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Vaccination against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is effective in preventing COVID-19 hospitalization and fatal
outcome. However, several studies indicated that there is reduced vaccine
effectiveness among older individuals, whichis correlated with their general
health status"’. How and to what extent age-related immunological defects
areresponsible for the suboptimal vaccine responses observedin older
individuals receiving SARS-CoV-2 messenger RNA vaccine, is unclear and not
fully investigated™*~. In this observational study, we investigated adaptive
immune responses in adults of various ages (22-99 years old) receiving

2 doses of the BNT162b2 mRNA vaccine. Vaccine-induced Spike-specific
antibody, and T and memory B cell responses decreased with increasing age.
These responses positively correlated with the percentages of peripheral
naive CD4"and CD8" T cells and negatively with CD8" T cells expressing signs
ofimmunosenescence. Older adults displayed a preferred T cell response to
the S2region of the Spike protein, which s relatively conserved and a target
for cross-reactive T cells induced by human ‘common cold’ coronaviruses.
Memory T cell responses to influenza virus were not affected by age-related
changes, nor the SARS-CoV-2-specific response induced by infection.
Collectively, we identified signs of immunosenescence correlating with the
outcome of vaccination against anew viral antigen to which older adults are
immunologically naive. This knowledge is important for the management of
COVID-19 infections in older adults.

Sixty-six individuals (median age 54; range 22-95) with no history of  range 22-99) were also included (Supplementary Tables 1 and 2)°.
SARS-CoV-2 infection or related symptoms (hereafter ‘unexposed’)  Although minimal correlates of protection to COVID-19 have not been
were recruited for this study and blood was drawn between 42 and  established sofar, vaccine-induced virus-neutralizing antibodies have
81d (median 44 d) post-first vaccination. PCR-confirmed SARS-CoV-2  beenimpliedin protection againstinfection’. Therefore, we first meas-
infected individuals (hereafter ‘exposed’) (n =49; medianage 54 years;  ured SARS-CoV-2 neutralizing antibodies (VN) inour study participants.

A full list of affiliations appears at the end of the paper. [</e-mail: guus.rimmelzwaan@tiho-hannover.de; giulietta.saletti@tiho-hannover.de
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Aspreviously reported, we found an age-dependent decrease of vaccine-
induced neutralizing antibodies (r=-0.579; P < 0.0001) with signifi-
cantly lower titersin older adults (=66 years) compared to young (22-40
years; P<0.0001) and middle-aged (41-65 years; P< 0.01) individuals
(Fig.1a,b). Asimilar correlation was found with the frequency of Spike-
specific IgG memory B cells (MBCs) and total number of IgG MBCs,
measured in a subset of individuals (22-40, 14 out of 23; 41-65, 21 out
of 25; 266, 13 out of 18) (Fig. 1c,d). We could not detect Spike-specific
IgAMBCs, perhaps because of their low frequency in peripheral blood
below the detection limit of our assay. Overall, we observed reduced
induction of SARS-CoV-2-specific antibodiesand MBCs in older adults,
as the possible consequence of age-related changes affecting B cells®.
In the absence of protective antibodies, SARS-CoV-2-specific T cells
may afford some protection against disease progression and severity,
which may be important for older individuals who fail to develop VN
antibodies’ ™. Nevertheless, like B cells, T cells also undergo age-related
alterations. Thus, we investigated whether the magnitude and qual-
ity of the SARS-CoV-2-specific T cell responses were also affected by
aging. To this end, we measured SARS-CoV-2-specific T cell responses
by stimulating peripheralblood mononuclear cells (PBMCs) with pools
of overlapping peptides spanning the SARS-CoV-2 S1and S2 subunits of
the Spike protein (homologous to the vaccine strain) using an ex vivo
interferon-y (IFN-y) enzyme-linked immunospot (ELISpot) assay. Inline
withthe B cell responses, the frequency of Spike-specific T cells declined
withincreasing age (r=-0.435, P=0.0003) and Charlson Comorbidity
Index (r=-0.417,P=0.0005) (Fig. le and Extended Data Fig.1a). No asso-
ciation was found between the magnitude of the Spike-specificresponse
and time postvaccination (Extended Data Fig. 1b). Comparison of the
response between age groups showed that the overall Spike-specific
Tcellresponseinindividuals aged over 66 was significantly lower thanin
theyoungage group (P< 0.01) and, to alesser extent (P < 0.05), between
middle-aged and older individuals (41-65 versus >66 years) (Fig. 1f).
Consequently, the proportion of nonresponders in the =66 vaccinees
was higher thanin the other two age groups (27.8 versus 8 versus 4.3%)
(Fig.1g). No significant difference was found between young and mid-
dle-agedindividuals, indicating thatimpairment of the vaccine-induced
immune response mainly affects older adults.

