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Since the outbreak of the coronavirus disease 2019 (COVID‐19) epidemic in 2019, the public health system has
faced enormous challenges. Tracking the individuals who test positive for severe acute respiratory syndrome
coronavirus 2 (SARS‐CoV‐2) is a key step for interrupting chains of transmission of SARS‐CoV‐2 and reducing
COVID‐19‐associated mortality. With the increasing of asymptomatic infections, it is difficult to track asymp-
tomatic infections through epidemiological surveys and virus whole‐genome sequencing. However, due to the
cross‐reactivity of neutralizing antibodies produced by multiple virus subtypes, neutralizing antibody detection
cannot be used to determine whether an individual has a history of infection with a specific subtype of SARS‐
CoV‐2. We recruited 4 human leukocyte antigen A2 (HLA‐A2) infections, 15 individuals who received three
doses of inactivated vaccines, and 30 breakthrough infections after vaccination and discussed a case‐
tracking approach to detect epitope‐specific CD8+ T cells in the peripheral blood of close contacts, including
accurate HLA typing based on ribonucleic acid (RNA)‐sequencing and flow cytometry data and the comparison
and characterization of SARS‐CoV‐2 HLA‐A2 and HLA‐A24 epitope‐specific CD8+ T cells. From individuals
who received three doses of inactivated vaccine, we observed that the CD8+ T cell specificity for ancestral epi-
topes was significantly higher than for mutated epitopes, and the fold change of CD8+ T cells corresponding to
mutated epitopes relative to ancestral epitopes was less than 1. The enzyme‐linked immunospot (ELISpot)
results further validate this result. This study forms a “method for understanding the infection history of
SARS‐CoV‐2 subtypes based on the proportion of epitope‐specific CD8+ T cells in the peripheral blood of sub-
jects”, covering up to 46 % of the population, including HLA‐A2+ and HLA‐A24+ donors, providing a novel
method for SARS‐CoV‐2 infected case tracing.
© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2)
pandemic that causes coronavirus disease 2019 (COVID‐19) continues
to place unprecedented pressure on the lives and economies of many
countries. As countries further liberalize prevention and control poli-
cies, healthcare systems are overwhelmed by rising numbers of
COVID‐19 cases [1].

In response to the spread of the highly transmissible Omicron vari-
ant, the world is actively responding to the precise handling of local-
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HIGHLIGHTS

Scientific question

Effective tracking of the coronavirus disease 2019 (COVID-

19) cases is essential for controlling the disease’s spread,

but traditional methods struggle to identify asymptomatic

carriers, creating a gap in transmission control. This high-

lights a pressing need for innovative strategies that is cap-

able of more reliably detecting infections.

Evidence before this study

Traditional tracking methods, including sequencing and

antibody detection, can face significant hurdles in identify-

ing asymptomatic infections. This is due to the complexi-

ties of cross-immunity and the often low viral loads

present in such cases. In contrast, T cells offer a unique

advantage due to their long-lasting memory response

and the heightened sensitivity of epitope-specific T cells.

These characteristics enable the detection of historical

infections that might otherwise be overlooked by conven-

tional tracking approaches.

New findings

This study introduces a novel method for tracing the sev-

ere acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infections by analyzing the proportion of epitope-

specific CD8+ T cells in peripheral blood, applicable to

46 % of the population, including those with positive

human leukocyte antigen A2 (HLA-A2+) and positive

human leukocyte antigen A24 (HLA-A24+), thereby offer-

ing a new perspective on infection tracking.

Significance of the study

This novel detection method marks a significant step

forward in epidemiology and public health, offering a

more accurate and inclusive way to trace COVID-19 infec-

tions, particularly among asymptomatic individuals or

where antibody responses have declined. It could lead to

improved containment strategies and a better understand-

ing of the virus’s impact.
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ized COVID‐19 cases, quickly cutting off the chain of transmission and
ending the epidemic promptly. Tracking and monitoring individuals
who test positive for SARS‐CoV‐2 is a key step for interrupting chains
of transmission of SARS‐CoV‐2 and reducing COVID‐19‐associated
mortality [2]. Epidemiological investigation and emerging whole‐
genome sequencing (WGS) have been widely used to track and moni-
tor individuals infected with SARS‐CoV‐2 [3].

