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Impaired CD4+ T cell response in older adults 
is associated with reduced immunogenicity 
and reactogenicity of mRNA COVID-19 
vaccination

Norihide Jo    1,2, Yu Hidaka3, Osamu Kikuchi    4,5, Masaru Fukahori6,7, 
Takeshi Sawada6,7, Masahiko Aoki6,7, Masaki Yamamoto8, Miki Nagao8, 
Satoshi Morita3, Takako E. Nakajima6,7, Manabu Muto4,5,7 & Yoko Hamazaki    1,9 

Whether age-associated defects in T cells impact the immunogenicity 
and reactogenicity of mRNA vaccines remains unclear. Using a vaccinated 
cohort (n = 216), we demonstrated that older adults (aged ≥65 years) 
had fewer vaccine-induced spike-specific CD4+ T cells including CXCR3+ 
circulating follicular helper T cells and the TH1 subset of helper T cells 
after the first dose, which correlated with their lower peak IgG levels and 
fewer systemic adverse effects after the second dose, compared with 
younger adults. Moreover, spike-specific TH1 cells in older adults expressed 
higher levels of programmed cell death protein 1, a negative regulator of 
T cell activation, which was associated with low spike-specific CD8+ T cell 
responses. Thus, an inefficient CD4+ T cell response after the first dose may 
reduce the production of helper T cytokines, even after the second dose, 
thereby lowering humoral and cellular immunity and reducing systemic 
reactogenicity. Therefore, enhancing CD4+ T cell response following the first 
dose is key to improving vaccine efficacy in older adults.

Advanced age is the most important risk factor for severe coronavirus 
disease 2019 (COVID-19) outcomes1–3; this may be largely due to the 
age-associated decline in immune competence. T cells are immune 
cells that belong to the adaptive immune system and play a central 
role in antigen-specific antibody response and cytotoxicity against 
virus-infected cells4. Despite their critical roles, the production of new 
T cells begins to decline during early life stages due to thymic involu-
tion and undergoes various qualitative and compositional changes 

and functional dysregulations with age5–11. Thus, older individuals are 
strongly recommended to receive vaccines; however, the benefits and 
efficacy of vaccination are limited, primarily due to the decreased 
effectiveness of adaptive immunity12–14.

The newly developed severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) mRNA vaccines are highly effective at preventing 
severe illness, as well as infection, at ~95% efficacy, even in participants 
aged ≥65 years15. However, spike-specific IgG levels and neutralizing 
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To quantify and characterize vaccine-induced T cell responses, we 
utilized activation-induced marker (AIM) and intracellular cytokine 
staining (ICS) assays (Extended Data Figs. 2 and 3)20,21,28–32. Peripheral 
blood mononuclear cells (PBMCs) were stimulated with overlapping 
peptide pools covering the complete sequence of the spike protein 
of SARS-CoV-2, which was used as a vaccine antigen. Markers used for 
flow cytometric analysis and the gating strategies are shown in Supple
mentary Table 1 and Extended Data Figs. 2 and 3. The total number 
of CD4+ T cells in peripheral blood did not differ between adults and 
older adults and remained stable during the study duration (Fig. 1a). 
The numbers and frequencies of spike-specific AIM+ (CD154+CD137+) 
CD4+ T cells in most donors exhibited a significant increase (median, 
>10-fold) as compared with the baseline after the first dose, were largely 
maintained after the second dose, and declined at 3 months (Fig. 1a,b), 
as previously reported28–30. However, older adults induced significantly 
fewer spike-specific CD4+ T cells than adults after the first dose (median 
(interquartile range; IQR), adults; 0.52% (0.47%) and older adults; 0.33% 
(0.40%) in total CD4+ T cells; P < 0.001), reached the same level as that 
of adults after the second dose, and again exhibited significantly lower 
levels at 3 months (Fig. 1a,b). The frequency of AIM+ CD4+ T cells before 
vaccination, which may include naïve as well as cross-reactive T cells31,33, 
showed a weak correlation with those after the first dose in older adults 
(rs = 0.23, P = 0.018) (Fig. 1c), but not with those after the second dose, 
at 3 months (Fig. 1c), or peak antibody titers, suggesting a limited effect 
of preexisting T cells on immune responses to two doses of vaccination.

Major cytokines induced in CD4+ T cells after vaccination were 
interleukin (IL)-2, interferon (IFN)-γ and tumor necrosis factor (TNF)-α, 
whereas IL-4+ and IL-17+ cells were fewer in frequency in both groups 
(Fig. 1b) as reported previously20,29,30. Boolean analysis indicated that 
two and multiple cytokine-producing cells were similarly observed 
following vaccination in both groups (Fig. 1d). However, the frequen-
cies of cytokine-positive cells, especially IFN-γ+ cells, in older groups 
were significantly lower after the first dose and at 3 months than those 
in adults, similar to the kinetics of AIM+ cells (Fig. 1b). Indeed, the 
negative correlation between age as a continuous variable and AIM+ 
or cytokine-positive CD4+ T cells after the first dose and at 3 months, 
but not after the second dose, was observed (Fig. 1e and Extended 
Data Fig. 4a). To determine the effects of different sampling intervals 
following vaccination on T cell responses, multiple regression analysis 
was performed using the participant’s age and number of days after 
vaccination as explanatory variables and the predicted values of T 
cell responses were calculated. Regression coefficients (β) of age were 
negative after the first dose (AIM+, β = −0.007 and P < 0.001; and IFN-γ+, 
β = −0.008 and P < 0.001) and 3 months (AIM+, β = −0.006 and P = 0.005; 
and IFN-γ+, β = −0.005 and P = 0.012), confirming that T cell responses 
at both time points were negatively associated with age (Extended Data 
Fig. 4b). Previous studies have revealed that cytomegalovirus (CMV) 
infection and gender differences could affect vaccine responses34,35. 
No significant differences were found in the frequencies of AIM+ and 
cytokine-positive CD4+ T cells between males and females (Extended 
Data Fig. 5a) or CMV IgG-seropositive and IgG-seronegative individu-
als in the younger (20–40 years) or older (≥65 years) group (Extended 
Data Fig. 5b).

Phenotypically, vaccine-induced T cells mostly present 
CCR7+CD45RA− central memory (CM)28 and non-senescent (CD28+ 
or CD57−) characteristics after the first dose, which was maintained 
until 3 months in both groups (Extended Data Fig. 6a,b). Optimized 
t-distributed stochastic neighbor embedding (opt-SNE), multidimen-
sional reduction strategy of multicolor flow cytometry data36 analysis 
also showed that spike-specific CD4+ T cells from all adult and older 
donors demonstrated similar fundamental characteristics (Extended 
Data Fig. 7). Notably, however, the cell size according to forward scat-
ter (FSC) of flow cytometry, an indicator of T cell activation, peaked 
after the first dose in adults but after the second dose in the older 
group and decreased in both groups during the contraction phase 

antibody titers are significantly lower in older individuals16–19. Detailed 
immunological studies revealed that the mRNA vaccines elicit strong 
type 1 helper T (TH)1) cell and follicular helper T (TFH) cell responses20,21. 
Importantly, older adults, especially individuals >80 years of age, 
showed fewer cytokine-positive CD4+ T cells after vaccination16,19. 
However, the detailed trajectory of T cell responses and how TH1 and TFH 
cell responses are affected in older adults remains to be investigated. 
Considering the importance of T cells in vaccine responses, elucidat-
ing age-associated differences in T cell responses to mRNA vaccines 
is fundamental.

Noticeable and severe adverse effects (AEs) are another charac-
teristic of mRNA vaccines22. Notably, AEs are more frequent and more 
severe after the second dose15, which strongly suggests that AEs are a 
consequence of immunological memory. However, previous reports 
did not reach a consensus concerning the association between AEs and 
vaccine-induced immune reactions, likely due to the small cohorts and 
variations of the definition of AEs23–27. Moreover, most studies have 
examined the associations of AEs with the humoral immune response 
but not with T cell responses, which can result in the production of 
cytokines and thus cause systemic effects.

In this study, we investigated these key questions by compar-
ing the spike-specific TH1 cell and TFH cell responses to two doses of 
mRNA vaccine between adults and older adults in a Japanese cohort 
of healthy individuals over 3 months after vaccination, including the 
priming and contraction phases. Furthermore, we explored the asso-
ciations of spike-specific T cell responses with AEs. Our results provide  
an improved understanding of the mechanisms of age-related and 
individual differences in the effectiveness of mRNA vaccines and  
may be relevant for future vaccine strategies, especially for the highly 
vulnerable older population.

Results
Lower induction and early contraction of CD4+ T cell 
responses in older adults
We studied 216 SARS-CoV-2-naïve Japanese donors comprising adults 
(aged <65 years; median age, 43 years; n = 107) and older adults 
(aged ≥ 65 years; median age, 71 years; n = 109) who met the eligibil-
ity criteria (see ‘Study design’ in the Methods), having received two 
doses of BNT162b2 vaccine within around 3-week intervals (median, 
21.0 d; range, 19.0 to 30.0 d), and were successfully followed up until 
3 months after the first dose (Extended Data Fig. 1a,b and Table 1). 
Blood samples were obtained before the vaccination (Pre; median, 
−14 d (range, −29 to 0 d)), 2 weeks after the first dose (Post1; median, 
11 d (range, 6–21 d)), 2 weeks after the second dose (Post2; median, 34 d 
(range, 30−39 d)) and 3 months after the first dose (3 mo; median, 93 d 
(range, 77–104 d; Extended Data Fig. 1a). Donors were also followed up 
for medical conditions at each study visit. None of the donors tested 
positive for anti-SARS-CoV-2 nucleocapsid (N) protein IgM/IgG, which 
reflects the history of COVID-19 at enrollment (Table 1).

