nature aging

Article

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

Impaired CD4 " T cell responseinolder adults
isassociated withreduced immunogenicity
and reactogenicity of mRNA COVID-19

vaccination

Received: 30 May 2022

Accepted: 29 November 2022

Published online: 12 January 2023

Norihide Jo®"?, Yu Hidaka®, Osamu Kikuchi® *%, Masaru Fukahori®’,
Takeshi Sawada®’, Masahiko Aoki®’, Masaki Yamamoto®, Miki Nagao®,
Satoshi Morita®, Takako E. Nakajima®’, Manabu Muto*>” & Yoko Hamazaki®"°

% Check for updates

Whether age-associated defectsin 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 T,;1 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 T,1 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, aninefficient 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
doseis key toimproving vaccine efficacy in older adults.

Advanced age is the mostimportantrisk factor for severe coronavirus
disease 2019 (COVID-19) outcomes'; this may be largely due to the
age-associated decline inimmune 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 cells*. 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 age®™. 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 immunity™ ™.

The newly developed severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) mRNA vaccines are highly effective at preventing
severeillness, aswell asinfection, at -95% efficacy, evenin participants
aged =65 years®. However, spike-specific IgG levels and neutralizing
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Table 1| Participant characteristics at enrollment

Adults Older adults
(<65 years)n=107 (265 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-2N  n (%) Negative 107 (100%) 109 (100%)
'gM/lgC Positive 0 (0%) 0(0%)

antibody titers are significantly lower in older individuals'®". Detailed
immunological studies revealed that the mRNA vaccines elicit strong
typelhelper T (T)1) celland follicular helper T (T;,) cell responses®**.
Importantly, older adults, especially individuals >80 years of age,
showed fewer cytokine-positive CD4" T cells after vaccination'®".
However, the detailed trajectory of T cell responses and how Tyland Ty,
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 vaccines®. Notably, AEs are more frequent and more
severe after the second dose®, 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-inducedimmunereactions, likely due to the small cohortsand
variations of the definition of AEs**¥. Moreover, most studies have
examined the associations of AEs with the humoralimmune 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 T,1 cell and T, 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-naive 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 t0 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,
11d (range, 6-21d)), 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).

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)***?-?, 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 shownin 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) ascompared with the baseline after the first dose, were largely
maintained after the second dose, and declined at 3 months (Fig.1a,b),
as previously reported®°. 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%) intotal CD4" T cells; P< 0.001), reached the same level as that
ofadults after the second dose, and again exhibited significantly lower
levelsat3 months (Fig.1a,b). The frequency of AIM* CD4" T cells before
vaccination, which may include naive as well as cross-reactive T cells®*,
showed aweak correlation with those after the first dosein older adults
(r,=0.23,P=0.018) (Fig.1c), but not with those after the second dose,
at3months (Fig.1c), or peak antibody titers, suggesting alimited effect
of preexisting T cells onimmune responses to two doses of vaccination.

Major cytokines induced in CD4" T cells after vaccination were
interleukin (IL)-2, interferon (IFN)-y and tumor necrosis factor (TNF)-a,
whereas IL-4* and IL-17" cells were fewer in frequency in both groups
(Fig. 1b) as reported previously***>*°, 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-y* 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
DataFig. 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
cellresponses were calculated. Regression coefficients (f) of age were
negative after the first dose (AIM*, §=-0.007 and P < 0.001; and IFN-y*,
B=-0.008and P<0.001) and3months (AIM*, §=-0.006 and P= 0.005;
andIFN-y*, =-0.005 and P= 0.012), confirming that T cell responses
atboth 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 responses* .
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-
alsinthe younger (20-40 years) or older (=65 years) group (Extended
DataFig. 5b).

Phenotypically, vaccine-induced T cells mostly present
CCR7'CD45RA™ central memory (CM)*® 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 data*® analysis
also showed that spike-specific CD4"* T cells from all adult and older
donors demonstrated similar fundamental characteristics (Extended
DataFig. 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
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Fig.1|Lower induction and early contraction of spike-specific CD4" T cells
inolder adults. a, Absolute number of total and AIM* (CD137°CD154") CD4*
Tcellsinblood. Pre, Postl, 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. ¢, Correlation
between the percentage of AIM* CD4 T cells before and after vaccination.

d, Proportions of multiple cytokine-expressing CD4" T cells after vaccination
inadult and older adult group. The blue, orange and gray colorsin 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, MFIof FSC-Ain AIM* CD4" T cells.Ina, b and f, the center line and error bars
indicate the median and IQR, respectively. Inb, cand e, the dotted line indicates
limit of detection (LOD). Statistical comparisons across cohorts were performed
using the Mann-Whitney test. Spearman’s rank correlation (r,) 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.

