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Age is amajor risk factor for COVID-19 severity, and T cells play a central role in anti-SARS-
CoV-2 immunity. Because SARS-CoV-2-cross-reactive T cells have been detected in
unexposed individuals, we investigated the age-related differences in pre-existing SARS-
CoV-2-reactive T cells. SARS-CoV-2-reactive CD4* T cells from young and elderly
individuals were mainly detected in the central memory fraction and exhibited similar
functionalities and numbers. Naive-phenotype SARS-CoV-2-reactive CD8" T cell
populations decreased markedly in the elderly, while those with terminally differentiated
and senescent phenotypes increased. Furthermore, senescent SARS-CoV-2-reactive
CD8" T cell populations were higher in cytomegalovirus seropositive young individuals
compared to seronegative ones. Our findings suggest that age-related differences in pre-
existing SARS-CoV-2-reactive CD8* T cells may explain the poor outcomes in elderly
patients and that cytomegalovirus infection is a potential factor affecting CD8* T cell
immunity against SARS-CoV-2. Thus, this study provides insights for developing effective
therapeutic and vaccination strategies for the elderly.

Keywords: SARS-CoV-2, COVID-19, T-cell immunity, cross-reactive T cells, senescent T cells, cytomegalovirus,
T cell aging

INTRODUCTION

Aging is the most significant risk factor for severe outcomes and high mortality in coronavirus
disease (COVID-19) patients (Banerjee et al., 2020; Onder et al., 2020; Richardson et al., 2020; Wu
et al., 2020). Higher susceptibility to disease and death in aging populations is a major challenge for
developing vaccines and immunotherapeutic agents. With age, the integrity of the immune system
gradually deteriorates and is reflected in diminished acquired immunity and increased inflammatory
traits (Goronzy et al., 2013). T cells play a central role in adaptive immune responses upon viral
infections; however, their number, composition, and functionality change remarkably with age
(Kumar et al., 2018; Nikolich-Zugich, 2018; Goronzy and Weyand, 2019; Mittelbrunn and Kroemer,
2021; Zhang et al, 2021). It has been suggested that the coordination of antigen-specific adaptive
immune responses by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific CD4"*
T cells and CD8" T cells limits the severity of COVID-19 but that this coordination is disrupted in
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elderly individuals (=65 years of age) (Rydyznski Moderbacher
et al,, 2020). Specifically, correlations among low frequencies of
naive CD4" and CD8" T cells, age, and COVID-19 disease severity
have been observed (Rydyznski Moderbacher et al., 2020; Zhang
et al., 2020); however, whether these observations are a cause or
consequence of severe COVID-19 that causes a drastic change in
T cell phenotypes, including lymphopenia (Chen and John
Wherry, 2020; Huang et al., 2020), is not well understood.

The qualitative and quantitative changes in T cell phenotypes
with age are partly attributable to shrinkage of the thymus, a
primary lymphoid organ responsible for naive T cell generation.
The phenomenon of thymic involution is already evident during
adolescence, and the organ is gradually replaced with adipose
tissues by the middle and later ages (Lynch et al, 2009;
Chaudhry et al, 2016). Accordingly, the rate of thymic T-cell
output (around 2 x 10° cells per day at peak) declines over time,
with an estimated half-life of approximately 16 years in humans
(Murray et al,, 2003). Although the peripheral naive T cell number
is sustained by the homeostatic proliferation of peripheral T cells
(Murray et al., 2003; den Braber et al., 2012) to some extent, the
proportion as well as the number of naive T cells, especially CD8"
naive T cells, decreases significantly with age (Wertheimer et al,
2014). Since naive T cells ensure reactivity against unexposed
antigens, the decrease in naive T cells in elderly individuals may
theoretically be disadvantageous upon exposure to SARS-CoV-2.

T-cell response to novel pathogens is also elicited via cross-
recognition by memory phenotype (MP) T cells generated by
exposure to other antigens (Sewell, 2012; Su et al.,, 2013). Such
cross-reactive memory T cells could be frequently generated by
infection and/or vaccination with the same virus species. In the
case of influenza, the presence of pre-existing cross-reactive
T cells against conserved influenza viral proteins correlates
with lower severity of HIN1 flu, suggesting their protective
effects (Greenbaum et al., 2009; Wilkinson et al., 2012; Sridhar
et al., 2013). Although their impact on susceptibility to and/or
severity of COVID-19 is still controversial (Lipsitch et al., 2020),
SARS-CoV-2-reactive MP (cross-reactive) T cells have been
detected in unexposed individuals (Bacher et al.,, 2020; Braun
et al., 2020; Grifoni et al., 2020; Le Bert et al., 2020; Mateus et al.,
2020; Sekine et al., 2020; Thieme et al., 2020; Weiskopf et al.,
2020). Considering that T cell composition dramatically changes
throughout life (Kumar et al, 2018), the number or
functionalities of pre-existing SARS-CoV-2-reactive T cells
with the MP as well as naive phenotype (NP) could change
with age, thus explaining the age-related differences in COVID-
19 severity.

In addition to the proportional changes in NP and MP T cells,
recent studies have revealed that T cell populations with highly
differentiated phenotypes and/or cellular senescence characteristics
accumulate with age; senescent T cells show an increased
expression of DNA damage markers [e.g, phosphorylated
histone H2AX (yH2AX)], shortened telomeres, and low
telomerase activity (Akbar et al, 2016). We previously reported
that T-cell senescence was induced by prolonged homeostatic
proliferation to compensate for the decrease in thymic
T cell production in a mouse model (Sato et al., 2017;
Kato et al., 2018; Minato et al., 2020). CD57 expression
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defines replicative senescence in human T cells (Brenchley
et al., 2003), and patients thymectomized during early
childhood show an early accumulation of CD57" senescent
T cells during their lifetime (Sauce et al., 2009). Furthermore,
latent virus infections, such as cytomegalovirus (CMV)
infection, induce the accumulation of CD57'CD28”
senescent-like T cells in humans (Henson et al., 2012;
Klenerman and Oxenius, 2016). Importantly, these cells
retain efficient cytotoxicity and produce high amounts of
cytokines but do not proliferate well after antigen challenge
and exhibit biased T «cell receptor (TCR) repertoires,
providing a mechanism for immunosenescence.

This study investigated the mechanism underlying the
differences in disease severity upon SARS-CoV-2 infection
between young and elderly individuals. To this end, we
examined the numbers and frequencies, as well as phenotypes,
of SARS-CoV-2-reactive T cells from uninfected individuals in a
Japanese cohort.

METHODS AND MATERIALS
Study Design

Donors were required to be 20 years of age or older. Blood
samples were collected at Kyoto University Hospital, and HIV,
HTLV-1, HBV, and HCV negative samples were used. All donors
were recruited on the condition that they were healthy and did
not have any serious medical conditions nor history including
cancer, gastrointestinal, liver, kidney, cardiovascular,
hematologic or endocrine disease. Samples were de-identified
with an anonymous code assigned to each sample. Their
characteristics, including age, gender, complete blood count
and serology, are summarized in Table 1. Samples were
obtained between July and September 2020 during the
COVID-19 pandemic. Blood samples from convalescents were
obtained 6 months after confirmation of SARS-CoV-2 negativity
by PCR tests.

PBMC Isolation, Cryopreservation, and

Thawing

Whole blood was drawn into a BD Vacutainer CPT™ Cell
Preparation Tube with sodium heparin and processed within 2 h
to isolate peripheral blood mononuclear cells (PBMCs) according to
the manufacturer’s instructions. Isolated PBMCs were cryopreserved
in CELLBANKER (ZENOGEN PHARMA) 1 at 8 x 10° cells/ml and
stored in a —150°C ultra-low temperature freezer until used in the
assays. Cryopreserved PBMCs were thawed in pre-warmed
X-VIVO15 (LONZA) without serum. After centrifugation, the
cells were washed once and directly used for the assay as
described below.

Complete Blood Counts

Whole blood was collected in an EDTA-2Na tube. The analysis
was performed using the Automated Hematology Analyzer XN-
9000 (Sysmex Corporation) at the Department of Clinical
Laboratory, Kyoto University Hospital.
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TABLE 1 | Participant characteristics.

Age-Related Differences in SARS-CoV-2-Reactive T Cells

Young (n = 30) Elderly (n = 26) p value*
Age, y-median (IQR) 22 (2) 72 (5.5) <0.001?
Gender — — n.s.
Male %(n) 50 (15) 69.2 (18) —
Female %(n) 50 (15) 30.8 (8) —
Complete blood count — - -
WBC x 10%L -medain (IQR) 5.64 (1.96) 5.56 (2.33) n.s.?
Monocytes x 10%L -medain (IQR) 0.38 (0.16) 0.41 (0.14) n.s.?
Lymphocytes x 10%L -medain (IQR) 1.92 (0.58) 1.55 (0.67) 0.01052
CD3* T cells x 10%L -medain (IQR) 1.38 (0.39) 1.07 (0.37) 0.0023%
CD4* T cells x 10%/L -medain (IQR) 0.71 (0.25) 0.71 (0.35) ns.?
CD8* T cells x 10%L -medain (IQR) 0.46 (0.22) 0.24 (0.14) <0.001?
Serology — - -
CMV 1gG positivity % (n) 46.7 (14) 100 (26) <0.001°
CMV IgG titers in carriers AU/mL -medain (IQR) 106.8 (144.15) 213 (54.25) 0.0039%
SARS-COV-2 Ig Positivity % (n) 0 (0) 0(0) n.s®

@Mann-Whiteney test.
bFisher’s exact test.

Serology
Whole blood was collected in a blood collection vessel, Venoject

VP-P075K (Terumo), for serum isolation. Serum separator tubes
were centrifuged for 4 min at 1,100 rcf at 4°C. The serum was then
removed from the upper portion of the tube, aliquoted, and
stored at —80°C. Anti-SARS-CoV-2 IgM/IgG levels in the serum
were measured using Elecsys Anti-SARS-CoV-2 with cobas8000
(Roche Diagnostics K.K.) at the Department of Clinical
Laboratory, Kyoto University Hospital. Anti-CMV IgG levels
were measured using chemiluminescence immunoassays
(CLIA) at LSI medience (Tokyo, Japan). The cut-off values for
Anti-SARS-CoV-2 IgM/IgG and Anti-CMV IgG were 1.0 cutoff
index (COI) and 6.0 (AU/ml), respectively.