With the further liberalization of the policy, the number of people
undergoing nucleic acid testing has decreased, and it is impossible to
obtain complete monitoring of the infected population, and many of
them are asymptomatic COVID‐19 patients who do not realize that
they have been infected. Moreover, the virus exists in the body of
asymptomatic COVID‐19 patients for a short time, and it is difficult
to collect the virus, which makes it impossible to trace the source of
the virus through WGS [4]. Therefore, neutralizing antibody detection
can solve the problem of determining whether individuals without a
vaccination history are infected with SARS‐CoV‐2 to a certain extent
when nucleic acid collection is not possible. However, in individuals
with a history of vaccination, it is difficult to determine whether the
subject is infected due to the cross‐reactivity of neutralizing antibodies
between virus mutants. Moreover, since many studies have shown that
neutralizing antibodies in infected persons can last for approximately
6 months, theoretically, neutralizing antibody detection can be used
to determine whether an individual has been infected with SARS‐
CoV‐2 within half a year [5].

In the third year of the outbreak, more than 89.7 % of the popula-
tion completed the full course of vaccination against SARS‐CoV‐2 in
China, so most of the population already has neutralizing antibodies
in their bodies. Furthermore, since the neutralizing antibodies pro-
duced by multiple virus subtypes have a certain cross‐reactivity, it is
impossible to determine whether an individual has a history of infec-
tion with a specific subtype of SARS‐CoV‐2 through neutralizing anti-
body detection [6]. According to our previous screening of the original
and mutant CD8+ T‐cell‐specific epitopes of SARS‐CoV‐2, we speculate
that it is possible to determine whether an individual has a history of
infection by detecting mutant epitope‐specific CD8+ T cells [7].

2. Materials and methods

2.1. Human subject enrollment

The donors had no known history of any significant systemic dis-
eases, including but not limited to hepatitis B or C, HIV, diabetes, kid-
ney or liver diseases, malignant tumors, or autoimmune diseases
(Tables S1–S4). All the sample information was blinded during all
the experiments.

2.2. Isolation of plasma and PBMCs

Whole blood was collected in heparinized blood vacutainers and
kept on gentle agitation until processing. Plasma specimens were col-
lected after centrifugation of whole blood at 600 × g for 10 min at
room temperature (RT) without braking. The undiluted plasma was
transferred to 1.5 mL cryotubes and stored at −80 °C for subsequent
analysis. Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation using a lymphocyte separation med-
ium (GE, US). Percentage viability was estimated using standard Try-
pan blue staining. The PBMCs were cryopreserved in fetal bovine
serum (LONSERA, Uruguay) with 10 % dimethyl sulfoxide (DMSO)
(Sigma‐Aldrich, US) and stored in liquid nitrogen until use.

2.3. RNA extraction and sequencing

Total ribonucleic acid (RNA) was isolated from PBMCs of 6 donors
by using TRIzol Reagent (Invitrogen) (Table S1). RNA purity was
checked by the NanoPhotomerer spectrophotometer (IMPLEN), and
integrity was assessed using the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies). Then, cDNA libraries
were constructed using 0.1 µg RNA per specimen with the NEBNext
UltraTM RNA Library Prep Kit for Illumina (NEB) following the man-
ufacturer’s recommendations, and index codes were added to attribute
sequences to each sample. The clustering of the index‐coded samples
was performed on a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3‐cBot‐HS (Illumina). After cluster generation, the library
preparations were sequenced on an Illumina NovaSeq platform, and
150 bp paired‐end reads were generated.

2.4. HLA subtype analysis of RNA-seq data

OptiType was used for classifying and identifying the RNA‐seq data
obtained above. First, OptiType was compared with the human refer-
ence genome to obtain chromosome 6 data from the bam file. Then, a
novel human leucocyte antigen (HLA) typing algorithmbasedon integer
linear programming was used to accurately identify HLA typing [8].

2.5. Human HLA subtypes were identified by flow cytometry

Donors were identified by flow antibody staining without subtype
identification. Briefly, 1 × 106 PBMCs were stained with phycoery-
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thrin (PE)‐conjugated anti‐human HLA‐A2 antibody (BioLegend, Cat#
343305, US) and fluorescein isothiocyanate (FITC)‐conjugated anti‐
human HLA‐A2 antibody (MBL, Cat# K0208‐4, Japan) and acquired
using a flow cytometer for 30 min at 4 °C in the dark.

