The fresh PBMCs were stimulated rapidly and then

tested by flow cytometry analysis, and the remaining PMBCs

were cryopreserved in cell freezing medium (NCM biotech,

Suzhou, China).
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SARS-CoV-2 specific antibodies analysis

The anti-S-RBD IgG kit in an indirect chemiluminescence

immunoassay to recognize the SARS-CoV-2 receptor binding

domain (RBD) of the S protein. The SARS-CoV-2 Neutralizing

Antibody Assay Kit (WT, Alpha, Beta, Delta, and Omicron) is an

in vitro quantitation of ACE-2:RBD interaction by the fully-auto

chemiluminescence immunoassay analyzer MAGLUMI™ X8

(Snibe, Shenzhen, China). The antibody titer in the blood is

tested for the level of blockade of the interaction. The kit

reported that anti-S-RBD-IgG tests have 100% sensitivity(≥15

days post symptom onset) and 99.6% specificity for the diagnosis

of COVID-19. The cut-off value was 1 AU/mL for anti-S-RBD-

IgG and 5 AU/mL for NAbs. The specific antibody detection

methods were performed as previously described (20).
Enumeration of B cells secreting IgG
antibodies specific for the
SARS-CoV-2 RBD

The Enumeration of B cells secreting SARS-CoV-2 RBD-

specific IgG was measured by ELISpot Path: Human IgG (SARS-

CoV-2, RBD) HRP kit (Mabtech AB, Sweden) as manufacturer’s

procedure. Briefly, cryopreserved PBMCs were resuscitated and

rested in a 37°C and 5% CO2 incubator. Then, cells were pre-

stimulated in vitro with complete medium containing R848 (1

µg/ml) and rIL-2 (10 ng/ml) for three days under sterile

conditions to secrete a detectable amount of antibody (21).

Following pre-stimulation, the cells were incubated in an

ELISpot plate for an additional 24 hours. Washed the plate

extensively, added 100ul/well diluted RBD-WASP solution, and

incubated for 2h at room temperature. Anti-WASP-HRP

solution and TMB substrate solution were subsequently added;

developed until spots emerged, stopped, and left the plate to dry.

The spots were inspected and counted using an automated

ELISpot reader.
Analysis of the SARS-CoV-2-specific
T cell response

Virus-specific T cells stimulation
Fresh PBMCs suspension was seed on 96-well flat-bottom

plate. Prepare the mixture of complete medium (RPMI-1640

containing 10% fetal calf serum, 100U/ml penicillin, 100ug/ml

streptomycin, and 100um HEPES) with or without overlapping

peptide pools covering entire sequences of SARS-CoV-2 spike

glycoprotein (S, GenScript, Cat No.RP30027), membrane (M,

GenScript, Cat No.RP30022), or nucleocapsid (N, GenScript,

Cat No.RP30013) proteins respectively. Then costimulatory

reagent anti-CD28/CD49d (BD Biosciences) and recombinant
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interleukin-2 (rIL-2; Hoffmann-La Roche) were added to the

cultures. The PBMCs were stimulated for 9 days in vitro at a 37°

C and 5% CO2 incubator, with fresh medium containing IL-2

added twice a week. On day 10, the cells were harvested and

tested for intracellular expression after re-stimulation with

corresponding peptide pools for 5 hours. Polyclonally

activators (PMA, phorbol 12-myristate 13-acetate and Iono,

ionomycin), were added as positive controls and those without

peptide stimulation as negative controls. Brefeldin A (BFA,

eBioscience, Invitrogen™ USA) was added to block cytokine

release outside the cell. After re-stimulation, the cells were

analyzed by intracellular cytokine staining (ICS) with

subsequent flow cytometry.

Surface and intracellular cytokine staining
For cell surface staining, cells were incubated with relevant

fluorochrome-labeled antibodies for 30 min at 4°C in the dark.

The anti-human monoclonal antibodies used in surface staining

included APC-eFluor® 780-anti-CD3, PerCP-Cyanine5.5-anti-

CD4, and PE-Cyanine7-anti-CD8 (all from eBioscience,

Invitrogen™, USA). Cell debris and dead cells were excluded

from the analysis based on scatter signals and Fixable Viability

Dye eFluor™ 506 (eBioscience, Invitrogen™, USA). For ICS,

cells were stained with FITC-anti-IFN-g, PE-anti-IL-2, and
APC-anti-TNFa (all from eBioscience, Invitrogen™, USA)

after fixed and permeabilized with the Intracellular Fixation &

Permeabilization Buffer Set (Invitrogen, USA). Approximately

100,000 events were acquired for each sample using a BD FACS

Canto II flow cytometer. Data were processed using Flow Jo

software V10.0.7 (Tree Star, Ashland, OR, USA). For data

analysis, frequencies of cytokines-producing CD4+ and CD8+

T cells were analyzed by subtracting the unstimulated control

(UN). T cell response was defined as positive expression

exceeding 2-fold UN. Additionally, the number of peptide

pools the T cells responding to was defined as the breadth of

SARS-CoV-2-specific T cell responses. And, the number of

producing-cytokines was defined as the functionality of SARS-

CoV-2-specific T cell responses. Samples with non-response

positive controls were excluded from further analysis.
Statistical analysis

Statistical significance was determined by SPSS software

(version 25.0, IBM, Chicago, IL, USA) and graphical

presentations were made with GraphPad Prism (version 9.0,

California, USA) or Origin (version 2022, Massachusetts, USA).