Peptide Pools

PepTivator SARS-CoV-2 peptide pools (Miltenyi Biotech) were
diluted in distilled water (DW) and used for the SARS-CoV-2-
reactive T cell stimulation. The S peptide pool contained 15-mer
peptides that overlapped by 11 amino acids and spanned the
immunodominant sequence domains of the spike (S)
glycoprotein of SARS-CoV-2. The S1, N and M peptide pools
covered the entire sequence of the corresponding proteins. All
four peptide pools were equally combined at the final
concentration of 0.6 nmol/ml in the culture medium. CMV
pp65 peptide pools (Miltenyi Biotech) were used for CMV-
reactive T cell stimulation.

Activation-Induced Marker Assay

PBMCs were cultured in 150pl X-VIVO15 medium
supplemented with 5% human AB serum (Sigma) for 20 h at
37°C in the presence of SARS-CoV-2 or CMV peptide pools
(0.6 nmol/ml) and CD40 blocking antibody (Miltenyi Biotech)
(0.5 ug/ml) in 96-well U-bottom plates at 2 x 10° PBMCs per well.
Stimulation with DW at an equal volume was performed as a
negative control. After the stimulation, the cells were stained with
Ghost DyeTM Red 710 (TONBO) to discriminate viable from
non-viable cells. The cells were then washed and stained with

fluorochrome-conjugated surface antibodies at pre-titrated
concentrations in the presence of FcR blocking (Miltenyi
Biotech) for 20 min at 4°C. Antibodies used in the AIM assay
are listed in Supplementary Table 1. Stained cells were fixed and
permeabilized for 20 min at room temperature using the
eBioscience Foxp3/Transcription Factor Staining Buffer Set.
The cells were then stained with anti-IRF4 antibody (1:500
dilution) for 30 min at room temperature. After the final wash,
the cells were resuspended in 200 ul PBS with 2% FBS (FACS
buffer) for flow cytometry analysis. Supernatants were harvested
at 20 h post-stimulation for the multiplex detection of cytokines.

Intracellular Cytokine Staining (ICS) After

Peptide Stimulation Assay

PBMCs were first stained with 2 pM Cell Trace Violet (CTV)
(Thermo Fisher Scientific) for 15min and washed with
X-VIVO15 medium. The labeled cells were cultured in 200 ul
X-VIVO15 medium supplemented with 2% human AB serum
for 6 days at 37°C in the presence of SARS-CoV-2 peptide pools
(0.6 nmol/ml) at 1 x 10° PBMCs per well or Dynabeads Human
T-Activator CD3/CD28 (Thermo Fisher Scientific) at 1 x 10°
PBMCs per well in 96-well U-bottom plates. A stimulation with
an equal volume of DW was performed as the negative control. The
medium change was conducted every three days. Five hours before
ICS, the medium was replaced to fresh medium with the respective
peptide pool and brefeldin A (BioLegend) (1:1,000 dilution). After
stimulation, the cells were stained with Ghost Dye™ Red 710 to
discriminate viable from non-viable cells. Cells were then washed
and stained with fluorochrome-conjugated surface antibodies at
pre-titrated concentrations in the presence of FcR blocking for
20 min at 4°C. The antibodies used in the ICS assay are listed in
Supplementary Table 2. Stained cells were then fixed and
permeabilized using IC fixation buffer and Permeabilization
buffer for 20 min at room temperature. The cells were then
stained for intracellular IL-2, IL-17A, IFNy, and TNFa (1:25
dilution for each) for 30 min at room temperature. After the
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final wash, the cells were resuspended in 200 pl FACS buffer for flow
cytometry analysis.

Flow Cytometry and FCS Data Analysis

All the samples in the AIM and ICS assays were acquired using a
BD FACSAria™ II Cell Sorter (BD Biosciences). FCS 3.0 data files
were exported and analyzed with Flow]Jo software version 10.6.1.
Detailed gating strategies for individual markers are described in
Supplementary Figures 2, 4, and 5.

Cytokine Bead Assays

Supernatants were collected from the culture plate after 20 h of AIM
assays and after 3 or 6 days of peptide pool stimulation. They were
then stored in 96-well plates at —80 °C until use. Cytokines in the cell
culture supernatants were quantified using a human Th cytokine
panel (12-plex) kit (BioLegend) according to the manufacturer’s
instruction. Briefly, the supernatants were mixed with beads coated
with capture antibodies specific for IL-5, IL-13, IL-2, IL-6, IL-9, IL-
10, IFNy, TNFa, IL-17A, IL-17F, IL-4 and IL-22 and incubated on a
96-well filter plate for 2 h. The beads were washed and incubated
with biotin-labeled detection antibodies for 1 h, followed by a final
incubation with streptavidin-PE. The beads were analyzed by flow
cytometry using a BD LSR flow cytometer (BD Biosciences).
Analysis was performed using the LEGENDplex analysis
software v8.0, which distinguishes the 12 different analytes based
on the bead size and internal dye.

opt-SNE

Dimensionality reduction of multi-color flow cytometry data
obtained from the AIM assays was performed using OMIQ
software. FCS 3.0 data from all donors were imported. Up to
117 cells of AIM'CD4" and 37 cells of AIM'CD8" T cells from
each donor were subsampled and merged for the analysis. These
subsampling counts were derived from the median in the
corresponding subsets. The markers we applied to the opt-SNE
analysis are described in the figure legends. The parameters used
were as follows: Max Iterations = 1,000, opt-SNE End = 5,000,
Perplexity = 30, Theta = 0.5, Components = 2, Random Seed =
6,925, Verbosity = 25.

Graphic Representation

Subset definitions and gating strategies are outlined in the text
and/or figure legends. The absolute numbers of a defined subset
(e.g., NP, CM, EM, TEMRA, and AIM" cells) for CD4" and CD8"
T cells were obtained by individually multiplying the number of
CD4" or CD8" T cells by the percentage of the corresponding
subsets. The percentage of AIM" T cells was calculated by
subtracting the percentage of AIM" cells after DW treatment
from that after peptide stimulation. To calculate the percentages
of each subset, samples that a percentage of AIM" cells in CD4 or
CD8 T cells of at least 0.001% are indicated in the graphs, since a
very low frequency of AIM" cells influences the results. The
stimulation index (SI) was calculated by dividing the percentage
of AIM" cells after SARS-CoV-2 peptide pool stimulation with
that after DW treatment. If the percentage of AIM " cells after DW
stimulation equaled 0, the minimum value across each cohort was
used instead.

Age-Related Differences in SARS-CoV-2-Reactive T Cells

Statistical Analysis
All statistical analyses in this study were performed using

GraphPad Prism 9.0. The statistical details, such as number
of subjects, cohorts, statistical test and significance of the
experiments, are provided in the respective figure legends.
Non-parametric tests were primarily used for the statistical
analysis in this study, because most of the sample values had
some outliers and did not follow a Gaussian distribution, which
was assessed by the Shapiro-Wilk normality test. Two-tailed
Mann-Whitney and Wilcoxon tests were applied for unpaired
and paired group comparisons, respectively. Correlation
analyses were performed using the Spearman rank
correlation test.

RESULTS

Young and Elderly Unexposed Individuals
Harbor Comparable Numbers of

SARS-CoV-2-Reactive T Cells

Thirty young (median age, 22years) and twenty-six elderly
(median age, 72 years), healthy, uninfected participants were
recruited (Table 1). All donors were anti-SARS-CoV-2 Ig
negative (Table 1). PBMCs were isolated and used for further
analyses. The numbers of white blood cells and monocytes did
not differ between the two groups, but lymphocyte and CD3"*
T cell numbers were approximately 20% lower in the elderly
(Table 1; Supplementary Figure 1). The number of CD4" T cells
was comparable between the two groups, while the number of
CD8" T cells in the elderly was approximately 50% that of the
young (Table 1; Supplementary Figure 1) 1), consistent with
previous reports showing a more profound reduction of CD8"
T cells with age (Czesnikiewicz-Guzik et al., 2008; Wertheimer
et al., 2014).

To identify and quantify SARS-CoV-2-reactive T cells in those
samples, we utilized TCR-dependent AIM assays, a commonly
used and cytokine-independent system to detect antigen-specific
T cells (Dan et al., 2016; Havenar-Daughton et al., 2016; Herati
etal,, 2017; Reiss et al., 2017; Morou et al., 2019), including SARS-
CoV-2-reactive T cells in healthy individuals (Bacher et al., 20205
Braun et al., 2020; Grifoni et al.,, 2020; Mateus et al., 2020;
Weiskopf et al, 2020). T cell responses have been detected
mainly against the spike (S), membrane (M), and nucleocapsid
(N) proteins of SARS-CoV-2 (Braun et al., 2020; Grifoni et al.,
2020; Le Bert et al., 2020; Mateus et al., 2020; Sekine et al., 20205
Thieme et al., 2020; Weiskopf et al., 2020). Therefore, to reduce
the required quantity of blood samples from an ethical
perspective, we used overlapping peptide mixtures that could
stimulate both CD4" and CD8" T cells and
immunodominant sequences of SARS-CoV-2, including the
N-terminal and C-terminal regions of S (amino acid residues
1-692 and 885-1,273, respectively), as well as N and M proteins,
for PBMC stimulation. Flow cytometry identified antigen-specific
AIM" cells and their phenotypes in stimulated PBMCs. The
gating strategy is shown in Supplementary Figure 2A. AIM"
cells were defined by the co-expression of CD137 and IRF4, which

cover
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FIGURE 1| SARS-CoV-2-specific T-cell responses in unexposed young and elderly individuals. PBMCs isolated from 30 young and 26 elderly blood samples were
stimulated for 20 h with DW or overlapping peptides containing the SARS-CoV-2 S, N, and M protein sequences. Antigen-reactive T cells were identified by flow
cytometry (FCM) according to the gating strategy and staining presented in Supplementary Figure 2A and Supplementary Table 1. (A) Representative FCM plots
displaying AIMs (CD137 and IRF4) on CD4* and CD8* T cells after stimulation with the negative control (DW) or SARS-CoV-2 peptide pool (SCoV-2). Numbers
indicate the population percentages in the gates. (B) Percentages of AIM* (CD137*IRF4™) T cells in CD4" and CD8* T cells between the negative control (DW) and SARS-
CoV-2 peptide stimulated samples (SCoV-2). (C) Percentages of AIM* (CD137*IRF4*) T cells in CD4* and CD8" T cells and their numbers (x10%L). Data were
background subtracted against the DW and are shown as the median + interquartile range (IQR). (D) Stimulation index (Sl) quantification of AIM*CD4" or AIM*CD8"
T cells; the same samples as in Figure 1C were analyzed. The cutoff value was defined as >3, as indicated by the dashed lines. (B-D) Each dot represents one donor.
Pairwise comparisons were performed using Wilcoxon’s test. Statistical comparisons across cohorts were performed using the Mann-Whitney test. **p < 0.01, **p <
0.001. n.s., not significant.

sensitively marks peptide-specific T cells with low background
and reflects TCR signal strength (Wu et al, 2019). Utilizing
CMV-pp65 peptide stimulation, AIM*(CD137IRF4") CD4" and
CD8" T cells were substantially detected in CMV seropositive
(CMV") individuals but not in CMV seronegative (CMV")
individuals (Supplementary Figure 2B). Similar results were
obtained using more common AIMs (CD137 and CD154)
(Reiss et al, 2017; Grifoni et al, 2020) in CD4"
T cells (Supplementary Figure 2B). Furthermore, based on
SARS-COV-2 peptide stimulations, more than approximately

30-fold higher frequencies of AIM" CD4" and CD8" T cells
were detected in convalescent patients with COVID-19 compared
to unexposed individuals (Supplementary Figure 2B),
confirming the accuracy of the detection system and the AIMs.

