
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Report
The generation of stem ce
ll-like memory cells early
after BNT162b2 vaccination is associated with
durability of memory CD8+ T cell responses
Graphical abstract
Highlights
d Spike-specific CD8+ T cells quantitatively decrease 6 months

after BNT162b2 vaccination

d CD8+ TSCM cells are successfully generated by BNT162b2

vaccination

d TSCM cell generation significantly correlates with the

durability of CD8+ T cells

d TSCM cell generation inversely correlates with the age of

vaccinated individuals
Jung et al., 2022, Cell Reports 40, 111138
July 26, 2022 ª 2022 The Author(s).
https://doi.org/10.1016/j.celrep.2022.111138
Authors

Sungmin Jung, Jae Hyung Jung,

Ji Yun Noh, ..., Kyoung-Ho Song,

Joon Young Song, Eui-Cheol Shin

Correspondence
khsongmd@snu.ac.kr (K.-H.S.),
infection@korea.ac.kr (J.Y.S.),
ecshin@kaist.ac.kr (E.-C.S.)

In brief

The longevity of SARS-CoV-2-specific

CD8+ T cells elicited by BNT162b2 has yet
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the durability of spike-specific memory

CD8+ T cells. This early generation of

TSCM cells negatively correlates with age.
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SUMMARY
COVID-19 vaccines elicit humoral and cellular immune responses. Durable maintenance of vaccine-induced
immunity is required for long-term protection of the host. Here, we examine activation and differentiation of
vaccine-induced CD8+ T cells using MHC class I (MHC-I) multimers and correlations between early differen-
tiation and the durability of CD8+ T cell responses among healthcare workers immunized with two doses of
BNT162b2. The frequency of MHC-I multimer+ cells is robustly increased by BNT162b2 but decreases
6 months post-second vaccination to 2.4%–65.6% (23.0% on average) of the peak. MHC-I multimer+ cells
dominantly exhibit phenotypes of activated effector cells 1–2 weeks post-second vaccination and gradually
acquire phenotypes of long-term memory cells, including stem cell-like memory T (TSCM) cells. Importantly,
the frequency of TSCM cells 1–2 weeks post-second vaccination significantly correlates with the 6-month
durability of CD8+ T cells, indicating that early generation of TSCM cells determines the longevity of vac-
cine-induced memory CD8+ T cell responses.
INTRODUCTION

Since the outbreak of the COVID-19 pandemic, prophylactic vac-

cines havebeendevelopedat anunprecedentedpaceandadmin-

istered to large populations on a global scale. Although these vac-

cineswere initially highlighted to induce robust immune responses

against SARS-CoV-2 spike (S) protein (Anderson et al., 2020;

Jackson et al., 2020; Sahin et al., 2020), recent reports have raised

concerns regarding the decay of neutralizing antibody (nAb) titers

(Levin et al., 2021; Shrotri et al., 2021). Furthermore, emerging var-

iants of concern (VOC) reduce the neutralizing activity of vaccine-

induced nAbs (Chen et al., 2021; Liu et al., 2021; Planas et al.,

2021), resulting in an increase in breakthrough infections (Hacisu-

leyman et al., 2021; Kustin et al., 2021). Thus, vaccine-induced

nAbs are neither durable nor sufficient for long-term protection

against SARS-CoV-2, particularly major VOC, including the Delta

and Omicron variants.

COVID-19 vaccines elicit not only humoral responses, but also

T cell responses (Noh et al., 2021). T cells confer host protection
This is an open access article under the CC BY-N
by reducing viral titers and lung pathology even in the absence of

nAbs following SARS-CoV-2 challenge in immunized mice

(Zhuang et al., 2021). T cells also protect convalescent ma-

caques against SARS-CoV-2 when nAb titers are suboptimal

(McMahan et al., 2021). In patients with B cell depletion,

SARS-CoV-2-specific CD8+ T cells contribute to host protection

and survival (Bange et al., 2021). In addition, SARS-CoV-2-spe-

cific T cell responses elicited by natural infection or vaccination

are rarely escaped by VOC because the majority of T cell epi-

topes are conserved across variants (Tarke et al., 2021). Thus,

we need to understand vaccine-induced, SARS-CoV-2

S-specific T cell responses, including differentiation, memory

generation, and durability.