Continuous variables were presented as median and

interquartile range (IQR), while categorical variables were

expressed as number (n) and percentage (%). The Chi-square

or Fisher’s exact test was used for categorical data statistical

analysis. Paired or unpaired t-test, Mann-Whitney U test, and
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Kruskal-Wallis test followed by Dunn’s multiple comparisons

test were used to determine significant differences for continuous

data where appropriate. Correlations between two continuous

variables were performed by Spearman’s rank correlation test. A

two-sided P value <0.05 was considered statistically significant.

ns, no significance; *, P<0.05; **, P<0.01; ***, P <0.001; ****,

P <0.0001.
Results

Characteristics of the study cohort

A total of 149 samples (SR: N=80 and HC: N=69) from 114

participants (SR: N=51 and HC: N=63) were collected and

divided into four groups based on previous COVID-19

exposure and vaccination: (1) HC-baseline: healthy individuals

without vaccination, (N=14); (2) HC-vaccination: healthy

individuals with vaccination, (N=55); (3) SR-baseline: SARS-

CoV-2 recovered individuals without vaccination, (N=40); (4)

SR-vaccination: SARS-CoV-2 recovered individuals with

vaccination, (N=40) (Figure S1). 55 participants from the HC-

vaccination group (55 samples) all received two doses of

inactivated vaccines and 6 participants had sequential samples

pre- and post-vaccination. In addition, the 40 samples of the SR-

vaccination group were collected from 35 SARS-CoV-2

recovered patients, containing 30 samples following one-dose

immunizat ion and 10 samples fol lowing two-dose

immunization. In 24 SR participants, blood samples were

collected at 2 to 4 different time points pre- and post-

vaccination. The demographic and vaccine-related information

of the recruited participants is provided in Table S1. The median

time from symptom onset to follow-up in the SR-vaccination

group was 549 days (IQR:518-592 days); the IQR of interval time

from 1st vaccination to follow-up ranged from 21 to 65.5 days

with a median time of 44 days.
Safety evaluation of inactivated vaccines
in SARS-CoV-2 recovered participants

The adverse reactions were investigated from vaccination

recipients via a standard questionnaire to evaluate the safety of

inactivated vaccines. The overall incidence of adverse reactions

was 42.9% in 35 SARS-CoV-2 recovered individuals (Figure 1A;

Table S2). Injection-site pain and swelling were the most

common adverse reactions with an incidence of 31.4%, which

was comparable to that in the HC-vaccination group (32.7%). For

systematic adverse reactions, 11.4% (4/35) SR participants had a

mild fever following vaccination and only 1.8% (1/55) in the HC-

vaccination group (P=0.073, Table S2). There was no serious side

effect in our investigation and all of the adverse reactions were

mild and self-resolved consistent with previous reports (17).
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Antibody responses to SARS-CoV-2
inactivated vaccines

At baseline, all healthy individuals had undetectable levels of

NAbs against WT, while almost all SARS-CoV-2 recovered

patients had positive antibodies over one-year post symptom

onset, only 3 individuals with NAbs against WT below the cut-

off value (Figure 1B). Following two doses of vaccines, the anti-S-

RBD IgG and NAbs against WT boosted significantly in healthy

individuals up to a comparable level of antibody titers as SARS-

CoV-2 exposed participants (Figure 1B; anti-S-RBD IgG,

P<0.001; NAbs against WT, P<0.001). Similar changes were

observed in 6 healthy individuals who had pre- and post-

vaccination longitudinal paired data with an increased fold-

change of 3.40 in anti-S-RBD IgG and 3.48 in NAbs against WT

(Figure 1C). In SARS-CoV-2 recovered patients, both anti-S-

RBD IgG and NAbs against WT increased rapidly following the

first dose vaccination, whereas no significant increase of

antibody titers was observed after the second vaccination

(Figure 1B). All the 24 recovered participants with pre- and

post-vaccination longitudinal paired data expressed positive

responses of anti-S-RBD IgG and NAbs against WT, even in

one female recipient with undetectable NAbs before vaccination

(from 0.58AU/ml to 101.1AU/ml). The anti-S-RBD IgG

increased with a fold-change of 1.56 in the SR group, and the

NAbs increased with a fold-change of 1.48 (Figure 1C). The

increased magnitude of antibody titer in recovered patients was

smaller than that in healthy individuals.
Neutralizing antibodies against
SARS-CoV-2 VOCs after inactivated
vaccination

Focusing on the emergence of VOCs, such as B.1.1.7

(Alpha), B.1.351 (Beta), and B.1.617.2 (Delta) exhibited

immune evasion capacity, we further assessed the neutralizing

antibodies against the VOCs using sera from healthy and SARS-

CoV-2 recovered vaccine recipients. The results showed that the

neutralizing capacity against VOCs increased significantly after

vaccination no matter in healthy individuals or SARS-CoV-2

recovered individuals (Figure 2A). Besides, the increasing trend

of vaccine-induced neutralizing antibodies against VOCs was

similar to anti-S-RBD IgG and NAbs against wild type (WT), we

didn’t observe additional neutralizing antibody responses

against VOCs in SARS-CoV-2 recovered individuals after the

second dose of vaccine (Figure 2A). In longitudinal paired data,

the NAbs titers against VOCs of 6 HC and 24 SR individuals had

varying degrees of elevation (Figure 2B). Encouragingly, SARS-

CoV-2 exposed patients with undetectable NAbs against VOCs

over one-year post symptom onset performed excellent

neutralization activity following enhanced immunization with

COVID-19 inactivated vaccine (Figure 2B, right). Moreover,
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B