SARS-CoV-2-specific responses (the percentage of peptide-
stimulated AIM" cells subtracted by DW-stimulated cells) were
detected in CD4" and CD8" T cells from both young and elderly
unexposed individuals (Figures 1A,B). The frequencies and
numbers of SARS-CoV-2-reactive CD4" T cells were
comparable between the two groups (Figure 1C). Similar
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individual markers. See Supplementary Figure 3.

B  AM* CD8" T cell gated

FIGURE 2 | opt-SNE mapping of SARS-CoV-2-reactive T cells from young and elderly individuals. The opt-SNE plots were generated using all the markers
described in the middle and bottom rows (CCR7, CD45RA, CD28, CD57, PD-1, and IRF4). (Top) opt-SNE plots showing the clustering of AIM*CD4™" (A) or AIM*CD8"
(B) T cells from young (blue) (n = 30) and elderly (red) (n = 26) cohorts. Background plots shown in gray represent total AIM*CD4* (A) and AIM*CD8* (B) T cells from all 56
samples. Presumable naive phenotype (NP), central memory (CM), effector memory (EM), and terminally differentiated effector memory cells re-expressing
CD45RA (TEMRA) were manually gated based on the expression levels of CD45RA and CCR7. (Middle and Bottom) opt-SNE plots showing the expression of

Young (Y) Elderly (E)

CD45RA

opt-SNE2

opt-SNE1

results were obtained using another AIM combination (CD137
and CD154) (Supplementary Figure 2C, D), and AIM"
frequencies in total CD4" T cells using these two AIM
combinations exhibited a positive correlation
(Supplementary Figure 2E). On the other hand, the
frequency of SARS-CoV-2-reactive cells among total CD8"
T cells was significantly higher in the elderly than in the
young participants, although the number of SARS-CoV-2-
reactive CD8" T cells/L in the blood was not different
between the two groups owing to the low CD8" T cell count
in the peripheral blood of the elderly (Figure 1C; Table 1;
Supplementary Figure 1). Based on the definition of
responders using the stimulation index, which was calculated
as peptide-specific responses/DW responses (Grifoni et al.,
2020; Weiskopf et al., 2020) > 3, we found that CD4" T cells
in 50.0% (15/30) and 34.6% (9/26) and CD8" T cells in 30.0% (9/
30) and 30.8% (8/23) of young and elderly individuals,
respectively, showed a significant level of pre-existing SARS-
CoV-2-reactive T cells (Figure 1D). These results indicate that
young and elderly unexposed individuals have comparable
numbers of SARS-CoV-2-reactive T cells.

SARS-CoV-2-Reactive CD4" T Cell
Phenotypes are Similar, but CD8" T Cell
Phenotypes Differ Between the Young and

Elderly

To obtain a global view of the SARS-CoV-2-reactive T cell
phenotype, the data were visualized by optimized t-Distributed
Stochastic Neighbor Embedding (opt-SNE) (Belkina et al.,
2019). AIM" cells from the young and elderly were overlayed

on total AIM" cells from both groups to visualize marker
expression patterns. Phenotypically related cells, namely NP,
central memory (CM), effector memory (EM), and terminally
differentiated effector memory T cells re-expressing CD45RA
(TEMRA), were identified using opt-SNE based on CCR7 and
CD45RA expression (Figure 2). Most AIM'CD4" T cells
expressed CD28 but not CD57 (Figure 2A), a marker of
T cell senescence (Brenchley et al., 2003). PD-1"8" cells were
observed in memory fractions (Figure 2A), with a portion of
them probably representing follicular helper T cells, as
previously reported in COVID-19 patients (Mathew et al.,
2020). Nevertheless, the distribution of AIM*CD4" T cells
was similar between the elderly and young (Figure 2A;
Supplementary Figure 3). However, PD-1"8" MP T cells
were rare, and CD57™8" senescent-like T cells were abundant
among AIM'CD8" T cells, suggesting that SARS-CoV-
2 cross-reactive CD8" T cells tend to be senescent rather
than exhausted (Figure 2B). Notably, AIM"CD8" T cells
from the elderly exhibited less distribution in the
CCR7'CD45RA™ NP region and more accumulation in the
CD57"ish region (Figure 2B). Furthermore, IFR4M8" CD4*
T cells were distributed mainly in the memory fraction,
whereas IFR4™8" CD8* T cells accumulated in the NP
region (Figures 2A,B, and Supplementary Figure 3).
These results suggest that SARS-CoV-2-reactive T cell
phenotypes from the young and elderly are similar in
CD4" T cells but different for CD8" T cells. Thus, NP
CD8" T cells with a high affinity towards SARS-CoV-2
and CD57" senescent SARS-CoV-2-reactive T cell
populations were lower and higher, respectively, in the
elderly compared with those in the young.
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FIGURE 3 | Immunophenotyping of SARS-CoV-2-reactive CD4* T cells from young and elderly individuals. (A, C) Representative flow cytometry plots showing the
expressions of CD45RA and CCRY in total CD4* (A) and CD4" AIM* (CD137"IRF4") (C) CD3" T cells after stimulation with the SARS-CoV-2 peptide pool in the AIM
assay. The subset definitions and gating strategies are outlined in Supplementary Figures 2A, 4A. Numbers indicate percentages in the drawn gates. (B, D) Frequency
(left panels) and calculated number in whole blood (right panels) of NP, CM, EM and TEMRA cells in total CD4* (B) and SARS-CoV-2-specific AIM*CD4* (D)
T cells in the young (n = 30) and elderly (1 = 26) cohorts. (Left panel of D) Samples that a percentage of AIM* cells in CD4™* T cells of at least 0.001% are indicated (young,
n =27 and elderly, n = 26). Data are shown as the median + IQR. Statistical comparisons across cohorts were performed with the Mann-Whitney test. (E) Correlation
between the percentage of each fraction in the total CD4* T cell population and of AIM*CD4™ T cells in the NP, CM, EM, and TEMRA fractions. Correlation coefficients (R)
were calculated using the Spearman rank correlation test. Linear approximations are plotted in figures. (B, D, E) Each dot represents one donor. Young (blue circles) and
elderly (red circles). *p < 0.05; *p < 0.01; **p < 0.001. n.s., not significant.

SARS-CoV-2-Reactive CD4" T Cells Are
Preferentially Detected in the CM Fraction
With Comparable Numbers in Both Young
and Elderly Individuals

Next, we compared the exact frequency and number of each
SARS-CoV-2-reactive T cell subpopulation between young and
elderly individuals using a manual gating strategy on the flow
cytometry data. T cell populations were divided into four
fractions based on their expression markers: NP
(CD45RATCCD7%CD28"%), CM (CD45RA'CCR77), EM (CCR7
CD45RA7), and TEMRA (CD45RA*CCD77) (Jameson and
Masopust, 2018; Thome et al, 2014) (Supplementary
Figure 4A). Following the stimulation of PBMCs with CMV
peptide, less NP and more MP (EM and TEMRA) AIM* CD4"

and CD8" T cells were found in CMV" individuals compared to
CMV" individuals (Supplementary Figure 4B). A similar trend
was observed in T cells from convalescent patients and uninfected
individuals  upon  SARS-CoV-2  peptide  stimulation
(Supplementary Figure 4B), consistent with a previous report
(Braun et al., 2020).

Although NP cells represented a dominant fraction of CD4"
T cells in both the young and elderly, the percentages [median
(interquartile range: IQR)] of the NP [54.7 (15.9)% in the young,
41.3 (21.5)% in the elderly] and CM [28.0 (8.4)% in the young,
34.2 (15.9)% in the elderly] fractions of total CD4" T cells were
significantly lower and higher, respectively, in the elderly
compared to the young participants, while the EM and
TEMRA fractions were comparable between the two groups
(Figures 3A,B). A similar trend was observed in the number
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FIGURE 4 | SARS-CoV-2-specific cytokine production and proliferation from young and elderly CD4* T cells. PBMCs from the young (n = 30) and elderly (n = 25)
cohorts were stimulated and cultured with the SARS-CoV-2 peptide pool (SCoV-2) or a negative control (DW) and analyzed after 6 days. One sample from the elderly
cohort was excluded because of the low number of PBMCs obtained. (A) Percentages of IL-2*, IFNy*, TNFa*, and IL-17A* cells in the CD4™" T cell population from the
young (blue circles) and elderly (red circles) cohorts. Each dot represents one donor. Data were background subtracted against DW and are shown as the median +

IQR. (B) Representative flow cytometry plots showing CTV and FSC gating of total CD4* T cells. The boxed gates define CTVVFSC™" cells (left). Percentages of
CTVPYFSCM" T cells in CD4* T cells between DW and SARS-CoV-2 peptide pool stimulation (SCoV-2) in the young and elderly cohorts (middle). Frequency of
CTVP"FSCM" T cells in CD4* T cells. Data were background subtracted against DW and are shown as the median + IQR (right). Each dot represents one donor (left
and middle). Pairwise comparisons were performed using Wilcoxon'’s test. Statistical comparisons across cohorts were performed using the Mann-Whitney test. **p <

of cells in each fraction of whole blood between the two groups
(Figure 3B). On the other hand, SARS-CoV-2-reactive CD4"
T cells were substantially detected in NP fraction in both groups,
but were less abundant [16.6 (20.6)% in the young, 10.8 (15.9)%
in the elderly] but were highly enriched in the memory fractions
(Figures 3C,D; Supplementary Figure 4C), consistent with
previous reports (Bacher et al, 2020; Braun et al, 2020;
Mateus et al., 2020; Weiskopf et al., 2020). These pre-existing
MP SARS-CoV-2-reactive T cells, so-called cross-reactive T cells,
were enriched in the CM [44.4 (16.2)% in the young, 52.8 (25.2)%
in the elderly] and EM [28.3 (21.9)% in the young, 26.2 (20.4)% in
the elderly] fractions (Figures 3C,D). The percentages of NP,
CM, and EM cells of the total CD4" T cell population in each
individual exhibited positive correlations with their percentages
of AIM" cells in each fraction (Figure 3E). However, there were
no significant differences in the frequency or number of SARS-
CoV-2-reactive CD4" T cells between the young and elderly in
any fraction (Figures 3C,D). These results indicate that SARS-
CoV-2-reactive T cells are mainly detected in antigen-primed CM
fractions in CD4" T cells and that these MP CD4" T cells that