Importantly, the reduced response in individuals over 66 is most
likely not due to a general defect of T cell functionality since all indi-
viduals, regardless of their age, responded equally well to stimulation
with influenza virus antigens and a CD3 antibody (positive control)
(Extended Data Fig. 1c,d). Moreover, the Spike-specific response in
SARS-CoV-2-exposed individuals was not affected by age (Extended
DataFig.1e). These findings suggest that age impacts the magnitude of
the mRNA vaccine-elicited T cell response but does not affect preexist-
ing memory T cells, like those specific to the influenza virus.

Most (58 out of 66, 87.9%) unexposed vaccinees mounted a
T cell response to the Spike peptide pools (S1and S2), although witha
considerable heterogeneity in magnitude (17-510 spot-forming cells
(SFCs) per 10° PBMCs). In contrast, a low frequency of nucleocapsid
and membrane protein-specific T cells was seen in 21.5% (14 out of 65)
and10.6% (7 out of 66) of the vaccinees, respectively (Fig. 1h). Only one
individual withno measurable response to Spike and nucleocapsid pep-
tide pools had a high frequency of membrane-specific T cells (114 SFCs
per10°PBMCs). SARS-CoV-2 nucleocapsid and membrane antigens (not
contained in the vaccine) have high sequence homology with those
of seasonal human coronaviruses (HCoVs) and cross-reactive T cells
to these two antigens have been reported in several studies, although
their rolein protection againstinfection is still unresolved . Of note,
their numbersinversely correlate with age'®. As expected, most of the
exposed individuals showed a response to all tested antigens: Spike
89.8% (44 out 0of 49); membrane, 61.2% (30 out 0f 49); and nucleocapsid
81.6% (40 out of 49) (Extended Data Fig. If).

Ithas been shown that the mRNA-based COVID-19 vaccineinduces
Spike-specific CD4"and CD8* T cells”. Because the ELISpot assay does

not allow identification of T cell subsets, we utilized intracellular
cytokine staining (ICS) and flow cytometry to further characterize
the responding cells. PBMCs were stimulated with the Spike peptide
pooland CD3*CD4"and CD3"CD8" non-naive T cells were analyzed for
the production of IFN-y, interleukin-2 (IL-2) or tumor necrosis factor-o
(TNF-a). The gating strategy is depicted and representative examples
of ICS of CD4" and CDS8’ cells after stimulation with Spike peptides
areshownin Extended Data Fig.2a,b. IFN-y-producing CD4*and CD8"
T cells were detected on mRNA vaccination and, in agreement with
the results obtained with the IFN-y ELISpot assay, although with a
higher magnitude when measured by ICS, the Spike-specific response
was significantly lower in older adults, compared to young adults
(CD4" P<0.0001; CD8" P< 0.05) and middle-aged individuals (CD4*
P<0.05; CD8" P<0.01) (Fig. 2a). Younger adults displayed a statisti-
cally significant higher frequency of Spike-specific CD4'IFN-y* cells
than middle-aged adults (P < 0.05), which was not observed for CD8*
T cells.Similarly, age-dependent differences were found for IL-2* (22-40
versus 266, P<0.001;41-65 versus 266, P< 0.05;22-40 versus 41-65,
not significant) and TNF-a" CD4" T cells (22-40 versus =66, P< 0.05;
41-65 versus =66, and 22-40 versus 41-65 not significant) (Fig. 2a).
No differences were found between age groups in relation to CD8"
T cells producing IL-2 and TNF-a since IFN-y dominates the Spike-
specific response in vaccinees (Fig. 2a). Noteworthy, comparison of
individuals aged 41-65 and =66 years exposed to SARS-CoV-2 showed
no age-dependent differences in Spike-specific non-naive CD4" and
CD8" T cells producing IFN-y, IL-2 or TNF-a (Extended Data Fig. 3a,b).
Due to the small numbers, we could not include young adults in this
comparison. PBMCs from vaccinated older individuals stimulated
via CD3 engagement showed similar CD4" T cell responses to those
detected in 22-40- and 41-65-year-old individuals (Extended Data
Fig. 3c). The frequency of IFN-y-producing CD8" T cells in response
to CD3 increased with age (22-40 versus =66, P< 0.01; 41-65 versus
>66, P<0.01), but not those producing IL-2 (41-65 versus 266, P < 0.05)
(Extended DataFig. 3d).