Table 1 | Participant characteristics at enrollment

Adults  
(<65 years) n = 107

Older adults  
(≥65 years) n = 109

Age (years) Median (range) 43 (23–63) 71 (65–81)

Sex n (%) Male 43 (40.2%) 56 (51.4%)

Female 64 (59.8%) 53 (48.6%)

CMV IgG n (%) Negative 34 (31.8%) 9 (8.3%)

Positive 73 (68.2%) 100 (91.7%)

SARS-CoV-2 N 
IgM/IgG

n (%) Negative 107 (100%) 109 (100%)

Positive 0 (0%) 0 (0%)
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at 3 months, whereas after the first dose the response in older adults 
was significantly lower than that in adults (Fig. 1f and Extended Data  
Fig. 8a). Consistently, the mean fluorescence intensity (MFI) of FSC-A 
was negatively correlated with age after the first dose (rs = −0.23; 
P < 0.001; Extended Data Fig. 8b), while the regression coefficient (β) 
of age after the first dose was −0.0003 (P = 0.011) as determined via 
multiple regression analysis using the predicted FSC-A adjusted for 
days after vaccination (Extended Data Fig. 8c).

These results suggest that vaccine-induced spike-specific CD4+ 
T cells have similar characteristics in both groups, but that the older 
group exhibits lower induction and rapid contraction of antigen- 
specific CD4+ T cell responses after mRNA vaccination.

Lower CXCR3+ TFH cell induction is correlated with lower IgG 
levels in older adults
Next, we assessed humoral responses. As reported previously15, the 
mRNA vaccination induced robust IgG responses in all donors, and 
peak levels of anti-receptor-binding domain (RBD) IgG were observed 
after the second dose in both groups (Fig. 2a). Additionally, IgM con-
centration peaked after the second vaccine dose, and strong correla-
tions between IgM and IgG responses were observed after the first 
and second doses (Fig. 2a and Extended Data Fig. 9a), indicating the 
simultaneous production of IgM and IgG, as reported previously37, 

irrespective of age. Although the antibody levels were highly variable 
among individuals, even within the same age cohort, we observed a 
negative correlation between age and peak IgG levels after the second 
dose (rs = −0.39; P < 0.001; Fig. 2b). The peak antibody concentrations 
in the older group (median (IQR), 18,200 (5,845) AU ml−1) were approxi-
mately 40% lower in median as compared with those in the younger 
group (median (IQR), 27,200 (7,850) AU ml−1; Fig. 2a). Moreover, the 
median antibody concentration at 3 months decreased to ~20% of those 
at the peak and were strongly correlated with those after the second 
dose (Extended Data Fig. 9b), suggesting that the gradual decline in 
antibody levels mostly reflected a natural decay of the antibodies 
produced at peak response. Multiple regression analysis confirmed 
that the predicted IgG adjusted for days since vaccination was nega-
tively associated with age both after the first (β = −0.011; P < 0.001) and  
second (β = −0.009; P < 0.001) doses (Extended Data Fig. 9c). Thus, data 
showing that the older group had higher IgG levels following the first 
dose (Fig. 2a) are attributed to the differences in sampling time points. 
There was a trend of higher IgG levels in females relative to that of males 
at every time point, with the values being significantly higher at the 
pre-vaccination stage and at 3 months (Extended Data Fig. 9d), which 
was consistent with previous findings38. No significant differences 
were observed in IgG titers between age-matched CMV-seropositive 
and CMV-seronegative individuals (Extended Data Fig. 9e).
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Fig. 1 | Lower induction and early contraction of spike-specific CD4+ T cells  
in older adults. a, Absolute number of total and AIM+ (CD137+CD154+) CD4+  
T cells in blood. Pre, Post1, Post2 and 3 mo represents the sampling point before 
vaccination, after the first dose, after the second dose and 3 months after the first 
dose, respectively. b, Frequency of AIM+ and cytokine+ CD4+ T cells. c, Correlation 
between the percentage of AIM+ CD4+ T cells before and after vaccination.  
d, Proportions of multiple cytokine-expressing CD4+ T cells after vaccination 
in adult and older adult group. The blue, orange and gray colors in pie charts 
depict the production of one, two and more than three cytokines, respectively. 
e, Correlations between the percentages of AIM+ CD4+ T cells and age of donors. 

f, MFI of FSC-A in AIM+ CD4+ T cells. In a, b and f, the center line and error bars 
indicate the median and IQR, respectively. In b, c and e, the dotted line indicates 
limit of detection (LOD). Statistical comparisons across cohorts were performed 
using the Mann–Whitney test. Spearman’s rank correlation (rs) was used to 
identify relationships between two variables, with a straight line drawn by linear 
regression analysis. For correlation analysis, percentages of AIM+ CD4+ T cells 
were transformed into logarithmic values. NS, not significant. Blue, red and black 
characters represent the results of statistical test from adults (n = 107), older 
adults (n = 109) and both groups (n = 216), respectively.
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To determine a mechanism for the age-related and individual 
heterogeneities in antibody responses, we investigated associations 
between antibody levels and CD4+ T cell responses. TFH cells are a speci-
fied subset of CD4+ T cells and play key roles in antibody production 
and germinal center reactions39. We confirmed that the first vaccination 
rapidly provoked antigen-specific AIM+ circulating follicular helper T 
(cTFH) cells (CD3+CD4+CD45RA+CXCR5+ T cells) in peripheral blood40, 
while the CXCR3+ cTFH subset, which is preferentially induced in the TH1 
cell condition and associated with efficient antibody responses in the 
context of infections and vaccinations32,41,42, was the major subset of 
cTFH cells induced by mRNA vaccination (Fig. 2c,d). Notably, the level of 
CXCR3+ cTFH cells, but not CXCR3− cTFH cells, was significantly lower in 
older adults after the first dose (median (IQR), adults; 0.039% (0.059%) 
and older adults; 0.029% (0.049%) in total CD4+ T cells; P < 0.05; Fig. 2d). 
Furthermore, peak IgG concentration positively correlated with the 
frequency of CXCR3+ cTFH cells after the first dose (rs = −0.40; P < 0.001 
in total donors), but not with that at other time points (Fig. 2e). The 
frequency of AIM+ CD4+ T cells before vaccination did not correlate 
with peak antibody concentration (Extended Data Fig. 9f). These results 
indicated that older adults show decreased induction of spike-specific  
CXCR3+ cTFH cells in the early stages of vaccine responses, which  
correlated with their lower IgG responses.

Lower CD4+ T cell induction is associated with fewer adverse 
events in older adults
Although most studies indicate that AEs decrease with age, studies have 
not addressed whether AEs are associated with T cell responses that can 
cause systemic effects43. In the present study, to minimize individual 
differences in the definition of AE severity, physicians interviewed 
each donor and asked about AEs. The grading of AEs is described in the 
Methods, and the presence of AE (AE+) was defined as grade ≥ 1. Local AE 
(pain at an injection site) was observed in most (>80%) donors in both 
groups after the first and second doses (Fig. 3a). The percentages of 
donors positive for systemic AEs (for example, fever, fatigue, headache, 
arthralgia and chill) were significantly higher after the second than 
first dose (Fig. 3a), consistent with previous reports15,20. Moreover, 
systemic AEs after the second dose were more commonly observed in 
adults than in the older group (Fig. 3a). The frequency of participants 
who self-administered antipyretics after the second dose was higher in 
adults (53.3%) than in the older group (8.3%; Fig. 3a), suggesting that the 
systemic AE frequency and degree were substantially underestimated 
especially in adults.

We then compared the IgG concentration and CD4+ T cell response 
(AIM+ cells) among individuals at each grade of local or systemic AE 
after the second dose. Fever (the most qualitative AE) was selected 
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Fig. 2 | Decreased induction of spike-specific CXCR3+ cTFH cells in older adults 
is associated with their lower IgG titer. a, Concentration of anti-RBD IgM and 
IgG antibodies. b, Correlations between the concentration of anti-RBD IgG 
antibody and age of donors. c, Representative flow cytometry plots displaying 
AIM+ CD4+ T cells to identify CXCR3+ or CXCR3− cTFH (CD45RA−CXCR5+) subsets. 
Red and gray dots depict AIM+ and total CD4+ T cells, respectively, from the same 
donor after the second dose. Numbers indicate the percentage of AIM+ cells in 
gated fractions. d, Frequency of CXCR3+ and CXCR3− cTFH cells. e, Correlations 
between the concentration of anti-RBD IgG antibody after the second dose and 
the percentage of AIM+CXCR3+ cTFH cells at each time point. In a and d, the center 

line and error bars indicate the median and IQR, respectively. In a, b, d and e, 
the dashed and dotted lines indicate cutoff and LOD, respectively. Statistical 
comparisons across cohorts were performed using the Mann–Whitney test. 
Spearman’s rank correlation (rs) was used to identify relationships between two 
variables, with a straight line drawn by linear regression analysis. For correlation 
analysis, AIM+ and cytokine-positive percentages and concentration of anti-RBD 
IgG antibody were transformed into logarithmic values. Blue, red and black 
characters represent the results of statistical test from adults (n = 107), older 
adults (n = 109) and both groups (n = 216), respectively.
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as the representative systemic AE for the analysis. IgG level and 
AIM+ CD4+ T cell frequency were not different among each grade of  
local pain at both time points (Fig. 3b). By contrast, the fever-positive 
group (fever ≥ 38 °C) showed significantly higher IgG concentra-
tions following the second dose, as compared with the fever-negative 
group (Fig. 3b). Furthermore, the fever-positive group showed higher 
AIM+ CD4+ T cell frequencies after the first, but not second, dose. No  
difference was observed in these parameters between grades 1 and 2  
(Fig. 3b), while these tendencies were observed in both adults and  
older groups (Fig. 3c and Supplementary Table 2).