CD4" T Cell Proliferation and Th1 Cytokine
Production Upon SARS-CoV-2 Recognition
Is Comparable Between Elderly and Young

Individuals

Next, we examined the cytokine production and proliferation in
response to SARS-CoV-2 peptide stimulation to assess the
functionality and polarization of the SARS-CoV-2-specific CD4"
T cell response. Previous reports have shown that SARS-CoV-2
peptide stimulation significantly induces IFNy production by CD4"
T cells from unexposed individuals (Braun et al., 2020; Grifoni et al.,
2020; Le Bert et al., 2020; Mateus et al., 2020; Meckiff et al., 2020;
Sekine et al., 2020; Weiskopf et al., 2020) and that the Th1 response is
associated with an effective resolution of infection and symptoms in
COVID-19 (Chen et al., 2020; Neidleman et al., 2020). CTV-labeled
PBMCs were cultured with the peptide pools, and cytokine
expression and proliferation estimated by CTV dilution were
analyzed at days 3 and 6. The gating strategy is shown in
Supplementary Figure 5A. CD4" T cells expressing intracellular
Thl cytokines, including IFNy, TNFa, and IL-2, were detected in

were cross-reactive to SARS-CoV-2 were well retained  both the young and elderly (Figure 4A and Supplementary Figures
irrespective of age. 5A,C), and these cytokines were significantly detected in culture
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FIGURE 5 | Immunophenotyping of SARS-CoV-2-reactive CD8" T cells from young and elderly individuals. (A,C) Representative flow cytometry plots showing the

expression of CD45RA and CCR7 among total CD8* (A) and CD8*CD137*IRF4™ (C) T cells after stimulation with the SARS-CoV-2 peptide pool in the AIM assay. Subset
definitions and gating strategies are outlined in Supplementary Figures 2A, 4A. Numbers indicate population percentages in the gates. (B,D) Frequency (left panels)
and calculated total number in the whole blood sample (right panels) of NP, CM, EM, and TEMRA cells in total CD8* (B) an SARS-CoV-2-reactive AIM* CD8" (D)

T cells in the young (n = 30) and elderly (1 = 26) cohorts. (Left panel of D) Samples that a percentage of AIM* cells in CD8* T cells of at least 0.001% are indicated (young,
n =22 and elderly, n = 24). Data are shown as the median + IQR. Statistical comparisons across cohorts were performed using the Mann-Whitney test. (E) Correlation
between percentages of each fraction in total CD8* T cells and of AIM*CD8* T cells in the NP, CM, EM, and TEMRA fractions. Correlation coefficients (R) were calculated
with the Spearman rank correlation test. Linear approximations are plotted in figures. (B,D,E) Each dot represents one donor. Young (blue circles) and elderly (red

circles). *p < 0.05; *p < 0.01; **p < 0.001. n.s., not significant.

supernatants (Supplementary Figure 5D). Th2 cytokines, such as
IL-4 and IL-5, as well as IL-17, were produced at markedly low levels
(Supplementary Figure 5D), consistent with a previous report
(Grifoni et al, 2020). Although the frequencies of intracellular
IFNy" cells tended to be lower and those of IL-17" cells tended to
be higher in the elderly, there was no statistically significant difference
between elderly and young participants (Figure 4A). Indeed, most
participants in the two groups showed similar frequencies
(Figure 4A). Furthermore, no significant difference in the
percentages of CTV-diluted FSC™" proliferated T cells after
peptide stimulation between the young and elderly was observed
(Figure 4B), suggesting that SARS-CoV-2-reactive CD4" T cells have
comparable proliferation capacity in the two populations. Cytokine-
producing cells were mainly detected in the CTV" cell fraction of

both groups, but the percentages of IFNy ™ cells tended to be lower in
the elderly compared to the young (Supplementary Figure 5E). These
data strongly suggest that SARS-CoV-2-reactive CD4" T cells in the
elderly can proliferate and produce helper cytokines upon SARS-
CoV-2 recognition despite the tendency for less IFNy production.

Elderly Individuals Harbor Less Naive and
More TEMRA SARS-CoV-2-Reactive
CD8" T Cells

A similar analysis was performed on CD8" T cells. Compared to
CD4" T cells, the percentage of NP cells among total CD8" T cells was
significantly lower in the elderly [8.2 (15.2)%] compared to the young
[49.5 (26.7)%]; however, the percentages of CM and TEMRA cells
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FIGURE 6 | SARS-CoV-2-specific cytokine production and proliferation from young and elderly CD8" T cells. PBMCs from the young (n = 30) and elderly (n = 25)

cohorts were stimulated and cultured with the SARS-CoV-2 peptide pool (SCoV-2) or negative control (DW) and analyzed after 6 days. One sample from the elderly
cohort was excluded because of the low number of PBMCs obtained. (A) Percentages of IFNy* and TNFa™" cells in CD8" T cells from the young (blue circles) and elderly
(red circles) cohorts. Data were background subtracted against DW and are shown as the median + IQR. (B) Representative flow cytometry (FCM) plots showing

CTV and FSC gating of total CD8* T cells. Boxed gates define CTV°VFSC™9" cells (left). Percentages of CTVO“FSCMM T cells in CD8* T cells between the DW and
SARS-CoV-2 peptide pool stimulation in young and elderly cohorts. (middle). Percentages of CTVOYFSC9" T cells in CD8™* T cells. Data were background subtracted
against DW and are shown as the median + IQR (right). (C) Representative FCM plots showing the expression of CD57 and CD28 in AIM* CD8" T cells in the AIM assay.
Numbers indicate percentages in the drawn gates (left). Percentages of CD28~ and CD57™ cells in SARS-CoV-2-specific AIM* CD8*T cells from young and elderly
cohorts. Data are shown as the median + IQR (right). (A-C) Each red or blue dot represents one donor. Pairwise comparisons were performed using Wilcoxon'’s test.
Statistical comparisons across cohorts were performed using the Mann-Whitney test. *p < 0.05, **p < 0.001. n.s., not significant. See Supplementary Figure 6.

were higher in the elderly [17.7 (7.8)% and 34.6 (21.9)%, respectively]
compared to the young [5.9 (3.0)% and 14.9 (17.0)%, respectively]
(Figures 5A,B). Moreover, the number of NP cells was remarkably
fewer in the elderly (Figure 5B). On the other hand, SARS-CoV-2-
reactive AIM* CD8" T cells were more diffusely distributed in each
phenotype with significant individual variability (Figures 5C,D).
Notably, elderly individuals had a significantly lower frequency
and number of NP SARS-CoV-2-reactive CD8" T cells compared
with the young [28.6 (36.2)% and 6.19 (1.7) x 10° cells/L in young; 0.0
(7.9)% and 0.0 (3.3) x 10> cells/L in elderly] (Figures 5C,D). On the
other hand, the percentages as well as numbers of MP (cross-reactive)
SARS-CoV-2-reactive CD8" T cell were significantly higher in the
elderly (Supplementary Figure 4C). Furthermore, SARS-CoV-2-
reactive CD8" T cells were most frequently observed in the
TEMRA fraction from the elderly [49.0 (36.0)% and 10.9 (14.3) x
10° cells/L), and their prevalence was significantly higher in the
elderly than that in the young [21.1 (36.0)% and 4.3 (11.3) x
10° cells/L] (Figures 5C,D). The percentages of each phenotype of
CD8" T cells exhibited weak correlations with the percentages of

AIM" cells in each fraction (Figure 5E). These data indicate that
young individuals have more SARS-CoV-2-reactive NP CD8" T cells
than do elderly individuals. Additionally, MP CD8" T cells cross-
reactive to SARS-CoV-2 in the elderly were biased towards TEMRA
cells, which exhibit highly differentiated phenotypes (Thome et al,
2014; Jameson and Masopust, 2018).

Accumulation of Senescent
SARS-CoV-2-Reactive CD8" T Cells in

Elderly Individuals

Regarding functionality, CD8" T cells from the elderly showed
higher proportions of IFNy" and TNFa" cells compared to those
from young participants after 6 days of culture with SARS-CoV-2
peptides (Figure 6A and Supplementary Figures 6A,B). The
percentage of CTV-diluted FSC™&" cells did not differ between
the two populations (Figure 6B). Considering that the percentage
in AIM" CD8" T cells was higher in the elderly than in young
individuals (Figure 1C), SARS-CoV-2-reactive CD8" T cells from
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the elderly may have a lower proliferative capacity. In contrast to
CD4" T cells, the percentage of cytokine™ cells was higher in less
proliferated CTV™€" cells, with this tendency more obvious in the
elderly (Supplementary Figures 6C). These features may be
consistent with the elderly SARS-CoV-2 reactive CD8" T cells
being highly enriched in the TEMRA fraction (Figure 5D).

TEMRA cells include CD28" terminally differentiated T cells
with compromised proliferation capacities, as well as CD57"
senescent T cells with a high potential for inflammatory
cytokine production (Brenchley et al, 2003; Henson et al,
2015). Therefore, we further assessed CD28 and CD57
expression in AIM" T cells. We found that the percentage and
number of CD57" cells, but not CD28" cells, among AIM* CD8"
T cells from the elderly were significantly higher than those from
young participants (Figure 6C) and that CD28" or CD57" AIM"
CDA4" T cells were rare (Supplementary Figure 7). These findings
suggest that senescent SARS-CoV-2-reactive CD8" T cells with
compromised proliferation capacity and high effector functions
tended to accumulate in the elderly.

