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ABSTRACT
Here, we regularly followed two SARS-CoV-2 infected cohorts to investigate the combined effects of neutralizing 
antibodies (NAbs) and B and T cell profiles during the convalescent period. Ten infected participants in December 
2022 were selected to assess the effects of an inhaled adenovirus type 5 vectored COVID-19 vaccine (Ad5-nCoV) 
booster on B cells and humoral immunity in the first cohort. To evaluate T cell responses, eight primary and 20 
reinfection participants were included in the second cohort. Blood samples from all 38 participants were collected at 
1-, 2-, and 6-months post-infection. In the first cohort, eighteen monoclonal antibodies (mAbs) with neutralizing 
activity from memory B cells (MBC) against SARS-CoV-2 mutants were obtained by high throughput single-B-cell 
cloning method, which lasted from 1- month to 6- month post infection. The overall number of mAbs from MBC in 
the boosted immunization group was higher than that in the nonboosted immunization group at 2-, and 6-months 
post-infection. In the second cohort, circulating T follicular helper cells (cTfh) and AIM + CD4 + T cells increased over time 
in the reinfection group (P < 0.05). In both cohorts, serum NAb titers showed significant immune escape, while cTfh 
and AIM + CD4 + T cells in the second cohort essentially showed no immune escape to new strains (including XBB, EG.5). 
AIM + CD4 + T cells against BA.5 and EG.5 were strongly negatively correlated with the time to viral clearance in the 
reinfected group at 6-months post-infection. We comprehensively assessed the ability of the SARS-CoV-2 boosted 
immunization and reinfection-induced generation of T/B cell immune memories in preventing reinfection.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic 
has caused an unparalleled worldwide disaster, with 
millions of lives lost, public health systems in shock, 

and economic and social devastation [1]. Inhalable 
vaccines based on the adenovirus type 5 vector 
(Ad5) were designed to mimic how SARS-CoV-2 
enters the human body via the airways [2–4]. Inhaled 
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Ad5 COVID-19 vaccine (Ad5-nCoV) based on a 
sequential vaccination strategy has been reported to 
be safe and capable of inducing more neutralizing 
antibodies (NAbs) against the prototype [5].

Several SARS-CoV-2 variants cause considerable 
immune escape, but a multi-dose combination vaccine 
produces multiple memory B cell (MBC) complexes 
that contain high-affinity neutralizing monoclonal 
antibodies against all sublineages of Omicron [6]. 
Neutralizing monoclonal antibodies (mAbs) against 
the receptor binding domain have been the most effec
tive therapies approved by regulatory agencies (such as 
the US FDA) to treat SARS-CoV-2 infections [7]. One 
approach to generating NAbs is to clone neutralizing 
mAbs from single B cells in convalescent patients 
infected with COVID-19 [7]. Therapeutic proteins 
may induce anti-drug (proteins or mAbs) antibodies 
(ADAs) in human patients, which may alter mAb 
efficacy and even lead to unwanted side effects [8, 9]. 
Furthermore, some mAbs can neutralize multiple 
SARS-CoV-2 variants [10–12]. A recent study ident
ified a mAb using a single-B cell screening platform 
that possessed broad-spectrum neutralization and 
antibody-dependent cell-mediated cytotoxic activities 
against SARS-CoV-2 variants, including EG.5.1 [13]. 
However, the B cell-mediated immune dynamics of 
breakthrough-infected populations with long-term 
follow-up in different vaccine booster statuses have 
not yet been studied.

Presently, increasing cases of reinfection with 
SARS-CoV-2 have been reported worldwide, 
especially with the emergence of the Omicron subline
age, which has been proven to escape the immunity of 
previous infections [14]. In addition, understanding 
the direct effects of mixed immunization is needed 
[15]. The SARS-CoV-2-specific T cell response is cen
tral to controlling viral infections and providing 
immune memory [16]. Some longitudinal studies 
have reported cellular immunity in SARS-CoV-2 
patients, but the subjects did not have primary infec
tions [17, 18]. Another study revealed an interaction 
between the temporal characteristics of SARS-CoV- 
2-specific T cell responses, but the T cell responses 
of patients with different infection statuses were not 
evaluated [19]. A prospective cohort study reported 
the titer of NAb and T cell responses after different 
doses of inactivated vaccine and compared the reinfec
tion with that of non-infection; the detection index 
and analysis depth of the T cell response were rela
tively simple [20]. However, the long-term duration 
of T cell-mediated immunity induced by vaccines, 
infection superposition, and their effectiveness in pre
venting reinfection are largely unclear.

In this study, we conducted a six-month follow-up 
of patients who had received two doses of the inacti
vated COVID-19 vaccine and a breakthrough infec
tion in December 2022. We used high-throughput 

single B cell technology to obtain multiple highly 
effective neutralizing mAbs and divided them into 
two groups according to whether they inhaled Ad5- 
nCoV booster immunization. Additionally, we 
included 28 participants who were primary infected 
or reinfected with SARS-CoV-2 in December 2022. 
We closely monitored the serum neutralization ability, 
circulating T follicular helper cells (cTfh), and CD4+ 

and CD8 + T cell responses. There is a continuous 
emergence of new vaccines, population-based vacci
nation and the emergence of more reinfections in 
the population, but the protective effect of the immune 
level of these objects on subsequent infection was not 
clear, which was worthy of our attention. The objec
tive of this study was to compare the difference of B 
cell-mediated cellular immunity and humoral immu
nity between inhaled Ad5-nCoV booster immunized 
and no booster immunized SARS-CoV-2 break
through infection, and to compare the serum neutral
ization ability, Tfh, CD4 + and CD8 + T cell response 
between SARS-CoV-2 primary infected and reinfected 
participants, to reveal the effects of Ad5-nCoV 
boosted immunity and reinfection on the timing and 
persistence of immune protection.