IL-2 and IFN-γ are the major cytokines secreted by CD4+ T cells 
following mRNA vaccination (Fig. 1b)20,30. Considering that these 
cytokines could subsequently induce flu-like symptoms, such as fever 
or fatigue, upon systemic administration in humans44, cytokines rapidly 
produced upon the second vaccination presumably from the memory 
CD4+ T cells generated after the first dose may be associated with 
the occurrence of systemic AEs after the second dose. Notably, the 
percentages of IL-2+ and IFN-γ+ CD4+ T cells were significantly higher 
in the fever-positive donors after the first dose, rather than after the 
second dose, in both groups (Fig. 3c). Thus, fever-positive donors have 

0.1

1

10

0.02

0.1

1

10

0.02

a

10

100

1,000

10,000

100,000

10

100

1,000

10,000

100,000

0.1

1

10

0.02

10

100

1,000

10,000

100,000

10

100

1,000

10,000

100,000

0.1

1

10

0.02

RB
D

 Ig
G

 (A
U

 m
l–1

)
(P

os
t1

)
%

 A
IM

+  in
 C

D
4

(P
os

t1
)

b

Local pain (Post2) Fever (Post2)

Grade

NS

NS

NS

NS

NS

NS

0 1 2 3

NS

NS

P = 0.020

P = 0.030

0 1 2

NS

NS
NS

NS

NS

NS

NS

0 1 2 3

NS

NS

NS

(P
os

t2
)

(P
os

t2
)

(P
os

t1
)

(P
os

t1
)

P < 0.001

P = 0.049

NS

NS

0 1 2

(P
os

t2
)

(P
os

t2
)

10

100

1,000

10,000

100,000

10

100

1,000

10,000

100,000

0.1

1

10

0.02

0.1

1

10

0.02

0.1

1

10

0.01

0.1

1

10

0.01

0.1

1

10

0.01

0.1

1

10

0.01

c

Fever grade ≥1 (Post2)

NSNS

P = 0.037 P = 0.006

P = 0.017 P = 0.025

P = 0.026 P = 0.009

P = 0.007 P < 0.001

P = 0.011NS

P = 0.003

P = 0.030

NS

NS

RB
D

 Ig
G

 (A
U

 m
l–1

)
(P

os
t1

)
%

 A
IM

+  in
 C

D
4

(P
os

t1
)

+ +–– + +––
%

 IF
N

γ+  in
 C

D
4

(P
os

t1
)

%
 IL

-2
+  in

 C
D

4
(P

os
t1

)

(P
os

t2
)

(P
os

t2
)

(P
os

t2
)

(P
os

t2
)

Adult Older

0

20

40

60

80

100

Post1 Post2

P < 0.001

P < 0.001

NS P < 0.001Pa
rt

ic
ip

an
ts

 (%
)

0

20

40

60

80

100

Adult Older

P < 0.001

P < 0.001

P < 0.001

P < 0.001

%
 p

ar
tic

ip
an

ts
 (P

os
t2

)

P < 0.001

P < 0.001

NS

185 189

NS

P < 0.001

1 22 23 114 7 52 26 30 2 38 0 15 18 65

P < 0.001

P < 0.001

P < 0.001

No. of cases

96 93 19 3 80 34 41 11 25 5 31 7 14 1 56 9No. of cases

Lo
cal 

pain
Fe

ve
r

Fa
tig

ue

Head
ac

he

Mya
lgia

Arth
ral

gia
Chill

Antip
yre

tic
s

Fig. 3 | Fewer systemic adverse effects after the second dose are linked to the 
lower induction of spike-specific CD4+ T cells after the first dose. a, Frequency  
of donors with AEs after vaccination. Post1 (n = 216) and Post2 (n = 214) (upper). 
Frequency of donors with AEs after the second vaccination in adults and older 
adults. Adults (n = 105) and older adults (n = 109) (lower). The number of donors 
who reported the specified AE is shown below each bar. Fisher’s exact test  
was used to compare the frequency of participants experiencing AEs by time 
points and age group. Antipyretics indicate the use of antipyretic medication.  
b, Concentration of anti-RBD IgG antibody and frequency of AIM+ CD4+ T cells 
after first and second doses according to the severity of local pain and fever 
after the second doses in both groups (n = 216). Multiple comparisons by grade 

of adverse event symptoms were performed using the Kruskal–Wallis test with 
Dunn’s post hoc test. Local pain: grade 0 (n = 25), grade 1 (n = 169), grade 2 (n = 16) 
and grade 3 (n = 4). Fever: grade 0 (n = 192), grade 1 (n = 17) and grade 2 (n = 5).  
c, Concentration of anti-RBD IgG antibody and frequency of AIM+ and cytokine+ 
CD4+ T cells according to the emergence of fever after the second dose in adults 
(blue) or older adults (red). A comparison by fever grade in the age group was 
made using the Mann–Whitney test. Fever grade 0 (fever−; n = 86) and grade ≥ 1 
(fever+; n = 19) in adults, fever− (n = 106) and fever+ (n = 3) in older adults. In b and 
c, the center line and error bars indicate the median and IQR. The dashed and 
dotted lines indicate cutoff and LOD, respectively.
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higher induction of spike-specific CD4+ T cell responses after the first 
dose and antibody levels after the second dose. These results suggest 
that the impaired CD4+ T cell induction after the first dose is associated 
with lower antibody levels and systemic reactogenicity after the second 
dose, both of which are more frequently observed in older adults.

Higher PD-1 expression in TH1 cells is associated with a lower 
CD8+ T cell response
Similar to CD4+ T cells, frequencies of spike-specific CD8+ T cells (AIM+ 
and IFN-γ+ CD8+ T cells) after the first dose and 3 months were lower in 
the older group (Extended Data Fig. 10a). This tendency was significant 
when percentages were calculated in absolute numbers (Fig. 4a), likely 
due to the significant decrease in CD8+ T cell number in peripheral 
blood with age (Fig. 4a)33. No significant differences were found in 
the frequencies of AIM+ and IFN-γ+ CD8+ T cells between CMV IgG-
seropositive and IgG-seronegative individuals in the younger (20–40 
years) or the older (≥65 years) group, except for a higher level of AIM+ 
CD8+ T cells after the first dose in younger CMV+ donors (Extended Data  
Fig. 10b). Thus, the lower induction and early contraction in older 
adults upon two doses of mRNA vaccination were also observed in CD8+  
T cell responses.

TH1 cells represent a major helper T cell subset induced by the 
mRNA vaccine21,30, enhancing CD8+ T cell expansion and function, 
and favorable for antiviral immunity. We confirmed that AIM+ TH1 cells 
(CD45RA−CXCR5−CXCR3+CCR6−CD4+ T cells) increased significantly 
after vaccination; however, the first vaccination elicited fewer spike-
specific TH1 cells in older adults than in adults (Fig. 4b), consistent 
with the lower IL-2+ and IFN-γ+ CD4+ T cells in older adults (Fig. 1b). The 
frequencies of AIM+ TH1 cells were well correlated with those of AIM+ 
CD8+ T cells at all time points in both groups (Fig. 4c), confirming the 
association of TH1 and CD8+ T cell responses21,28. The frequencies of 
spike-specific TH1 cells were also correlated with those of CXCR3+ cTFH 
cells (Extended Data Fig. 10c), suggesting that donors with low TH1 cells 
may also have low CXCR3+ cTFH cells.