C

A

FIGURE 1

Antibody responses following inactivated vaccination in SARS-CoV-2 recovered patients (SR) and healthy individuals (HC). (A) The incidence of
adverse reactions after vaccination in SR (N=35) and HC (N=55) patients. (B) The titer of anti-S-RBD-IgG and NAbs (WT) before or after
vaccination in SR (baseline, N=40; vaccination, N=40 with 1st dose, N=30; 2nd dose, N=10) and HC (baseline, N=14; vaccination, N=55) group.
Data are shown with median and IQR. (C) The fold-change of anti-S-RBD-IgG and NAbs increased pre- (black) and post- (red) vaccination in
paired HC (N=6, paired data) and SR (N=24, paired data) individuals. The horizontal dotted line or shadow represented the cut-off value. The
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (B) and paired t-test (C) were used for statistical analysis. ns, no significance,
**P<0.01, ***P <0.001, ****P < 0.0001.
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Figure 2C illustrated that compared with the NAbs titers against

WT, the titers against B.1.351 (Beta), and B.1.617.2 (Delta)

VOCs decreased both in SR and HC groups, regardless of

vaccination (all P<0.0001). There was no significant difference

of NAbs titer between wild type and B.1.1.7 (Alpha) VOCs

(Figure 2C). In addition, no significant difference of anti-S-RBD

IgG and NAbs titers was observed between different age, sex, and

disease severity in SARS-CoV-2 recovered patients (Figure S2).

Next, we investigated the longitudinal profiling of humoral

immune response over time. The results demonstrated robust

antibody responses to SARS-CoV-2 wild type and VOCs last for

at least 3 months and remained at a relatively stable level after

COVID-19 inactivated vaccination (Figure 3A), with the longest

data of 115 days post-vaccination in this study. Similarly, the

seropositivity of NAbs against WT and VOCs remained stable
Frontiers in Immunology 06
(100%) in 3 months after vaccination (Figure 3B). Considering that

anti-spike IgG played a crucial role in neutralization against SARS-

CoV-2 infection, we further analyzed the relationship between anti-

S-RBD IgG and NAbs. The titers of anti-S-RBD IgG correlated

strongly with NAbs titers against SARS-CoV-2 WT and VOCs in

SR individuals no matter pre- or post-vaccination (Figure 3C).

The recent emerging VOC B.1.1.529 (Omicron) with more

transmissible and immune escape has quickly raised global

attention due to its multiple mutations. NAbs against Omicron

were plotted in 10 SARS-CoV-2 recovered individuals in

Figure 4. Obviously, Omicron variant showed the most

significant resistance to neutralizing antibodies than other

SARS-CoV-2 variants (Figure 4A). Notably, the plasma from

SARS-CoV-2 exposed patients exhibited significant boost

neutralizing ability to Omicron variant post enhanced
B

C

A

FIGURE 2

Neutralizing Antibody against variant of concerns (VOCs) following inactivated vaccination. (A) The titers of NAbs (VOCs) before or after
vaccination in SR (baseline, N=40; vaccination, N=40 with 1st dose, N=30; 2nd dose, N=10) and HC (Baseline, N=14; vaccination, N=55) group.
Data are shown with median and IQR. (B) he changes of NAbs against VOCs increased pre- (black) and post- (red) vaccination in paired HC
(N=6, paired data) and SR (N=24, paired data) individuals. (C) he comparison of NAbs titers between SARS-CoV-2 wild type(WT)and VOCs in HC
(left) and SR (right) group. The horizontal dotted line or shadow represented the cut-off value. Kruskal-Wallis test followed by Dunn’s multiple
comparisons test (A, C) and paired t-test (B) were used for statistical analysis. ns: no significance, *P < 0.05, **P<0.01, ****P < 0.0001. HC,
healthy control; SR, SARS-CoV-2 recovered patients.
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vaccination (Figures 4B, C). NAbs against Omicron responded

rapidly within one-month following one-dose vaccination and

lasted for at least four months in one recovered patient

(Figure 4B). A similar trend was observed in another 9 SR

individuals; the titer of NAbs against Omicron within the first

month, second month or third month was higher than that post-

vaccination (Figure 4C).
SARS-CoV-2 RBD-specific antibody-
secreting cells (ASCs) responses to
inactivated vaccines

To identify the function of SARS-CoV-2-specific B cells after

vaccination, RBD-specific IgG ASCs were detected by ELISpot
Frontiers in Immunology 07
assay among HC-vaccination (N=15, completed vaccination),

SR-baseline (N=16, without vaccination), and SR-vaccination

(N=11, with one-dose vaccination) group (Figure 5A). RBD-

specific IgG ASCs existed at pre-vaccination baseline in SARS-

CoV-2 recovered individuals over one-year post symptom onset

(Figures 5A, B). Nonetheless, the number of RBD-specific IgG

ASCs whether at baseline (P<0.01) or post-vaccination (P<0.05)

from the SARS-CoV-2 recovered group were significantly higher

than that in healthy vaccine recipients, these pre-existing RBD-

specific IgG ASCs were not further boosted after vaccination in

our study (Figure 5B). Moreover, the number of spots of RBD-

specific ASCs were also correlated with anti-S-RBD IgG

(r=0.4353) and neutralizing antibody (against WT, r=0.5339;