Materials and methods

Two prospective cohorts

To assess whether heterologous booster immunization 
with aerosol inhalation induces robust B cell-mediated 
immune responses among breakthrough-infected 
patients, the first cohort including 10 participants in 
Nanjing City, Jiangsu Province, who were infected 
with SARS-CoV-2 for the first time in December 
2022, were followed. All participants received the 
first two doses of the inactivated vaccine before the 
primary infection; six received an inhalation booster 
of the Ad5-nCoV; and the remaining four received 
no booster. In the Ad5-nCoV-booster study, the 
time range of breakthrough infection was from 
December 18, 2022, to December 25, 2022. The first 
batch of samples were collected on January 11, 2023, 
the second on February 27, 2023, and the third on 
June 27, 2023.

To evaluate T cell-mediated immunity with SARS- 
CoV-2 reinfection relative to primary infection, we 
included 28 participants from Changzhou City, 
Jiangsu Province to form the second cohort. Among 
them, eight cases were primary infections and 20 
were reinfections with SARS-CoV-2 since December 
2022. Whole blood samples were collected from all 
participants thrice in the first, second, and sixth 
months (Post 1M, 2M, and 6M) after the last infection. 
In the primary infection and reinfection cohorts, the 
subjects were enrolled from June 2023 to November 
2023, and the last batch of samples were collected on 
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March 26, 2024. A flowchart of subject enrollment is 
shown in Figure 1.

Estimation of sample size

Because of the high cost of B cell-mediated cellular 
immunity, we only conducted the study on 10 volun
teers, which did not involve the estimation of the 
sample size. Regarding T cell immunity in individuals 
fully vaccinated against Omicron series strains, the 
specific T cell positive rate for primary infection is 
95.2%, while that for reinfection is 74.3% [18]. With 
1-β = 80% and α = 5%, matched according to sex and 
age at a ratio of 1:2, combined with the actual situation 
of the COVID-19 epidemic in Jiangsu Province at that 
time and the feasibility of the study (especially consid
ering the difficulty in finding primary infected cases), 
it was calculated using Epi Info software that 8 cases of 
primary infection and 20 cases of reinfection were 
actually included.

Sample collection

Blood samples were collected from the patients in 
ethylenediaminetetraacetic acid-treated tubes (BD 
Biosciences), and plasma and PBMCs were separated 
using the Ficoll gradient method (Ficoll-Paque 
PLUS, GE Healthcare Biosciences). Plasma samples 
were stored at −80°C, and PBMCs were stored in 
liquid nitrogen before use.

Sorting of spike-specific memory B cells

B cells were magnetically purified (STEMCELL Tech
nologies, 17954) and stained with anti-CD27-APC 
(BioLegend, 356410), anti-human IgM (BioLegend, 
314512), anti-human IgG (BioLegend, 410708), and 
biotinylated spike proteins. Spike-specific memory B 
cells were isolated from pooled PBMCs by flow cyto
metry using a BD fluorescence-activated cell sorter 
(FACS) Aria III flow cytometer (BD Biosciences). 
Flow cytometry data were analyzed using FlowJo. 
The gating strategy for B cells is shown in Supplemen
tary Figure S1.

Single-B cell RT–PCR and high-throughput 
cloning and pseudovirus neutralization

Single B cells’ cDNA was prepared via RT–PCR using 
Sc Reverse Transcriptase (Vazyme, N721) primed with 
oligo (dT). The antibody expression cassettes were 
amplified via two rounds of PCR. Variable region 
genes were amplified via pre-PCR from single B 
cells’ cDNA using gene-specific primers at both the 
5’ and 3’ ends. Variable region genes, a human cyto
megalovirus (HCMV) promoter fragment, and an 
antibody constant region were combined and 
amplified to produce linear products using overlap
ping PCR. Purified overlapping PCR products (two 
separate linear PCR products) were co-transfected 
into ExpiCHO cells (Life Technologies) grown in 96- 
deep well plates (2 mL per well). mAbs were produced 

Figure 1. Flow chart of study enrollment. Note: BT denotes breakthrough.
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by transient transfection of ExpiCHO cells. Antigen- 
specific ELISA and HTRF ACE2-RBD assays were 
used to detect the binding capacity and blocking 
activity of NAbs in culture supernatants transfected 
with SARS-CoV-2 RBD [21].

The lentivirus-based SARS-CoV-2 pseudoviruses 
were provided by Vazyme Biotech Co., Ltd. (Nanjing, 
China), which bear the spike protein derived from the 
wild-type (WT) variant and the Omicron variant (WT, 
BA.4/5, BF.7, XBB.1.5, BQ.1.1, CH.1.1, EG.5, JN.1). 
The details of pseudovirus neutralization are shown 
in Supplementary Material S2.

Antigen-specific T cell measurement

Activation-induced marker (AIM) assay was per
formed to measure antigen-specific circulating 
CD4 + T cells, CD8 + T cells, and cTfh cells. AIM 
assay was recently developed as a cytokine-indepen
dent method capable of detecting early antigen- 
specific CD4 + T cells, CD8 + T cells, and cTfh cells. 
Details of the AIM assay are provided in Supplemen
tary Material S3 (FigureS2–S3). Staining samples 
were analyzed using a FACS Aria™III Cell Sorter 
instrument (BD Biosciences) using FlowJo software 
(version 10).

Statistical analysis

Binding antibody or neutralization titers are expressed 
as geometric mean titers. The Wilcoxon matched- 
pairs signed-rank test was used for comparisons 
between the time points and SARS-CoV-2 variants. 
The unpaired Wilcoxon test was used for comparisons 
between groups. Statistical significance was set at P <  
0.05. SPSS version 22.0 (Chicago, IL, USA) and Prism9 
were used for the data analysis.

Results

A total of 38 subjects were enrolled in this study, ran
ging in age from 28 to 57 years. They were vaccinated 
with two doses of the SARS-CoV-2 inactivated vaccine 
before entering the group. The frequency of each 
symptom is shown in Table 1.