2.6. HLA-A2/A24 restricted T-cell epitope prediction

The membrane (M), envelope (E), nucleocapsid (N), open reading
frame (ORF), and spike (S) protein sequences of the SARS‐CoV‐2
ancestral‐Hu‐1 strain (NC_045512.2) were analyzed using the “Major
histocompatibility complex (MHC)‐I Binding” tool for CD8+ T cell epi-
tope prediction. The prediction method used was IEDB website recom-
mendation 2.22 (https://tools.iedb.org/mhci) (NetMHCpan EL), and
the HLA subtype selected was HLA‐A*02:01/HLA‐A*24. We predicted
all CD8+ T epitopes from the virus sequencing results of donor 001
(Table S5). The epitope with the best antigen presentation score was
used as the candidate peptide of the ancestral strain. Epitopes from
mutant strains were excluded with peptide length > 12 aa and pre-
dicted antigen presentation ability by VaxiJen 2.0 (https://www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). Additionally, epi-
topes with the same amino acid sequence except for the mutation point
were used as candidate peptides for variant Omicron.

2.7. HLA-A*02:01 peptide screening in T2 cells

The candidate peptideswere synthesizedbyGenScript Biotechnology
Co., Ltd. (Nanjing, China) with a purity> 98% and suspended in DMSO
at a concentration of 10 mmol/L. The titration of peptide concentration
was performed as described previously [9]. T2 cells are TAP‐deficient
T2 cells expressing HLA‐A2 molecules on the cell surface. T2 cells were
seeded into 96‐well plates and then incubated with peptides at a final
concentration of 20 µmol/L at 37 °C for 4 h. DMSO was used as a blank
control, the reported HLA‐A2‐restricted influenza A M1 peptide (M58‐
66 GILGFVFTL) was used as a positive control, and validated Epstein‐
Barr virus (EBV) peptide (IVTDFSVIK) was used as a negative control
[10]. Cells were stained with PE anti‐human HLA‐A2 antibody (BioLe-
gend, Cat# 343305, US) at 4 °C in the dark for 30 min and acquired in
a fluorescence‐activated cell sorting (FACS) Canto flow cytometer (BD).

2.8. HLA-A2 binding affinity

Ninety‐six well U‐bottomed plates were coated with 100 µL of
0.5 µg/mL streptavidin (BioLegend, Cat#270302, US) at RT (18–25 °
C) for 16‐18 h, washed 3 times with washing buffer (BioLegend
Cat#421601, US) and blocked with dilution buffer (0.5 mol/L Tris
pH 8.0, 1 mol/L NaCl, 1 % BSA, 0.2 % Tween 20) at RT for 30 min.
Then, 20 µL of diluted peptide (400 µmol/L) and 20 µL of conditional
Flex‐T™ monomer (200 µg/mL) (BioLegend, Cat#280003, US) were
added to 96‐well U‐bottom plates. To evaluate the outcome of ultravi-
olet (UV)‐mediated HLA peptide exchange, a small aliquot of the
exchange reaction mixture 300‐fold in 1 × dilution buffer was diluted
and kept on ice until usage. DMSO was used as a blank control, influ-
enza A M1 peptide (M58‐66 GILGFVFTL) was used as a positive con-
trol, and EBV virus peptide (IVTDFSVIK) was used as a negative
control. One hundred microliters of specimen were added in duplicate
and incubated for 1 h at 37 °C. After washing three times with washing
buffer, 100 µL of diluted HRP‐conjugated antibodies (BioLegend,
Cat#280303, US) were added, incubated for 1 h at 37 °C, and then
washed thoroughly. One hundred microliters of substrate solution
(10.34 mL DI water, 1.2 mL 0.1 mol/L citric acid monohydrate/tri‐
sodium citrate dihydrate, pH 4.0, 240 µL 40 mmol/L ABTS, 120 µL
hydrogen peroxide solution) was added and incubated for 8 min at
RT in the dark on a plate shaker at 300 × g. The reaction was stopped
with 50 µL of stop solution (2 % w/v oxalic acid dihydrate) and read at
414 nm in an Enzyme‐linked immunosorbent assay (ELISA) reader
within 30 min.
2.9. Generation of antigen-specific HLA-A2/A24 tetramer

Thirty microliters of peptide‐exchanged HLA‐A2/A24 monomer
(BioLegend, Cat#280003; 280,019 US) formed in the above steps
was mixed with 3.3 µL PE streptavidin (BioLegend Cat#405203, US)
on a new plate and incubated on ice in the dark for 30 min. Then,
2.4 µL blocking solution (1.6 µL 50 mmol/L biotin (Thermo Fisher,
Cat#B20656, US) plus 198.4 µL phosphate buffer saline (PBS) was
added to stop the reaction and incubated at 4–8 °C overnight.