Young CMV Seropositive Individuals Exhibit
a Higher Proportion of Senescent
SARS-CoV-2-Reactive CD8" T Cells Than
Young Seronegative Individuals

We noticed that young individuals are divided into two groups
based on the percentage of CD57" cells (high, > 60%, n = 11 and

low, < 50%, n = 19) in SARS-CoV-2-reactive CD8" T cells
(Figure 6C). All elderly individuals were CMV', but
approximately half (46.7%) of young individuals were CMV™
(Table 1). Because CMV infection markedly affects CD8" T cell
homeostasis and the generation of senescent T cells (Nikolich-
Zugich, 2008; Wertheimer et al., 2014; Klenerman and Oxenius,
2016), we re-analyzed the AIM" cell phenotypes from young
individuals as CMV" (n = 14) and CMV~ (n = 16). Consistent
with previous studies (Nikolich-Zugich, 2008; Wertheimer et al.,
2014), young CMV" individuals tended to have proportionally
less NP and more TEMRA CD8" T cells (Figure 7A).
Importantly, young CMV" individuals showed significantly
more TEMRA as well as CD57" senescent SARS-CoV-2-
reactive CD8" T cells (Figures 7B,C). SARS-CoV-2-reactive
TEMRA CD4" T cells were rare, and no marked difference
was observed in CD57'CD4" T cells (Supplementary
Figure 8). These results indicate that CMV infection affects
the SARS-CoV-2-reactive CD8" T cell frequency in young
individuals.

DISCUSSION

Our understanding of T cell immunity against SARS-CoV-2 is
growing, but the difference in T cell responses between young and
elderly individuals remains poorly understood. Japan is well known
for the longevity of its citizens, and it is also known for a low COVID-
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19 death rate (WHO Coronavirus disease (COVID-19) Dashboard,
https://covid19.who.int). Our results suggest that approximately
30-50% of SARS-CoV-2 antibody seronegative (presumably
uninfected) Japanese individuals have significant levels of pre-
existing SARS-CoV-2-reactive CD4" T cells. Although
simultaneous analysis using the same assays, markers, and gating
strategies is required for a precise comparison, the percentage of
individuals with significant levels of pre-existing SARS-CoV-2-
reactive T cells was comparable to that in other countries (Braun
et al., 2020; Grifoni et al., 2020; Le Bert et al., 2020; Mateus et al., 2020;
Sekine et al., 2020; Thieme et al., 2020; Weiskopf et al., 2020).

Despite the significant reduction in thymic T cell production
after adolescence, NP CD4" T cells were well maintained in the
elderly and comprised the largest population in both the young and
the elderly. However, NP AIM" CD4" SARS-CoV-2-reactive
T cells comprised less than 20% of total AIM™ CD4" T cells,
and SARS-CoV-2-reactive CD4" T cells were mainly detected in
the CM and EM fractions, consistent with studies from the U.S.
and Germany (Bacher et al., 2020; Braun et al., 2020; Mateus et al,,
2020; Weiskopf et al., 2020). This trend was similar in both young
and elderly Japanese individuals. These findings strongly suggest
that a large proportion of CD4" T cells exhibiting SARS-CoV-2
reactivity is already primed, presumably by the common cold
coronaviruses (Bacher et al,, 2020; Braun et al, 2020; Mateus
et al., 2020) or other unrelated antigens (Bacher et al, 2020)
and that these cells are maintained in individuals unexposed to
SARS-CoV-2 as MP cells that can cross-react with SARS-CoV-2.
The SARS-CoV-2-reactive CM CD4" T cells circulate in secondary
lymphoid tissues and may quickly respond to actual SARS-CoV-2
infection (Mahnke et al., 2013; Jameson and Masopust, 2018). The
phenotypic characteristics of pre-existing SARS-CoV-2-reactive
T cells may be consistent with the observation that
seroconversion for anti-SARS-CoV-2 IgM and IgG occurs
simultaneously in some COVID-19 patients (Long et al., 2020).
Regarding T cell functions, strong Th1 cell responses are associated
with low disease severity (Chen et al., 2020; Neidleman et al., 20205
Rydyznski Moderbacher et al., 2020). Although the results did not
reach statistical significance, probably due to individual variability
and low sample number, IFNy production appeared to be lower in
the elderly, which is consistent with a recent report showing no
significant upregulation of IFNy production in the elderly after the
first dose of SARS-CoV-2 vaccine BNT162b2 (Collier et al., 2021).
Overall, however, we found no significant difference in Thl, Th2,
and Th17 cytokines, nor other inflammatory cytokine production
between the young and elderly. Moreover, CD4" T cells derived
from young and elderly subjects showed a similar proliferation
capacity, at least in short-term culture, upon SARS-CoV-2-derived
peptide stimulation. Thus, little functional abnormality was
detected in SARS-CoV-2-reactive CD4" T cells from most
healthy elderly individuals. Therefore, CD4" T cell responses
can be induced early after SARS-CoV-2 infection and/or
vaccination in individuals with sufficient SARS-CoV-2-reactive
CD4" T cells irrespective of age in a Japanese cohort.

It has been suggested that the poor disease outcome in aged
individuals may be related to a decreased CD8 T cell response
(Rydyznski Moderbacher et al., 2020; Takahashi et al., 2020;
Zhang et al., 2020). In contrast to previous reports suggesting
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little evidence of cross-reactive CD8" MP T cells (Lipsitch et al.,
2020), our findings provide clear evidence of pre-existing SARS-
CoV-2 MP as well as NP CD8" T cells. This may be attributed to
the use of AIM combination in the present study, which enabled
the detection of antigen-specific T cells in a very low background
(Wu et al, 2019), and/or regional differences, which may be
affected by previous exposure to common-cold coronaviruses
and/or HLA haplotypes. Nonetheless, our results demonstrated a
significant reduction in the number of total NP CD8" T cells and
SARS-CoV-2-reactive NP CD8" T cells in the elderly.
Furthermore, the percentage of the NP fraction of the total
CD8" T cells was positively correlated with that of NP SARS-
CoV-2-reactive CD8" T cell fraction. Therefore, the frequency of
SARS-CoV-2-reactive NP T cells in each individual may be
roughly predictable from the fraction of NP CD8" T cells.

NP T cells ensure reactivity against a broad range of
unexperienced antigens. They also exhibit high proliferative
capacity and generate effectors as well as memory T cells
(Sallusto et al, 1999). An opt-SNE analysis of AIM*CD8"
T cells indicated that IRF4™€" cells, which may show high
affinity/avidity to SARS-CoV-2, were preferentially detected in
the NP fraction, suggesting that TCRs of cross-reactive MP
CD8" T cells may show low affinity/avidity to SARS-CoV-2, as
previously reported in CD4" T cells (Bacher et al., 2020). In general,
TCR signaling can scale the magnitude of T cell expansion and thus
the number of effector T cells (Zehn et al., 2009). Additionally, a
previous report suggested a correlation between fewer naive CD8
T cells and the severity of COVID-19 (Rydyznski Moderbacher
et al.,, 2020). Furthermore, T cell immunity recognizing multiple
epitopes, presumably assured by NP SARS-CoV-2-reactive T cells,
is associated with mild symptoms of COVID-19 (Nelde et al.,
2021). Taken together, the low frequency and number of NP SARS-
CoV-2-reactive CD8" T cells in the elderly may be a factor for their
low anti-viral immunity.

T cells are also assumed to play a pathogenic role in COVID-
19. Indeed, patients with a deficiency in acquired immunity,
including patients with HIV or congenital B cell deficiency, are
not categorized as a high-risk group (Banerjee et al., 2020; Fung
and Babik, 2021). Damage to lung tissue by highly differentiated
senescent-like T cells in COVID-19 patients has also been
discussed (Akbar and Gilroy, 2020). While some studies have
claimed little evidence to support this hypothesis (Rydyznski
Moderbacher et al, 2020), others have suggested that the
hyperactivation of differentiated effector memory T cells could
play a role in the immunopathogenesis in critical patients (De
Biasi et al., 2020; Thieme et al.,, 2020). Although the duration for
which memory T cells against common cold coronaviruses are
maintained is not well understood, our results indicated that the
number of SARS-CoV-2-reactive T cells is comparable to, or even
relatively higher, in the elderly than in the young. Notably, SARS-
CoV-2 cross-reactive CD8" T cells in the elderly were highly
biased toward highly differentiated TEMRA cells with high
effector cytokine production but low proliferation capacity. A
previous report indicated that SARS-CoV-2-reactive CD8" T cells
from convalescent patients with mild COVID-19 were
predominantly TEMRA cells expressing CD28, suggesting a
protective role (Neidleman et al,, 2020). However, our study
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revealed that TEMRA cells that accumulated in the elderly lacked
CD28 and/or expressed CD57, strongly suggesting that they
undergo replicative senescence and are prone to antigen-induced
apoptotic cell death (Brenchley et al., 2003). Therefore, our results
suggest the intriguing possibility that senescent SARS-CoV-2-
reactive CD8" T cells may exhibit adequate functionality during
a short period after activation but have low proliferation capacity,
eventually undergoing apoptosis and cell death. This may provide a
mechanism for the mild symptoms observed in the early phase of
infection, but eventually, the disease progresses to severe symptoms
in the later phase owing to defective viral clearance in the elderly.
The correlation between disease severity upon SARS-CoV-2
infection and pre-existing TEMRA CD8" cells expressing CD57
and/or lacking CD28 expression should be investigated in the future.

In addition to age-related differences, we observed significant
individual variability in the frequencies and phenotypes of pre-
existing SARS-CoV-2-reactive T cells within the same age groups.
This variability may be due, in part, to differences in recent
exposures to common cold coronaviruses as well as thymic activity
that assures naive T cell production and is heavily affected by
various stresses and even dietary lifestyle (Chaudhry et al., 2016).
Unexpectedly, our results also suggested that CMV infection could
be a factor for the individual variability in SARS-CoV-2-reactive
T cell phenotype. Although the precise mechanism underlying
CMV infection-induced =~ SARS-CoV-2-recognizing T  cell
senescence is unknown, some reports indicated that cross-
reaction occurs more frequently than initially thought. For
example, HIV-reactive MP T cells have been detected even in
HIV-uninfected individuals, and these cells are reactive towards
other microbial peptides, suggesting that cross-reactive T cells can
be generated by exposure even to unrelated environmental antigens
(Su et al,, 2013). Therefore, one possibility would be that a portion
of CMV-reactive senescent T cells could cross-react with SARS-
CoV-2. Furthermore, in the context of COVID-19, CMV could
contribute to poor disease outcomes not only by accelerating the
aging of the T cell compartment (Nikolich-Zugich, 2008;
Wertheimer et al, 2014; Klenerman and Oxenius, 2016), but
also through tissue damage by CMV reactivation under the
lymphopenic condition and by a TCR-independent activation of
senescent T cells (Akbar and Gilroy, 2020; Soderberg-Naucler,
2021). Importantly, a recent study found that the expansion of
CD57"KLRG1" T cells in CMV" young adults is associated with a
reduced Ebola vaccine response (Bowyer et al., 2020), suggesting
that CMV infection could also have negative impacts on
vaccination efficacy. However, some reports indicated a positive
contribution of CMV to the immune reaction by broadening the
mobilized TCR repertoire (Smithey et al, 2018) and by
upregulating the basal activation status of innate immunity
(Barton et al,, 2007). Indeed, one report indicated that CMV-
seropositive young adults exhibit enhanced antibody responses to
influenza vaccination (Furman et al, 2015). Whether CMV
infection and/or CMV IgG titers are associated with disease
outcomes of post-SARS-CoV-2 infection as well as the efficacy
of SARS-CoV-2 vaccination remains to be determined.