MBC-derived monoclonal antibody

As shown in Figure 2A, the number of mAbs against 
the WT showed a clear downward trend at the three 
sampling points; the number of mAbs against BA.4/ 
5 and XBB.1.5 increased in the sixth month. The 
detailed numbers of mAbs generated by each individ
ual during the three sampling periods are listed in 
Supplementary Table S1. The neutralization activity 
of cases 1 and 2 against the WT was less than the 
sum of the other four strains, and cases 3, 6, 7, and 

8 had no neutralization activity against the XBB.1.5, 
EG.5.1, and CH.1.1 strains (Figure 2B). The number 
of mAbs neutralizing WT and BA.4/5 was the lowest 
in case 7. Among these, 18 showed neutralizing 
activity against the Omicron strain used during the 
same period. Only Case 5 produced mAbs against all 
strains in each of the three sampling assays.

Next, we analyzed whether the inhalation of Ad5- 
nCoV-enhanced immunization affected the number 
of MBC-derived mAbs. As shown in Figure 2C–E, 
the overall number of MBC-derived mAbs secreted 
by those who underwent Ad5-nCoV-boosted immu
nization at Post 1M was not significantly different 
from that of the non-boosted group (P > 0.05). How
ever, at Post 2M and Post 6M, the number was higher 
in the boosted group (P < 0.05). In addition, we ana
lyzed the changes in the two groups at each of the 
three time points, and the results are shown in Figure 
2F–G. The overall number of MBC-derived mAbs 
secreted in the inhaled Ad5-nCoV-boosted immuniz
ation group decreased from Post 2M to Post 6M post- 
infection (P < 0.05), and the same trend was observed 
in the non-boosted immunization group (P > 0.05).

SARS-CoV-2-specific circulating T follicular 
helper cell responses

The Tfh cell response is required for the formation 
and maintenance of the germinal center (GC) 
response, which is essential for the development of a 
durable high-affinity antibody response [22]. Here, 
vaccine-induced SARS-CoV-2 RBD-specific cTfh was 
tracked and characterized over time in a cohort of 
28 primary infections and reinfections (Figure 3A– 
C). Except for cTfh against BA.5 in Post 1M, which 
was statistically different between primary infection 
and reinfection, there was no statistically significant 
difference between all strains or between primary 
and reinfection. Furthermore, we compared the cTfh 
of the same strain at different sampling times in the 
groups, as shown in Figure 3D–G. In the primary 
infection group, cTfh against WT, BA.1, BA.2, and 
BA.5 did not show statistically significant differences 
at the three sampling time points. However, in the 
reinfection group, cTfh against WT, BA.1, and BA.2 
showed a statistically significant difference between 
Post 1M and Post 3M after reinfection (Figure 3G).

To extend these findings, the phenotypic character
ization of SARS-CoV-2 RBD-specific cTfh cells was 
investigated using CXCR 3 and CCR 6 chemokine 
receptor markers (Figure 4A–B). As shown in the 
figure, compared to Post 1M infection, the percentage 
of cTfh 1–17 increased significantly against each strain 
Post 2M infection, whereas the percentage of cTfh 2 
decreased significantly. By the Post 6M infection, the 
percentage of cTfh 2 was significantly higher and 
dominant among the four subtypes, followed by a 
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larger percentage of cTfh 17 and the smallest percen
tages of cTfh 1 and cTfh 1–17. A similar trend was 
observed in the reinfection group (Figure 4B). In 
both groups, the percentage of cTfh 17 was substantial 
at all three time points, especially in the reinfection 
group, where it was not less than 30% at any time 
point and for any strain.

SARS-CoV-2-specific CD4 + and CD8+ T cell 
responses to different SARS-CoV-2 variants

The percentages of AIM + CD4 + T cells against the 
different strains in the primary infection and reinfec
tion groups were compared. The results showed 
(Figure 5A–C) that the proportion of AIM + CD4 + T 
cells against BA.5 in the first month after infection 
was higher in the primary infection group than in 
the reinfection group (P < 0.05), whereas the pro
portion of AIM + CD4 + T cells among the different 
strains in the Post 2M and 6M infection was not stat
istically different between the primary and reinfection 
groups (P > 0.05). In addition, we compared the pro
portion of AIM + CD4 + T cells in the primary infec
tion and reinfection groups for the same strain at 
different sampling times. As shown in Figure 5D–G, 
the proportion of AIM + CD4 + T cells against WT, 
BA.1, BA.2, and BA.5 in the primary infection group 
did not change significantly over time (P > 0.05).

The distribution of AIM + CD8 + T cells (Sup
plementary Figure S4A–C) that there was no statisti
cally significant difference (P > 0.05) between the 
Post 1M and Post 2M infection groups or between 
the strains. In contrast, after months of Post 6M infec
tion, AIM + CD8 + T cells against WT, BA.2, and XBB 
were higher (P < 0.05) in the primary infection group 
than in the reinfection group. As shown in Sup
plementary Figure S4D–G, the proportion of AIM +  

CD8 + T cells showed a statistical difference between 
Post 2M and Post 6M infection only in the reinfection 
group targeting BA.1 (P < 0.01). However, the pro
portion of AIM + CD8 + T cells targeting other strains 

did not change over time between the primary infec
tion and reinfection groups (P > 0.05).

Net immunosuppressive status was assessed by 
evaluating the CD4/CD8 T cell ratio; patients with a 
ratio ≤ 1 were immunosuppressed. The distribution 
of AIM + CD4/CD8 ratios is shown in Supplementary 
Figure S5A–G, and the results showed no statistical 
significance between the primary infection group 
and the reinfection group or for the same strain at 
different times (P > 0.05).

Correlation of CD4+ and CD8+ T cells with the 
timing of viral clearance

Prior vaccination is associated with accelerated viral 
clearance from days 4 and 6, despite similar peak 
viral loads between vaccinated and unvaccinated indi
viduals [23, 24]. To further assess the potential role of 
T cells in viral clearance, we performed exploratory 
analyses to see if T cell kinetics correlated with the 
timing of viral clearance in individuals in the primary 
infection versus reinfection groups, and the results are 
presented in Table 2, which shows only statistically 
significant results. In the Post 1M infection, the pro
portions of AIM + CD4+ and AIM + CD8+ T cells tar
geting WT and BA.1 showed a strong positive 
correlation with the time to viral clearance in the pri
mary infection group. AIM + CD4 + T cells targeting 
BA.2 in the reinfection group after Post 2M infection 
showed a strong negative correlation with the time to 
viral clearance. AIM + CD4 + T cells against BA.5 and 
EG.5 were strongly negatively correlated with the 
time to viral clearance in the reinfected group after 
months of 6M infection.