2.10. Cell-surface antibodies and tetramer staining and IFN-γ detection of
CD8+ T cells

With the previously reported artificial antigen‐presenting cell sys-
tem from others and our studies, HLA‐A2‐expressing T2 cells were
loaded with peptides for subsequent CD8+ T cell activation. Briefly,
T2 cells were treated with 20 µg/mL mitomycin C for 30 min to stop
cell proliferation [11] and loaded with the given epitope peptides
for 4 h. Peptide‐loaded T2 cells were stained with PE anti‐human
HLA‐A2 antibody (BioLegend, Cat# 343305, US) to analyze the load-
ing rate. CD8+ T cells were purified from PBMCs with EasySep Human
negative selection (Stemcell, Cat# 17953, Canada) with a purity over
95 %. CD8+ T cells (0.25 × 106) isolated from healthy donors were
cocultured with 0.25 × 106 peptide‐loaded T2 cells stained with
5 µmol/L CFSE (TargetMol) and cocultured with 1 µg/mL anti‐
human CD28 antibodies (BioLegend, Cat# 302901, US) and 50 IU/
mL interleukin‐2 (IL‐2) (SL PHARM, Recombinant Human
Interleukin‐2 (125Ala) Injection). Then, 50 IU/mL IL‐2 and 20 µmol/
L mixed peptides were supplemented every two days. On day 3, PBMC
specimens were further stained with PE‐labeled tetramer (homemade)
plus antigen‐presenting cell (APC)‐labeled human CD8 antibody (Bio-
Legend Cat# 344721, US). On day 7, the rest of cells were restimulated
with peptides for 4 h in the presence of Leuko Act Cktl with GolgiPlug
(BD, Cat# 550583, US) plus 50 IU/mL IL‐2, and the production of
interferon (IFN)‐γ was checked with PerCP conjugated anti‐human
IFN‐γ (BioLegend, Cat# 502524, US) staining.

2.11. ELISpot assays

The thawed PBMCs were rested for 3–4 h in Roswell Park Pemorial
Institute (RPMI) 1640 medium supplemented with 10 % fetal bovine
serum (LONSERA, Uruguay) in a 37 °C incubator. Cells were then stim-
ulated with a 20 µmol/L peptide pool corresponding to ancestral/mu-
tant peptides from B.1.1.529 (Omicron). Cell suspensions were
transferred to a Human IFN‐γ Precoated ELISPOT Kit (strips) (Dayou,
Cat# 2110005) and developed after 3 d according to the manufac-
turer’s instructions. Spots were imaged and counted using an ELISpot
reader (Mabtech).

2.12. Statistical analysis

The data were analyzed by one‐way ANOVA and paired‐samples t
tests for statistical significance by using GraphPad Prism 8 and SPSS
22.0 software. A P value less than 0.05 was considered statistically
significant.

3. Results

3.1. Precision HLA typing from RNA sequencing and flow cytometry data

HLA gene cluster plays a crucial role in adaptive immunity and is
thus relevant in many biomedical applications. We used OptiType, a
novel HLA genotyping algorithm based on integer linear program-
ming, capable of producing accurate predictions from next‐
generation sequencing (NGS) data not specifically enriched for the
HLA cluster (Fig. 1A and B). OptiType significantly outperformed pre-
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Fig. 1. Identification of HLA subtypes. A) OptiType’s four-digit HLA typing pipeline. B) Detailed tables of the HLA-A, B, and C subtypes of all individuals. C) Flow
cytometry gating strategy for HLA subtypes. D) PBMCs were isolated by density gradient centrifugation using a lymphocyte separation medium. Representative
FACS results of HLA-A2 and HLA-A24 were obtained by flow cytometry. Abbreviations: HLA, human leukocyte antigen; PBMC, peripheral blood mononuclear cell;
FACS, fluorescence-activated cell sorting; SSC, side scatter; FSD, front scatter; FITC, fluorescein isothiocyanate.
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viously published in silico approaches with an overall accuracy of
97 %, enabling its use in a broad range of applications [12]. We also
provide an alternative method for the detection of HLA subtypes using
the flow cytometry antibodies HLA‐A2 and HLA‐A24 (Fig. 1C and D).
The results showed that HLA subtypes could be identified by RNA
sequencing data and flow cytometry.