A few studies have reported dynamic changes in S-specific

T cells following mRNA vaccination (Goel et al., 2021; Mateus

et al., 2021; Oberhardt et al., 2021; Painter et al., 2021). Vac-

cine-elicited T cells appear to develop a population of polyfunc-

tional memory T cells in a proportion comparable with that of

memory cells provoked by natural infection (Goel et al., 2021;
Cell Reports 40, 111138, July 26, 2022 ª 2022 The Author(s). 1
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Figure 1. The frequency of SARS-CoV-2 S-specific MHC-I multimer+CD8+ T cells in BNT162b2-vaccinated individuals over time

PBMCs from BNT162b2-vaccinated individuals were analyzed by flow cytometry.

(A) Blood sampling schedule from pre-vaccination to 6 months post-second vaccination.

(B and C) Representative flow cytometry plots showing the frequency of (B) SARS-CoV-2 S269 and S1000 MHC-I multimer+CD8+ T cells from HLA-A*02(+) indi-

viduals and (C) SARS-CoV-2 S448 MHC-I multimer+CD8+ T cells from HLA-A*24(+) individuals in the gate of CD3+ T cells.

(D) Representative flow cytometry plots of the frequency of SARS-CoV-2-specific S269 multimer+CD8+ T cells from a single vaccinated individual over time.

(E) The frequency of SARS-CoV-2 S269 multimer+CD8+ T cells in vaccinated individuals (n = 12) from pre-vaccination to 24 weeks (6 months) post-second

vaccination summarized in a box graph.

(legend continued on next page)
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Oberhardt et al., 2021; Painter et al., 2021). Vaccine-induced

memory CD4+ T cells seem to mainly differentiate into

CCR7+CD45RA� central memory T (TCM) and CCR7�CD45RA�

effector/effector memory T (TEM) cells, whereas CD8+ T cells

differentiate into TEM cells (Oberhardt et al., 2021; Painter

et al., 2021). Importantly, vaccine-elicited S-specific CD4+

T cell responses are stably maintained (Goel et al., 2021; Mateus

et al., 2021). However, the durability and decay rate of the CD8+

T cell responses remain controversial (Goel et al., 2021; Mateus

et al., 2021).

Here, we conducted a longitudinal study to analyze the dy-

namic changes in SARS-CoV-2 S-specific CD8+ T cell responses

following BNT162b2 first-second vaccination on a single-

epitope level usingMHC class I (MHC-I) multimer staining of seri-

ally collected blood samples from a cohort of healthcare

workers. We examined the activation, differentiation, and dura-

bility of S-specific CD8+ T cells for up to 6 months post-second

vaccination and investigated the impact of early stem cell-like

memory T (TSCM) cell generation on the durability of vaccine-

induced CD8+ T cell responses.

RESULTS

S-specific CD8+ T cell responses are successfully eli-
cited by BNT162b2 but wane over 6 months
A total of 40 healthcare workers vaccinated with two doses of

BNT162b2 without previous SARS-CoV-2 infection were

enrolled in this study and peripheral blood obtained until

6 months post-second vaccination (Figure 1A). To directly detect

S-specific CD8+ T cells, we stained peripheral blood mononu-

clear cells (PBMCs) from 23 HLA-A*02(+) individuals using four

different S-specific HLA-A*0201 multimers (Figures S1A and

S1B). S269-specific cells were detected in 12 individuals, and

S1000-specific cells were detected in 3 of the 12 individuals

who had S269-specific cells (Figure 1B). S996- and S1220-specific

cells were not detected in any vaccinated individuals, although

they were detected in individuals who had recovered from

SARS-CoV-2 infection (Figure S1C).We also stained PBMCs ob-

tained post-second vaccination from 13 HLA-A*24(+) individuals

using HLA-A*2402 S448 multimers, and S448-specific cells were

detected in two individuals (Figure 1C). The binding specificity

of HLA-A*0201 S269 multimer and HLA-A*2402 S448 multimer

was validated by HLA-matched and -mismatched staining of

T cell lines (Figure S1D). In subsequent analyses, we focused

on the 12 individuals who had S269-specific cells (Table S1).