In summary, we identified the quantitative and qualitative
differences in SARS-CoV-2-reactive T cells between young and
elderly unexposed individuals. Although we found no significant
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differences in CD4" T cells, we found fewer NP and more
TEMRA CD8" T cells, especially senescent SARS-CoV-2-
reactive CD8" T cells, in the elderly. These findings shed light
on the age-related differences and individual variations in pre-
existing T-cell phenotypes before exposure to SARS-CoV-2 as
factors for different COVID-19 severities, an issue that is key to
developing efficient therapeutic strategies as well as predicting
vaccine efficacy.

LIMITATION OF STUDY

This study reported less NP and more senescent SARS-CoV-2-
reactive CD8" T cell populations in an older unexposed
Japanese cohort. Our findings provide correlative evidence
for the poor outcomes in elderly COVID-19 patients, but the
causal link and functional significance of cross-reactive T cells
remain unclear. Since lifespan, health, and infection history
differ between countries, further analysis will be required using
other geographical cohorts to generalize these findings. The risk
for severe COVID-19 and death begins to rise strongly from
around 55 years of age. It remains to be determined whether the
CD8" T cells from unexposed donors of middle ages are more
similar to those of 20-year-olds or 70-year-olds. Additionally,
because NP T cells are defined as CCR7"CD45RA" cells, stem
cell memory T cells, if any, were not evaluated. Peptide pools
containing major SARS-CoV-2 epitopes (S-, N-, and
M-proteins) were used for the AIM assay, but target epitopes
and avidity may affect the consequence of the cross-reactions,
especially those of CD4 T cells (Bacher et al., 2020; Braun et al.,
2020). Differences in the recognized epitopes between SARS-
CoV-2-reactive T cells from the young and elderly were not
addressed, and T cells recognizing other epitopes were not
evaluated. Our functional analysis was limited to
proliferation and cytokine production in a short-term culture
due to limited sample availability. Broader analysis, such as
killing activity, long-term maintenance, and recruitment to
inflammatory sites after antigen stimulation, would provide a
more detailed characterization of SARS-CoV-2-reactive T cells
from the young and elderly. Other factors affecting T cell
functionality, including antigen presentation capacity, were
not evaluated in this study. Blood samples used in this study
were collected between July and September 2020 during the
COVID-19 pandemic. Although all samples were SARS-CoV-2
Ig negative, and the prevalence of SARS-CoV-2 antibodies in
June 2020 was less than 0.2% in metropolitan areas in Japan
(https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/
0000121431_00,132.html), we cannot exclude the possibility
that convalescents with no symptoms or no SARS-CoV-2
antibody production were included in the study cohort.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Frontiers in Aging | www.frontiersin.org

August 2021 | Volume 2 | Article 719342


https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/0000121431_00,132.html
https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/0000121431_00,132.html
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Jo et al.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Kyoto University (R0418
and G1266) in accordance with the Declaration of Helsinki. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

NJ and RZ conducted the experiments. MN determined SARS-
CoV-2Iglevels. TY conducted data analysis. NJ and YH designed
the experiments. SY established the convalescent cohort. HU
provided advice on the AIM assay and data analysis. DW
provided the peptide pools and advice on the AIM assay. YH
conceived ideas for the study. NJ and YH wrote the article. All
authors contributed intellectually and approved the article.

FUNDING

This work was supported by Japan Agency for Medical Research
and Development (AMED) Research Program on Emerging and
Re-emerging Infectious Diseases (JP20fk0108265h0001 to YH), an

REFERENCES

Akbar, A.N,, and Gilroy, D. W. (2020). Aging Immunity May Exacerbate COVID-
19. Science 369, 256-257. doi:10.1126/science.abb0762

Akbar, A. N, Henson, S. M., and Lanna, A. (2016). Senescence of T Lymphocytes:
Implications for Enhancing Human Immunity. Trends Immunol. 37, 866-876.
doi:10.1016/}.it.2016.09.002

Bacher, P., Rosati, E., Esser, D., Martini, G. R., Saggau, C., Schiminsky, E., et al.
(2020). Low-Avidity CD4+ T Cell Responses to SARS-CoV-2 in Unexposed
Individuals and Humans with Severe COVID-19. Immunity 53, 1258-1271.
doi:10.1016/j.immuni.2020.11.016

Banerjee, A., Pasea, L., Harris, S., Gonzalez-Izquierdo, A., Torralbo, A., Shallcross, L.,
et al. (2020). Estimating Excess 1-year Mortality Associated with the COVID-19
Pandemic According to Underlying Conditions and Age: a Population-Based
Cohort Study. The Lancet 395, 1715-1725. doi:10.1016/S0140-6736(20)30854-0

Barton, E. S, White, D. W., Cathelyn, J. S., Brett-McClellan, K. A., Engle, M.,
Diamond, M. S,, et al. (2007). Herpesvirus Latency Confers Symbiotic protection
from Bacterial Infection. Nature 447, 326-329. doi:10.1038/nature05762

Belkina, A. C,, Ciccolella, C. O., Anno, R., Halpert, R., Spidlen, J., and Snyder-
Cappione, J. E. (2019). Automated Optimized Parameters for T-Distributed
Stochastic Neighbor Embedding Improve Visualization and Analysis of Large
Datasets. Nat. Commun. 10, 5415. do0i:10.1038/s41467-019-13055-y

Bowyer, G., Sharpe, H., Venkatraman, N., Ndiaye, P. B., Wade, D., Brenner, N.,
et al. (2020). Reduced Ebola Vaccine Responses in CMV+ Young Adults Is
Associated with Expansion of CD57+KLRG1+ T Cells. J. Exp. Med. 217.
doi:10.1084/jem.20200004

Braun, J., Loyal, L., Frentsch, M., Wendisch, D., Georg, P., Kurth, F., et al. (2020).
SARS-CoV-2-reactive T Cells in Healthy Donors and Patients with COVID-19.
Nature 587, 270-274. doi:10.1038/s41586-020-2598-9

Brenchley, J. M., Karandikar, N. ], Betts, M. R., Ambrozak, D. R,, Hill, B. ], Crotty,
L. E., et al. (2003). Expression of CD57 Defines Replicative Senescence and
Antigen-Induced Apoptotic Death of CD8+ T Cells. Blood 101, 2711-2720.
doi:10.1182/blood-2002-07-2103

Age-Related Differences in SARS-CoV-2-Reactive T Cells

AMED Project for Elucidating and Controlling Mechanisms of
Aging and Longevity (JP21gm5010001 to YH), the iPS Cell
Research Fund (to YH), the Kansai Economic Federation
(KANKEIREN) (to YH), the Takeda Science Foundation (to
YH), the JSPS KAKENHI (19K23862 to NJ), the COVID-19
Private Fund (to SY), and NIH contract 75N9301900065 (to DW).

ACKNOWLEDGMENTS

We thank all donors and health care personnel involved in this
work. We are grateful to K. Kometani and T. Ito for their helpful
comments, C. Inoue for performing experiments, other members
of our laboratory for technical assistance, T. Honjo and E. Hara
for AMED project administration, N. Minato for helpful
discussion, A. Sette for providing the peptide pools and advice
on the AIM assay, M. Saito for cooperating with the convalescent
cohort, and P. Karagiannis for proofreading.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fragi.2021.719342/
full#supplementary-material

Chaudhry, M. S,, Velardi, E., Dudakov, J. A., and van den Brink, M. R. M. (2016).
Thymus: the Next (Re)generation. Immunol. Rev. 271, 56-71. doi:10.1111/
imr.12418

Chen, G., Wu, D., Guo, W., Cao, Y., Huang, D., Wang, H., et al. (2020). Clinical and
Immunological Features of Severe and Moderate Coronavirus Disease 2019.
J. Clin. Invest. 130, 2620-2629. doi:10.1172/JCI137244

Chen, Z., and John Wherry, E. (2020). T Cell Responses in Patients with
COVID-19. Nat. Rev. Immunol. 20, 529-536. doi:10.1038/s41577-020-
0402-6

Collier, D. A., Ferreira, I, Kotagiri, P., Datir, R,, Lim, E., Touizer, E., et al. (2021).
Age-related Immune Response Heterogeneity to SARS-CoV-2 Vaccine
BNT162b2. Nature doi:10.1038/s41586-021-03739-1

Czesnikiewicz-Guzik, M., Lee, W.-W., Cui, D, Hiruma, Y., Lamar, D. L., Yang, Z.-
Z., et al. (2008). T Cell Subset-specific Susceptibility to Aging. Clin. Immunol.
127, 107-118. doi:10.1016/j.clim.2007.12.002

Dan, J. M., Lindestam Arlehamn, C. S., Weiskopf, D., da Silva Antunes, R.,
Havenar-Daughton, C., Reiss, S. M., et al. (2016). A Cytokine-independent
Approach to Identify Antigen-specific Human Germinal Center T Follicular
Helper Cells and Rare Antigen-specific CD4+ T Cells in Blood. J.I. 197,
983-993. d0i:10.4049/jimmunol.1600318

De Biasi, S., Meschiari, M., Gibellini, L., Bellinazzi, C., Borella, R., Fidanza, L., et al.
(2020). Marked T Cell Activation, Senescence, Exhaustion and Skewing
towards TH17 in Patients with COVID-19 Pneumonia. Nat. Commun. 11,
3434. doi:10.1038/s41467-020-17292-4

den Braber, I., Mugwagwa, T., Vrisekoop, N., Westera, L., Mogling, R., de Boer, A.
B., et al. (2012). Maintenance of Peripheral Naive T Cells Is Sustained by
Thymus Output in Mice but Not Humans. Immunity 36, 288-297. doi:10.1016/
j.immuni.2012.02.006

Fung, M., and Babik, J. M. (2021). COVID-19 in Immunocompromised Hosts:
What We Know So Far. Clin. Infect. Dis. 72, 340-350. doi:10.1093/cid/ciaa863

Furman, D., Jojic, V., Sharma, S., Shen-Orr, S. S., L. Angel, C. J., Onengut-
Gumuscu, S., et al. (2015). Cytomegalovirus Infection Enhances the
Immune Response to Influenza. Sci. Transl. Med. 7, 281ra43. doi:10.1126/
scitranslmed.aaa2293

Frontiers in Aging | www.frontiersin.org

August 2021 | Volume 2 | Article 719342


https://www.frontiersin.org/articles/10.3389/fragi.2021.719342/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fragi.2021.719342/full#supplementary-material
https://doi.org/10.1126/science.abb0762
https://doi.org/10.1016/j.it.2016.09.002
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.1016/S0140-6736(20)30854-0
https://doi.org/10.1038/nature05762
https://doi.org/10.1038/s41467-019-13055-y
https://doi.org/10.1084/jem.20200004
https://doi.org/10.1038/s41586-020-2598-9
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.1111/imr.12418
https://doi.org/10.1111/imr.12418
https://doi.org/10.1172/JCI137244
https://doi.org/10.1038/s41577-020-0402-6
https://doi.org/10.1038/s41577-020-0402-6
https://doi.org/10.1038/s41586-021-03739-1
https://doi.org/10.1016/j.clim.2007.12.002
https://doi.org/10.4049/jimmunol.1600318
https://doi.org/10.1038/s41467-020-17292-4
https://doi.org/10.1016/j.immuni.2012.02.006
https://doi.org/10.1016/j.immuni.2012.02.006
https://doi.org/10.1093/cid/ciaa863
https://doi.org/10.1126/scitranslmed.aaa2293
https://doi.org/10.1126/scitranslmed.aaa2293
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Jo et al.