In line with these findings, we also observed an age-dependent
reduction of CD4" T cells producing two (IL-2IFN-y", TNF-a*IFN-y"and
IL-2'TNF-o") and three cytokines (IFN-y*, IL-2*, TNF-a) in response to
Spike peptide stimulation, with older individuals showing aremarkable
decrease of those polyfunctional T cells compared to young adults
(67.4%) and the middle-aged group (50.8%) (Fig. 2b). Of interest, a
reduction of CD4" polyfunctional T cells could already be observed
in middle-aged individuals compared to young adults (33.7%, 41-65
versus 22-40 years) (Fig. 2b). In contrast, SARS-CoV-2 infectioninduced
polyfunctional CD4" T cells in all age groups, although to a slightly
lower extent in older adults (Fig. 2c). Furthermore, the frequency of
polyfunctional CD4" T cells was similar in vaccinated (0.086%) and
SARS-CoV-2-infected (0.089%) younger adultsindicating thatinfected
and vaccinated individuals were otherwise comparable (Fig. 2b,c). We
investigated the differentiation stage of the non-naive Spike-specific
CD4" T cellsin vaccinees and found an age-dependent redistribution
of these cells within the central memory T (Ty) and effector memory
T (Tgy) cells (Extended DataFig. 4). Younger and middle-aged individu-
als showed a higher percentage of Ty, over T, cells, whereas in the
group of older adults the frequency of Spike-specific Ty and Ty, cells
was comparable. No differences were found for the effector memory
CD45RA* T (Tgypy) cells.

Insummary, these data demonstrated thatin older adults, COVID-
19 mRNA vaccinationelicited alower frequency of Spike-specific CD4"
and CD8' T cells producing cytokinesinvolved in T cell differentiation
and proliferation. Furthermore, polyfunctional T cells are involved in
protective immunity to virus infections and their low numbersinolder
adults may contribute to suboptimal protection provided by vaccina-
tionin this age group™.

Because T cell populations are reshaped during aging we sought
to investigate whether the differentiation status of circulating T cells
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Fig.1|Age-dependent reduction of SARS-CoV-2 neutralizing antibodies,
Spike-specificlgGMBCs and T cells in vaccinated individuals. a, Correlation
between age of study subjects and serum virus-neutralizing antibody titer
(n=66).b, Serum virus-neutralizing antibody titers in different age groups
(lightblue, 22-40 years, n = 23; red, 41-65 years, n = 25; gray, 266 years: n=17).
c,d, Frequency of Spike-specific IgG MBCs (c) and number of total IgG MBCs
per million of in vitro-expanded PBMCs (d) (light blue, 22-40 years, n =14; red,
41-65years, n=21; gray, >66 years, n =13). e, Correlation between the age of
the study participants and frequency of Spike-specific IFN-y-secreting T cells
(n=66).f,Frequency of IFN-y SFCs after stimulation with Spike in different age
groups (lightblue, 22-40 years, n=23; red, 41-65 years, n = 25; gray, 266 years,
n=18).g, Percentage of individuals with Spike-specific response below the

cutoffand considered nonresponders. h, Frequency of IFN-y SFCs in response
to nucleocapsid (65 out of 66), membrane (66 out of 66) and Spike (66 out

of 66) proteins of SARS-CoV-2 in unexposed vaccinated individuals (n = 66).
The numbers below the graph represent the percentage of responders and
nonresponders for each tested antigen (orange, Spike; green, nucleocapsid; blue,
membrane). Each dot represents a single study participant and the horizontal
linesindicate the medians. The cutoff value for a positive response is defined as
described in the Methods. Thered line represents the linear regression; a two-
tailed Spearman test was used to test the significance (rand Pvalues). Pvalues
for age groups comparison were determined by two-tailed Kruskal-Wallis test
with Dunn’s multiple comparison correction; *P < 0.05; **P < 0.01; ***P< 0.001;
***+p < (0.0001; NS, not significant.