Alpha, r=0.5749; Beta, r=0.4592; Gamma, r=0.4670)

titers (Figure 5C).
B

C

A

FIGURE 3

Kinetics of antibody responses in SARS-CoV-2 recovered patients with inactivated vaccination and the correlation between anti-S-RBD IgG and
NAbs. (A) The dynamics of antibody titers (left Y-axis: anti-S-RBD IgG; right Y-axis: NAbs titers against WT and VOCs) within 3 months in SARS-
CoV-2 recovered patients (baseline, N=40; post-vaccination 1 month, N=14, 2 months, N=10, and ≥3 months, N=16). (B) Sero-positivity within 3
months in SARS-CoV-2 recovered patients (baseline, N=40; post-vaccination 1 month, N=14, 2 months, N=10,and ≥3 months, N=16). (C) The
correlation between anti-S-RBD IgG and NAbs pre- (N=40) and post- (N=40) vaccination in SARS-CoV-2 recovered group. Spearman’s rank
correlation test was used for statistical analysis.
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Specific T cell responses to SARS-CoV-2
inactivated vaccines

To evaluate the effector capacity of SARS-CoV-2 specific T

cells after vaccination, we stimulated the PBMCs in vitro with

overlapping peptides spanning the SARS-CoV-2 spike (S)

membrane (M), and nucleocapsid (N) proteins, and next

characterized the multi-specific CD4+ and CD8+ T cells

responses for intracellular cytokines (IFN-g, IL-2, and TNF-a)
production by flow cytometry. 12 SARS-CoV-2 recovered
Frontiers in Immunology 08
participants who received one-dose vaccine and 20 SARS-

CoV-2 recovered participants without vaccination (baseline)

were performed T cells detection. Figure S3 showed the gating

strategy of flow cytometry for intracellular cytokines production

of CD4+ and CD8+ T cells.

In line with the findings of SARS-CoV-2-specific B cells, the

circulating antigen-specific CD4+ and CD8+ T cells were still

present in SARS-CoV- recovered subjects before vaccination

(Figure 6). Firstly, we found that the magnitude of overall CD4+

T cell response which produced at least one cytokine (IFN-g, IL-
B

C

A

FIGURE 4

NAbs against Omicron in SARS-CoV-2 recovered patients following inactivated vaccination. (A) The comparison of NAbs between Omicron
variant and WT or VOC. (B, C) Sequential response of NAbs against Omicron and other virus types in 10 SARS-CoV-2 recovered patients.
Kruskal-Wallis test was used for statistical analysis. ns: no significance, **P<0.01, ***P <0.001, ****P < 0.0001.
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2, and TNF-a) with peptide pool stimulation was significantly

higher after booster vaccination; and the S-, M-, and N-specific

CD4+ T cell responses were detected in 100% (12/12), 100% (12/

12), and 91.7% (11/12) of SR individuals post-vaccination

(Figure 6A). Moreover, 66.7% (8/12) of SR individuals

exhibited positive CD8+ T cell response post-vaccination. For

the breadth of SARS-CoV-2-specific T cell responses, we

observed that 20% (4/20) of the SR participants weren’t with

any detectable specific CD4+ T cell responses at baseline, and

40% (8/20) showed T cell responses against three peptide pools.

After boost vaccination, all the participants obtained specific
Frontiers in Immunology 09
CD4+ T cell responses against S, M, or N peptide pool, of which

91.7% (11/12) responded to three peptide pools (Figure 6B, left).

At the baseline, CD8+ T cell responses against three peptide

pools were detectable in 35% (7/20) of SR individuals and up to

66.7% (8/12) post-vaccination (Figure 6B, right).

Furthermore, similar results were illustrated when cytokine-

producing T cell was analyzed as single cytokine expression. After

vaccine immunization, the frequencies of specific IFN-g+ CD4+ T
cells, IL-2+ CD4+ T cells, and TNF-a+ CD4+ T cells in response to

S peptides were significantly increased in SARS-CoV-2 recovered

participants (Figure S4, all P<0.0001). In addition, IL-2+ CD4+ T
B

C

A

FIGURE 5

SARS-CoV-2 RBD-specific B cell responses after booster vaccination. (A) ELISpot assay for representative RBD-specific B cell spots in HC
(Vaccination, N=15) and SR (Baseline, N=16; vaccination, N=11) subjects. (B) The comparison of the number of RBD-specific ASCs between SR
patients and HC individuals. (C) The correlation between RBD-specific ASCs and antibody titers post-vaccination (N=21, HC-vaccination 10
samples, SR-vaccination 11 samples). Kruskal-Wallis test followed by Dunn’s multiple comparisons test (B) and Spearman’s rank correlation test
(C) were used for statistical analysis. ns: no significance, *P < 0.05, **P<0.01, HC: healthy control; SR: SARS-CoV-2 recovered patients. ASCs:
antibody-secreting cells. The median (IQR) number of RBD-specific ASCs for HC-vaccination group is 17(10-34), for SR-baseline group is 101
(32-280), and for SR-vaccination group is 79(20-198).
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cells in response to M and N peptides after vaccination were

significantly higher than pre-vaccination in SARS-CoV-2

recovered participants. In contrast to CD4+ T cells, multi-

specific CD8+ T cell responses appeared little augmented in

SARS-CoV-2 recovered individuals post-vaccination (Figure

S4A). Except for the frequencies of IFN-g+ CD8+ T cells against

spike antigen increased following immunization, there was no

significant increase after stimulation with M or N peptides (Figure

S4). We then focused on the multi-functionality of SARS-CoV-2-

specific T cells producing multiple cytokines after vaccination. We

observed increased frequencies of antigen-specific T cells

producing 2 or 3 cytokines in combination with booster

vaccination (Table S3). At baseline, more than half the

individuals produced only one cytokine or none at all
Frontiers in Immunology 10
(Figure 6C; Table S3). After vaccination, the proportion of the