Serum pseudovirus neutralization

Serum samples from the first two months were tested 
for pseudovirus neutralization using WT, BA.4/5, 
BF.7, BQ.1.1, and XBB.1.5. In contrast, WT, BA.4/5, 
XBB.1.5, CH.1.1, and EG.5.1, which were prevalent 

Table 1. Demographic characteristics of the participants.
B-cell-mediated immunological study T-cell-mediated immunological study

Primary infection with  
Ad5 Booster n = 6

Primary infection with  
No Booster n = 4 Primary Infection n = 8 Reinfection n = 20

Age [Year (IQR)] 40(31.75–51.75) 40.5(34.75–41) 41.5 (30.5–45) 41.0 (32.75–45)
Gender
Male 4 2 3 9
Female 2 2 5 11
Symptoms (n/N)

Fever 6/6 4/4 7/8 13/20
Sore throat or cough 6/6 3/4 1/8 8/20
Stuffy or runny nose 2/6 3/4 2/8 2/20
Dizziness or headache 3/6 3/4 1/8 8/20
Muscle pain 3/6 3/4 0/8 2/20
Smell or Taste disorder 1/6 1/4 0/8 0/20
Fatigue 3/6 3/4 2/8 2/20
Diarrhea 2/6 0/4 0/8 0/20
Nausea 1/6 1/4 0/8 1/20
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Figure 2. Analysis of monoclonal neutralizing antibodies from memory B cells in the study subjects with 6 months post-infection. A 
Analysis of the ability of monoclonal antibodies from MBC to neutralize each variant was investigated three times overall at 1, 2, and 6 
months post-infection during the high-intensity epidemic. B Analysis of the ability of monoclonal antibodies from MBC to neutralize 
each variant was investigated three times in each individual at 1, 2, and 6 months post-infection in infected individuals during the high- 
intensity epidemic. C-D Analysis of changes over time in the Ad5-nCoV-booster group versus the non-booster group. E-G Ad5-nCoV- 
booster immunization neutralized titers of MBC-derived mAbs against each variant at 1, 2, and 6 months post-infection, respectively.
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Figure 3. Specific cTfh response in the cohort of primary infection and reinfection. A-C: The cTfh frequencies of WT, BA.1, 
BA.2, BA.5 EG.5 and XBB in the first, second and sixth month after primary infection and reinfection. D-G: Trends over 
time in cTfh frequency against WT, BA.1, BA.2, and BA.5 in primary infected versus reinfected individuals. Note: PI denotes 
primary infection, RI denotes reinfection. * denotes P < 0.05, ** denotes P < 0.01, and *** indicates P < 0.001, and ns indicates 
no statistical difference.
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during the sampling period, were used for neutraliz
ation in the Post 6M infection. In the Ad5-nCoV boos
ter group, NAb titers against WT at Post 1M were 
statistically different from the remaining four strains 
(Figure 6A) (P < 0.05). The titers of NAb against WT 
were significantly higher than those against BQ.1.1 
and XBB.1.5 in the Post 2M, and the titers of NAb 
against WT and BA.4/5 were significantly higher 
than those against the other strains at post 6M (P <  
0.001). The results in the non-booster group showed 
that the NAb titers of WT mice were significantly 
different from those of BQ.1.1 and XBB.1.5 at Post 
1M and 2M, and the NAb titers of WT mice were sig
nificantly different from those of XBB.1.5, CH.1.1, and 
EG.1.5 at Post 6M (Figure 6B, P < 0.05). In addition, 
the comparison of NAb titers of the same strain at 
different times is also demonstrated in Supplementary 
Figure S6A–E. No significant difference in the results 
of NAbs at Post 1M, 2M, and 6M against all the strains 
between the Ad5-nCoV booster group and the non- 
booster group was observed (Supplementary Figure 
S6).

To reveal whether reinfection affected the serum 
neutralization titers of primary-infected versus rein
fected individuals, we performed a pseudovirus neu
tralization assay using WT, XBB.1.5, XBB.1.22, 
EG.5.1, and JN.1. As shown in Figure 6C, the NAb 
titers of the reinfection group targeting XBB.1.22 
and EG.5.1 were significantly higher than those of 
the primary infection group in the Post 1M infection 
(P < 0.05); the NAb levels of the primary infection 
group targeting WT were significantly higher than 
those of the primary infection group targeting 
XBB.1.5, XBB.1.22, EG.5.1, and JN.1 (P < 0.001), and 
those of the reinfection group targeting WT were sig
nificantly higher than those of EG.5.1 and JN.1 (P <  
0.001). As shown in Figure 6D, NAb levels against 
WT in the primary infection group after Post 2M 
infection were consistent with those in Figure 6C. 
The Post 6M infection showed that the NAb of both 
the primary infection and reinfection groups against 
WT was significantly higher than that against 
XBB.1.22, EG.5.1, and JN.1 (Figure 6E, P < 0.05).

The changes in the same strain at different times 
were visualized, as shown in Supplementary Figur
eS7A-E, and a significant decreasing trend of NAb 
against WT, XBB.1.5, XBB.1.22, EG.5.1, and JN.1 
was observed in the reinfection group from Post 2M 
to 6M infection (P < 0.05). However, there were stat
istical differences in NAb levels in the primary infec
tion group against XBB.1.5, XBB.1.22, and EG.5.1 
from the Post 1M to 2M infection (P < 0.05).