correlated with the magnitude of the immune response induced by
mRNA vaccination®"”. To this end, we defined four differentiation
subsets of CD4" and CD8" T cells based on the surface expression of
the CD45RA and CCR7 molecules (naive, Tey, Teyand Teyra) and corre-
lated the proportion of these cells with the frequency of Spike-specific
T cells, measured by IFN-y ELISpot. Overall, we found a decrease of naive
and anaccumulation of terminally differentiated T cells, as described

previously (Fig.3a)°. This age-dependent reduction of naive CD4" and
CDS8'T cells, whichwas more profound inthe CD8" compartment (CD4*
r=0.549,P<0.0001upper; CD8"r=0.743, P < 0.0001lower) (Fig.3b),
correlated with reduced numbers of Spike-specific IFN-y SFCs (CD4*
r=0.374,P=0.0032and CD8" r=0.454, P= 0.0002) (Fig. 3c). Compa-
rableresults were obtained when the IFN-y response was measured on
non-naive T cells by ICS (Extended Data Fig. 5a,b). Comparison of the
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blue, 22-40years, n =22;red, 41-65 years, n = 22; gray =66 years, n = 16) (b) and
SARS-CoV-2-exposed individuals (light blue, 22-40 years, n = 14; red, 41-65 years,
n=19; gray, >66 years, n =15) (c). The Spike-specific response was measured on
non-naive T cells. The gating strategy is depicted in Extended Data Fig. 2. Each
dotrepresents asingle donor and the horizontal lines indicate the medians.
Pvalues were determined by two-tailed Kruskal-Wallis test with Dunn’s multiple
comparison correction; *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.

results obtainedintherespective age groups showed anage-dependent
association between CD4" and CD8" naive T cells and the Spike-specific
T cell response (Fig. 3d). Especially the loss of naive CD8" T cells in
individuals aged >66 was inversely correlated with the vaccine-induced

T cell response. Of note, no correlation was found with the CD8" T,
and Ty subsets and CD4" Ty and Tyra, While ahigher frequency CD4*
Tcw and CD8* Tpyra in older individuals correlated inversely with the
vaccine-induced T cell response (Extended DataFig. 5¢,d). Remarkably,

Nature Aging | Volume 2 | October 2022 | 896-905

899


http://www.nature.com/nataging

Letter

https://doi.org/10.1038/s43587-022-00292-y

(o]

r=-0.549
P <0.0001

Spike-specific response

(number of IFN-y SFCs per 10°)

Age (years)

r=-0.7432
P <0.0001

Spike-specific response

a b
2
150 3 80 -
g '
%) =
@ ©
2 100 - §
» [a]
3 ©
S 50 1 °
5 2
o 3
0 - o
gewoge &
1595 RS
Q0 40 Ao
N>~.<'.>~ >
2
150 8 804
g T e
s 2
® g
2 100 ©
? a
= (&]
8 5
~ 504 )
+ o)
[ee] ©
a =
[$) 0l g
[0)
Qe e Qo a
IsTsAg
N>~.<r>- >
d 22-40 years
6007, _0.1246 600
P=0.5807 ©
400 400
° [ °
200 -| ° e 200
(4]
o
0 9% ©
0 T @ T ] 0

0 20 40 60 80

Spike-specific response (number of IFN-y SFCs per 10°)

600 7 r=0.1293 600
P=0.5662 °
400 400
° oo
200 c o 200
® e o %
%o %e °
0 ‘ o ‘ ‘ 0

Fig.3|Thelower vaccine-induced, Spike-specific T cell response in older
adults correlates with areduced frequency of CD4* and CD8* naive T cells.
a,CD4" (upper) and CD8' (lower) T cell differentiation subsets (naive, black;
Tew, gray; Tey, orange; Tyra, light orange) in vaccinated individuals (n = 60).

b, Correlation between age and percentage of CD4" (upper, r=-0.549;

P<0.0001) or CD8" (lower, r=-0.743; P < 0.0001) naive T cells. ¢, Spike-specific

(number of IFN-y SFCs per 10°)

Age (years)

41-65 years

r=0.2414
P=0.2790

R

0 20 40 60 80

Percentage of CD4" naive T cells

7 r=0.09666
P=0.6687
] R o
° )
i e e o
°
[N
° o°. 0% o

T )
0 20 40 60 80

Percentage of CD8" naive T cells

600 -

400 +

[o2]
o
o

N
o
o

n
o
o

r=0.3742
P=00032 4

Percentage of CD8* naive T cells

>66 years
6007 - 0.2806
P=0.2866
400 +
200 + ° °
o ©
© (&)

600 -

400

200 -

0 -

r=0.3238
P=0.2197

0 10 20 30 40

IFN-y response association with percentage of CD4" (r=0.374; P=0.0032) or
CD8" (r=0.454, P=0.003) naive T cells. d, Spike-specific response in correlation
with the percentage of naive CD4" (upper) and CD8* (lower) T cells for each age
group. Each dot represents a single donor. b-d, A two-tailed Spearman’s test was

used to the test the significance (rand Pvalues). b-c, The red line represents the

linear regression. The gating strategy is depicted in Extended Data Fig. 2.