multi-specific CD4+ T cells secreting three cytokines increased

significantly (S, 91.7%; M, 75.0%; N, 83.3%; all P<0.05; Figure 6C

left, Table S3). Although there was no statistical significance, a

similar tendency of CD8+ T cells producing three-cytokines was

observed following booster vaccination (Figure 6C and Table S3).
Discussion

Heated debate has occurred about whether SARS-CoV-2

vaccination is necessary to recovered COVID-19 individuals

who acquired protective immunity from natural SARS-CoV-2

infection (22, 23). Here, we provided comprehensive profiling of
B

C

A

FIGURE 6

SARS-CoV-2-specific cytokine-producing T cells responses in SARS-CoV-2 recovered (SR) patients. (A) The frequencies and positive response
rate of overall SARS-CoV-2-specific CD4+ T cells in responses to overlapping peptide pools including spike (S, blue), membrane (M, red), and
nucleocapsid (N, green) peptide in SARS-CoV-2 recovered individuals at baseline (n=20) and post-vaccination (n=12). Each dot indicates one
subject and the short line represents the median value of each group. (B) The breadth of SARS-CoV-2-specific CD4+ and CD8+ T cell responses
at baseline and post-vaccination. (C) The multi-functionality of CD4+ and CD8+ T cell responses in SARS-CoV-2 recovered patients at baseline
and post-vaccination. Frequencies of cytokines-producing CD4+ and CD8+ T cells were calculated as the background (UN, unstimulated
control) subtracted. The magnitude of overall T cell response refers to the sum of the frequencies of any cytokine (IFN-g, IL-2, and TNF-a) with
peptide pool stimulation. A T cell response was defined as a positive expression exceeding 2-fold UN. The number of peptide pools the T cells
responding to was defined as the breadth of SARS-CoV-2-specific T cell responses. The number of producing-cytokines was defined as the
functionality of SARS-CoV-2-specific T cell responses. Samples with non-response positive controls were excluded from further analysis.
Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used for statistical analysis. ns: no significance, *P < 0.05, ****P < 0.0001.
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adaptive immune responses from COVID-19 recovered patients

following SARS-CoV-2 inactivated vaccine. Our findings

suggested that SARS-CoV-2 inactivated vaccines had a

favorable safety profile in COVID-19 recovered individuals,

and one single dose of inactivated vaccine was sufficient to

elicit a robust antibody response. A booster vaccination could

improve their capacity to neutralize SARS-CoV-2 WT and

various VOCs (including Alpha, Beta, Delta, and Omicron).

RBD-specific IgG secreting B cells were detectable in SARS-

CoV-2 recovered patients, and significantly higher than that of

healthy vaccine recipients. Moreover, antigen-specific T cell

response exhibited more augmented magnitude and multi-

functionality after vaccination. This real-world study filled the

gap of limited data in clinical trials regarding SARS-CoV-2

recovered patients, providing different perspectives on the

safety and immunogenicity of recovered patients receiving

inactivated vaccines.

Our serological data are in agreement with several recent

published studies about mRNA vaccines (14–17), indicating the

maximized titers of anti-S-RBD IgG and neutralizing antibody

were induced by one-dose vaccine. This may be due to the fact

that the naturally infected individuals have a pre-existing SARS-

CoV-2 specific memory response, so the first dose of vaccine

plays a role as boost vaccination (9). In line with these results,

healthy individuals only achieve a robust antibody response until

they complete the two-dose vaccination regimen (14, 15). In

addition, our data showed that all recipients’ ability to neutralize

the SARS-CoV-2 VOCs significantly enhanced after vaccination.

These results were encouraging and further illustrated the

necessity for booster vaccination in the context of the

prevalence of mutant strains. Notably, recent real-world

studies proved that the vaccination among individuals with

previous SARS-CoV-2 infection decreased the risk of

reinfection and hospitalization (24, 25).

Data in this study was consistent with previous reports that

no additional increase in antibody levels was observed after the

second vaccine dose among SARS-CoV-2 recovered patients (15,

16, 26, 27). One possibility is that the high titer of antibodies

after the first vaccine dose in SARS-CoV-2 recovered patients

were sufficient to bind and prevent the presentation of spike

epitopes, and the hyper-immune activation limits further boost

of the immune response (26–28). Despite the second dose

doesn’t show an additional increase of antibody titers in

SARS-CoV-2 recovered individuals, whether it plays a role in

other immunological features remains unclear. After all, Thiago

et al. have found that a second dose of booster vaccination

conferred additional protection contributing to reduced

morbidity and mortality (24). Moreover, a longer dosing

interval between two vaccinations and heterologous SARS-

CoV-2 booster vaccination might favor better immune

responses (20, 29). Thus, strategies regarding the second dose

of SARS-CoV-2 vaccine in convalescent patients need to be

further investigated.
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As our expectation, the number of RBD IgG-secreting B cells

by the recovered patients is significantly higher than that of

healthy vaccine recipients, regardless of whether the recovered

patients were vaccinated or not. It is understandable as SARS-

CoV-2 recovered patients had pre-existing immunity before

vaccination (30). Unexpectedly, the recovered patients showed

no statistical difference in their specific B cell levels after

vaccination compared with baseline levels. This was

inconsistent with studies about memory B cells induced by

mRNA vaccines, which resulted in a significant increase in

RBD-specific memory B cells in SARS-CoV-2 recovered

patients (14, 31). One possible explanation for this discrepancy

is our baseline data were obtained from SARS-CoV-2 recovered

subjects approximately 6 months earlier before vaccination.