We stained PBMCs obtained from the 12 individuals during

the course of vaccination and follow-up using S269 MHC-I mul-

timer. The frequency of S269 multimer+ cells increased post-first
(F) CTV-labeled PBMCs were stimulated with SARS-CoV-2 S269 epitope (n = 19; s

tative flow cytometry plots showing PBMCs from a vaccinated individual stimula

frequency of CTVlow and Ki-67+ cells among SARS-CoV-2 S269 multimer+CD8+ T

(G) PBMCs were stimulated with SARS-CoV-2 S269 epitope (n = 16; samples obtai

PE antibody, and S269 multimer staining and IFN-g ICS were performed. Left: rep

stimulated with DMSO control and S269 peptide. Right: summary box graph show

CoV-2-specific S269 multimer+CD8+ T cells. Statistical analysis was performed us

coxon signed rank test (F and G) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00

Table S1.
vaccination with a peak at 1–2 weeks post-second vaccination,

and then gradually decreased (Figures 1D and 1E). The fre-

quency of S269multimer+ cells significantly decreased 24weeks

(6 months) post-second vaccination compared with the peak

(1–2 weeks post-second vaccination). We evaluated the func-

tions of S269 multimer+ cells using PBMCs obtained 6 months

post-second vaccination. In CellTrace Violet (CTV) dilution as-

says, S269 multimer+ cells exhibited robust proliferation based

on CTV dilution and Ki-67 upregulation following 5-day

ex vivo stimulation with S269 peptide (Figures 1F and S1E).

When MHC-I multimer staining was combined with intracellular

cytokine staining (ICS), interferon-g (IFN-g) production and

degranulation were observed among S269 multimer+ cells

upon S269 peptide stimulation, and the frequency of IFN-

g+CD107a+ cells ranged from 0% to 11.6% (mean 4.8%;

Figures 1G and S1F). We validated MHC-I multimer-combined

IFN-g ICS by performing IFN-g ICS with or without S269 multi-

mer staining and found no difference in the frequency of

IFN-g+ cells between assays with and without S269 multimer

staining (Figure S1G). In summary, BNT162b2 vaccination suc-

cessfully elicits an S-specific CD8+ T cell response, but the

response wanes over 6 months.

S-specific effector CD8+ T cells with activation pheno-
types increase early after BNT162b2 vaccination
We investigated the dynamic changes in phenotypes of S269-

specific CD8+ T cells during the course of vaccination and

follow-up. First, we performed UMAP analysis integrating the

expression of CD38, HLA-DR, CD127, KLRG1, CCR7,

CD45RA, and CD95. The location of S269 multimer+ cells ex-

pressing each marker (Figure S2A) or exhibiting each memory

subset (Figure S2B) is indicated in the UMAP plots. We found

that the phenotypes of S-specific multimer+ cells strikingly

changed from 3 weeks post-second vaccination (Figures 2A

and S3). In the analysis of T cell activation markers CD38

and HLA-DR, the percentage of CD38+HLA-DR+ cells among

S269 multimer+ cells peaked 1–2 weeks post-second vaccina-

tion, and then significantly decreased thereafter (Figures 2B

and S3A). Similarly, the percentage of T-bet+ cells among

S269 multimer+ cells peaked 1–2 weeks post-second vaccina-

tion, and then steadily decreased (Figures 2C and S3B). These

data show that S-specific CD8+ T cells exhibit an activated

effector phenotype early after the second vaccination and

then progressively lose the phenotype of activated effector

cells. We also examined the expression of Ki-67 and Bcl-2.

The percentage of Ki-67+ cells among S269 multimer+

cells peaked 1–2 weeks post-first and post-second vaccina-

tion and significantly decreased from 3 weeks post-second
amples obtained 6 months post-second vaccination) for 120 h. Left: represen-

ted with DMSO control and peptide. Right: summary box graph showing the

cells.

ned 6months post-second vaccination) for 6 h in the presence of anti-CD107a-

resentative flow cytometry plot showing PBMCs from a vaccinated individual

ing the frequency of IFN-g+, CD107a+, and IFN-g+CD107a+ cells among SARS-

ing Kruskal-Wallis test with Dunns’ multiple comparison test (E) or paired Wil-

01). CTV, CellTrace Violet; DMSO, dimethyl sulfoxide. See also Figure S1 and
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vaccination (Figures 2D, S3C, and S3D). The percentage of

Bcl-2+ cells among S269 multimer+ cells steadily increased af-

ter the second vaccination and reached a peak 6 months

post-second vaccination (Figures 2E, S3C, and S3D). The per-

centage of CD38+HLA-DR+ or T-bet+ cells inversely correlated

with the time after the second vaccination (Figures 2F and

2G), and the percentage of Ki-67+ and Bcl-2+ cells exhibited

inverse and positive correlations with the time after the sec-

ond vaccination, respectively (Figures 2H and 2I).