3.2. Comparison and characterization of SARS-CoV-2 HLA-A2 epitope-
specific CD8+ T cells from COVID-19 vaccination and breakthrough
infection donors

We then focused on differences in antigen‐specific CD8+ T cell
immune responses after Omicron infection and vaccination by examin-
ing the response of CD8+ T cells to SARS‐CoV‐2 antigen epitopes in
donors. We recruited 4 HLA‐A2 infections (Table S1), 15 individuals
who received three doses of inactivated vaccines (Table S2), and 30
breakthrough infections after vaccination (Table S3). In total, 3 pairs
of predicted epitopes from the variant strains together with the corre-
sponding epitopes from the ancestral strain were synthesized for MHC‐
I binding and T‐cell activation capability screening. We then focused
on the 3 pairs of epitopes with the mutant causing impaired MHC‐I
binding, which was located in ORF1a, S, and N protein, respectively
(Fig. 2A). The T2 binding assay showed decreased MHC‐I binding
capability by the variant mutated epitopes compared to the corre-
sponding ancestral peptides (Fig. 2B and C). However, these epitopes
could still be constructed as peptide‐MHC monomers and further tetra-
mers (Fig. 2D). We then constructed 3 pairs of epitope‐based tetramers
to examine the production of SARS‐CoV‐2 antigen‐specific CD8+ T



Fig. 2. Identification of HLA-A2-restricted T-cell epitopes from the Omicron variant strain. A) Summary of synthesized and validated HLA-A2 epitopes from the
Omicron variant strain. B) and C) Comparison of the binding affinity to HLA-A2 of ancestral and mutant epitopes on antigen-presenting T2 cells. Ancestral and
mutant epitopes are listed in black and bold, respectively. Paired ancestral and mutant epitopes are listed adjacently. Blank: no peptides; NC: negative control, EBV
virus peptide IVTDFSVIK; PC: positive control, influenza A M1 peptide GILGFVFTL. D) Evaluation of ancestral and mutant ancestral and mutant epitope binding to
HLA-A2 by ELISA. Data are shown as the mean ± SD. The threshold for pMHC formation positivity was set as above the average OD value of the negative control.
HLA: control UV-sensitive peptide without UV irradiation. Each dot represents a single individual. ****: P<0.0001; ***: P<0.001; **: P< 0.01; *: P<0.05; ns:
not statistically significant (P ≥ 0.05). Consistent P value notations are used throughout the paper. Abbreviations: HLA, human leukocyte antigen; MHC, major
histocompatibility complex; SD, standard deviation; UV, ultraviolet; ELISA, enzyme-linked immunosorbent assay; OD, optical density; S, spike protein; N,
nucleocapsid; ORF, open reading frame; EBV, Epstein-Barr virus.
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cells in subjects (Fig. 3A). Based on tetramer staining, SARS‐CoV‐2
epitope‐specific CD8+ T cells were detected in most HLA‐A2+ donors
(Fig. 3B‐G). However, the CD8+ T cell specificity of all three ancestral
epitopes in donor 001 was significantly lower than that of mutant epi-
topes. The proportion of CD8+ T‐specific cells in donors 002–004 was
the opposite (Fig. 3B and C; Fig. S1A). The above results indicated that
the CD8+ T cells specific to the mutant epitope produced by donor 001
may be derived from Omicron infection. The ancestral epitope‐specific
CD8+ T cells produced by donors 002–004 may be induced by vacci-
nation. Thus, it can be inferred that donor 001’s source of infection
may not have come from donors 002–004.