To gain an insight into a possible mechanism underlying the low 
CD4+ T cell responses and subsequent compromised antigen-specific 
CD8+ T cell responses in the older group, we focused on PD-1, which is 
upregulated after T cell activation and negatively regulates immune 
responses to prevent excess and/or autoimmune reactions45. PD-1 
expression (assessed via MFI) in total TH1 cells was unchanged in both 
groups during the observation period (Fig. 4d), while that in spike-
specific AIM+ TH1 cells gradually increased, peaked after the second 
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Fig. 4 | Higher PD-1 expression in spike-specific TH1 cells from older adults 
is correlated with their lower CD8+ T cell responses. a, Absolute number of 
total, AIM+ (CD69+CD137+) and IFN-γ+ CD8+ T cells in the blood. b, Frequency of 
AIM+ TH1 cells. c, Correlations between the percentage of AIM+ TH1 cells and AIM+ 
CD8+ T cells at each time point. d, MFI of PD-1 in total or AIM+ TH1 cells from adults 
and older adults (left). Representative histogram displaying PD-1 expression 
in total or AIM+ TH1 cells after the second dose (right). e, Correlations between 
MFI of PD-1 in AIM+ TH1 cells after the second dose and the percentages of AIM+ 
CD4+ or CD8+ T cells after the second dose and 3 months. In a, b and d, the center 

line and error bars indicate the median and IQR. The dotted line indicates LOD. 
Statistical comparisons across cohorts were performed using the Mann–Whitney 
test. Spearman’s rank correlation (rs) was used to identify relationships between 
two variables, with a straight line drawn by linear regression analysis. For 
correlation analysis, percentages of AIM+ and cytokine+ T cells, and PD-1 MFI were 
transformed into logarithmic values. Blue, red and black characters represent 
the results of statistical tests from adults (n = 107), older adults (n = 109) and both 
groups (n = 216), respectively.
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dose, and decreased at 3 months (Fig. 4d). PD-1 expression in AIM+ TH1 
cells from pre-vaccinated, peptide-stimulated samples was slightly 
higher than that in total TH1 cells from unvaccinated samples, sug-
gesting that the peptide stimulation during the AIM assay slightly 
upregulated PD-1 expression (Fig. 4d). However, the expression levels 
of PD-1 in AIM+ TH1 cells from vaccinated PBMCs were much higher than 
those from unvaccinated, even with the strong T cell receptor (TCR) 
stimulation by anti-CD3 and anti-CD28 antibodies (Extended Data  
Fig. 10d), strongly suggesting that the PD-1 levels detected in the AIM 
assay reflect the gradual upregulation and downregulation of PD-1 
expression in vivo. Importantly, the PD-1 expression in spike-specific 
TH1 cells was significantly higher in older adults after the second dose 
than in adults (Fig. 4d), while the PD-1 expression levels at peak response 
were negatively correlated with the frequencies of spike-specific CD4+  
and CD8+ T cells in older adults (Fig. 4e and Extended Data Fig. 10e). 
These results suggest that TH1 cells in older adults tended to express 
PD-1 at higher levels via continuous antigen stimulation upon two  
doses of mRNA vaccination, while PD-1 expression levels at peak 
responses were associated with lower CD4+ and CD8+ T cell responses 
in older adults.

Discussion
In this study, we investigated the detailed trajectory of CD4+ T cell 
responses to mRNA vaccines in older individuals and their associa-
tion with humoral and cellular immunity as well as reactogenicity. We 
found that the older population showed a significantly lower induction 
of TH1 cells and CXCR3+ cTFH cells, after the first dose, rather than the 
second dose, which correlated with the lower CD8+ T cell and peak 
antibody responses, respectively. Because the frequencies among 
antigen-specific CXCR3+ cTFH, TH1 and CD8+ T cells showed a positive 
correlation even in older adults, the lower induction of one T cell subset 
was not attributed to the biased T cell responses to other directions or 
the uncoordinated responses as previously reported in older patients 
with COVID-19 disease32. Rather, our results strongly suggest that older 
adults are more likely to exhibit lower elicitation of TH1-skewed CD4+ T 
cell responses that coordinate immune responses20,21, thereby attenu-
ating all arms of adaptive immunity. Our results may be consistent 
with a previous study indicating that the rapid induction of antigen-
specific CD4+ T cells was associated with coordinated humoral and 
cellular immunity21. Importantly, a poor response to the first dose 
was also observed in patients harboring solid cancer with lower anti-
body responses46,47. These results strongly suggested that CD4+ T cell 
responses to the first dose is key to the improved consequences of 
vaccination, and that older individuals tend to have a defect in this 
process. Moreover, even in the case of SARS-CoV-2 infection, a delay in 
the development of TFH cells and subsequent neutralizing antibodies 
correlates with fatal COVID-19 disease48. Thus, the delayed induction of 
CD4+ T cell responses to either vaccination or even viral infection could 
be a predictive factor for compromised immune responses.

The mechanisms underlying lower CD4+ T cell responses after the 
first dose in older adults remain to be determined. A previous report 
suggested a correlation between the frequencies of preexisting SARS-
CoV-2 spike-reactive memory CD4+ T cells and vaccine-induced CD4+ 
responses upon a low dose of vaccine30. We also observed a correlation 
of spike-specific CD4+ T cell frequencies between the pre-vaccinated 
stage and after the first dose in older adults. However, this correlation 
was weak (rs = 0.23), while the frequency of preexisting CD4+ T cells did 
not correlate with those of spike-specific CD4+ T cells or IgG titer after 
the second dose, suggesting little impact of cross-reactive T cells on 
the efficient induction of CD4+ T cells and humoral responses, at least 
with the current standard two doses of vaccines. Rather, we observed 
that the cell sizes of spike-specific CD4+ T cells after the first dose in the 
older group were significantly smaller than those in adults, suggesting 
an inefficient activation of CD4+ T cells. Although the CD4+ T cell com-
partment is relatively well maintained qualitatively and quantitatively 

compared with CD8+ T cells, especially in humans12,33, several T cell 
intrinsic defects, such as T cell receptor desensitization or epigenetic 
changes, have been reported11,49. T cell-extrinsic factors, including 
a defect in antigen-presenting cells with age, were also observed50. 
Further investigation is warranted to determine which factor primarily 
contributes to the lower induction of CD4+ T cell responses to mRNA 
vaccines.

Older adults also showed the early contraction of spike-specific 
T cells, suggesting an accelerated cell death51. However, the vaccine-
induced CD4+ T cells were phenotypically similar in the two groups 
and mainly and stably mapped to CM subsets during the study period. 
Notably, PD-1 expression in spike-specific TH1 cells at a peak response 
was higher in older adults. Although it is currently unclear whether the 
higher PD-1 expression levels reflect higher activation or exhaustion, 
the PD-1 expression in older adults was associated with less spike-
specific CD4+ and CD8+ T cell expansion and maintenance, suggesting 
an inhibitory role of PD-1. On the other hand, considering that the PD-1 
expression at a peak response was also negatively correlated with 
CD4+ and CD8+ T cell frequencies after the first dose (Extended Data 
Fig. 10e), the higher expression of PD-1 at peak response and the lower 
induction and early contraction of T cell responses could be causally 
unrelated, yet both are the characteristics of vaccine-induced T cell 
responses in older adults.

In addition to the age-associated differences, we observed con-
siderable individual variability, which showed a >10-fold difference  
in the frequencies of spike-specific T cells and antibody levels,  
even within the same age cohort. Most studies have found that CMV 
infection accelerates immune senescence and has a negative effect on 
vaccine outcomes52,53, whereas CMV infection has a positive effect on 
the vaccine response, especially in young individuals54, possibly due 
to the basal activation of the innate immunity. However, we observed 
no obvious differences in antibody levels or T cell responses between 
CMV-seropositive and CMV-seronegative individuals of both younger 
and older cohorts. Considering the long-life expectancy of Japanese 
individuals, and that our cohort only included healthy individuals, the 
possible impacts of CMV infection may be difficult to observe in this 
study. It is also possible that two doses of mRNA vaccination generate  
such robust immune responses that the negative impact is not 
detectable. Further studies to elucidate whether the low responders  
in younger adults show accelerated T cell and/or immune aging and how 
to predict the outcome of immune responses and define the immune 
age will be critical to understanding the mechanisms associated  
with the large individual variations in immune responses to the  
mRNA vaccine.

Another key observation was the association between systemic 
reactogenicity and T cell responses, which suggests that the high num-
ber of effector and memory T cells efficiently induced by the first dose, 
may rapidly produce large amounts of cytokines in response to the 
second dose. IFN-γ+ cells were most significantly reduced in CD4+ T cells 
from the older group after the first dose. IFN-γ is a potent inducer of 
flu-like symptoms44 and also plays an important role in the coordination 
of immune responses55, which likely explains the correlations observed 
among T cell responses after the first dose, AEs after the second dose 
and peak IgG levels. This hypothesis is consistent with a previous study 
indicating that IFN-γ, which is mainly produced by TH1 cells, and not 
type I interferons, is the first and primary cytokine demonstrating 
marked increases at day 1 after the second dose, suggestive of a sys-
temic effect of IFN-γ56. The fever-negative group included individuals 
with high levels of T cell responses and antibody titers, which were 
much higher than the median of the fever-positive group. In the present 
cohort, ~30% of participants self-administered antipyretics after the 
second dose, which might have at least partially affected the results. 
Altogether, these data strongly suggest that a high degree of systemic 
reactogenicity following delivery of the mRNA vaccine might be an 
indicator of a strong CD4+ T cell response, and this leads to efficient 
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and coordinated vaccine-induced immune responses, which was less 
frequently observed in older adults.

This study has several limitations. First, although individuals ≥ 65 
years of age are commonly defined as older adults, there is no clear  
medical or biological evidence to support this definition. Second, we did 
not analyze antigen-presenting cells and B cells that are also critical for 
vaccine-induced immunity. Third, we only investigated spike-specific  
T cells in peripheral blood; therefore, it remains unclear whether T 
cells in secondary lymphoid organs, where actual immune responses 
occur, differ between the two groups. Moreover, although the AIM 
assay is widely used for detecting antigen-specific T cells, short-term 
TCR stimulation during the assay could affect the T cell phenotypes. 
Fourth, we evaluated only anti-RBD antibody titer but not neutralizing 
activity, in which cTFH cells play an important role39, although these two 
parameters are highly correlated30,57. Finally, we provided evidence 
only of associations between CD4+ T cell responses with antibody and 
CD8+ T cell responses as well as AEs. Further studies are warranted to 
investigate causal relationships among these parameters.