Next, we examined the expression of CD127 and KLRG1 to

more precisely phenotype the S269-specific CD8+ T cells

(Figures S3E and S3F). The percentage of CD127�KLRG1�

early effector and CD127�KLRG1+ short-lived effector cells

among S269 multimer+ cells increased 1–2 weeks post-second

vaccination and gradually decreased thereafter (Figures 2J and

S3E), coinciding with the dynamics of CD38+HLA-DR+ and

T-bet+ cells. In contrast, the percentage of long-lived

CD127+KLRG1� cells among S269 multimer+ cells and normal-

ized median fluorescence intensity of CD127 on S269 multimer+

cells remained relatively high after the first vaccination,

decreased 1–2 weeks post-second vaccination, and progres-

sively increased thereafter (Figure S3G). The percentage of

CD127+KLRG1+ cells among S269 multimer+ cells remained

relatively low despite a transient increase 12 weeks post-sec-

ond vaccination. The percentage of CD127+KLRG1� and

CD127+KLRG1+ cells positively correlated with the time after

the second vaccination, whereas the percentage of

CD127�KLRG1� and CD127�KLRG1+ cells was inversely

correlated (Figure 2K). These results demonstrate sequential

events from effector cell generation to memory cell differentia-

tion after BNT162b2 vaccination.

TSCM cells are successfully developed by BNT162b2
vaccination
We further analyzed the differentiation of S269-specific CD8+

T cells by examining the expression of CCR7 and CD45RA (Fig-

ure S4A). The percentage of CCR7�CD45RA� TEM cells among

S-specific multimer+ cells peaked 1–2 weeks post-second

vaccination and significantly decreased thereafter, whereas

the percentage of CCR7�CD45RA+ TEMRA cells was minimal

1–2 weeks post-second vaccination and significantly increased

thereafter (Figures 3A and S4B). The percentage of TCM cells re-

mained relatively low during the course of vaccination and

follow-up. We also examined CCR7+CD45RA+CD95+ TSCM
cells, which are known to have the capacity for self-renewal

and multipotent differentiation (Gattinoni et al., 2011), and

found that the percentage of TSCM cells among S269 multimer+

cells progressively increased after the second vaccination. We
Figure 2. Phenotypes of SARS-CoV-2 S269 MHC-I multimer+CD8+ T cel

(A) UMAP plot of SARS-CoV-2-specific S269 multimer+CD8+ T cells from multiple

time point consists of 4–5 patients with a total of 650–750 cells.

(B–E and J) The percentages of the indicated subpopulation among SARS-CoV-2

11), (C) (n = 8), (D and E) (n = 11), (J) (n = 11) from 1 week post-first vaccination

(F–I and K) Correlation between the percentage of the indicated subpopulation

vaccination (F) (n = 11), (G) (n = 8), (H and I) (n = 11), (K) (n = 11) with black lines rep

and interquartile range (IQR). Statistical analysis was performed using Mann-W

regression analysis (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). See also
also compared the frequency of TSCM cells among S269 multi-

mer+ cells in convalescent and vaccinated individuals at three

different time points: 3–4 weeks, 11–13 weeks, and after

24 weeks post-symptom onset in the convalescent group or

post-second vaccination in the vaccinated group. We found

that the frequency of TSCM cells was significantly higher in

vaccinated individuals at the early time point (3–4 weeks; Fig-

ure S4C). However, the difference disappeared at later time

points. The percentage of TEM cells inversely correlated with

the time after the second vaccination, and the percentage of

TEMRA and TSCM cells positively correlated with the time after

the second vaccination (Figure 3B).

TSCM cell generation early after the second vaccination
predicts the 6-month durability of vaccine-induced
memory CD8+ T cell responses
Finally, we analyzed whether T cell differentiation status early af-

ter vaccination determines the durability of vaccine-induced

CD8+ T cell responses. We focused on 1–2 weeks post-second

vaccination, when the frequency of S-specific multimer+ cells

peaked with highly activated effector phenotypes. For this anal-

ysis, we increased the number of multimer+ individuals by

including two donors who had HLA-A*2402 S448 multimer+ cells

(Figure 1C). We also enrolled an additional eight BNT162b2-

vaccinated healthcare workers who had S269 multimer+ cells

(Table S2). We performed correlation analyses between various

T cell parameters 1–2 weeks post-second vaccination and the

6-month durability of S-specific CD8+ T cell responses. Among

multiple T cell parameters, the percentage of TSCM cells among

multimer+ cells significantly correlated with the 6-month dura-

bility of multimer+ cells, whereas the percentage of CD38+HLA-

DR+ or CD127+KLRG1� cells did not (Figure 4A). In addition,

the percentage of multimer+ TSCM cells among CD3+ T cells or

total live cells 1–2 weeks post-second vaccination significantly

correlated with the frequency of multimer+ cells among CD8+

T cells 6 months post-second vaccination (Figure S5A), although

it did not correlate with the 6-month durability of multimer+ cells

(Figure S5B). Moreover, the percentage of TSCM cells 1–2 weeks

post-second vaccination inversely correlated with the age of

vaccinated individuals (Figure 4B). We also performed correla-

tion analysis between the frequency of multimer+ cells among

CD8+ T cells 6 months post-second vaccination and the donor

age (Figure S5C) or the percentage of TSCM cells among multi-

mer+ cells 1–2 weeks post-second vaccination (Figure S5D)