To further analyze whether the CD8+ T cells specific to volunteers,
as distinguished by tetramers, were derived from Omicron infections or
vaccination, we recruited individuals who received three doses of the
vaccine and those who had breakthrough infections after vaccination.
From individuals who received three doses of inactivated vaccine, we
observed that the CD8+ T cell specificity for ancestral epitopes was sig-
nificantly higher than for mutated epitopes, and the fold change of
CD8+ T cells corresponding to mutated epitopes relative to ancestral
epitopes was less than 1 (Fig. 3D and E). However, in individuals who
had breakthrough infections after vaccination, the opposite was
observed (Fig. 3F and G). In addition, we collected 4 volunteers who
received HLA‐A2 vaccine and detected the ancestral and mutated epi-
topes of S 417–425. We analyzed the differences in specific CD8+ T cell
frequencies in the CD3+CD8+ T cell population to verify the reliability
of the experimental results, as shown in Fig. S2A and B.

To further validate this hypothesis, we also analyzed the lympho-
cyte cell responses of the participants by ELISpot. The results showed
that donor 001 had cellular immunity induced by Omicron infection,
while donors 002–004 had cellular immunity induced by the vaccine
(Fig. 4A–C). Our data further suggest that it is possible to distinguish
differences in cellular immunity induced by inactivated vaccines and
COVID‐19 infection by detecting the corresponding epitope‐specific
CD8+ T cells.
3.3. Comparison and characterization of SARS-CoV-2 HLA-A24 epitope-
specific CD8+ T cells from COVID-19 vaccination and breakthrough
infection donors

We recruited 2 HLA‐A24 infections (Table S1), and 4 breakthrough
infections after vaccination (Table S4). We then constructed 3 pairs of
epitope‐based tetramers to examine the production of SARS‐CoV‐2
antigen‐specific CD8+ T cells in subjects (Fig. 5A). Based on tetramer
staining, SARS‐CoV‐2 epitope‐specific CD8+ T cells were detected in
most HLA‐A24+ donors (Fig. 5B). The results showed that donor
005 produced no ancestral or mutant‐specific CD8+ T cells, while
donor 006 produced significantly more ancestral epitope‐specific
CD8+ T cells than mutant epitopes (Fig. 5C). To further analyze
whether the CD8+ T cells specific to volunteers, as distinguished by
tetramers, were derived from Omicron infections or vaccination, we
recruited individuals who had breakthrough infections after vaccina-
tion. In individuals with breakthrough infections after vaccination,
we observed that the CD8+ T cell specificity for mutated epitopes
was significantly higher than for wild‐type epitopes, and the fold
change of CD8+ T cells corresponding to mutated epitopes relative
to ancestral epitopes was greater than 1 (Fig. 5D and E).

To further validate this hypothesis, we also analyzed the lymphocyte
cell responses of the participants by ELISpot (Fig. 6A andB) and intracel-
lular IFN‐γ by flow cytometry (Fig. 6C and D). The results showed that
the trend of cellular immunity induced by donors 005 and 006 was con-
sistent with the above results. It can be inferred from the above studies
that donor 005 has no cell immunity induced by the vaccine and COVID‐
19, while donor 006’s cell immunity is induced by the vaccine.

4. Discussion

The trackingandmanagement of infectedpersons is oneof the impor-
tant links in the prevention and control of infectious diseases. With the
increase of asymptomatic infections, how to identify virus carriers is