In conclusion, we demonstrated the characteristics of immune 
responses to the two doses of mRNA vaccine BNT162b2 in older indi-
viduals (aged ≥ 65 years), revealing a lower induction and early contrac-
tion of antigen-specific T cells. Specifically, the decreased induction of 
CD4+ T cells after the first dose may provide a useful (although incom-
plete) proxy for the lower antibody response, CD8+ T cell response 
and systemic reactogenicity. This study provides insights into the 
development of vaccines with higher efficacy and the establishment 
of a vaccine schedule suitable for the older population.

Methods
Study design
This study was reviewed and approved by the Kyoto University Graduate  
School and Faculty of Medicine, Ethics Committee (R0418). Two  
hundred and twenty-five participants applied to participate in the 
study. At the time of enrollment, all donors provided written informed 
consent, in accordance with the Declaration of Helsinki. Donors were 
required to be aged ≥20 years. For the first and second doses, only 
participants who received Pfizer BNT162b2 were considered eligible. 
Participants received a BNT162b2 prime dose on day 0 and a boost 
dose on around day 21, as recommended by the manufacturer. Blood 
sampling points were set with an allowance (Extended Data Fig. 1a). 
Participants were followed up for medical inquiries including AEs at 
each visit. Grading of AEs was performed according to the United States 
Food and Drug Administration recommendations and previous studies  
related to BNT162b2 (refs. 15, 20); specifically, pain at the injection 
site was graded as grade 1 (does not interfere with activity), grade 2 
(interferes with activity), grade 3 (prevents daily activity) or grade 4 
(led to an emergency department visit or hospitalization), and fever 
was graded as grade 1 (38.0–38.4 °C), grade 2 (38.5–38.9 °C), grade 3 
(39.0–40.0 °C) or grade 4 (>40.0 °C).

All donors were otherwise healthy and did not report any ongoing 
severe medical conditions, including cancer, gastrointestinal, liver, 
kidney, cardiovascular, hematologic or endocrine diseases. Those 
taking medications that may affect the immune system, including 
steroids or immunomodulatory drugs, were excluded. Blood samples 
were collected at the Ki-CONNECT and Clinical BioResource Center 
(CBRC) at Kyoto University Hospital. Samples were de-identified using 
an anonymous code assigned to each sample. Only samples without 
bloodborne pathogens, including HIV, HTLV-1, HBV and HCV, were 
used for subsequent experiments. Six participants did not meet the 
eligibility criteria, and a total of 219 individuals consisting of 107 adults 
(aged less than 65 years, workers in Kyoto University Hospital) and 112 
older individuals (aged more than 65 years, general population) were 
enrolled in the study. According to the study protocol, only older  
participants were compensated for the cost of public transportation. 
As healthcare workers are generally careful about their health but tend 

to be exposed to various pathogens while they work, their immune 
response may not reflect that of the general population. As older adults 
who participated in this study were recruited openly using the internet, 
they might have made a more active effort to safeguard their health, and 
may have been more likely to report adverse events than the general 
older adult population. Two patients were lost to follow-up, and one 
was stopped because of mRNA-1273 injection as the primary and boost 
vaccination (Extended Data Fig. 1b). Their characteristics, including 
age, sex and serology, are summarized in Table 1.

Peripheral blood mononuclear cells isolation, 
cryopreservation and thawing
Whole blood was drawn into Vacutainer CPT Cell Preparation Tubes 
with sodium citrate (BD Biosciences), according to the manufacturer’s  
instructions, and processed within 2 h to isolate PBMCs. Isolated 
PBMCs were resuspended in CELLBANKER 1 (ZENOGEN PHARMA) 
at a concentration of 8 × 106 cells per milliliter and aliquoted in 250 
or 500 μl per cryotube. Samples were stored at −80 °C on the day of  
collection and in liquid nitrogen until used for the assays. Cryo
preserved PBMCs were thawed in pre-warmed X-VIVO15 (LONZA) 
without serum. After centrifugation, cells were washed once and used 
directly for assays.

Complete blood counts
Whole blood was collected in ethylenediaminetetraacetic-2Na tubes. 
The analysis was performed using an Automated Hematology Analyzer 
XN-9000 (Sysmex) at the Department of Clinical Laboratory, Kyoto 
University Hospital.

Serology
Whole blood was collected in a Venoject VP-P075K (Terumo) blood 
collection vessel for serum isolation. The serum separator tubes were 
centrifuged for 4 min at 1,100g 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 (N protein) IgM/IgG levels in the serum were 
measured using an Elecsys Anti-SARS-CoV-2 with cobas 8000 (Roche 
Diagnostics KK) at the Department of Clinical Laboratory, Kyoto Uni-
versity Hospital. Anti-SARS-CoV-2 RBD IgM and IgG levels were meas-
ured at LSI Medience (Tokyo, Japan) using ARCHITECT SARS-CoV-2 
IgM and ARCHITECT SARS-CoV-2 IgG II Quant (Abbott), respectively. 
Anti-CMV IgG levels were measured using a chemiluminescence immu-
noassay (CLIA) at LSI Medience (Tokyo, Japan). The cutoff values for 
anti-SARS-CoV-2 (N protein) IgM/IgG, anti-SARS-CoV-2 RBD IgM, IgG 
and Anti-CMV IgG were 1.0 cutoff index (COI), 1.0 (COI), 50 (AU ml−1) 
and 6.0 (AU ml−1), respectively.

Peptide pools
PepTivator SARS-CoV-2 Prot_S Complete peptide pools (Miltenyi  
Biotech) were diluted in distilled water (DW) and used for spike-specific 
T cell stimulation. The S peptide pool contains 15-mer peptides that 
overlap by 11 amino acids and cover the complete protein-coding 
sequence (amino acids 5–1,273) of the surface or spike glycoprotein (S) 
of SARS coronavirus 2 (GenBank MN908947.3, Protein QHD43416.1). 
Peptide pools were added to the culture medium at a final concentra-
tion of 0.6 nmol ml−1.

Activation-induced marker assay
PBMCs were cultured in 100 µl of X-VIVO15 medium supplemented 
with 5% human AB serum for 23 h at 37 °C in the presence of SARS-CoV-2 
peptide pools (0.6 nmol ml−1) and CD40 blocking antibody (0.5 µg ml−1, 
Miltenyi Biotech) in 96-well U-bottom plates (Corning) at 1 × 106 PBMCs 
per well. An equal volume of DW was used as a negative control. For 
T cell receptor stimulation, 4 × 105 PBMCs were cultured in a 96-well 
flat-bottom plate (Corning) in the presence of coated anti-CD3 (0.5 μg  
per well; clone UCHT1, BioLegend) and soluble anti-CD28 antibodies 
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(2 μg ml−1; clone CD28.2, BioLegend). After stimulation, cells were 
stained with fluorochrome-conjugated surface antibodies at pre-
titrated concentrations in the presence of FcR blocking (Miltenyi 
Biotech) for 20 min at 4 °C. The cells were then washed and stained 
with Ghost Dye Red 710 (TONBO) to discriminate between viable and 
non-viable cells. After the final wash, the cells were resuspended in 
100 µl PBS with 2% FBS (FACS buffer) for flow cytometry. The antibodies  
used in the AIM assay are listed in Supplementary Table 1. Spike-spe-
cific AIM+ T cells were defined based on the coexpression of CD154 
(CD40L) and CD137 for CD4+ T cells and CD137 and CD69 for CD8+ T cells 
(Extended Data Fig. 2b). Antigen-specific responses were quantified as 
the frequency of AIM+ cells in stimulated samples, with background 
subtraction from paired DW controls (Extended Data Fig. 2b). The LOD 
for AIM+ cells was calculated as previously described58. Values ≥ LOD 
(AIM+ CD4+ T cells; 0.02% and AIM+ TH1 cells; 0.003%) and stimulation 
index (SI) > 2 were considered for the phenotypic analysis of antigen-
specific T cells, such as Boolean analysis, FSC-A MFI, PD-1 MFI, and T cell 
subset identification. The 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.

Intracellular cytokine staining assay
Similarly to the AIM assay, PBMCs were cultured in 100 µl of X-VIVO15 
medium supplemented with 5% human AB serum for 23 h at 37 °C in 
the presence of SARS-CoV-2 peptide pools (0.6 nmol ml−1) at 1 × 106 
PBMCs per well. An equal volume of DW was used as the negative con-
trol. Four hours before staining and fixation, brefeldin A (BioLegend; 
1:1,000 dilution) was added to the medium. After stimulation, cells 
were stained with fluorochrome-conjugated surface antibodies at 
pre-titrated concentrations in the presence of FcR blocking for 20 min 
at 4 °C. Cells were then washed and stained with Ghost Dye Red 710 to 
discriminate between viable and non-viable cells. The stained cells were 
then fixed with IC fixation buffer (Thermo Fisher Scientific) for 30 min 
at 4 °C and washed twice with permeabilization buffer (Thermo Fisher 
Scientific) and subsequently stained for intracellular IL-2, IL-4, IL-17A, 
IFN-γ, TNF, perforin and granzyme (1:100 dilution each) for 30 min at 
room temperature. After the final wash, the cells were resuspended in 
100 µl of FACS buffer for flow cytometry. The antibodies used in ICS 
assays are listed in Supplementary Table 1. Vaccine-induced cytokine-
producing T cells were quantified as the frequency of cytokine-positive 
cells in stimulated samples, with background subtraction from paired 
DW controls (Extended Data Fig. 3b). LOD for each cytokine+ cells was 
calculated as previously described58.