and found no significant correlation. In summary, the durability

of BNT162b2-induced memory CD8+ T cell responses is deter-

mined by early generation of TSCM cells, which is inversely

related to age.
ls in BNT162b2-vaccinated individuals over time

patients showing the clustering of the multimer+CD8+ T cells over time. Each

-specific S269 multimer+CD8+ T cells in vaccinated individuals over time (B) (n =

to 24 weeks (6 months) post-second vaccination summarized in box graphs.

of SARS-CoV-2-specific S269 multimer+CD8+ T cells and days post-second

resenting linear regression. Data from boxplot graphs are presented as median

hitney U test (B–E and J) or Spearman correlation test (F–I and K) with linear

Figures S2 and S3.
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Figure 3. Differentiation kinetics of SARS-CoV-2 S269 MHC-I multimer+CD8+ T cells in BNT162b2-vaccinated individuals

(A) The percentages indicate subpopulations among SARS-CoV-2-specific S269 multimer+ memory CD8+ T cells in vaccinated individuals over time summarized

in box graphs (n = 12).

(B) Correlation between the percentage of the indicated subpopulations of SARS-CoV-2-specific S269 multimer+ memory CD8+ T cells and days post-second

vaccination (n = 12) with black lines representing linear regression. Data are presented as median and IQR. Statistical analysis was performed using Mann-

Whitney U test (A) or Spearman correlation test with linear regression analysis (B) (**p < 0.01, ***p < 0.001, ****p < 0.0001). See also Figure S4.
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DISCUSSION

The BNT162b2 mRNA vaccine elicits S-specific humoral and

cellular immune responses that contribute to host protection

against SARS-CoV-2 (Collier et al., 2021; Goel et al., 2021; Sahin

et al., 2021). However, the longevity and differentiation trajectory

of BNT162b2-induced S-specific memory T cells remain poorly

understood. In this study, we conducted a longitudinal analysis

of BNT162b2-induced S-specific CD8+ T cell responses on a sin-

gle-epitope level using MHC-I multimers until 6 months post-

second vaccination, and found that early generation of TSCM
cells significantly correlated with the 6-month durability of

CD8+ T cell response.

TSCM cells have a phenotype of CD95+ naive-like memory

cells in humans and possess the capacity for self-renewal

and multipotency to reconstitute both effector and memory

T cell subsets upon antigen re-challenge (Gattinoni et al.,

2011). Their extreme lifespan stems from their long telomere

and high telomerase activity (Ahmed et al., 2016). Previously,

yellow fever virus (YFV)-specific TSCM-like CD8+ cells were

shown to persist for more than a decade after YFV vaccina-

tion, with retained epigenetic signatures of effector molecules

(Akondy et al., 2017; Fuertes Marraco et al., 2015). This indi-

cates that the virus-specific clonal reservoir provided by the

long-lasting TSCM cells allows for enhanced recall response

upon virus re-exposure. Recently, SARS-CoV-2-specific
6 Cell Reports 40, 111138, July 26, 2022
TSCM cells were demonstrated after BNT162b2 vaccination

(Guerrera et al., 2021). However, the relationship between

CD8+ TSCM generation and the durability of vaccine-induced

CD8+ T cell responses have not yet been elucidated. Our

study shows that the early generation of TSCM cells inversely

correlates with the age of vaccinated individuals, consistent

with the number of CD8+ TSCM cells decreasing with age (Li

et al., 2019).