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 (r,=-0.23;
P<0.001; Extended Data Fig. 8b), while the regression coefficient ()
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' Ty, cellinduction is correlated with lower IgG
levels in older adults

Next, we assessed humoral responses. As reported previously"”, 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 previously”,

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 (r,=-0.39; P< 0.001; Fig. 2b). The peak antibody concentrations
inthe older group (median (IQR), 11,400 (12,645) AU mI™) were approxi-
mately 40% lower in median as compared with those in the younger
group (median (IQR), 19,000 (16,050) AU ml™; Fig. 2a). Moreover, the
medianantibody 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 (8 =-0.011; P < 0.001) and
second (8=-0.009; P<0.001) doses (Extended DataFig. 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.
Therewas atrend 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 findings®®. 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.2|Decreased induction of spike-specific CXCR3" cTy, 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. ¢, Representative flow cytometry plots displaying
AIM*CD4" T cells to identify CXCR3" or CXCR3" cT, (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™ cT cells. e, Correlations
between the concentration of anti-RBD IgG antibody after the second dose and
the percentage of AIM'CXCR3" Ty, cells at each time point.Inaand d, the center

lineand error bars indicate the median and IQR, respectively.Ina,b,dand 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 (r,) 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.

To determine a mechanism for the age-related and individual
heterogeneities in antibody responses, we investigated associations
betweenantibodylevelsand CD4" T cell responses. Tg, cells are aspeci-
fied subset of CD4" T cells and play key roles in antibody production
and germinal center reactions”. We confirmed that the first vaccination
rapidly provoked antigen-specific AIM* circulating follicular helper T
(cTyy) cells (CD3*CD4*CD45RA'CXCRS* T cells) in peripheral blood*,
whilethe CXCR3' cT, subset, whichis preferentiallyinducedinthe T,;1
cell condition and associated with efficient antibody responses in the
context of infections and vaccinations®**?, was the major subset of
cTy, cellsinduced by mRNA vaccination (Fig. 2¢,d). Notably, the level of
CXCR3" cTgycells, but not CXCR3™ cTyy, 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%) intotal CD4" T cells; P < 0.05; Fig. 2d).
Furthermore, peak IgG concentration positively correlated with the
frequency of CXCR3" cT, cells after the first dose (r,= 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
withpeak antibody concentration (Extended DataFig. 9f). These results
indicated that older adults show decreased induction of spike-specific
CXCR3" Ty, cells in the early stages of vaccine responses, which
correlated with their lower IgG responses.

Lower CD4" T cellinductionis associated with fewer adverse
eventsinolder adults
Although most studies indicate that AEs decrease with age, studies have
notaddressed whether AEs are associated with T cell responses that can
cause systemic effects®. In the present study, to minimize individual
differences in the definition of AE severity, physicians interviewed
eachdonorand asked about AEs. The grading of AEsis described inthe
Methods, and the presence of AE (AE*) was defined asgrade > 1. Local AE
(painataninjectionsite) was observed in most (>80%) donorsinboth
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 reports'>?°. Moreover,
systemic AEs after the second dose were more commonly observedin
adults thanin the older group (Fig. 3a). The frequency of participants
who self-administered antipyretics after the second dose was higherin
adults (53.3%) thaninthe 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. 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. Postl (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 firstand second doses according to the severity of local pain and fever
after the second doses in both groups (n = 216). Multiple comparisons by grade

Fever (Post2)

of adverse event symptoms were performed using the Kruskal-Wallis test with
Dunn’s post hoc test. Local pain: grade O (n=25), grade1(n =169), grade 2 (n =16)
andgrade3 (n=4).Fever:grade 0 (n=192),grade1(n=17) and grade2 (n=35).

¢, 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 O (fever’; n=86) and grade >1
(fever'; n=19) inadults, fever™ (n=106) and fever* (n =3) in older adults. Inb and
¢, the center line and error bars indicate the median and IQR. The dashed and
dotted linesindicate cutoffand LOD, respectively.

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 1and 2
(Fig. 3b), while these tendencies were observed in both adults and
older groups (Fig. 3c and Supplementary Table 2).