Flow cytometry and Flow Cytometry Standard data analysis
All AIM and ICS assay samples were acquired using Northern Light 
3000 and SpectroFlo software version 2.2 (Cytek Biosciences). Flow 
Cytometry Standard (FCS) 3.0 data files were exported and analyzed 
using FlowJo software version 10.8.1. The detailed gating strategies for 
individual markers are described in Extended Data Figs. 2 and 3. The sub-
set definitions and gating strategies are outlined in the text or figures.

The absolute number of a defined subset of CD4+ and CD8+ T cells 
was obtained by multiplying the number of CD4+ or CD8+ T cells by 
the percentage of the corresponding subsets. The percentages used 
to calculate the number of each T cell fraction were obtained from 
samples of T cells stimulated with DW (negative control), in which 
the proportional changes in each T cell subset were minimal between 
before and after 23 h in culture (data not shown). Proportions of multi-
ple cytokine-expressing CD4+ T cells (IFN-γ, IL-2, IL-4, IL-17A and TNF-α) 
were assessed by Boolean analysis as reported previously29. LOD for 
all the background-subtracted subpopulations of cytokine-positive 
cells was calculated as previously described58. Values ≥ LOD and SI > 2 
were considered for the analysis. Relative proportions of number of 
functions are displayed as a pie chart.

All flow cytometry samples were analyzed using eight separate 
experiments; samples from each donor obtained at all time points 
(Pre, Post1, Post2 and 3 mo) were simultaneously analyzed, and those 
from adults and older adults were equally included in one experiment. 
To define inter-assay variation for AIM and ICS assays, PBMCs from 
unvaccinated donors (Lot A for exp nos. 1–7 and Lot B for exp nos. 6–8) 
stimulated with PHA (positive control) or DW (negative control) were 
included in each independent experiment as an internal quality control.

opt-SNE and FlowSOM
Dimensionality reduction and cell clustering of multicolor flow cytom-
etry data obtained from AIM assays was performed using opt-SNE 
and FlowSOM in OMIQ software. FCS 3.0 data from all donors were 
imported. Up to 40 AIM+ CD4+ T cells were sub-sampled and merged 
for analysis. The subsampling counts were derived from the 25 percen-
tiles in the corresponding subset, which could pool AIM+ cells evenly 
from most donors. The markers applied to the opt-SNE and FlowSOM 
are described in the figures. The parameters used for opt-SNE were: 
max iterations, 1,000; opt-SNE end, 5,000; perplexity, 30; theta, 0.5; 
components, 2; random seed, 6,925; verbosity, 25; and for FlowSOM: 
xdim, 10; ydim, 10; rien, 10; comma-separated k values, 20, 25; and 
random seed, 6,793.

Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism 9.0. Statistical  
details, such as groups, statistical tests, and significance values of the 
results are provided in the respective figure legends. All statistical 
tests were two-sided, and P values < 0.05 were considered statisti-
cally significant. According to Guilford’s Rule of Thumb, a correlation 
coefficient (rs) of ≥ 0.2 and a P value < 0.05 are considered correlated59. 
Nonparametric statistical tests were used because the data were not 
assumed to be normally distributed. No statistical methods were used 
to predetermine the sample size, but the sample size in this study is 
similar to those reported in previous publications16,60. As this was an 
observational study, randomization was not applied to this study. The 
investigators were not blinded to allocation during this study or during 
the outcome assessment.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. Any additional raw and  
supporting data required are available from the corresponding author 
on request.

References
1.	 Onder, G., Rezza, G. & Brusaferro, S. Case-fatality rate and 

characteristics of patients dying in relation to COVID-19 in Italy. 
JAMA 323, 1775–1776 (2020).

2.	 Richardson, S. et al. Presenting characteristics, comorbidities and 
outcomes among 5700 patients hospitalized With COVID-19 in 
the New York City area. JAMA 323, 2052–2059 (2020).

3.	 Williamson, E. J. et al. Factors associated with COVID-19-related 
death using OpenSAFELY. Nature 584, 430–436 (2020).

4.	 Moss, P. The T cell immune response against SARS-CoV-2.  
Nat. Immunol. 23, 186–193 (2022).

5.	 Minato, N., Hattori, M. & Hamazaki, Y. Physiology and pathology of 
T cell aging. Int. Immunol. 32, 223–231 (2020).

6.	 Mittelbrunn, M. & Kroemer, G. Hallmarks of T cell aging.  
Nat. Immunol. 22, 687–698 (2021).

7.	 Kumar, B. V., Connors, T. J. & Farber, D. L. Human T cell develop
ment, localization and function throughout life. Immunity 48, 
202–213 (2018).

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.nature.com/nataging


Nature Aging | Volume 3 | January 2023 | 82–92 91

Article https://doi.org/10.1038/s43587-022-00343-4

8.	 Nikolich-Zugich, J. The twilight of immunity: emerging concepts 
in aging of the immune system. Nat. Immunol. 19, 10–19 (2018).

9.	 Goronzy, J. J. & Weyand, C. M. Mechanisms underlying T cell 
ageing. Nat. Rev. Immunol. 19, 573–583 (2019).

10.	 Zhang, H., Weyand, C. M. & Goronzy, J. J. Hallmarks of the aging  
T cell system. FEBS J. 288, 7123–7142 (2021).

11.	 Goronzy, J. J. & Weyand, C. M. Understanding immunosenescence 
to improve responses to vaccines. Nat. Immunol. 14, 428–436 
(2013).

12.	 Goronzy, J. J., Li, G., Yang, Z. & Weyand, C. M. The Janus head 
of T cell aging—kautoimmunity and immunodeficiency. Front. 
Immunol. 4, 131 (2013).

13.	 Jefferson, T. et al. Efficacy and effectiveness of influenza vaccines 
in elderly people: a systematic review. Lancet 366, 1165–1174 
(2005).

14.	 Nichol, K. L., Nordin, J. D., Nelson, D. B., Mullooly, J. P. & Hak, E. 
Effectiveness of influenza vaccine in the community-dwelling 
elderly. N. Engl. J. Med. 357, 1373–1381 (2007).

15.	 Polack, F. P. et al. Safety and efficacy of the BNT162b2 mRNA 
COVID-19 vaccine. N. Engl. J. Med. 383, 2603–2615 (2020).

16.	 Collier, D. A. et al. Age-related immune response heterogeneity to 
SARS-CoV-2 vaccine BNT162b2. Nature 596, 417–422 (2021).

17.	 Andrews, N. et al. Duration of protection against mild and severe 
disease by COVID-19 vaccines. N. Engl. J. Med. 386, 340–350 
(2022).

18.	 Levin, E. G. et al. Waning immune humoral response to BNT162b2 
COVID-19 vaccine over 6 months. N. Engl. J. Med. 385, e84 (2021).

19.	 Palacios-Pedrero, M. Á. et al. Signs of immunosenescence 
correlate with poor outcome of mRNA COVID-19 vaccination in 
older adults. Nat. Aging 2, 896–905 (2022).

20.	 Sahin, U. et al. COVID-19 vaccine BNT162b1 elicits human 
antibody and TH1 T cell responses. Nature 586, 594–599 (2020).

21.	 Painter, M. M. et al. Rapid induction of antigen-specific CD4+ 
T cells is associated with coordinated humoral and cellular 
immunity to SARS-CoV-2 mRNA vaccination. Immunity 54, 
2133–2142 (2021).

22.	 Kim, M. S. et al. Comparative safety of mRNA COVID-19 vaccines 
to influenza vaccines: a pharmacovigilance analysis using WHO 
international database. J. Med. Virol. 94, 1085–1095 (2021).

23.	 Hwang, Y. H. et al. Can reactogenicity predict immunogenicity 
after COVID-19 vaccination? Korean J. Intern. Med. 36, 1486–1491 
(2021).

24.	 Bauernfeind, S. et al. Association between reactogenicity and 
immunogenicity after vaccination with BNT162b2. Vaccines 9, 
1089 (2021).

25.	 Held, J. et al. Reactogenicity correlates only weakly with humoral 
immunogenicity after COVID-19 vaccination with BNT162b2 
mRNA (Comirnaty). Vaccines 9, 1063 (2021).

26.	 Takeuchi, M., Higa, Y., Esaki, A., Nabeshima, Y. & Nakazono, A. 
Does reactogenicity after a second injection of the BNT162b2 
vaccine predict spike IgG antibody levels in healthy Japanese 
subjects? PLoS ONE 16, e0257668 (2021).

27.	 Coggins, S. A. et al. Adverse effects and antibody titers in 
response to the BNT162b2 mRNA COVID-19 vaccine in a 
prospective study of healthcare workers. Open Forum Infect. Dis. 
9, ofab575 (2022).

28.	 Goel, R. R. et al. mRNA vaccines induce durable immune memory 
to SARS-CoV-2 and variants of concern. Science 374, abm0829 
(2021).