Discussion

Basic demographic information and blood samples 
were collected from the 38 infected participants after 

Figure 4. Dynamics of cTfh subpopulations. A dynamics of 
cTfh 1, cTfh 2, cTfh 17, and cTfh 1 −17, at months 1, 2, and 
6 post infection in primary infection group. B dynamics of 
cTfh 1, cTfh 2, cTfh 17, and cTfh 1 −17, at months 1, 2, and 
6 post infection in reinfection group.
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Figure 5. AIM + CD4+, AIM + CD8 + T cell response in the primary infection versus reinfection cohort. A-C, H-J, O-Q Proportion of 
AIM + CD4+, AIM + CD8 + T cells and AIM + CD4/CD8 in primary-infected versus reinfected individuals at months 1, 2, and 6 post-infection 
against WT, BA.1, BA.2, BA.5, EG.5, and XBB. D-G, K-N, R-U Trends in the proportion of AIM + CD4+, AIM + CD8 + T cells and AIM + CD4/ 
CD8 in primary-infected versus reinfected individuals against WT, BA.1, BA.2, BA.5 over time. Note: PI denotes primary infection, RI 
denotes reinfection. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and ns indicates no statistical difference.
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December 2022. Ten of them underwent isolation of 
PBMC, followed by isolation of MBC by high- 
throughput single B cell technology to obtain highly 
specific mAbs, and 944, 678, and 645 mAbs with neu
tralizing activity were obtained after Post 1M, 2M, and 
6M infection, respectively. Eighteen mAbs showed 
neutralizing activity against all Omicron strains used 
during the same period and were the best means of 
antibody therapy. This simple and efficient method 
may be useful in developing human therapeutic anti
bodies for other diseases and next pandemic.

Immune memory develops in B cells after infection. 
It has two main components: (1) long-lived plasma 
cells that produce antibodies to protect against hom
ologous challenges and (2) MBCs that are activated 
after re-exposure and rapidly generate an antibody 
response against homologous or heterologous chal
lenges [25]. The results of the MBC-derived neutraliz
ing mAb showed that the number of neutralizing 
mAbs against the WT was overwhelmingly dominant 
at all three sampling times and decreased over time, 
most likely because the first two doses of the vaccine 
for all subjects were against the WT, and six of them 
underwent Ad5-nCoV booster immunization. In the 
Post 6M infection, the number of neutralizing mAbs 
against VOC (BA.4/5, XBB.1.5, CH.1.1, EG.5.1) 
accounted for more than in the first two months, 
with a significant increase in the number of mAbs 
against XBB.1.5 vs. CH.1.1. Our study showed that 
the total number of neutralized mAb was higher in 
Ad5-nCoV booster immunizers than in none boosted 
immunizers at Post 2, and 6M infection, and that the 
number of neutralized mAb declined over time in 
both Ad5-nCoV-boosted and none boosted immuni
zers. The follow-up period of this study was six 
months, and due to the uncontrollable disseminated 
infections of the COVID-19 variant, two subjects 
(one in each group) had reinfections on June 3, 
2023, and May 21, 2023 (before the third sampling). 
In order to avoid bias, we excluded two reinfected sub
jects and compared the number of mAbs between the 

two groups, and the results remained the same (the 
total number of neutralized mAb was higher in Ad5- 
nCoV booster immunizers than in none boosted 
immunizers at Post 6M infection, P < 0.05). Overall, 
inhaled Ad5-nCoV booster immunization enhanced 
the neutralizing activity of MBC-derived mAbs.

Previous studies have described how the cTfh 
response correlates with humoral immunity during 
viral infection and vaccination [26] and that S-specific 
cTfh cells in the breakthrough infection cohort remain 
at a low frequency [27]. In the present study, cTfh 
levels were largely preserved in the first infection 
group and did not change significantly over time. 
However, cTfh in the reinfection group increased 
over time when targeting WT, BA.1, and BA.2, and 
cTfh targeting BA.5 did not show this trend in the 
reinfection group. cTfh3-subtypes (cTfh2 vs. cTfh17) 
accounted for an absolute predominance of cTfh 
cells in the Post 1M and Post 6M infection in both 
the primary infection and reinfection groups, and 
these subpopulations contributed to the spiking 
specificity of cTfh maintenance and the recall response 
of high-affinity antibodies [28].

In addition to antibodies and memory B cells, T 
cells play a protective role upon re-exposure to the 
virus. CD4+ and CD8 + T cell memory may be impor
tant mediators of vaccine immunity [29, 30]. Although 
the unvaccinated and vaccinated groups showed simi
lar peak viral loads after infection, vaccinated individ
uals demonstrated accelerated viral clearance in the 
upper respiratory tract beginning 4–6 days after symp
tom onset [31, 32]. T cell protection is reflected by the 
fact that higher levels of CD8 + T cell activation in per
ipheral blood correlate with lower peak viral loads and 
faster rates of viral clearance in the upper respiratory 
tract [33]. Our results showed that Spike-specific 
CD4+ T cell and CD8+ T cell activation positively cor
relates with the rate of viral decay in primary infection 
group, but CD4 T cell inversely correlates with the rate 
of viral decay in reinfection group. It might suggest 
that as the number of infections increases, specific T 
cells play a progressively greater role in viral clearance. 
However, it was not fully explored and would benefit 
from further validation in larger cohorts. Importantly, 
associations based on viral load and T cell immunity 
do not simply reflect the temporal relationship 
between activated immune responses and declining 
viruses. Because T cell responses are less affected by 
VOC than humoral immune responses [34], the 
cross-reactivity of CD4 + T cell responses from differ
ent SARS-CoV-2 variants in our cohort was examined. 
Our results suggest that SARS-CoV-2-specific CD4 + T 
cells are largely preserved in the reinfected individuals. 
As for SARS-CoV-2-specific CD8 + T cells, they were 
higher in the primary infected group from the WT, 
BA.2, and XBB variants than in the reinfected group 
at the Post 6M infection. Furthermore, the effect of 

Table 2. Correlation between each T cell and the time to viral 
clearance in the primary infection and reinfection groups.