Goronzy, J. ], Li, G., Yang, Z., and Weyand, C. M. (2013). The Janus Head of T Cell
Aging - Autoimmunity and Immunodeficiency. Front. Immunol. 4, 131.
doi:10.3389/fimmu.2013.00131

Goronzy, J. J., and Weyand, C. M. (2019). Mechanisms Underlying T Cell Ageing.
Nat. Rev. Immunol. 19, 573-583. doi:10.1038/s41577-019-0180-1

Greenbaum, J. A., Kotturi, M. F., Kim, Y., Oseroff, C., Vaughan, K., Salimi, N., et al.
(2009). Pre-existing Immunity against Swine-Origin HIN1 Influenza Viruses in
the General Human Population. Proc. Natl. Acad. Sci. 106, 20365-20370.
doi:10.1073/pnas.0911580106

Grifoni, A., Weiskopf, D., Ramirez, S. I, Mateus, J., Dan, J. M., Moderbacher, C. R.,
et al. (2020). Targets of T Cell Responses to SARS-CoV-2 Coronavirus in
Humans with COVID-19 Disease and Unexposed Individuals. Cell 181,
1489-1501. doi:10.1016/j.cell.2020.05.015

Havenar-Daughton, C., Reiss, S. M., Carnathan, D. G., Wu, J. E., Kendric, K.,
Torrents de la Pefia, A., et al. (2016). Cytokine-Independent Detection of
Antigen-specific Germinal Center T Follicular Helper Cells in Immunized
Nonhuman Primates Using a Live Cell Activation-Induced Marker Technique.
J.1. 197, 994-1002. doi:10.4049/jimmunol.1600320

Henson, S. M., Macaulay, R., Riddell, N. E., Nunn, C. J., and Akbar, A. N. (2015).
Blockade of PD-1 or P38 MAP Kinase Signaling Enhances Senescent Human
CD8+T-Cell Proliferation by Distinct Pathways. Eur. J. Immunol. 45,
1441-1451. doi:10.1002/eji.201445312

Henson, S. M., Riddell, N. E,, and Akbar, A. N. (2012). Properties of End-Stage
Human T Cells Defined by CD45RA Re-expression. Curr. Opin. Immunol. 24,
476-481. doi:10.1016/.c0i.2012.04.001

Herati, R. S., Muselman, A., Vella, L., Bengsch, B., Parkhouse, K., Del Alcazar, D.,
et al. (2017). Successive Annual Influenza Vaccination Induces a Recurrent
Oligoclonotypic Memory Response in Circulating T Follicular Helper Cells. Sci.
Immunol. 2, eaag2152. doi:10.1126/sciimmunol.aag2152

Huang, C., Wang, Y., Li, X,, Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical Features
of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. The Lancet
395, 497-506. doi:10.1016/S0140-6736(20)30183-5

Jameson, S. C., and Masopust, D. (2018). Understanding Subset Diversity in T Cell
Memory. Immunity 48, 214-226. doi:10.1016/j.immuni.2018.02.010

Kato, A., Takaori-Kondo, A., Minato, N., and Hamazaki, Y. (2018). CXCR3high
CD8+ T Cells with Naive Phenotype and High Capacity for IFN-y Production
Are Generated during Homeostatic T-Cell Proliferation. Eur. J. Immunol. 48,
1663-1678. doi:10.1002/¢ji.201747431

Klenerman, P., and Oxenius, A. (2016). T Cell Responses to Cytomegalovirus. Nat.
Rev. Immunol. 16, 367-377. doi:10.1038/nri.2016.38

Kumar, B. V., Connors, T.J., and Farber, D. L. (2018). Human T Cell Development,
Localization, and Function throughout Life. Immunity 48, 202-213.
d0i:10.1016/j.immuni.2018.01.007

Le Bert, N, Tan, A. T., Kunasegaran, K., Tham, C. Y. L., Hafezi, M., Chia, A,, et al.
(2020). SARS-CoV-2-specific T Cell Immunity in Cases of COVID-19 and
SARS, and Uninfected Controls. Nature 584, 457-462. doi:10.1038/s41586-020-
2550-z

Lipsitch, M., Grad, Y. H,, Sette, A., and Crotty, S. (2020). Cross-reactive Memory
T Cells and Herd Immunity to SARS-CoV-2. Nat. Rev. Immunol. 20, 709-713.
d0i:10.1038/541577-020-00460-4

Long, Q.-X,, Liu, B.-Z., Deng, H.-J., Wu, G.-C., Deng, K., Chen, Y.-K,, et al. (2020).
Antibody Responses to SARS-CoV-2 in Patients with COVID-19. Nat. Med. 26,
845-848. doi:10.1038/s41591-020-0897-1

Lynch, H. E,, Goldberg, G. L., Chidgey, A., Van den Brink, M. R. M., Boyd, R., and
Sempowski, G. D. (2009). Thymic Involution and Immune Reconstitution.
Trends Immunol. 30, 366-373. doi:10.1016/j.it.2009.04.003

Mahnke, Y. D., Brodie, T. M., Sallusto, F., Roederer, M., and Lugli, E. (2013). The
Who’s Who of T-Cell Differentiation: Human Memory T-Cell Subsets. Eur.
J. Immunol. 43, 2797-2809. doi:10.1002/eji.201343751

Mateus, J., Grifoni, A., Tarke, A., Sidney, J., Ramirez, S. I, Dan, J. M,, et al. (2020).
Selective and Cross-Reactive SARS-CoV-2 T Cell Epitopes in Unexposed
Humans. Science 370, 89-94. doi:10.1126/science.abd3871

Mathew, D,, Giles, J. R., Baxter, A. E., Oldridge, D. A., Greenplate, A. R, Wu, J. E,,
et al. (2020). Deep Immune Profiling of COVID-19 Patients Reveals Distinct
Immunotypes with Therapeutic Implications. Science 369, eabc8511.
doi:10.1126/science.abc8511

Meckiff, B. J., Ramirez-Sudstegui, C., Fajardo, V., Chee, S. J., Kusnadi, A., Simon,
H., et al. (2020). Imbalance of Regulatory and Cytotoxic SARS-CoV-2-Reactive

Age-Related Differences in SARS-CoV-2-Reactive T Cells

CD4+ T Cells Cell
j.cell.2020.10.001

Minato, N., Hattori, M., and Hamazaki, Y. (2020). Physiology and Pathology of
T-Cell Aging. Int. Immunol. 32, 223-231. doi:10.1093/intimm/dxaa006

Mittelbrunn, M., and Kroemer, G. (2021). Hallmarks of T Cell Aging. Nat.
Immunol. 22, 687-698. doi:10.1038/541590-021-00927-z

Morou, A., Brunet-Ratnasingham, E., Dubé, M., Charlebois, R., Mercier, E., Darko,
S., et al. (2019). Altered Differentiation Is central to HIV-specific CD4+ T Cell
Dysfunction in Progressive Disease. Nat. Immunol. 20,1059-1070. doi:10.1038/
$41590-019-0418-x

Murray, J. M., Kaufmann, G. R,, Hodgkin, P. D., Lewin, S. R, Kelleher, A. D.,
Davenport, M. P,, et al. (2003). Naive T Cells Are Maintained by Thymic
Output in Early Ages but by Proliferation without Phenotypic Change after
Age Twenty. Immunol. Cel Biol 81, 487-495. doi:10.1046/j.1440-
1711.2003.01191.x

Neidleman, J., Luo, X., Frouard, J., Xie, G., Gill, G., Stein, E. S., et al. (2020). SARS-
CoV-2-Specific T Cells Exhibit Phenotypic Features of Helper Function, Lack of
Terminal Differentiation, and High Proliferation Potential. Cel Rep. Med. 1,
100081. doi:10.1016/j.xcrm.2020.100081

Nelde, A., Bilich, T., Heitmann, J. S., Maringer, Y., Salih, H. R., Roerden, M., et al.
(2021). SARS-CoV-2-derived Peptides Define Heterologous and COVID-19-
Induced T Cell Recognition. Nat. Immunol. 22, 74-85. doi:10.1038/s41590-020-
00808-x

Nikolich-Zugich, J. (2008). Ageing and Life-Long Maintenance of T-Cell Subsets in
the Face of Latent Persistent Infections. Nat. Rev. Immunol. 8, 512-522.
doi:10.1038/nri2318

Nikolich-Zugich, J. (2018). The Twilight of Immunity: Emerging Concepts in
Aging of the Immune System. Nat. Immunol. 19, 10-19. doi:10.1038/s41590-
017-0006-x

Onder, G. Rezza, G. and Brusaferro, S. (2020). Case-Fatality Rate and
Characteristics of Patients Dying in Relation to COVID-19 in Italy. JAMA
323, 1775-1776. d0i:10.1001/jama.2020.4683

Reiss, S., Baxter, A. E,, Cirelli, K. M., Dan, J. M., Morou, A., Daigneault, A., et al.
(2017). Comparative Analysis of Activation Induced Marker (AIM) Assays for
Sensitive Identification of Antigen-specific CD4 T Cells. PLoS One 12,
€0186998. doi:10.1371/journal.pone.0186998

Richardson, S., Hirsch, J. S., Narasimhan, M., Crawford, J. M., McGinn, T.,
Davidson, K. W., et al. (2020). Presenting Characteristics, Comorbidities,
and Outcomes Among 5700 Patients Hospitalized with COVID-19 in the
New York City Area. JAMA 323, 2052-2059. doi:10.1001/jama.2020.6775