In this study, the percentage of TEMRA cells, which are known

as terminally differentiated cells (Mittelbrunn and Kroemer,

2021; Rufer et al., 2003), gradually increased among multimer+

cells after the second vaccination. A recent study showed

enrichment of SARS-CoV-2 S-specific TEMRA cells upon

repeated antigen exposure due to infection and two doses of

BNT162b2 vaccination (Minervina et al., 2022). In addition,

another study using clonal tracking of the SARS-CoV-2 multi-

mer+CD8+ cells in convalescent individuals showed a progres-

sive transition of SARS-CoV-2-specific TEM cells into TEMRA

cells 1 year after COVID-19 (Adamo et al., 2022). These findings

suggest that a proportion of TEMRA cells among SARS-CoV-2-

specific CD8+ T cells increases after vaccination or natural

infection. Interestingly, Adamo et al. (2022) recently showed

that SARS-CoV-2-specific CD8+ TEMRA cells express TCF1 in

convalescent individuals, although TEMRA cells are known to

be terminally differentiated cells (Mittelbrunn and Kroemer,

2021; Rufer et al., 2003). Further examination of the functional
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Figure 4. Correlation between the durability of SARS-CoV-2 S-specific MHC-I multimer+CD8+ T cells and TSCM cells

(A) Correlation between the durability of S269 (red) and S448 (green) multimer+CD8+ T cells and the percentage of CD38+HLA-DR+ (n = 20), CD127+KLRG1� (n =

20), and TSCM cells (n = 22) among multimer+CD8+ T cells 1–2 weeks post-second vaccination with black lines representing linear regression. Durability was

calculated as follows: (the frequency of multimer+ cells among total CD8+ T cells 6 months post-second vaccination/the frequency of multimer+ cells among total

CD8+ T cells 1–2 weeks post-second vaccination) 3 100. Data are presented as IQRs.

(B) Correlation between the percentage of TSCM cells amongmultimer+CD8+ T cells 1–2weeks post-second vaccination and the age of the individuals (n = 22) with

black lines representing linear regression. Statistical analysis was performed using Spearman correlation test with linear regression analysis (*p < 0.05). See also

Figure S5 and Table S2.
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and molecular characteristics of SARS-CoV-2-specific CD8+

TEMRA cells is needed.

In summary, we demonstrated that early generation of TSCM
cells after BNT162b2 vaccination determines the durability of

vaccine-induced memory CD8+ T cell responses, providing

knowledge for the development of vaccines that induce durable

cellular immunity.

Limitations of the study
Limitations of this study include the relatively small sample size

of MHC-I multimer+ individuals. In addition, our results mainly

relied onHLA-A*0201 S269multimer+ cells. Also, our study exam-

ined CD8+ T cells, but not CD4+ T cells. Further research is

required to study BNT162b2-induced CD4+ T cell responses us-

ing MHC-II multimers. Moreover, although SARS-CoV-2 infec-

tion has been shown to activate tissue-resident T cells in the air-

ways of COVID-19 patients (Szabo et al., 2021), whether mRNA

vaccination is also capable of generating tissue-resident T cells

remains to be elucidated. Finally, a more comprehensive com-

parison of CD8+ T cells elicited by vaccines based on diverse

platforms, including mRNA, adenoviral vector, and recombinant

protein, may be necessary to better understand COVID-19 vac-

cine-induced memory CD8+ T cells.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-humanCD28/49d (clone L293 and L25) BD Biosciences Cat# 347690; RRID: AB_647457

BV421 mouse IgG1, k isotype (clone 340) BD Biosciences Cat# 562438; RRID: AB_11207319

BV421 anti-human CD127 (clone HIL-7R-

M21)

BD Biosciences Cat# 562436; RRID: AB_11151911

BV510 anti-human CD3 (clone UCHT1) BD Biosciences Cat# 563109; RRID: AB_2732053

BV605 anti-human CD8 (clone SK1) BD Biosciences Cat# 564116; RRID: AB_2869551

BV786 mouse IgG1, k isotype (clone 340) BD Biosciences Cat# 563330; RRID: AB_2869484

BV786 anti-human CD38 (clone HIT2) BD Biosciences Cat# 563964; RRID: AB_2738515

BV786 anti-human Ki-67 (clone B56) BD Biosciences Cat# 563756; RRID: AB_2732007

BV786 anti-human CD3 (clone SK7) BD Biosciences Cat# 563800; RRID: AB_2744384

BV786 anti-human IFN-g (clone 4S.B3) BD Biosciences Cat# 563731; RRID: AB_2738391

PE anti-human CD107a (clone H4A3) BD Bioscience Cat# 555801; RRID: AB_396135

BB515 anti-human CD45RA (clone HI100) BD Biosciences Cat# 564552; RRID: AB_2738841

FITC anti-human CD8 (clone RPA-T8) BD Biosciences Cat# 557085; RRID: AB_396580

PerCP-Cy5.5 anti-human CCR7 (clone

150503)