IL-2 and IFN-y are the major cytokines secreted by CD4" T cells
following mRNA vaccination (Fig. 1b)?**°. Considering that these
cytokines could subsequently induce flu-like symptoms, such as fever
or fatigue, upon systemic administrationin humans*, cytokines rapidly
produced uponthe 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-y" CD4" T cells were significantly higher
in the fever-positive donors after the first dose, rather than after the
second dose, inboth groups (Fig. 3c). Thus, fever-positive donors have
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Fig. 4 |Higher PD-1expression in spike-specific Tyl cells from older adults

is correlated with their lower CD8" T cell responses. a, Absolute number of
total, AIM" (CD69'CD137") and IFN-y* CD8' T cells in the blood. b, Frequency of
AIM* Tl cells. ¢, Correlations between the percentage of AIM* T, 1 cells and AIM*
CD8' T cells at each time point. d, MFl of PD-1in total or AIM* T,,1 cells from adults
and older adults (left). Representative histogram displaying PD-1 expression
intotal or AIM* T1 cells after the second dose (right). e, Correlations between
MFIof PD-1in AIM* T, 1 cells after the second dose and the percentages of AIM*
CD4" or CD8' T cells after the second dose and 3 months. Ina, band 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 (r;) was used to identify relationships between
two variables, with astraight line drawn by linear regression analysis. For
correlation analysis, percentages of AIM*and cytokine® T cells, and PD-1MFl 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.

higher induction of spike-specific CD4" T cell responses after the first
dose and antibody levels after the second dose. These results suggest
that theimpaired CD4" T cellinduction after the first dose is associated
withlower antibody levels and systemic reactogenicity after the second
dose, both of which are more frequently observed in older adults.

Higher PD-1expressionin Tl cellsis associated with alower
CDS8'T cellresponse

Similarto CD4" T cells, frequencies of spike-specific CD8" T cells (AIM*
and IFN-y* 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)*>. No significant differences were found in
the frequencies of AIM" and IFN-y* 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*
CDS8' T cells after the first dose inyounger CMV* donors (Extended Data
Fig.10b). Thus, the lower induction and early contraction in older
adultsupontwo doses of mMRNA vaccination were also observedin CD8*
T cell responses.

Tyl cells represent a major helper T cell subset induced by the
mRNA vaccine?*°, enhancing CD8* T cell expansion and function,
and favorable for antiviralimmunity. We confirmed that AIM* T, 1 cells
(CD45RA"CXCR5 CXCR3'CCR6°CD4"' T cells) increased significantly
after vaccination; however, the first vaccination elicited fewer spike-
specific Tyl cells in older adults than in adults (Fig. 4b), consistent
withthelowerIL-2"and IFN-y* CD4" T cellsin older adults (Fig. 1b). The
frequencies of AIM* T /1 cells were well correlated with those of AIM*
CD8" T cells at all time points in both groups (Fig. 4c), confirming the
association of T,1 and CD8" T cell responses®?%, The frequencies of
spike-specific T,]1 cellswere also correlated with those of CXCR3" cT,
cells (Extended DataFig.10c), suggesting that donors withlow T, 1 cells
may also have low CXCR3" cT, cells.

To gain aninsight into a possible mechanism underlying the low
CD4'T cellresponses and subsequent compromised antigen-specific
CD8'T cell responsesin the older group, we focused on PD-1, which s
upregulated after T cell activation and negatively regulates immune
responses to prevent excess and/or autoimmune reactions*. PD-1
expression (assessed via MFI) in total T,;1 cells was unchanged in both
groups during the observation period (Fig. 4d), while that in spike-
specific AIM* T1 cells gradually increased, peaked after the second
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dose, and decreased at 3 months (Fig.4d). PD-1expressionin AIM* T,;1
cells from pre-vaccinated, peptide-stimulated samples was slightly
higher than that in total T,1 cells from unvaccinated samples, sug-
gesting that the peptide stimulation during the AIM assay slightly
upregulated PD-1expression (Fig. 4d). However, the expression levels
of PD-1in AIM* T;1 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-1levels detected in the AIM
assay reflect the gradual upregulation and downregulation of PD-1
expression in vivo. Importantly, the PD-1expression in spike-specific
Tyl cellswas significantly higher in older adults after the second dose
thaninadults (Fig.4d), whilethe PD-1expression 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 T,;1 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
inolder adults.

Discussion

In this study, we investigated the detailed trajectory of CD4* T cell
responses to mRNA vaccines in older individuals and their associa-
tionwith humoral and cellularimmunity as well as reactogenicity. We
found that the older population showed asignificantly lower induction
of Tl cells and CXCR3" cTy, 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" cT;,, T;1and CD8' T cells showed a positive
correlation evenin older adults, the lowerinduction of one T cell subset
wasnot attributed to the biased T cell responses to other directions or
the uncoordinated responses as previously reported in older patients
with COVID-19 disease®. Rather, our results strongly suggest that older
adults are more likely to exhibit lower elicitation of T,;1-skewed CD4" T
cellresponses that coordinate immune responses?’?, 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 immunity”. Importantly, a poor response to the first dose
was also observed in patients harboring solid cancer with lower anti-
body responses*®*’. 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, evenin the case of SARS-CoV-2infection,adelayin
the development of T, cells and subsequent neutralizing antibodies
correlates with fatal COVID-19 disease*®. Thus, the delayed induction of
CD4' T cellresponsesto either vaccination or even viral infection could
be a predictive factor for compromised immune responses.