Rydyznski Moderbacher, C., Ramirez, S. I, Dan, J. M., Grifoni, A., Hastie, K. M.,
Weiskopf, D., et al. (2020). Antigen-Specific Adaptive Immunity to SARS-CoV-
2 in Acute COVID-19 and Associations with Age and Disease Severity. Cell 183,
996-1012. doi:10.1016/j.cell.2020.09.038

Sallusto, F., Lenig, D., Forster, R., Lipp, M., and Lanzavecchia, A. (1999). Two
Subsets of Memory T Lymphocytes with Distinct Homing Potentials and
Effector Functions. Nature 401, 708-712. doi:10.1038/44385

Sato, K., Kato, A., Sekai, M., Hamazaki, Y., and Minato, N. (2017). Physiologic
Thymic Involution Underlies Age-dependent Accumulation of
Senescence-Associated CD4+ T Cells. J.I. 199, 138-148. doi:10.4049/
jimmunol.1602005

Sauce, D., Larsen, M., Fastenackels, S., Duperrier, A., Keller, M., Grubeck-
Loebenstein, B., et al. (2009). Evidence of Premature Immune Aging in
Patients Thymectomized during Early Childhood. J. Clin. Invest. 119,
3070-3078. doi:10.1172/JCI39269

Sekine, T., Perez-Potti, A., Rivera-Ballesteros, O., Strilin, K., Gorin, J.-B., Olsson,
A, et al. (2020). Robust T Cell Immunity in Convalescent Individuals with
Asymptomatic or Mild COVID-19. Cell 183, 158-168. doi:10.1016/
j.cell.2020.08.017

Sewell, A. K. (2012). Why Must T Cells Be Cross-Reactive?. Nat. Rev. Immunol. 12,
669-677. doi:10.1038/nri3279

Smithey, M. J., Venturi, V., Davenport, M. P.,, Buntzman, A. S., Vincent, B. G,,
Frelinger, J. A., et al. (2018). Lifelong CMV Infection Improves Immune
Defense in Old Mice by Broadening the Mobilized TCR Repertoire against
Third-Party Infection. Proc. Natl. Acad. Sci. USA 115, E6817-E6825.
doi:10.1073/pnas.1719451115

Soderberg-Nauclér, C. (2021). Does Reactivation of Cytomegalovirus Contribute to
Severe COVID-19 Disease?. Immun. Ageing 18, 12. doi:10.1186/s12979-021-00218-z

in COVID-19. 183, 1340-1353. doi:10.1016/

Frontiers in Aging | www.frontiersin.org

15

August 2021 | Volume 2 | Article 719342


https://doi.org/10.3389/fimmu.2013.00131
https://doi.org/10.1038/s41577-019-0180-1
https://doi.org/10.1073/pnas.0911580106
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.4049/jimmunol.1600320
https://doi.org/10.1002/eji.201445312
https://doi.org/10.1016/j.coi.2012.04.001
https://doi.org/10.1126/sciimmunol.aag2152
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.immuni.2018.02.010
https://doi.org/10.1002/eji.201747431
https://doi.org/10.1038/nri.2016.38
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41577-020-00460-4
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1016/j.it.2009.04.003
https://doi.org/10.1002/eji.201343751
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1016/j.cell.2020.10.001
https://doi.org/10.1016/j.cell.2020.10.001
https://doi.org/10.1093/intimm/dxaa006
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-019-0418-x
https://doi.org/10.1038/s41590-019-0418-x
https://doi.org/10.1046/j.1440-1711.2003.01191.x
https://doi.org/10.1046/j.1440-1711.2003.01191.x
https://doi.org/10.1016/j.xcrm.2020.100081
https://doi.org/10.1038/s41590-020-00808-x
https://doi.org/10.1038/s41590-020-00808-x
https://doi.org/10.1038/nri2318
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1371/journal.pone.0186998
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1038/44385
https://doi.org/10.4049/jimmunol.1602005
https://doi.org/10.4049/jimmunol.1602005
https://doi.org/10.1172/JCI39269
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1038/nri3279
https://doi.org/10.1073/pnas.1719451115
https://doi.org/10.1186/s12979-021-00218-z
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

Jo et al.

Sridhar, S., Begom, S., Bermingham, A., Hoschler, K., Adamson, W., Carman, W.,
et al. (2013). Cellular Immune Correlates of protection against Symptomatic
Pandemic Influenza. Nat. Med. 19, 1305-1312. doi:10.1038/nm.3350

Su, L. F,, Kidd, B. A, Han, A, Kotzin, J. ]., and Davis, M. M. (2013). Virus-Specific
CD4+ Memory-Phenotype T Cells Are Abundant in Unexposed Adults.
Immunity 38, 373-383. d0i:10.1016/j.immuni.2012.10.021

Takahashi, T., Ellingson, M. K., Ellingson, M. K., Wong, P., Israelow, B., Lucas,
C., et al. (2020). Sex Differences in Immune Responses that Underlie
COVID-19 Disease Outcomes. Nature 588, 315-320. doi:10.1038/s41586-
020-2700-3

Thieme, C. J., Anft, M., Paniskaki, K., Blazquez-Navarro, A., Doevelaar, A., Seibert, F. S.,
et al. (2020). Robust T Cell Response toward Spike, Membrane, and Nucleocapsid
SARS-CoV-2 Proteins Is Not Associated with Recovery in Critical COVID-19
Patients. Cel Rep. Med. 1, 100092. doi:10.1016/j.xcrm.2020.100092

Thome, J. J. C, Yudanin, N.,, Ohmura, Y., Kubota, M., Grinshpun, B,
Sathaliyawala, T., et al. (2014). Spatil Map of Human T Cell
Compartmentalization and Maintenance over Decades of Life. Cell 159,
814-828. doi:10.1016/j.cell.2014.10.026

Weiskopf, D., Schmitz, K. S., Raadsen, M. P., Grifoni, A., Okba, N. M. A., Endeman,
H., et al. (2020). Phenotype and Kinetics of SARS-CoV-2-specific T Cells in
COVID-19 Patients with Acute Respiratory Distress Syndrome. Sci. Immunol.
5, eabd2071. doi:10.1126/sciimmunol.abd2071

Wertheimer, A. M., Bennett, M. S., Park, B., Uhrlaub, J. L., Martinez, C., Pulko, V.,
et al. (2014). Aging and Cytomegalovirus Infection Differentially and Jointly
Affect Distinct Circulating T Cell Subsets in Humans. J.I. 192, 2143-2155.
doi:10.4049/jimmunol.1301721

Wilkinson, T. M., Li, C. K. E,, Chui, C. S. C,, Huang, A. K. Y., Perkins, M., Liebner,
J. C., et al. (2012). Preexisting Influenza-specific CD4+ T Cells Correlate with
Disease protection against Influenza challenge in Humans. Nat. Med. 18,
274-280. doi:10.1038/nm.2612

Wu, C., Chen, X, Cai, Y., Xia, J. a,, Zhou, X, Xu, S., et al. (2020). Risk Factors
Associated with Acute Respiratory Distress Syndrome and Death in Patients

Age-Related Differences in SARS-CoV-2-Reactive T Cells

with Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern.
Med. 180, 934-943. doi:10.1001/jamainternmed.2020.0994

Wu, H., Witzl, A., and Ueno, H. (2019). Assessment of TCR Signal Strength of
Antigen-specific Memory CD8+ T Cells in Human Blood. Blood Adv. 3,
2153-2163. doi:10.1182/bloodadvances.2019000292

Zehn, D., Lee, S. Y., and Bevan, M. J. (2009). Complete but Curtailed T-Cell
Response to Very Low-Affinity Antigen. Nature 458, 211-214. doi:10.1038/
nature07657

Zhang, H., Weyand, C. M., and Goronzy, J. J. (2021). Hallmarks of the Aging T-cell
System. FEBS J. doi:10.1111/febs.15770

Zhang, J.-Y., Wang, X.-M., Xing, X., Xu, Z., Zhang, C., Song, J.-W., et al. (2020).
Single-cell Landscape of Immunological Responses in Patients with COVID-19.
Nat. Immunol. 21, 1107-1118. doi:10.1038/s41590-020-0762-x

Conflict of Interest: SY is a scientific advisor, without salary, to iPS Academia
Japan, Inc. and Altos Labs, Inc. The authors declare that the research was
conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Jo, Zhang, Ueno, Yamamoto, Weiskopf, Nagao, Yamanaka and
Hamazaki. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging | www.frontiersin.org

16

August 2021 | Volume 2 | Article 719342


https://doi.org/10.1038/nm.3350
https://doi.org/10.1016/j.immuni.2012.10.021
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1016/j.xcrm.2020.100092
https://doi.org/10.1016/j.cell.2014.10.026
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.4049/jimmunol.1301721
https://doi.org/10.1038/nm.2612
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1182/bloodadvances.2019000292
https://doi.org/10.1038/nature07657
https://doi.org/10.1038/nature07657
https://doi.org/10.1111/febs.15770
https://doi.org/10.1038/s41590-020-0762-x
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Aging and CMV Infection Affect Pre-existing SARS-CoV-2-Reactive CD8+ T Cells in Unexposed Individuals
	Introduction
	Methods and Materials
	Study Design
	PBMC Isolation, Cryopreservation, and Thawing
	Complete Blood Counts
	Serology
	Peptide Pools
	Activation-Induced Marker Assay
	Intracellular Cytokine Staining (ICS) After Peptide Stimulation Assay
	Flow Cytometry and FCS Data Analysis
	Cytokine Bead Assays
	opt-SNE
	Graphic Representation
	Statistical Analysis

	Results
	Young and Elderly Unexposed Individuals Harbor Comparable Numbers of SARS-CoV-2-Reactive T Cells
	SARS-CoV-2-Reactive CD4+ T Cell Phenotypes are Similar, but CD8+ T Cell Phenotypes Differ Between the Young and Elderly
	SARS-CoV-2-Reactive CD4+ T Cells Are Preferentially Detected in the CM Fraction With Comparable Numbers in Both Young and E ...
	CD4+ T Cell Proliferation and Th1 Cytokine Production Upon SARS-CoV-2 Recognition Is Comparable Between Elderly and Young I ...
	Elderly Individuals Harbor Less Naïve and More TEMRA SARS-CoV-2-Reactive CD8+ T Cells
	Accumulation of Senescent SARS-CoV-2-Reactive CD8+ T Cells in Elderly Individuals
	Young CMV Seropositive Individuals Exhibit a Higher Proportion of Senescent SARS-CoV-2-Reactive CD8+ T Cells Than Young Ser ...

	Discussion
	Limitation of Study
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