Post 1M

Primary 
infection Reinfection

Indicators that 
correlate with viral 
clearance time

Correlation 
coefficient r

P 
value

Correlation 
coefficient r

P 
value

WT-AIM + CD8 0.875 0.023 – –
WT-AIM + CD4 0.905 0.013 – –
BA.1-AIM + CD8 0.935 0.006 – –
BA.1-AIM + CD4 0.970 0.001 – –
BA.2-AIM + CD4 0.843 0.035 – –
BA.5-AIM + CD4 0.833 0.040 – –

Post 2M
BA.2-AIM + CD4 – – −0.860 0.006

Post 6M
BA.5-AIM + CD4 – – −0.790 0.020
EG.5-AIM + CD4 – – −0.756 0.030
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Figure 6. Neutralization assays for pseudoviruses in serum samples from the 1, 2, and 6 months after infection. A Inhaled Ad5- 
nCoV-booster group tested for pseudovirus neutralization in serum samples at months 1, 2, and 6 post infection; B Non-booster 
group tested for pseudovirus neutralization in serum samples at months 1, 2, and 6 postinfection; C Pseudovirus neutralization 
testing of serum samples at 1month post-infection in the primary versus reinfection groups; D Pseudovirus neutralization testing 
of serum samples at month 2 post-infection in the primary versus reinfection groups; E Pseudovirus neutralization testing of serum 
samples at month 6 post-infection in the primary versus reinfection groups; * indicates P < 0.05, ** indicates P < 0.01, and *** 
indicates P < 0.001.
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the mutation of variant strains on the overall CD4+ 

and CD8 + T cell responses was negligible because of 
the highly conserved CD4+ and CD8 + T cell epitopes 
in the viral mutant strains [35], a finding that is gen
erally consistent with our study. The study of the 
CD4/CD8 ratio as a quantitative trait is important 
for patient care because it can be used as a prognostic 
risk factor [36, 37]. Abnormal CD4/CD8 ratios are 
usually regarded as clinically relevant [38], and it is 
rare to see measurements of less than 1.0 or more 
than 2.5%. Imbalances that are either too high or too 
low always provide information about immune 
malfunction.

Several studies have demonstrated the safety and 
immunogenicity of Ad5 booster immunization; that 
is, inhalation of nebulized Ad5-nCoV induces greater 
NAbs and robust mucosal immunity [39–42]. How
ever, in our study, there was no statistically significant 
difference in NAb titers against all strains between the 
heterologous booster Ad5-nCoV vaccine and the non- 
booster group. However, due to the small sample size of 
our study, this conclusion should be generalized with 
caution. In addition, Jiangsu Province, China was 
mainly based on inactivated vaccine basic immuniz
ation, so there was a lack of control groups that received 
other types of vaccines, which limited to provide a more 
comprehensive comparison of immune responses 
across different vaccination strategies. NAb titers 
were higher in the reinfected group than in the primary 
infected group only in the first month after infection 
against the XBB.1.22 and EG.5.1 groups, which shows 
that reinfection may affect humoral immunity only in 
the early stages of recovery.

Our study had some limitations. First, the sample 
size of our two cohorts were relatively small, particu
larly for the B cell immunity cohort, and expansion 
was hampered by the high cost of high-throughput 
single B cell technology and difficulty in enrolling pri
mary infected individuals, which may limit the gener
alizability of the findings. Second, the analysis of 
SARS-CoV-2-specific T cells was limited to a few mar
kers (CD3, CD4, CD8, OX40, CD45, CD69) and 
selected SARS-CoV-2 proteins. Third, the study 
focuses primarily on immune responses to specific 
SARS-CoV-2 variants, potentially limiting the applica
bility of the results to other circulating or future var
iants. In the future, more comprehensive results can 
be obtained by carrying out JN.1, XDV for suitable 
populations, as well as the response ability of memory 
T/B cells of the upcoming SARS-CoV-2 epidemic 
strains.

Overall, the convalescent patients showed weak 
cross-NAb responses to emerging Omicron strains 
(BA. 4/5, BF.7, BQ.1.1, CH.1.1, XBB.1.5, and EG.5.1) 
at 6 months post-infection. The cTfh and AIM + CD4 +  

T cells in the primary infection group were essentially 
immune escape-free and did not change significantly 

during the follow-up period. Multiple infections may 
impair the specific immunity of infected individuals. 
Serum NAb titers in both primary infection and reinfec
tion groups showed significant immune escape during 
the follow-up period. These findings not only provide 
important clues to better understand the immunological 
characteristics of COVID-19, but also guide the develop
ment and application of SARS-CoV-2 vaccines. Booster 
immunization with inhaled Ad5-nCoV can increase the 
number of MBC derived mAbs, so Ad5-nCoV-booster 
immunization is worth popularizing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Key Research and 
Development Program (2023YFC2309100); National Natu
ral Science Foundation of China 
(92269118,92269205,92369117); Social Development Foun
dation of Jiangsu Province (BE2021739, BE2023601); Scien
tific research project of Jiangsu health commission 
(DX202301); Jiangsu Province 333 project.

Competing interests

The authors declare that they have no competing 
interests.

Ethics statement

The Institutional Review Board of Jiangsu Provincial 
Center for Disease Control and Prevention reviewed 
and approved the studies involving human partici
pants. Written informed consent to participate in 
this study was provided by the participant’s legal guar
dian/next of kin.

Author contribution

Aidibai Simayi: Research design, formal analysis, data 
curation, laboratory detection, statistical analysis, 
plotting, writing original draft preparation, writing 
review, and editing. Yuanfang Qin, Qian Zhen, Yong 
Liu, Jinjin Chu, Huiyan Yu: Field survey and Labora
tory detection. Shihan Zhang: Data Curation. Fengcai 
Zhu, Changjun Bao, Yuxin Chen: Supervision. Hui 
Jin: Investigation and supervision. Liguo Zhu: 
Research design, supervision, original draft prep
aration, writing review, and editing.

References

[1] Haldane V, Foo CD, Abdalla SM, et al. Health systems 
resilience in managing the COVID-19 pandemic: les
sons from 28 countries. Nat Med. 2021;27(6):964–980.