The mechanismsunderlyinglower 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 uponalow dose of vaccine®. 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 (r, = 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
theefficientinduction 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 dosein the
older group were significantly smaller thanthose in adults, suggesting
aninefficientactivation of CD4" T cells. Although the CD4" T cell com-
partmentis relatively well maintained qualitatively and quantitatively

compared with CD8" T cells, especially in humans'>*, several T cell
intrinsic defects, such as T cell receptor desensitization or epigenetic
changes, have been reported™*. T cell-extrinsic factors, including
adefect in antigen-presenting cells with age, were also observed™.
Furtherinvestigationis 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 death®. 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-1expression in spike-specific T,1 cells at a peak response
was higherin older adults. Althoughitis currently unclear whether the
higher PD-1expression levels reflect higher activation or exhaustion,
the PD-1 expression in older adults was associated with less spike-
specificCD4"and CD8' T cell expansion and maintenance, suggesting
aninhibitoryrole of PD-1. Onthe 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-1at 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 inolder 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 acceleratesimmune senescence and has anegative effect on
vaccine outcomes™*’, whereas CMV infection has a positive effect on
the vaccine response, especially in young individuals®*, possibly due
to the basal activation of the innate immunity. However, we observed
no obvious differencesinantibody 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. Itisalso 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
inyoungeradults showaccelerated T celland/orimmune 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 effectorand memory T cells efficiently induced by the first dose,
may rapidly produce large amounts of cytokines in response to the
second dose. IFN-y* cells were most significantly reducedin CD4" T cells
from the older group after the first dose. IFN-y is a potent inducer of
flu-like symptoms** and also plays animportant role in the coordination
ofimmune responses®, which likely explains the correlations observed
among T cell responses after the first dose, AEs after the second dose
and peakIgG levels. This hypothesis is consistent with a previous study
indicating that IFN-y, which is mainly produced by T1 cells, and not
type l 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-y*°. 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. Inthe 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 observedin 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 orbiological evidence to support this definition. Second, we did
notanalyze 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
cellsinsecondary lymphoid organs, where actualimmune 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, inwhich cTg, cells play animportant role*, although these two
parameters are highly correlated®>. Finally, we provided evidence
only of associations between CD4" T cell responses with antibody and
CDS8" 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 alower 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 avaccine schedule suitable for the older population.

Methods

Study design

Thisstudy 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, alldonors 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
eachvisit. 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).

Alldonors 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 orimmunomodulatory drugs, were excluded. Blood samples
were collected at the Ki-CONNECT and Clinical BioResource Center
(CBRC) atKyoto 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 atotal of 219 individuals consisting of 107 adults
(agedlessthan 65years, workersin Kyoto University Hospital) and 112
olderindividuals (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.
Ashealthcare workers are generally careful about their health but tend

to be exposed to various pathogens while they work, theirimmune
response may not reflect that of the general population. As older adults
who participatedin this study were recruited openly using theinternet,
they might have made amore 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 mMRNA-1273 injection as the primary and boost
vaccination (Extended Data Fig. 1b). Their characteristics, including
age, sex and serology, are summarizedin Table 1.

Peripheral blood mononuclear cellsisolation,
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 x 10° cells per milliliter and aliquoted in 250
or 500 pl 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

Wholeblood 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-PO75K (Terumo) blood
collection vessel for serumisolation. The serum separator tubes were
centrifuged for 4 min at 1,100g at 4 °C. The serum was then removed
fromthe 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 Il Quant (Abbott), respectively.
Anti-CMV IgG levels were measured using achemiluminescence 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™)
and 6.0 (AUmI™), respectively.

Peptide pools

PepTivator SARS-CoV-2 Prot_S Complete peptide pools (Miltenyi
Biotech) were diluted indistilled 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™.