BD Biosciences Cat# 561144; RRID: AB_10562553

PE anti-human CD95 (clone DX2) BD Biosciences Cat# 555674; RRID: AB_396027

PE-CF594 anti-human CD14 (clone M4P9) BD Biosciences Cat# 562335; RRID: AB_11153663

PE-CF594 anti-human CD19 (clone HIB19 BD Biosciences Cat# 562294; RRID: AB_11154408

PE-Cy7 mouse IgG2a, k isotype (clone

MOPC-173)

BD Biosciences Cat# 560906; RRID: AB_10561847

PE-Cy7 anti-human CD8 (clone RPA-T8) BD Biosciences Cat# 557746; RRID: AB_396852

BV421 anti-human Bcl-2 (clone 100) BioLegend Cat# 658709; RRID: AB_2563283

PE anti-human Ki-67 (clone Ki-67) BioLegend Cat# 350504; RRID: AB_10660752

PE-Cy7 anti-human T-bet (clone 4B10) BioLegend Cat# 644824; RRID: AB_2561761

APC-Cy7 anti-human HLA-DR (clone L243) BioLegend Cat# 307618; RRID: AB_493586

APC-Cy7 anti-human CD45RA (clone

HI100)

BioLegend Cat# 304128; RRID: AB_10708880

PE-Cy7 anti-human KLRG1 (clone

13F12F2)

Invitrogen Cat# 25-9488-42; RRID: AB_2573546

Biological samples

Blood samples from individuals with

BNT162b2 vaccination

Korea University Guro Hospital, Seoul

National University Bundang Hospital

N/A

Chemicals, peptides, and recombinant proteins

CD8 Microbeads, human Miltenyi Biotec Cat# 130-045-201

FcR blocking reagent, human Miltenyi Biotec Cat# 130-059-901

SARS-CoV-2 S269-277 YLQPRTFLL peptide Mimotopes Customized

SARS-CoV-2 S448-456 NYNYLYRLF peptide Peptron Customized

SARS-CoV-2 S996-1004 LITGRLQSL peptide Peptron Customized

SARS-CoV-2 S1220-1228 FIAGLIAIV peptide Peptron Customized

Recombinant human IL-2 Peprotech Cat# 200-22

Fetal bovine serum Corning Cat# 35-015-CV

Lymphocyte separation medium Corning Cat# 25-072-CV

Dimethyl sulfoxide Sigma-Aldrich Cat# D8418
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GolgiPlug (Brefeldin A) BD Biosciences Cat# 51-2092KZ

GolgiStop (Monensin) BD Biosciences Cat# 51-2301KZ

Critical commercial assays

LIVE/DEAD red fluorescent reactive dye Invitrogen Cat# L34972

CellTrace Violet cell proliferation kit Invitrogen Cat# C34557

FoxP3/transcription factor staining buffer

set

Invitrogen Cat# 00-5523-00

Software and algorithms

FlowJo software version 10.7 FlowJo LLC https://www.flowjo.com/

Prism version 9 Graphpad https://www.graphpad.com/

Other

APC YLQPRTFLL (SARS-CoV-2 S269) HLA-

A*0201 Pentamer

Proimmune Cat# 4339

APC LITGRLQSL (SARS-CoV-2 S996) HLA-

A*0201 Pentamer

Proimmune Cat# 4323

APC RLQSLQTYV (SARS-CoV-2 S1000)

HLA-A*0201 Pentamer

Proimmune Cat# 4358

APC FIAGLIAIV (SARS-CoV-2 S1220) HLA-

A*0201 Pentamer

Proimmune Cat# 4321

APC NYNYLYRLF (SARS-CoV-2 S448) HLA-

A*2402 Pentamer

Immudex Customized
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Eui-Cheol

Shin (ecshin@kaist.ac.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data supporting the findings of this study are available within the main manuscript and the supplementary files. This paper does

not report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects and sample collection
A total of 40 healthcare workers (27 females/13 males with a mean age of 34 years; range 24–56 years) who were immunized with the

first and second doses of 30-mg of BNT162b2 vaccine (Pfizer-BioNTech, NY, USA) were enrolled in the study from Korea University

Guro Hospital, Republic of Korea. All enrolled participants were healthy at the time of vaccination with no reported prior history of

SARS-CoV-2 infection. In addition, they were screened for anti-SARS-CoV-2 spike IgG and confirmed to be negative. BNT162b2

vaccines were administered in two separate injections at an interval of 3 weeks (21 days) between the first and second vaccinations.