During this period, the pre-existing RBD-specific circulating B

cells in the SARS-CoV-2 recovered group may experience a

further contraction. Moreover, specific B cells are undergoing

development and differentiation in the early phase of immune

responses (21); the B cells response may not increase to the peak

value at our following time. Anyway, our results exhibited

favorable SARS-CoV-2-specific B cell response in SARS-CoV-2

recovered patients.

SARS-CoV-2 specific T cells constitute an important part of

adaptive immunity against virus infection and correlate with

clinical protection (32). Most naturally infected patients have

established broad and strong T cell memory to multiple target

SARS-CoV-2 antigen in the early convalescent phase, and the

memory response declined over time with a half-life of 3-5

months (9, 19, 33). One-dose mRNA vaccination has been

proved to reactivate robust SARS-CoV-2 specific memory T

cell responses in COVID-19 recovered subjects. Our results

demonstrated that strong CD4+ T cell and weak CD8+ T cell

responses were reactivated by inactivated vaccination in

COVID-19 recovered individuals over one year from disease

onset, which may be due to the role of helper T (Th) cells

assisting with antibody production. Similarly, a previous study

about inactivated vaccines did not report strong CD8+ T cell

responses (20). However, we didn’t observe significant

correlation between the antibody titers and T cell responses

(data unshown), consistent with the results in healthy

individuals who received inactivated vaccination (5). In this

regard, humoral and cellular immune responses in COVID-19

recovered individuals following SARS-CoV-2 inactivated

vaccination should be further addressed in the future.

Our study has several limitations. First, further studies with

larger samples are needed to identify the long-term immune

memory after vaccination and the protective ability against re-

infection. Second, it’s hard to acquire enough samples to

characterize other phenotypical features of the SARS-CoV-2

specific lymphocytes, like follicular helper T cell (Tfh) and

their correlation with antibody responses. Third, despite we

have showed NAbs against Omicron in several individuals, it

is necessary to further investigate the immune escape of
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emerging Omicron and other VOCs in larger cohort, which is

currently responsible for most cases and deaths around the

world (3). Lastly, the SARS-CoV-2 live virus or pseudo-typed

neutralization assays is necessary to use in our future research.

Taken together, SARS-CoV-2 recovered patients expressed

excellent humoral and cellular immune responses after being

boosted by a single dose of inactivated vaccine. Thevaccination

enhanced the protective effects of neutralizing antibodies against

the VOCs in both SARS-CoV-2 infected or naive individuals. Our

study helps determine the optimal strategies for vaccination. Given

the continuous emergence of novel VOCs, booster vaccination is

advocated to counter the resurgence of the epidemic.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Wuhan Union Hospital,

Tongji Medical College, Huazhong University of Science and

Technology. The patients/participants provided their written

informed consent to participate in this study.
Author contributions

XZ, BL, and TX designed and conceived the study. BL, TX,

HW, and ZL performed the experiments. BL, TX, HW, ZL, XQ,

SML, SHL, LF, LX, TW, XW, BZ, JW, DY, JL, and XZ enrolled

patients and acquired the data. XF and LF assistant with sample

collection. BL and TX analyzed the data, contributed to the

charts and drafted the manuscript. XZ revised the manuscript.

All authors contributed to the article and approved the

submitted version.
Frontiers in Immunology 12
Funding

This study was supported by the National Science and

Technology Major Project of China (92169121), the Applied

Basic and Frontier Technology Research Project of Wuhan

(2020020601012233), the Science and Technology Key Project

on Novel Coronavirus Pneumonia, Hubei Province

(2020FCA002), the Fundamental Research Funds for the

Central Universities (2020kfyXGYJ016 and 2020kfyXGYJ028),

and the Key Biosafety Science and Technology Program of

Hubei Jiangxia Laboratory (JXBS001).
Acknowledgments

We appreciate Shenzhen New Industry Biomedical

Engineering Co., Ltd. for providing MAGLUMI SARS-CoV-2

antibodies assay kits.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.966098/full#supplementary-material.
References

1. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison
EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev
Microbiol (2021) 19:409–24. doi: 10.1038/s41579-021-00573-0

2. Tao K, Tzou PL, Nouhin J, Gupta RK, de Oliveira T, Kosakovsky PS, et al.
The biological and clinical significance of emerging SARS-CoV-2 variants. Nat Rev
Genet (2021) 22:757–73. doi: 10.1038/s41576-021-00408-x

3. Ai J, Zhang H, Zhang Y, Lin K, Zhang Y, Wu J, et al. Omicron variant showed
lower neutralizing sensitivity than other SARS-CoV-2 variants to immune sera
elicited by vaccines after boost. Emerg Microbes Infect (2022) 11(1):337–43. doi:
10.1080/22221751.2021.2022440
4. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. N Engl J Med (2020)
383:2603–15. doi: 10.1056/NEJMoa2034577

5. Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, et al. Safety, tolerability,
and immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults
aged 18-59 years: A randomised, double-blind, placebo-controlled, phase 1/2
clinical trial. Lancet Infect Dis (2021) 21:181–92. doi: 10.1016/S1473-3099(20)
30843-4