Activation-induced marker assay

PBMCs were cultured in 100 pl of X-VIVO15 medium supplemented
with 5% human AB serum for 23 hat37°Cin the presence of SARS-CoV-2
peptide pools (0.6 nmol ml™) and CD40 blocking antibody (0.5 pg ml™,
MiltenyiBiotech) in 96-well U-bottom plates (Corning) at 1x 10 PBMCs
per well. An equal volume of DW was used as a negative control. For
T cell receptor stimulation, 4 x 10° PBMCs were cultured in a 96-well
flat-bottom plate (Corning) in the presence of coated anti-CD3 (0.5 pg
per well; clone UCHT1, BioLegend) and soluble anti-CD28 antibodies
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(2 pg ml™; 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 pl 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 cellsand 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 described*. Values > LOD
(AIM* CD4" T cells; 0.02% and AIM* T1 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-1MFI, and T cell
subsetidentification. The Sl 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 pl of X-VIVO15
medium supplemented with 5% human AB serum for 23 h at 37 °Ciin
the presence of SARS-CoV-2 peptide pools (0.6 nmol ml™) at 1 x10°
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 concentrationsin the presence of FcR blocking for 20 min
at4 °C. Cells were then washed and stained with Ghost Dye Red 710 to
discriminate betweenviable and non-viable cells. The stained cells were
then fixed with IC fixation buffer (Thermo Fisher Scientific) for 30 min
at4 °Cand washed twice with permeabilization buffer (Thermo Fisher
Scientific) and subsequently stained for intracellular IL-2, IL-4, IL-17A,
IFN-y, TNF, perforin and granzyme (1:100 dilution each) for 30 min at
room temperature. After the final wash, the cells were resuspended in
100 pl of FACS buffer for flow cytometry. The antibodies used in ICS
assays arelisted in Supplementary Table 1. Vaccine-induced cytokine-
producing T cells were quantified as the frequency of cytokine-positive
cellsin stimulated samples, withbackground subtraction from paired
DW controls (Extended Data Fig. 3b). LOD for each cytokine* cells was
calculated as previously described™,

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 version10.8.1. The detailed gating strategies for
individualmarkers are described in Extended DataFigs.2 and 3. The sub-
setdefinitions and gating strategies are outlined in the text or figures.

The absolute number of adefined 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 changesin each T cell subset were minimal between
before and after 23 hin culture (datanot shown). Proportions of multi-
ple cytokine-expressing CD4" T cells (IFN-y, IL-2, IL-4, IL-17A and TNF-«)
were assessed by Boolean analysis as reported previously”. LOD for
all the background-subtracted subpopulations of cytokine-positive
cellswas calculated as previously described™. 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, Postl, Post2 and 3 mo) were simultaneously analyzed, and those
fromadults 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
includedineachindependent experimentas aninternal 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
frommost 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

Statisticalanalyses 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 (r,) of >0.2and a Pvalue < 0.05 are considered correlated™.
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 publications'®®. 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 datarequired are available from the corresponding author
onrequest.
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(a) Representative gating strategy to detect and characterize spike-specific
Tcellsinthe AIM assay. Briefly, lymphocytes were gated out of all events, and
doublets were excluded. Live cells were gated as Ghost Dye™ 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 naive (Naive, CD45RA'CCR7'CD28CD95"), stem cellmemory (Tscm, CD
45RA'CCR7'CD28'CD95"), central memory (CM, CD45RA"CCR7"), effector

CD69 BV650
memory (EM, CD45RA"CCR7") or terminally differentiated effector memory
cellsre-expressing CD45RA (TEMRA, CD45RA*CCR7"). T cell senescence was
assessed using CD28 and CD57. Thand cTfh were gated as CD45RA"CXCR5™ and
CD45RA"CXCRS*, respectively, in CD3"CD4" cells. Th was further divided into 1, 2,
17,and 1/17 subtypes based on the expression of CXCR3 and CCRé. Distributions
of AIM* cellsin 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). Numbersindicate the population percentagesin 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 IFNy*
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Extended Data Fig. 5| Comparison of spike-specific CD4" T cells between
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line indicates limit of detection (LOD). Statistical comparisons across cohorts
were performed using the Mann-Whitney U test. ns, not significant.

Nature Aging


http://www.nature.com/nataging

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

Adult Older CcD28* CD57-
ns ns
100+ ns 100 100+
_— === _:E_
S 80 S sod 80 —I—
o ns ns o
Pre g o0 s s ‘}{[_ Pre 5 o0 60-]
Z 40 s Z 40 40
R 04 _I_ P R 201 20
$i¥ .
0 T T T —I_|; T - ! T 0 T T
Naive Tscm CM  EM TEMRA Adult Older Adult Older
P =0.046 ns
1004 ns 1007~ e 100+
a=-ae
S 8o S 8o 80
o H 3)
+ 60 + . .
Post1 = P=0047 Post1 E © %
< 40 < 40 40
£ ns ns £
X 204 s i - X 20 20+
£
0 T "’I'I_ I I -EiL . T T v T T
Naive Tscm CM  EM TEMRA Adult Older Adult Older
P =0.009 P=0.037
1007 = 100 ——o 1009 =
S 804 S s+ so4
o I | (@]
+ 60— _ns + 60 601
Post2 § Post2 §
g ¥ s s s ¥ 1
X 20 ns X 204 20
0 T T T T T 0 ! ! 0 ! !
Naive Tscm CM  EM TEMRA Adult Older Adult Older
ns ns
100 _ns 100+ j— L[| J————
< 80 < 80 -
3 e 3 "
3 +§ 60 3 +E 60— 60
mo = mo =
< 404 < 40+ 40
£ s ns s £
S L 20 20
ol = T Rl S8 S T T T T
Adult Older Adult Older