12 A. SIMAYI ET AL.



[2] Afkhami S, D’Agostino MR, Zhang A, et al. 
Respiratory mucosal delivery of next-generation 
COVID-19 vaccine provides robust protection against 
both ancestral and variant strains of SARS-CoV-2. 
Cell. 2022;185(5):896–89+. doi:10.1016/j.cell.2022.02. 
005

[3] Langel SN, Johnson S, Martinez CI, et al. Adenovirus 
type 5 SARS-CoV-2 vaccines delivered orally or intra
nasally reduced disease severity and transmission in a 
hamster model. Sci Transl Med. 2022;14(658).

[4] Zhu FC, Li YH, Guan XH, et al. Safety, tolerability, 
and immunogenicity of a recombinant adenovirus 
type-5 vectored COVID-19 vaccine: a dose-escalation, 
open-label, non-randomised, first-in-human trial. 
Lancet. 2020;395(10240):1845–1854.

[5] Li JX, Wu SP, Guo XL, et al. Safety and immunogeni
city of heterologous boost immunisation with an 
orally administered aerosolised Ad5-nCoV after two- 
dose priming with an inactivated SARS-CoV-2 vac
cine in Chinese adults: a randomised, open-label, 
single-centre trial. Lancet Resp Med. 2022;10(8):739– 
748.

[6] Wang ZJ, Muecksch F, Cho A, et al. Analysis of mem
ory B cells identifies conserved neutralizing epitopes 
on the N-terminal domain of variant SARS-Cov-2 
spike proteins. Immunity. 2022;55(6):998–99+. 
doi:10.1016/j.immuni.2022.04.003

[7] Taylor PC, Adams AC, Hufford MM, et al. 
Neutralizing monoclonal antibodies for treatment of 
COVID-19. Nat Rev Immunol. 2021;21(6):382–393.

[8] Shanmugaraj B, Siriwattananon K, Wangkanont K, 
et al. Perspectives on monoclonal antibody therapy 
as potential therapeutic intervention for coronavirus 
disease-19 (COVID-19). Asian Pac J Allergy 
Immunol. 2020;38(1):10–18.

[9] Prashar P, Swain S, Adhikari N, et al. A novel high- 
throughput single B-cell cloning platform for isolation 
and characterization of high-affinity and potent SARS- 
CoV-2 neutralizing antibodies. Antiviral Res 2022: 
203.

[10] Wang YT, Allen RD, Kim K, et al. SARS-CoV-2 
monoclonal antibodies with therapeutic potential: 
broad neutralizing activity and No evidence of anti
body-dependent enhancement. Antiviral Res 
2021;195.

[11] Adams LJ, VanBlargan LA, Liu ZM, et al. A broadly 
reactive antibody targeting the N-terminal domain 
of SARS-CoV-2 spike confers Fc-mediated protection. 
Cell Rep Med. 2023;4(12.

[12] Wen YF, Guo WJ, Min YY, et al. Patient-derived 
monoclonal antibodies to SARS-CoV-2 nucleocapsid 
protein N-terminal and C-terminal domains cross- 
react with their counterparts of SARS-CoV, but not 
other human betacoronaviruses. Front Immunol. 
2023: 14.

[13] Chang YH, Hsu MF, Chen WN, et al. Functional and 
structural investigation of a broadly neutralizing 
SARS-CoV-2 antibody. JCI Insight. 2024;9(10.

[14] Evans RA, McAuley H, Harrison EM. Physical, cogni
tive, and mental health impacts of COVID-19 after 
hospitalisation (PHOSP- COVID): a UK multicentre, 
prospective cohort study (vol 9, pg 1275, 2021). 
Lancet Resp Med. 2022;10(1):E9–E9.

[15] Pilz S, Theiler-Schwetz V, Trummer C, et al. SARS- 
CoV-2 reinfections: overview of efficacy and duration 
of natural and hybrid immunity. Environ Res. 2022: 
209.

[16] Lu ZY, Laing ED, DaMata JP, et al. Durability of 
SARS-CoV-2-specific T-cell responses at 12 months 
postinfection. J Infect Dis. 2021;224(12):2010–2019.

[17] Wang X, Zhang M, Wei KF, et al. Longitudinal analy
sis of humoral and cellular immune response up to 6 
months after SARS-CoV-2 BA.5/BF.7/XBB break
through infection and BA.5/BF.7-XBB reinfection. 
Vaccines (Basel). 2024;12(5.

[18] Atef S, Al Hosani F, AbdelWareth L, et al. 
Susceptibility to reinfection with SARS-CoV-2 virus 
relative to existing antibody concentrations and T 
cell response. Int J Infect Dis. 2023;131:100–110. 
doi:10.1016/j.ijid.2023.01.006

[19] Yang G, Cao JP, Qin J, et al. Initial COVID-19 severity 
influenced by SARS-CoV-2-specific T cells imprints 
T-cell memory and inversely affects reinfection. 
Signal Transduct Tar. 2024;9(1.

[20] Lin MN, Cao KL, Xu FX, et al. A follow-up study on 
the recovery and reinfection of omicron COVID-19 
patients in Shanghai, China. Emerg Microbes Infect. 
2023;12(2.

[21] Dou Y, Xu K, Deng YQ, et al. Development of neutra
lizing antibodies against SARS-CoV-2, using a high- 
throughput single-B-cell cloning method. Antib 
Ther. 2023;6(2):76–86.

[22] Qi H. T follicular helper cells in space-time. Nat Rev 
Immunol. 2016;16(10):612–625. doi:10.1038/nri. 
2016.94

[23] Chia PY, Ong SWX, Chiew CJ, et al. Virological and 
serological kinetics of SARS-CoV-2 delta variant vac
cine breakthrough infections: a multicentre cohort 
study. Clin Microbiol Infect. 2022;28(4):612 e611– 
612 e617.

[24] Puhach O, Adea K, Hulo N, et al. Infectious viral load 
in unvaccinated and vaccinated individuals infected 
with ancestral, delta or omicron SARS-CoV-2. Nat 
Med. 2022;28(7):1491–1500.