6. Al KN, Zhang Y, Xia S, Yang Y, Al QM, Abdulrazzaq N, et al. Effect of
2 inactivated SARS-CoV-2 vaccines on symptomatic COVID-19 infection in
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.966098/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.966098/full#supplementary-material
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41576-021-00408-x
https://doi.org/10.1080/22221751.2021.2022440
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/S1473-3099(20)30843-4
https://doi.org/10.1016/S1473-3099(20)30843-4
https://doi.org/10.3389/fimmu.2022.966098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liang et al. 10.3389/fimmu.2022.966098
adults: A randomized clinical trial. JAMA (2021) 326:35–45. doi: 10.1001/
jama.2021.8565

7. Jara A, Undurraga EA, Gonzalez C, Paredes F, Fontecilla T, Jara G, et al.
Effectiveness of an inactivated SARS-CoV-2 vaccine in Chile. N Engl J Med (2021)
385:875–84. doi: 10.1056/NEJMoa2107715

8. Lopez BJ, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al.
Effectiveness of covid-19 vaccines against the B.1.617.2 (Delta) variant. N Engl J
Med (2021) 385:585–94. doi: 10.1056/NEJMoa2108891

9. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science (2021)
371:6529. doi: 10.1126/science.abf4063

10. Xiang T, Liang B, Fang Y, Lu S, Li S, Wang H, et al. Declining levels of
neutralizing antibodies against SARS-CoV-2 in convalescent COVID-19 patients
one year post symptom onset. Front Immunol (2021) 12:708523. doi: 10.3389/
fimmu.2021.708523

11. Li C, Yu D, Wu X, Liang H, Zhou Z, Xie Y, et al. Twelve-month specific IgG
response to SARS-CoV-2 receptor-binding domain among COVID-19
convalescent plasma donors in wuhan. Nat Commun (2021) 12:4144. doi:
10.1038/s41467-021-24230-5

12. Hoffmann M, Hofmann-Winkler H, Kruger N, Kempf A, Nehlmeier I,
Graichen L, et al. SARS-CoV-2 variant B.1.617 is resistant to bamlanivimab and
evades antibodies induced by infection and vaccination. Cell Rep (2021) 36:109415.
doi: 10.1016/j.celrep.2021.109415

13. Edara VV, Pinsky BA, Suthar MS, Lai L, Davis-Gardner ME, Floyd K, et al.
Infection and vaccine-induced neutralizing antibody responses to the SARS-CoV-2
B.1.617.1 variant. N Engl J Med (2021) 385(7):664–6. doi: 10.1101/2021.05.09.443299

14. Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru O,
et al. Distinct antibody and memory b cell responses in SARS-CoV-2 naive and
recovered individuals following mRNA vaccination. Sci Immunol (2021) 6(58). doi:
10.1101/2021.03.03.21252872

15. Mazzoni A, Di Lauria N, Maggi L, Salvati L, Vanni A, Capone M, et al. First-
dose mRNA vaccination is sufficient to reactivate immunological memory to
SARS-CoV-2 in subjects who have recovered from COVID-19. J Clin Invest
(2021) 131(12):e149150. doi: 10.1172/JCI149150

16. Ebinger JE, Fert-Bober J, Printsev I, Wu M, Sun N, Prostko JC, et al.
Antibody responses to the BNT162b2 mRNA vaccine in individuals previously
infected with SARS-CoV-2. Nat Med (2021) 27:981–4. doi: 10.1038/s41591-021-
01325-6

17. Callegaro A, Borleri D, Farina C, Napolitano G, Valenti D, Rizzi M, et al.
Antibody response to SARS-CoV-2 vaccination is extremely vivacious in subjects
with previous SARS-CoV-2 infection. J Med Virol (2021) 93:4612–5. doi: 10.1002/
jmv.26982

18. Rodda LB, Netland J, Shehata L, Pruner KB, Morawski PA, Thouvenel CD,
et al. Functional SARS-CoV-2-Specific immune memory persists after mild
COVID-19. Cell (2021) 184:169–83. doi: 10.1016/j.cell.2020.11.029

19. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR,
et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with
COVID-19 disease and unexposed individuals. Cell (2020) 181:1489–501. doi:
10.1016/j.cell.2020.05.015
Frontiers in Immunology 13
20. Li Z, Xiang T, Liang B, Deng H, Wang H, Feng X, et al. Characterization of
SARS-CoV-2-Specific humoral and cellular immune responses induced by
inactivated COVID-19 vaccines in a real-world setting. Front Immunol (2021)
12:802858. doi: 10.3389/fimmu.2021.802858

21. Sherina N, Piralla A, Du L, Wan H, Kumagai-Braesch M, Andrell J, et al.
Persistence of SARS-CoV-2-specific b and T cell responses in convalescent
COVID-19 patients 6-8 months after the infection. Med (N Y) (2021) 2:281–95.
doi: 10.1016/j.medj.2021.02.001

22. Wu J, Liang B, Chen C, Wang H, Fang Y, Shen S, et al. SARS-CoV-2
infection induces sustained humoral immune responses in convalescent patients
following symptomatic COVID-19. Nat Commun (2021) 12:1813. doi: 10.1038/
s41467-021-22034-1

23. Block J. Vaccinating people who have had covid-19: Why doesn't natural
immunity count in the US? BMJ (2021) 374:n2101. doi: 10.1136/bmj.n2101