Naive Tscm CM EM TEMRA
Extended Data Fig. 6 | Differentiation and senescence status of spike-specific comparisons across cohorts were performed using the Mann-Whitney test. ns,
CD4'T cells. (a) Frequency of Naive, Tscm, CM, EM, and TEMRA in AIM* CD4* notsignificant. Blue and red dots represent adults (n =107) and older adults
Tcells. (b) Frequency of CD28" and CD57 in AIM* CD4" T cells. The centerline (n=109), respectively.
and error bars indicate the median and interquartile range (IQR). Statistical

Nature Aging


http://www.nature.com/nataging

Article

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

A
Adult
Older
N
L
Z
@
a
o
Min

Leliiiti e

B fsom_cluster_01
[ fsom_cluster_02
B fsom_cluster_03
B fsom_cluster_04
B fsom_cluster_05
[ fsom_cluster_06

[ fsom_cluster_07
[ fsom_cluster_08

B fsom_cluster_09
Il fsom_cluster_10
I fsom_cluster_11

T T

CXCR5

il b b

opt-SNE1

Max

Extended DataFig. 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 (CXCRS,
CXCR3, CCR6, PD-1,CCR7, CD45RA, CD95, CD57, and CD28) were used for the

T T

T T

T T

Il fsom_cluster_12
[ fsom_cluster_13
B fsom_cluster_14
[] fsom_cluster_15
fsom_cluster_16
Il fsom_cluster_17
Il fsom_cluster_18
I fsom_cluster_19
[ fsom_cluster_20

Th1

CXCR3*
cTfh

CXCR3-
cTfth

T T B I O I I A |

L v A I A A

CXCR3 CCR6 PD-1 CCR7 CD45RA
bz ‘ '3' 1
Min Max
s 2 g
S 6 B T E £ & 5 3
x x O [a)] (@] o o o a
(@] (6] (@] o © (6] (6] (6] (&]

FlowSOM cluster.

fsom_cluster_02
fsom_cluster_07
fsom_cluster_08
fsom_cluster_03
fsom_cluster_19
fsom_cluster_10
fsom_cluster_11
fsom_cluster_13
fsom_cluster_05
fsom_cluster_04
fsom_cluster_06
fsom_cluster_18
fsom_cluster_17
fsom_cluster_12
fsom_cluster_01
fsom_cluster_09
fsom_cluster_16
fsom_cluster_15
fsom_cluster_14
fsom_cluster_20

analysis. AIM* CD4" cells were separated into 20 clusters. Th1(T,1), CXCR3*

cTfh, CXCR3™ cTfh, and N (naive) cells were manually annotated based on the
lineage marker expression. (b) Heatmap showing the marker expression for each
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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 MFl 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
asinternal quality control to define the variation inter-assay. Coefficient of
variation (CV) arerelatively 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 MFlin

Age

AIM* CD4" T cells and donor age. Spearman’s rank correlation (r,) was used to
identify relationships between two variables, with a straight line drawn using
linear regression analysis. (c) Predicted FSC-A MFlin AIM* CD4" T cells adjusted
with days after vaccination was calculated using multiple regression analysis.
Regression coefficients () of age and Pvalues are shown. Blue, red, and black
dotsrepresent adults (n=107), older adults (n =109), and both groups (n = 216),
respectively.

Nature Aging


http://www.nature.com/nataging

Article

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

Q

b

o .
&, '
] '
° ~ (=085 __ : r,=0.45 -
£ T P<0001 ; - P <0.001 37 =0.89
) D 0tr--cb--cp Ao 7S ST SRR - =2E s =0
= o ;=075 © { rg=0.47 no P <0.001
o= O pP<0.001 & : P <0.001 Q= y
= T 4 : : 85 r,=0.87
b ro=0.81 : ro=0.44 " E P <0.001
x P <0.001 : P <0.001 %3 r, =091
e 2. oo 82 Opods
g 1.2 3 4 5 1 3 4 5
- (Post1) (Post2) 1 2 3 4 5
Log,, RBD IgG
Log,, RBD IgG (AU/mL) (AU/ML) (Post2)
Pre Post1 Post2
[T T ] ns
% ws o p=-0.0004 , . o ww = -0.009 100000+ —p-0035 Male
a P=0.603 =T il ia . P<0.001 _ i —
@ =3 " 2 100004 ns -}—%— * Female
°F T e 5 p- 3t
S E s 2 =je 1000 P> i
25 - < < 0047 AR
- e 3 .
o < 370 . =~ i (g) ]
9 i) I 40 5 100} P .
ol -1
S s g”i ' p=-0011~ I - Qo4 L
8 5 <0.001 . | | o | o PN I O
a Mol @ e w % W oB o % m Ho® %W @ % W How @ W e @@ ow NS
< Qoe Q09 ,56‘
Age
ns , LN f
100000 T ns CMV(-) 20-40’s 100000y - CMV(-) 265
g I 11 © CMV(+)20-40's T ] T* .o CMV(+) 265 o
= E = 3 . - O
=) 3 . ; # =) 3 i {-—t—
< 1000 HE < 10009 P 8L
o ] : o 1= . =3
D 1004 D 1004 : 5=
a a E RN B A 32
@ o) ] <
x 10 A W Ta
h -rtr T T T
) N 0’ ((\0 -1.5 -1.0 -0.5