Fig. 3. Comparison and characterization of SARS-CoV-2 HLA-A2 epitope-specific CD8+ T cells from COVID-19 vaccination and breakthrough infection donors. A)
Flow cytometry gating strategy for SRAS-CoV-2 epitope-specific CD8+ T cells. B) and C) Representative data for the detection of epitope-specific CD8+ T cells in
HLA-A2+ donors 001–004 with tetramers prepared using SARS-CoV-2 epitopes. Specific CD8+ T cells were stained with tetramers prepared using ancestral and
mutant SARS-CoV-2 epitopes individually. Overall statistics and comparison of SARS-CoV-2 epitope-specific CD8+ T cells from 4 donors. D) and E) Representative
data for the detection of epitope-specific CD8+ T cells in HLA-A2+ COVID-19 vaccination with tetramers prepared using SARS-CoV-2 epitopes. Specific CD8+ T
cells were stained with tetramers prepared using ancestral and mutant SARS-CoV-2 epitopes individually. F) and G) Representative data for the detection of
epitope-specific CD8+ T cells in HLA-A2+ breakthrough infection donors with tetramers prepared using SARS-CoV-2 epitopes. Specific CD8+ T cells were stained
with tetramers prepared using ancestral and mutant SARS-CoV-2 epitopes individually. Paired ancestral and mutant epitopes are listed adjacently on the x-axis.
The specific sequences of the corresponding ancestral and mutant epitopes are shown in Fig. 2A. The flow cytometry gating strategy is shown in Fig. 3A.
Abbreviations: HLA, human leukocyte antigen; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; APC, antigen-
presenting cell; S, spike protein; N, nucleocapsid; IFN, interferon; ORF, open reading frame
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Fig. 4. Immune response alteration by HLA-A2 SARS-CoV-2 mutant epitopes. A) Detailed table of Omicron ancestral and mutant epitopes used for ELISpot assays.
Exemplary microscopy image (B) and summary statistics (C) for the anti-IFN-γ ELISpot assay on lymphocyte cells stimulated by mixed ancestral/mutant SARS-
CoV-2 epitopes. They were stimulated with mixed ancestral/mutant peptides cultured for 3 days in precoated anti-IFN-γ ELISpot plates. 001-004 represents four
donors respectively The specific sequence of the mixture of ancestral and mutant peptides used is shown in Fig. 4A. Abbreviations: HLA, human leukocyte antigen;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; S, spike protein; M, membrane protein; N, nucleocapsid; IFN, interferon; ELISpot, enzyme-linked
immunosorbent assay; ORF, open reading frame.
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Fig. 5. Comparison and characterization of SARS-CoV-2 HLA-A24 epitope-specific CD8+ T cells from COVID-19 vaccination and breakthrough infection donors.
A) Summary of synthesized and validated HLA-A24 epitopes from the Omicron variant strain. B) and C) Representative data for the detection of epitope-specific
CD8+ T cells in HLA-A24+ donor 005–006 with tetramers prepared using SARS-CoV-2 epitopes. Specific CD8+ T cells were stained with tetramers prepared using
ancestral and mutant SARS-CoV-2 epitopes individually. Overall statistics and comparison of SARS-CoV-2 epitope-specific CD8+ T cells from 2 donors. D) and E)
Representative data for the detection of epitope-specific CD8+ T cells in HLA-A2 + breakthrough infection donors with tetramers prepared using SARS-CoV-2
epitopes. Specific CD8+ T cells were stained with tetramers prepared using ancestral and mutant SARS-CoV-2 epitopes individually. Paired ancestral and mutant
epitopes are listed adjacently on the X-axis. The specific sequences of the corresponding ancestral and mutant epitopes are shown in Fig. 5A. The flow cytometry
gating strategy is shown in Fig. 3A. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; HLA, human leukocyte antigen; COVID-19,
coronavirus disease 2019; S, spike protein; N, nucleocapsid. ORF, Open reading frame.
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an urgent problem to be solved. Centers for Disease Control and Preven-
tion (CDC) is tracking and classifying illness in a new way, WGS, using
advanced technology to find and stop outbreaks [4]. WGS provides
detailed genetic information about the virus, from which it can be
inferred that the infected population is infected with the virus subtype,
and the source of the virus can be inferred through the evolutionary tree
[13]. The results of WGS analysis of the SARS‐CoV‐2 isolated from the
donor 001 confirmed case showed that it was infectedwith the Omicron
BA.2.2. With the reduction of the number of people receiving nucleic
acid testing and the increase of asymptomatic infections [14], it is diffi-
cult to obtain information on the time of infection in the population,
including the number of infections and virus subtype information over
a period of time. Therefore, the neutralizing antibody test for close con-
tacts has become the main method of case traceability detection [15].
Therefore, the detection of neutralizing antibodies in close contacts
maybecome themainmethod for case tracingdetection.However,many
studies have shown that there are serious cross‐reactions in thedetection
of neutralizing antibodies between different subtypes, so it is difficult to
determine whether a subject is infected or which subtype of the virus is
infected by the method of neutralizing antibody detection [9,16].