Peripheral blood samples were serially collected from all enrolled participants following each vaccination: 1 week (days 7–9) and

3 weeks (days 18–21) after first vaccination and 1–2 weeks (days 7–11), 3 weeks (days 20–25), 12 weeks (days 84–87), and 24 weeks

(days 166–173) after second vaccination. Information regarding which time points were tested for each vaccinated individual in each

of the assays is summarized in Table S3. For the analysis in Figure 4, we recruited an additional eight HLA-A*02(+) vaccinated indi-

viduals (8 females) who were confirmed to have S269 multimer+ cells from Seoul National University Bundang Hospital, Republic of

Korea. This study was reviewed and approved by the institutional review boards of all participating institutions (Korea University Guro

Hospital: 2021GR0099; Seoul National University Bundang Hospital: B-2102-669-302) and conducted in accordance with the prin-

ciples of the Declaration of Helsinki. Informed consent was obtained from all participants.
Cell Reports 40, 111138, July 26, 2022 e2
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PBMCs were isolated from all peripheral blood samples by density gradient centrifugation using Lymphocyte Separation Medium

(Corning, NY, USA). Isolated PBMCs were cryopreserved at �196�C in fetal bovine serum (Corning) and 10% dimethyl sulfoxide

(Sigma-Aldrich, St. Louis, USA) until use.

METHOD DETAILS

MHC class I multimer staining and multi-color flow cytometry
PBMCs were stained with APC-conjugated MHC class I multimers for 15 min at room temperature (RT) and washed. Cells were then

stained with fluorochrome-conjugated antibodies specific for cell surface markers for 15 min at RT. Dead cells were excluded using

LIVE/DEAD red fluorescent reactive dye (Invitrogen, Carlsbad, CA, USA). For intracellular staining, cells were fixed and permeabilized

using the FoxP3 staining buffer kit (Invitrogen) prior to staining with fluorochrome-conjugated antibodies specific against intracellular

markers for 30 min at 4�C. Multi-color flow cytometry was performed using the LSR II Flow Cytometer (BD Biosciences, San Jose,

CA, USA) and data analyzed in FlowJo 10.7.1 (FlowJo LLC, Ashland, OR, USA).

Stimulation for intracellular cytokine staining
PBMCs were cultured in the presence of 5 mg/mL S269 peptide, along with 1 mg/mL anti-human CD28 and CD49d mAbs (BD Biosci-

ences) and anti-CD107a-PE antibody for 6 h at 37�C in a 5%CO2 atmosphere. Brefeldin A (GolgiPlug, BDBiosciences) andmonensin

(GolgiStop, BDBiosciences) were added 1 h after the initial stimulation. Cells were stainedwithMHC class Imultimers and antibodies

for further analysis by flow cytometry according to the protocols described above.

Proliferation assay
PBMCs were labeled using the CellTraceTM Violet Cell Proliferation Kit (Invitrogen) according to the manufacturer’s instructions.

Briefly, PBMCs were stained with CellTrace Violet at a concentration of 1.0 3 106 cells/mL for 20 min at 37�C. We then added

1% FBS in PBS (Corning) to the cells for 5 min at RT to quench unbound dye. Cells were washed and cultured in RPMI 1640 sup-

plemented with 10% FBS and 1% penicillin-streptomycin (Corning) at a concentration of 5.0 3 105 cells per well in the presence

of 5 mg/mL SARS-CoV-2 S overlapping peptide pools and 1 mg/mL anti-human CD28 and CD49d mAbs for 120 h. Stimulation

with an equal concentration of DMSO in PBS was used as a negative control. After incubation, cells were harvested and stained

with antibodies for analysis by flow cytometry according to the protocols described above.

Peptide-specific T-cell lines
CD8+ T cells were magnetically enriched using CD8MicroBeads (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer’s

instructions. Enriched CD8+ T cells were cultured in RPMI 1640 containing S269 (YLQPRTFLL), S448 (NYNYLYRLF), S996

(LITGRLQSL), or S1220 (FIAGLIAIV) peptides (1 mg/mL) and IL-2 (200 IU/mL) with irradiated autologous PBMCs for 2 weeks at

37�C. Cells were harvested on day 14 and stained with MHC class I multimers and antibodies for analysis by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism (version 9, GraphPad Software). Significance was set at p < 0.05. The Wilcoxon

signed-rank test was used to compare data between two paired groups, and the Mann-Whitney U test was used to compare two

unpaired groups. The Kruskal-Wallis test with Dunns’ multiple comparisons test was used to compare non-parametric data between

multiple unpaired groups. The significance of correlation was assessed using the Spearman correlation test and the correlation was

shown with black lines representing linear regression.
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