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 () of age and P values
areshown. (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) inyounger adults (20-40 years old) (n =29 and n = 54) (e, left) and in older
adults (n=9and n=100) (e, right). (f) Correlation between the concentrations of

Logqo % AIM* in CD4 (Pre)

anti-RBD IgG antibody after the second dose and the percentages of AIM* CD4" T
cellsbefore 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 (r,) was used to identify relationships between two variables, with a
straight line drawn by linear regression analysis. (d, e) The centerline and error
barsindicate 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-1expression in spike-specific T,1cells and CD8"
Tcellresponses. (a) Frequency of AIM*and IFNy* CD8' T cells. (b) Frequency of
AIM" and IFNy"' 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=9andn =100, respectively) (lower). (c) Correlations between the percentage
of AIM* T,1(Th1) cells and AIM* CXCR3" cTfh cells after the first and second doses.

(d) PD-1MFlin T,1(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-1MFlin AIM* T,,1(Thl) cells after the second dose and the percentage of
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and IQR. Statistical comparisons across cohorts were performed using the
Mann-Whitney test. ns, not significant. (c, ) Spearman’s rank correlation (r,) was
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were acquired using NL-3000 and SpectroFlo software v2.2 (Cytek). This paper does not report original code.

Data analysis FCS 3.0 data files were exported and analyzed using FlowJo software version 10.8.1. Microsoft Excel version 2210 was used to organize data
and donor information. GraphPad Prism 9.0 was used to analyze data and create figures. opt-SNE and FlowSOM analysis were performed
using OMIQ software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data reported in this article are provided as Source Data. Any additional raw and supporting data are available from the corresponding author upon request.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The biological attribute of sex was used and this study included male (n = 99) and female (n = 117), based on self-reporting.

Analysis comparing values between the sexes are presented in Extended Data Fig. 5a and Extended Data Fig. 9d. Raw data
with disaggregated sex are presented in Source Data of Extended Data Fig. 5 and Fig. 9.

Population characteristics Donors’ characteristics, including age, sex, and serology, are summarized in Table 1.

Recruitment

Ethics oversight

Two hundred and twenty-five participants applied to participate in the study. At the time of enroliment, all donors provided
written informed consent, in accordance with the Declaration of Helsinki. Donors were required to be > 20 year. For the first
and second doses, only participants who received Pfizer BNT162b2 were considered eligible. 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. One potential bias that may be present is that adult participants were
recruited from healthcare workers at Kyoto University Hospital, whereas older participants were mostly recruited from the
general population. As healthcare workers are generally more careful about their health but also tend to be exposed to
various pathogens at work, their immune response may not reflect that of the general adult citizens. As older adults who
participated in this study were recruited openly by the internet, they might be more health-conscious and therefore report
more adverse events than the general older population.

This longitudinal study was reviewed and approved by the Kyoto University Graduate School and Faculty of Medicine, Ethics
Committee (RO418).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication
Randomization

Blinding

Two hundred and twenty-five participants applied to participate in the study. No statistical methods were used to pre-determine sample sizes
but our sample sizes are similar to those reported in previous publications (ref 16, 57)

All donors were otherwise healthy and did not report any ongoing severe medical conditions, including cancer, gastrointestinal, liver, kidney,
cardiovascular, hematologic, or endocrine diseases. Participants taking medications that may affect the immune system, including steroids or
immunomodulatory drugs, were excluded. For the first and second doses, only participants who received Pfizer BNT162T2 were considered
eligible. Six did not meet the eligibility criteria, and a total of 219 individuals consisting of 107 adults (aged less than 65 years, mainly workers
at Kyoto University Hospital) and 112 older individuals (aged more than 65 years, mainly healthy Japanese citizens) were enrolled in the study.
Two patients were lost during follow-up, and one was removed because mRNA-1273 injections were used for primary and booster vaccination
(Extended Data Fig. 1b).

Samples for each patient were analyzed once due to limited availability.
As this was an observational study, randomization was not applied.