To this end, we discuss in this study a case‐following method for
the detection of epitope‐specific CD8+ T cells in the peripheral blood



Fig. 6. Immune response alteration by HLA-A24 SARS-CoV-2 mutant epitopes. A) Detailed table of Omicron HLA-A24 ancestral and mutant epitopes used for
ELISpot assays and intracellular IFN-γ flow cytometry. B) Exemplary microscopy image for the anti-IFN-γ ELISpot assay on lymphocyte cells stimulated by mixed
HLA-A24 ancestral/mutant SARS-CoV-2 epitopes. They were stimulated with mixed ancestral/mutant peptides cultured for 3 days in precoated anti-IFN-γ ELISpot
plates. The specific sequence of the mixture of ancestral and mutant peptides used is shown in Fig. 6A. C) CD8+ T cells isolated from donors were cocultivated with
T2 cells loaded with SARS-CoV-2 epitopes at a 1:1 ratio and analyzed for IFN-γ. Expression of IFN-γ by CD8+ T cells after epitope stimulation for 7 days. The
specific sequence of the mixture of ancestral and mutant peptides used is shown in Fig. 6A. D) Overall statistics and comparison of the expression of IFN-γ by SARS-
CoV-2 epitope-specific CD8+ T cells from 2 donors. NC: negative control, T2 cells loaded with EBV virus peptide IVTDFSVIK; PC: positive control, T2 cells loaded
with influenza A M1 peptide GILGFVFTL. Abbreviations: HLA, human leukocyte antigen; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; IFN,
interferon; ELISpot, enzyme-linked immunosorbent assay.
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of close contacts. First, the adaptive immune response‐mediated anti‐
SARS‐CoV‐2 response mainly includes the killing effect of CD8+ T cells
on virus‐infected cells and the production of specific antibodies by B
cells to clear extracellular virus particles [17]. Second, neutralizing
antibodies cannot be detected in vivo in approximately 10 % of recov-
ered patients, but T‐cell immune responses can be detected [18].
Finally, neutralizing antibodies cannot be detected in people who have
been vaccinated for more than six months, but antigen‐specific T cells
can be detected [19–21].

According to the SARS‐CoV‐2 sequence of case donor 001 (BA.2.2),
potential mutant subtype antigen‐specific CD8+ T cell epitopes were
calculated using the “MHC I Binding” tool (https://tools.iedb.org/
mhci). OptiType, a novel HLA genotyping algorithm based on integer
linear programming, significantly outperformed previously published
in silico approaches with an overall accuracy of 97 %. Subsequently,
using the artificial APC system, the top 3 BA.HLA‐A2 epitope‐specific
CD8+ T cells were screened out. Four recruited HLA‐A2‐positive
donors’ BA. HLA‐A2 epitope‐specific CD8+ T cells were analyzed by
tetramer staining flow cytometry. However, since the donor 001 sam-
ple had no vaccination history and was infected with BA.2.2 mutant,
the results showed that the proportion of epitope‐specific CD8+ T cells
of the original type was much lower than that of BA.2.2, which was in
line with the rheology results. Among the donor 002–004 HLA‐A2‐
positive core close contacts, because they all had a history of vaccina-
tion, the proportion of native epitope‐specific CD8+ T cells was much
higher than that of BA.2.2. Therefore, it is speculated that the donor
002–004 close contacts may not have been infected with BA.2.2.
The ELISpot results also showed similar results to tetramer staining
flow cytometry. However, due to the small sample size, it is necessary
to expand the sample size to further determine whether close contacts
have been infected with BA.2.2.

Likewise, we constructed 3 pairs of epitope‐based tetramers to
examine the generation of SARS‐CoV‐2 antigen‐specific CD8+ T cells
in subjects. Based on tetramer staining, it was shown that donor 005

https://tools.iedb.org/mhci
https://tools.iedb.org/mhci


C. Qiu et al. / Biosafety and Health 6 (2024) 143–152152
generated no ancestral and mutation‐specific CD8+ T cells, whereas
donor 006 generated significantly more ancestral epitope‐specific
CD8+ T cells than mutant epitopes. The results of ELISpot and intracel-
lular IFN‐γ flow staining showed that the tendency of donors 005 and
006 to induce cellular immunity was consistent with the above results.
From the above studies, it can be inferred that donor 005 had no
vaccine‐ or COVID‐19‐induced cellular immunity, while donor 006’s
cellular immunity was induced by the vaccine.

This study forms a “method for understanding the infection history
of SARS‐CoV‐2 subtypes based on the proportion of epitope‐specific
CD8+ T cells in the peripheral blood of subjects”, covering up to
46 % of the population, including 30 % HLA‐A2+ and 16 % HLA‐
A24+ donors [22], providing a novel method for SARS‐CoV‐2 infected
case tracing. This method can not only be used in the investigation of
the infection history of asymptomatic people but also can be used in
the evaluation of the specific cellular immunity level of mutant vacci-
nes in the future.
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