24. Cerqueira-Silva T, Andrews JR, Boaventura VS, Ranzani OT, de Araujo OV,
Paixao ES, et al. Effectiveness of CoronaVac, ChAdOx1 nCoV-19, BNT162b2, and
Ad26.COV2.S among individuals with previous SARS-CoV-2 infection in Brazil: a
test-negative, case-control study. Lancet Infect Dis (2022) 22(6):791-801.. doi:
10.1016/S1473-3099(22)00140-2

25. Nordstrom P, Ballin M, Nordstrom A. Risk of SARS-CoV-2 reinfection and
COVID-19 hospitalisation in individuals with natural and hybrid immunity: A
retrospective, total population cohort study in Sweden. Lancet Infect Dis (2022) 22
(6):781–90. doi: 10.2139/ssrn.4000584

26. Samanovic MI, Cornelius AR, Gray-Gaillard SL, Allen JR, Karmacharya T,
Wilson JP, et al. Robust immune responses are observed after one dose
ofBNT162b2 mRNA vaccine dose in SARS-CoV-2-experienced individuals. Sci
Transl Med (2022) 14(631):eabi8961. doi: 10.1126/scitranslmed.abi8961

27. Levi R, Azzolini E, Pozzi C, Ubaldi L, Lagioia M, Mantovani A, et al. One
dose of SARS-CoV-2 vaccine exponentially increases antibodies in individuals who
have recovered from symptomatic COVID-19. J Clin Invest (2021) 131(12):
e149154. doi: 10.1172/JCI149154

28. Yi JS, Cox MA, Zajac AJ. T-Cell exhaustion: characteristics, causes and
conversion. Immunology (2010) 129:474–81. doi: 10.1111/j.1365-2567.2010.03255.x

29. Costa CS, Weckx L, Clemens R, Almeida MA, Ramos SA, Silveira M, et al.
Heterologous versus homologous COVID-19 booster vaccination in previous
recipients of two doses of CoronaVac COVID-19 vaccine in Brazil (RHH-001):
A phase 4, non-inferiority, single blind, randomised study. Lancet (2022) 399:521–
9. doi: 10.1016/S0140-6736(22)00094-0

30. Quast I, Tarlinton D. B cell memory: understanding COVID-19. Immunity
(2021) 54:205–10. doi: 10.1016/j.immuni.2021.01.014

31. Goel RR, Painter MM, Apostolidis SA, Mathew D, Meng W, Rosenfeld AM,
et al. mRNA vaccines induce durable immune memory to SARS-CoV-2 and
variants of concern. Science (2021) 374:m829. doi: 10.1126/science.abm0829

32. Chen Z, John WE. T Cell responses in patients with COVID-19. Nat Rev
Immunol (2020) 20:529–36. doi: 10.1038/s41577-020-0402-6

33. Zuo J, Dowell AC, Pearce H, Verma K, Long HM, Begum J, et al. Robust
SARS-CoV-2-specific T cell immunity is maintained at 6 months following
primary infection. Nat Immunol (2021) 22:620–6. doi: 10.1038/s41590-021-
00902-8
frontiersin.org

https://doi.org/10.1001/jama.2021.8565
https://doi.org/10.1001/jama.2021.8565
https://doi.org/10.1056/NEJMoa2107715
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1126/science.abf4063
https://doi.org/10.3389/fimmu.2021.708523
https://doi.org/10.3389/fimmu.2021.708523
https://doi.org/10.1038/s41467-021-24230-5
https://doi.org/10.1016/j.celrep.2021.109415
https://doi.org/10.1101/2021.05.09.443299
https://doi.org/10.1101/2021.03.03.21252872
https://doi.org/10.1172/JCI149150
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1038/s41591-021-01325-6
https://doi.org/10.1002/jmv.26982
https://doi.org/10.1002/jmv.26982
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.3389/fimmu.2021.802858
https://doi.org/10.1016/j.medj.2021.02.001
https://doi.org/10.1038/s41467-021-22034-1
https://doi.org/10.1038/s41467-021-22034-1
https://doi.org/10.1136/bmj.n2101
https://doi.org/10.1016/S1473-3099(22)00140-2
https://doi.org/10.2139/ssrn.4000584
https://doi.org/10.1126/scitranslmed.abi8961
https://doi.org/10.1172/JCI149154
https://doi.org/10.1111/j.1365-2567.2010.03255.x
https://doi.org/10.1016/S0140-6736(22)00094-0
https://doi.org/10.1016/j.immuni.2021.01.014
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1038/s41577-020-0402-6
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.3389/fimmu.2022.966098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Robust humoral and cellular immune responses in long-term convalescent COVID-19 individuals following one-dose SARS-CoV-2 inactivated vaccination
	Introduction
	Methods
	Study design and participants
	Sample collection and isolation
	SARS-CoV-2 specific antibodies analysis
	Enumeration of B cells secreting IgG antibodies specific for the SARS-CoV-2 RBD
	Analysis of the SARS-CoV-2-specific T cell response
	Virus-specific T cells stimulation
	Surface and intracellular cytokine staining

	Statistical analysis

	Results
	Characteristics of the study cohort
	Safety evaluation of inactivated vaccines in SARS-CoV-2 recovered participants
	Antibody responses to SARS-CoV-2 inactivated vaccines
	Neutralizing antibodies against SARS-CoV-2 VOCs after inactivated vaccination
	SARS-CoV-2 RBD-specific antibody-secreting cells (ASCs) responses to inactivated vaccines
	Specific T cell responses to SARS-CoV-2 inactivated vaccines

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