The investigators were not blinded to allocation during this study and outcome assessment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
™ Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| IZ Flow cytometry

Palaeontology and archaeology IZ D MRI-based neuroimaging
Animals and other organisms

Clinical data
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Antibodies

Antibodies used Product name (manufacturer, catalogue number, clone, dilution)
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Brilliant Violet 421™ anti-human CD279 (PD-1) Antibody (Biolegend, 329920, EH12.2H7, 1:100)
Brilliant Violet 510™ anti-human CD57 Recombinant Antibody (Biolegend, 393314, QA17A04, 1:2500)
Brilliant Violet 570™ anti-human CD8a Antibody (Biolegend, 301038, RPA-TS8, 1:500)

Brilliant Violet 605™ anti-human CD154 Antibody (Biolegend, 310826, 24-31, 1:100)

Brilliant Violet 650™ anti-human CD69 Antibody (Biolegend, 310934, FN50, 1:100)

Brilliant Violet 750™ anti-human CD28 Antibody (Biolegend, 302970, CD28.2, 1:50)

Brilliant Violet 785™ anti-human CD95 (Fas) Antibody (Biolegend, 305646, DX2, 1:200)

FITC anti-human CD196 (CCR6) Antibody (Biolegend, 353412, GO34E3, 1:100)

CD4 Monoclonal Antibody (RPA-T4), Alexa Fluor™ 532 (Invitrogen, 58-0049-42, RPA-T4, 1:100)
PE anti-human CD185 (CXCR5) Antibody (Biolegend, 356904, J252D4, 1:100)

PerCP/Cyanine5.5 anti-human CD45RA Antibody (Biolegend, 304122, HI100, 1:100)

CD3 Monoclonal Antibody (OKT3), PerCP-eFluor™ 710 (Invitrogen, 46-0037-42, OKT3, 1:250)
PE/Cyanine7 anti-human CD137 (4-1BB) Antibody (Biolegend, 309818, 4B4-1, 1:100)

APC anti-human CD183 (CXCR3) Antibody (Biolegend, 353708, GO25H7, 1:50)

APC/Cyanine7 anti-human CD197 (CCR7) Antibody (Biolegend, 353212, GO43H7, 1:100)
Brilliant Violet 421™ anti-human Perforin Antibody (Biolegend, 308122, dG9, 1:100)

Brilliant Violet 605™ anti-human CD45RA Antibody (Biolegend, 304134, HI100, 1:100)

Brilliant Violet 650™ anti-human TNF-a Antibody (Biolegend, 502938, MAb11, 1:100)

FITC anti-human CD197 (CCR7) Antibody (Biolegend, 353216, GO43H7, 1:100)

PE anti-human IL-4 Antibody (Biolegend, 500810, MP4-25D2, 1:100)

PerCP/Cyanine5.5 anti-human/mouse Granzyme B Recombinant Antibody (Biolegend, 396412, QA18A28, 1:100)
PE/Cyanine7 anti-human IL-2 Antibody (Biolegend, 500326, MQ1-17H12, 1:100)

APC anti-human IFN-y Antibody (Biolegend, 502512, 4S.B3, 1:100)

APC/Cyanine7 anti-human IL-17A Antibody (Biolegend, 512320, BL168, 1:100)

Validation All antibodies used in this study are commercially available and were validated by their manufacturers or in the manuscript.
Information is accessible on the manufacturer’s website with catalog numbers. We define the optimal titers for positive/negative
separation by serial dilution.

The websites of the manufactures:
https://www.biolegend.com/ja-jp
https://www.thermofisher.com/jp/ja/home.html

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
IE The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Whole blood was drawn into Vacutainer CPTTM Cell Preparation Tubes with sodium citrate (BD biosciences), according to the
manufacturer’s instructions, and processed within 2 hours to isolate peripheral blood mononuclear cells (PBMCs). Isolated
PBMCs were resuspended in CELLBANKER 1 (ZENOGEN PHARMA) at a concentration of 8x10° cells/mL and aliquoted in 250
or 500 ml per cryotube. Samples were stored at -80 °C on the day of collection and in liquid nitrogen until used for the
assays. Cryopreserved PBMCs were thawed in pre-warmed X-VIVO15 (LONZA) without serum. After centrifugation, the cells
were washed once and used directly for assays.

Lc0c Y21o

Instrument NL-3000 (Cytek)




Software SpectroFlo software v2.2 (Cytek), FlowJo software version 10.8.1
Cell population abundance As we used all the cells after AIM and ICS assays for phenotypic analysis, sorting was not performed in this study.

Gating strategy The detailed gating strategies for individual markers are described in Extended Data Fig. 2 and 3. The subset definitions and
gating strategies are outlined in the text or figure legends.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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