29.	 Guerrera, G. et al. BNT162b2 vaccination induces durable  
SARS-CoV-2-specific T cells with a stem cell memory phenotype. 
Sci. Immunol. 6, eabl5344 (2021).

30.	 Mateus, J. et al. Low-dose mRNA-1273 COVID-19 vaccine 
generates durable memory enhanced by cross-reactive T cells. 
Science 374, eabj9853 (2021).

31.	 Mateus, J. et al. Selective and cross-reactive SARS-CoV-2 T cell 
epitopes in unexposed humans. Science 370, 89–94 (2020).

32.	 Rydyznski Moderbacher, C. et al. Antigen-specific adaptive 
immunity to SARS-CoV-2 in acute COVID-19 and associations with 
age and disease severity. Cell 183, 996–1012 (2020).

33.	 Jo, N. et al. Aging and CMV infection affect pre-existing SARS-
CoV-2-reactive CD8+ T cells in unexposed individuals. Front. Aging 
2, 2–16 (2021).

34.	 van den Berg, S. P. H., Warmink, K., Borghans, J. A. M., Knol, M. 
J. & van Baarle, D. Effect of latent cytomegalovirus infection on 
the antibody response to influenza vaccination: a systematic 
review and meta-analysis. Med. Microbiol. Immunol. 208, 305–321 
(2019).

35.	 Fischinger, S., Boudreau, C. M., Butler, A. L., Streeck, H. & Alter, G.  
Sex differences in vaccine-induced humoral immunity. Semin. 
Immunopathol. 41, 239–249 (2019).

36.	 Belkina, A. C. et al. Automated optimized parameters for  
t-distributed stochastic neighbor embedding improve 
visualization and analysis of large datasets. Nat. Commun. 10, 
5415 (2019).

37.	 Ruggiero, A. et al. SARS-CoV-2 vaccination elicits unconventional 
IgM specific responses in naive and previously COVID-19-infected 
individuals. EBioMedicine 77, 103888 (2022).

38.	 Shapiro, J. R., Morgan, R., Leng, S. X. & Klein, S. L. Roadmap for 
sex-responsive influenza and COVID-19 vaccine research in older 
adults. Front. Aging 3, 836642 (2022).

39.	 Crotty, S. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 
29, 621–663 (2011).

40.	 Morita, R. et al. Human blood CXCR5+CD4+ T cells are 
counterparts of T follicular cells and contain specific subsets that 
differentially support antibody secretion. Immunity 34, 108–121 
(2011).

41.	 Bentebibel, S. E. et al. Induction of ICOS+CXCR3+CXCR5+ TH cells 
correlates with antibody responses to influenza vaccination.  
Sci. Transl. Med. 5, 176ra132 (2013).

42.	 Bentebibel, S. E. et al. ICOS+PD-1+CXCR3+ T follicular helper cells 
contribute to the generation of high-avidity antibodies following 
influenza vaccination. Sci. Rep. 6, 26494 (2016).

43.	 Herve, C., Laupeze, B., Del Giudice, G., Didierlaurent, A. 
M. & Tavares Da Silva, F. The how’s and what’s of vaccine 
reactogenicity. NPJ Vaccines 4, 39 (2019).

44.	 Miller, C. H., Maher, S. G. & Young, H. A. Clinical use of interferon-
gamma. Ann. N. Y. Acad. Sci. 1182, 69–79 (2009).

45.	 Chamoto, K., Al-Habsi, M. & Honjo, T. Role of PD-1 in immunity 
and diseases. in Yoshimura, A. (ed). Emerging Concepts Targeting 
Immune Checkpoints in Cancer and Autoimmunity 75–97 (Springer 
International Publishing: Cham, 2017).

46.	 Shroff, R. T. et al. Immune responses to two and three doses of the 
BNT162b2 mRNA vaccine in adults with solid tumors. Nat. Med. 
27, 2002–2011 (2021).

47.	 Monin, L. et al. Safety and immunogenicity of one versus two 
doses of the COVID-19 vaccine BNT162b2 for patients with 
cancer: interim analysis of a prospective observational study. 
Lancet Oncol. 22, 765–778 (2021).

48.	 Lucas, C. et al. Delayed production of neutralizing antibodies 
correlates with fatal COVID-19. Nat. Med. 27, 1178–1186 (2021).

49.	 Li, G. et al. Decline in miR-181a expression with age impairs T cell 
receptor sensitivity by increasing DUSP6 activity. Nat. Med. 18, 
1518–1524 (2012).

50.	 Wong, C. & Goldstein, D. R. Impact of aging on antigen 
presentation cell function of dendritic cells. Curr. Opin. Immunol. 
25, 535–541 (2013).

51.	 Kaech, S. M., Wherry, E. J. & Ahmed, R. Effector and memory T cell 
differentiation: implications for vaccine development. Nat. Rev. 
Immunol. 2, 251–262 (2002).

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.nature.com/nataging


Nature Aging | Volume 3 | January 2023 | 82–92 92

Article https://doi.org/10.1038/s43587-022-00343-4

52.	 Bowyer, G. et al. Reduced Ebola vaccine responses in CMV+  
young adults is associated with expansion of CD57+ KLRG1+ T cells. 
J. Exp. Med. 217, e20200004 (2020).

53.	 Crooke, S. N., Ovsyannikova, I. G., Poland, G. A. & Kennedy, R. B. 
Immunosenescence and human vaccine immune responses. 
Immun. Ageing 16, 25 (2019).

54.	 Furman, D. et al. Cytomegalovirus infection enhances the immune 
response to influenza. Sci. Transl. Med. 7, 281ra243 (2015).

55.	 Ivashkiv, L. B. IFNgamma: signalling, epigenetics and roles in 
immunity, metabolism, disease and cancer immunotherapy.  
Nat. Rev. Immunol. 18, 545–558 (2018).

56.	 Arunachalam, P. S. et al. Systems vaccinology of the BNT162b2 
mRNA vaccine in humans. Nature 596, 410–416 (2021).

57.	 Khoury, D. S. et al. Neutralizing antibody levels are highly 
predictive of immune protection from symptomatic SARS-CoV-2 
infection. Nat. Med. 27, 1205–1211 (2021).

58.	 Roederer, M., Nozzi, J. L. & Nason, M. C. SPICE: exploration and 
analysis of post-cytometric complex multivariate datasets. 
Cytometry A 79, 167–174 (2011).

59.	 Guilford, J. P. Fundamental statistics in psychology and education 
2nd ed. (McGraw-Hill, 1950).

60.	 Sekine, T. et al. Robust T cell immunity in convalescent individuals 
with asymptomatic or mild COVID-19. Cell 183, 158–168 (2020).

Acknowledgements
This work was supported by the Japan Agency for Medical Research 
and Development (grant numbers JP21gm5010005, JP20fk0108454 
and JP223fa627009; to Y.H.), iPS Cell Research Fund (to Y.H.), the 
COVID-19 Private Fund to the Shinya Yamanaka Laboratory, CiRA, Kyoto 
University (to Y.H.), Japanese Ministry of Education, Culture, Sports, 
Science and Technology (MEXT)/Japan Society for the Promotion of 
Science (grant number 21K15467; to N.J.), Kansai Economic Federation 
(KANKEIREN; to Y.H.), Sumitomo-Mitsui Trust Bank Fund for COVID-19 
Research, Kyoto University (to Y.H.) and Takeda Science Foundation 
(to Y.H.). The funders had no role in study design, data collection and 
analysis, decision to publish, or the preparation of the manuscript. We 
express our deepest thanks to all blood donors involved in this work. 
We are grateful to K. Kometani for helpful comments; other members 
of our laboratory for fruitful discussion; hospital staff for blood 
collection and examination; T. Honjo, E. Hara and H. Ueno for AMED 
project administration; S. Yamanaka for organizing CiRA Fight Corona 
Project; and N. Minato for helpful discussions.

Author contributions
Y.H. and N.J. designed the study. N.J. performed the experiments 
and data analysis. O.K., M.F., T.S., M.A., T.E.N. and M.M. organized 

the vaccine cohort and medical inquiry. M.Y. and M.N. conducted 
the blood tests. Y.H. and S.M. carried out statistical analysis. Y.H. 
conceived the idea and supervised the research. Y.H. wrote the 
manuscript with N.J. All authors contributed intellectually and 
approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s43587-022-00343-4.

Supplementary information The online version contains 
supplementary material available at https://doi.org/10.1038/s43587-
022-00343-4.

Correspondence and requests for materials should be addressed to 
Yoko Hamazaki.