[25] Nishio A, Hasan S, Park H, et al. Serum neutralization 
activity declines but memory B cells persist after cure 
of chronic hepatitis C. Nat Commun. 2022;13(1). 
doi:10.1038/s41467-021-27739-x

[26] Juno JA, Tan HX, Lee WS, et al. Humoral and circulat
ing follicular helper T cell responses in recovered 
patients with COVID-19. Nat Med. 2020;26(9):1428– 
1434.

[27] Koutsakos M, Reynaldi A, Lee WS, et al. SARS-CoV-2 
breakthrough infection induces rapid memory and de 
novo T cell responses. Immunity. 2023;56(4):879–892 
e874.

[28] He RZ, Zheng XY, Zhang J, et al. SARS-CoV-2 spike- 
specific T cells exhibit unique responses in infected 
and vaccinated individuals. Signal Transduct Tar. 
2023;8(1).

[29] Wherry EJ. Barouch DH: T cell immunity to COVID- 
19 vaccines. Science. 2022;377(6608):821–822.

[30] Bertoletti A, Le Bert N, Tan AT. SARS-CoV-2-specific 
T cells in the changing landscape of the COVID-19 
pandemic. Immunity. 2022;55(10):1764–1778.

[31] Chia PY, Ong SWX, Chiew CJ, et al. Virological and 
serological kinetics of SARS-CoV-2 delta variant vac
cine breakthrough infections: a multicentre cohort 
study. Clin Microbiol Infec. 2022;28(4).

[32] Puhach O, Adea K, Hulo N, et al. Infectious viral load 
in unvaccinated and vaccinated individuals infected 
with ancestral, delta or omicron SARS-CoV-2. Nat 
Med. 2022;28(7):1491–149+. doi:10.1038/s41591-022- 
01816-0

Emerging Microbes & Infections 13

https://doi.org/10.1016/j.cell.2022.02.005
https://doi.org/10.1016/j.cell.2022.02.005
https://doi.org/10.1016/j.immuni.2022.04.003
https://doi.org/10.1016/j.ijid.2023.01.006
https://doi.org/10.1038/nri.2016.94
https://doi.org/10.1038/nri.2016.94
https://doi.org/10.1038/s41467-021-27739-x
https://doi.org/10.1038/s41591-022-01816-0
https://doi.org/10.1038/s41591-022-01816-0


[33] Koutsakos M, Reynaldi A, Lee WS, et al. SARS-CoV-2 
breakthrough infection induces rapid memory and T 
cell responses. Immunity. 2023;56(4):879–87+. 
doi:10.1016/j.immuni.2023.02.017

[34] Geers D, Shamier MC, Bogers S, et al. SARS-CoV-2 
variants of concern partially escape humoral but not 
T-cell responses in COVID-19 convalescent donors 
and vaccines. Science Immunology. 2021;6(59).

[35] Liu JY, Chandrashekar A, Sellers D, et al. Vaccines eli
cit highly conserved cellular immunity to SARS-CoV- 
2 omicron. Nature. 2022;603(7901):493–49+.

[36] De Zuani M, Laznicková P, Tomasková V, et al. High 
CD4-to-CD8 ratio identifies an at-risk population sus
ceptible to lethal COVID-19. Scand J Immunol. 
2022;95(3). doi:10.1111/sji.13125

[37] Pallotto C, Suardi LR, Esperti S, et al. Increased CD4/ 
CD8 ratio as a risk factor for critical illness in corona
virus disease 2019 (COVID-19): a retrospective multi
centre study. Infect Dis-Nor. 2020;52(9):675–677.

[38] Zaman MM, Recco RA, Raguthu L, et al. 
Characteristics of HIV-1-infected patients with CD4: 
CD8 lymphocyte ratio normalization on antiretroviral 

therapy. Aids Patient Care St. 2000;14(12):647–649. 
doi:10.1089/10872910050206568

[39] Wang SY, Liu WQ, Li YQ, et al. A China-developed 
adenovirus vector-based COVID-19 vaccine: review 
of the development and application of Ad5-nCov. 
Expert Rev Vaccines. 2023;22(1):704–713.

[40] Jin LR, Tang R, Wu SP, et al. Antibody persistence and 
safety after heterologous boosting with orally aeroso
lised Ad5-nCoV in individuals primed with two-dose 
CoronaVac previously: 12-month analyses of a random
ized controlled trial. Emerg Microbes Infect. 2023;12(1).

[41] Wu YF, Wei MW, Wang RJ, et al. Immunogenicity 
consistency and safety with different production scales 
of recombinant adenovirus type-5 vectored COVID- 
19 vaccine in healthy adults: a randomized, double- 
blinded, immunobridging trial. Expert Rev Vaccines. 
2023;22(1):662–670.

[42] Jia SY, Zhang JL, Wang X, et al. Safety and immuno
genicity of homologous recombinant adenovirus type 
5-vectored COVID-19 vaccine booster dose in healthy 
adults aged 18–60 years: a single-center, open-label 
trial. Infect Dis Ther. 2023;12(12):2757–2769.

14 A. SIMAYI ET AL.

https://doi.org/10.1016/j.immuni.2023.02.017
https://doi.org/10.1111/sji.13125
https://doi.org/10.1089/10872910050206568

	Abstract
	Introduction
	Materials and methods
	Two prospective cohorts
	Estimation of sample size
	Sample collection
	Sorting of spike-specific memory B cells
	Single-B cell RT–PCR and high-throughput cloning and pseudovirus neutralization
	Antigen-specific T cell measurement
	Statistical analysis

	Results
	MBC-derived monoclonal antibody
	SARS-CoV-2-specific circulating T follicular helper cell responses
	SARS-CoV-2-specific CD4 + and CD8+ T cell responses to different SARS-CoV-2 variants
	Correlation of CD4+ and CD8+ T cells with the timing of viral clearance
	Serum pseudovirus neutralization

	Discussion
	Disclosure statement
	Competing interests
	Ethics statement
	Author contribution
	References