Peer review information Nature Aging thanks Antonio Bertoletti, 
Yanchun Peng and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard  
to jurisdictional claims in published maps and institutional  
affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.nature.com/nataging
https://doi.org/10.1038/s43587-022-00343-4
https://doi.org/10.1038/s43587-022-00343-4
https://doi.org/10.1038/s43587-022-00343-4
https://doi.org/10.1038/s43587-022-00343-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Aging

Article https://doi.org/10.1038/s43587-022-00343-4

Extended Data Fig. 1 | Study design. (a) Participants received the first BNT162b2 
dose on day 0 and second on around day 21. The sampling points were set with 
an allowance: 7–21 days after the first dose (Post1), 31–39 days after the first dose 
(Post2), and 79–104 days at the point of 3 months after the first dose (3 mo). The 

actual vaccinated and sampling days are described in the Results section. CBC; 
complete blood count. (b) The diagram represents all participants throughout 
the study.
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Extended Data Fig. 2 | Identification and phenotyping of AIM+ T cells.  
(a) Representative gating strategy to detect and characterize spike-specific 
T cells in the AIM assay. Briefly, lymphocytes were gated out of all events, and 
doublets were excluded. Live cells were gated as Ghost DyeTM Red 710−. T cells 
were then gated as CD3+ and subdivided into CD4+ and CD8+ populations. 
CD4+ and CD8+ T cells were further characterized for the phenotype such as 
differentiation, senescence, Th, and cTfh. Differentiation statuses were defined 
as naïve (Naïve, CD45RA+CCR7+CD28+CD95−), stem cell memory (Tscm, CD
45RA+CCR7+CD28+CD95+), central memory (CM, CD45RA−CCR7+), effector 

memory (EM, CD45RA−CCR7−) or terminally differentiated effector memory 
cells re-expressing CD45RA (TEMRA, CD45RA+CCR7−). T cell senescence was 
assessed using CD28 and CD57. Th and cTfh were gated as CD45RA−CXCR5− and 
CD45RA−CXCR5+, respectively, in CD3+CD4+ cells. Th was further divided into 1, 2, 
17, and 1/17 subtypes based on the expression of CXCR3 and CCR6. Distributions 
of AIM+ cells in each phenotype are indicted in red dots. (b) Representative FCM 
plots displaying AIM+ (CD137+CD154+ for CD4, and CD69+CD137+ for CD8+) T cells 
after stimulation with the negative control (DW) or spike protein overlapping 
peptides (Spike). Numbers indicate the population percentages in the gates.
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Extended Data Fig. 3 | Identification of cytokine+ T cells. (a) Representative 
gating strategy to detect and characterize spike-specific T cells in the ICS assay. 
Briefly, lymphocytes were gated out of all events, and doublets were excluded. 
Live cells were gated as Ghost DyeTM Red 710−. T cells were then gated as CD3+ and 
subdivided into CD4+ and CD8+ populations. CD4+ and CD8+ T cells were further 

analyzed for corresponding cytokines. (b) Representative FCM plots displaying 
cytokine+ CD4+ and CD8+ T cells after stimulation with the negative control (DW) 
or spike protein overlapping peptides (Spike). Numbers indicate the population 
percentages in the gates.
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Extended Data Fig. 4 | Correlations between the frequencies of spike-
specific CD4+ T cells and age. (a) Correlation between the percentages of IFNγ+ 
or IL-2+ CD4+ T cells and donor age. Spearman’s rank correlation (rs) was used 
to identify relationships between two variables, with a straight line drawn by 
linear regression analysis. (b) Predicted percentages of AIM+, IFNγ+, and IL-2+ 

CD4+ T cells adjusted with days post vaccination was calculated using multiple 
regression analysis. Regression coefficients (β) of age and P values are shown. 
AIM+ and cytokine+ percentages were transformed into logarithmic values. Blue, 
red, and black dots represent adults (n = 107), older adults (n = 109), and both 
groups (n = 216), respectively.
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Extended Data Fig. 5 | Comparison of spike-specific CD4+ T cells between 
male and female, and CMV-seronegative and seropositive. Frequency of AIM+ 
and cytokine+ CD4+ T cells from male (n = 99) and female (n = 117) donors (a) and 
CMV-seronegative and -seropositive donors aged 20–40 years (n = 29 and n = 54, 

respectively) (b, upper,) and in older adults (n = 9 and n = 100, respectively)  
(b, lower). The centerline and error bars indicate the median and IQR. The dotted 
line indicates limit of detection (LOD). Statistical comparisons across cohorts 
were performed using the Mann-Whitney U test. ns, not significant.
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Extended Data Fig. 6 | Differentiation and senescence status of spike-specific 
CD4+ T cells. (a) Frequency of Naïve, Tscm, CM, EM, and TEMRA in AIM+ CD4+ 
T cells. (b) Frequency of CD28+ and CD57− in AIM+ CD4+ T cells. The centerline 
and error bars indicate the median and interquartile range (IQR). Statistical 

comparisons across cohorts were performed using the Mann-Whitney test. ns, 
not significant. Blue and red dots represent adults (n = 107) and older adults 
(n = 109), respectively.
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Extended Data Fig. 7 | opt-SNE and FlowSOM for spike-specific CD4+ T cells. 
(a) FlowSOM clustering of AIM+ CD4+ T cells pooled from adults and older adults 
is displayed on opt-SNE plots. The markers described in the bottom row (CXCR5, 
CXCR3, CCR6, PD-1, CCR7, CD45RA, CD95, CD57, and CD28) were used for the 

analysis. AIM+ CD4+ cells were separated into 20 clusters. Th1(TH1), CXCR3+ 
cTfh, CXCR3− cTfh, and N (naïve) cells were manually annotated based on the 
lineage marker expression. (b) Heatmap showing the marker expression for each 
FlowSOM cluster.
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Extended Data Fig. 8 | Correlation between the FSC-A MFI of spike-specific 
CD4+ T cells and age. (a) FSC-A MFI of total CD4+ T cells after DW stimulation 
and AIM+ CD4+ T cells after PHA stimulation in AIM assay. PBMC samples from 
the same lot (Sample A for exp #1–7 and Sample B for exp# 6–8) were included 
as internal quality control to define the variation inter-assay. Coefficient of 
variation (CV) are relatively stable across the eight independent experiments 
(exp #1–7; 3.0% with PHA and 2.5% with DW stimulation and exp# 6–8; 4.7% with 
PHA and 2.5 % with DW stimulation). (b) Correlations between FSC-A MFI in 

AIM+ CD4+ T cells and donor age. Spearman’s rank correlation (rs) was used to 
identify relationships between two variables, with a straight line drawn using 
linear regression analysis. (c) Predicted FSC-A MFI in AIM+ CD4+ T cells adjusted 
with days after vaccination was calculated using multiple regression analysis. 
Regression coefficients (β) of age and P values are shown. Blue, red, and black 
dots represent adults (n = 107), older adults (n = 109), and both groups (n = 216), 
respectively.
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Extended Data Fig. 9 | Antibody levels after vaccination. (a) Correlation 
between the concentrations of anti-RBD IgM and anti-RBD IgG antibody at the 
same sampling points. (b) Correlation between the concentrations of anti-RBD 
IgG antibody after the second dose and at 3 months. (c) Predicted concentration 
of anti-RBD IgG antibody adjusted with days post vaccination was calculated 
using multiple regression analysis. Regression coefficients (β) of age and P values 
are shown. (d, e) Concentration of anti-RBD IgG antibody from male (n = 99) and 
female (n = 117) donors (d) or from CMV-seronegative and -seropositive donors 
(e) in younger adults (20–40 years old) (n = 29 and n = 54) (e, left) and in older 
adults (n = 9 and n = 100) (e, right). (f) Correlation between the concentrations of 

anti-RBD IgG antibody after the second dose and the percentages of AIM+ CD4+ T 
cells before vaccination. (a, b, d, e, f) The dashed and dotted lines indicate cutoff 
and limit of detection (LOD), respectively. (a, b, f) Concentration of anti-RBD IgM 
and IgG antibodies were transformed into logarithmic values. Spearman’s rank 
correlation (rs) was used to identify relationships between two variables, with a 
straight line drawn by linear regression analysis. (d, e) The centerline and error 
bars indicate the median and interquartile range (IQR). Statistical comparisons 
across cohorts were performed using the Mann-Whitney test. ns, not significant. 
Blue, red, and black dots represent adults (n = 107), older adults (n = 109), and 
both groups (n = 216), respectively.
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Extended Data Fig. 10 | PD-1 expression in spike-specific TH1cells and CD8+  
T cell responses. (a) Frequency of AIM+ and IFNγ+ CD8+ T cells. (b) Frequency of 
AIM+ and IFNγ+ CD8+ T cells from CMV-seronegative and -seropositive donors 
aged 20–40 years (n = 29 and n = 54, respectively) (upper,) and in older adults 
(n = 9 and n = 100, respectively) (lower). (c) Correlations between the percentage 
of AIM+ TH1(Th1) cells and AIM+ CXCR3+ cTfh cells after the first and second doses. 
(d) PD-1 MFI in TH1(Th1) cells from unvaccinated (n = 3) or vaccinated (n = 216) 
donors with or without stimulation using anti-CD3 and anti-CD28 antibodies 
or spike protein overlapping peptides in AIM assay. (e) Correlation between 
PD-1 MFI in AIM+ TH1(Th1) cells after the second dose and the percentage of 

AIM+ CD4+ and CD8+ T cells after the first dose. The dotted line indicates limit of 
detection (LOD). (a, b, and d) The centerline and error bars indicate the median 
and IQR. Statistical comparisons across cohorts were performed using the 
Mann-Whitney test. ns, not significant. (c, e) Spearman’s rank correlation (rs) was 
used to identify relationships between two variables with a straight line drawn 
using linear regression analysis. For correlation analysis, percentages of AIM+ 
cells and PD-1 MFI were transformed into logarithmic values. Blue, red, and black 
dots represent adults (n = 107), older adults (n = 109), and both groups (n = 216), 
respectively.
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