the proportion of naive CD4* and CD8" T cells did not correlate with
the frequency of T cells directed against the influenza virus, for which
immunological memory exists and canbe recalled invitro?®* (Extended
Data Fig. Se,f). There was also no correlation with the Spike-
responses measured in the exposed individuals (Extended Data
Fig.5g,h). Comparison of the three age groups confirmed that thereis
an age-dependent inverse correlation between naive CD4" and espe-
cially CD8" T cells on the one hand, and the magnitude of the T cell
response measured by IFN-y ELISpot assay on the other. Thus, the lower
magnitude of Spike-specific response on COVID-19 mRNA vaccination
in older adults correlated with decreased numbers of naive T cells.

specific

19,25,26

This suggests that this subset of T cells may play arolein the COVID-19
vaccination outcome because induction of a primary response to new
antigens mainly relies on the activation of naive T cells?**. Of note, a
low frequency of naive T cells has been associated with more severe
COVID-19 disease and impaired priming of naive CD8" T cells in older
adults®**. Moreover, restricted T cell receptor diversity and altered
signalingin naive T cells may generate aless effective pool of memory
cells, which couldlead to asuboptimal response, exposing older adults
athigher risks of infection and disease severity

To unveil other potential age-dependent factors that may affect
the response to vaccination in older people, we also characterized
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of Spike-specific T, cells producing IFN-y, IL-2 or TNF-acin vaccinated individuals
(lightblue, 22-40years, n=22; red, 41-65 years, n = 22; gray, >66 years. n = 16).

f, Proportion of T cells directed to the S1 (filled circle) or S2 (open circle) region
ofthe Spike protein in IFN-y responder individuals (light blue, 22-40 years,
n=22;red, 41-65years, n =23; gray, 266 years, n = 13). Spike-specific response of
circulating Ty, cells was analyzed on non-naive CD4" T cells. The gating strategy
is depicted in Extended Data Fig. 2. Each dot represents a single study individual
and the horizontal lines indicate the medians. The red line represents the linear
regression and a two-tailed Spearman test was used to the test the significance
(rand Pvalues). Pvalues were determined by a two-tailed Kruskal-Wallis test with
Dunn’s multiple comparison correction; *P < 0.05; **P < 0.01; ***P < 0.001.
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the magnitude and effector functions of terminally differentiated
T cells coexpressing the CD57 and KLRG1 molecules, which have been
associated with aging®¥. Despite a general age-dependent increase
of CD4" (Fig. 4a, upper panel) and CD8" (Fig. 4a, lower panel), T cells
coexpressing these senescence markers, only the CD8" cells were
inversely correlated with the magnitude of the Spike-specific IFN-y
T cell response measured by ELISpot (r=-0.352, P=0.0058; Fig. 4b)
and fluorescence-activated cell sorting analyses (r=-0376, P= 0.003;
Fig. 4c), although such correlation does not necessarily imply causal-
ity. Of note, some younger individuals showed a high proportion of
CD4" and CD8" T cells coexpressing the senescence markers; inter-
estingly, that correlated with the presence of serum antibodies to
CMV (Extended Data Fig. 6a,b). This finding supports the notion that
chronicinfections, like those caused by cytomegalovirus (CMV), may
be responsible for the accumulation of CD57° KLRGI' T cells, regardless
of age. We found that the CD8" T cells coexpressing such markers were
ofthe Ty and Tgyrs phenotype and were similarly distributed between
age groups (Extended Data Fig. 6¢,d). No correlation was found with
the percentage of CD4" CD57' KLRG1' T cells.

Next, since we observed reduced B cell responses (antibodies
and memory cells) in older vaccinees, we addressed the question
whether alterations of circulating follicular helper T (Ty,) cells related
toreduced antibody responses®. Interestingly, the circulating T, cells
(CD3*'CD4'CXCRS5") were numerically similar between the age groups
(Fig. 4d). However, when we analyzed the Spike-specific non-naive
circulating T, cells, IFN-y and IL-2 production was lower in the 266
group (IFN-y, P<0.05;1L-2, P < 0.01) compared to that of young adults
(Fig. 4e). Of note, measurement of IFN-y, IL-2 and TNF-a might have
underestimated the frequency of the Spike-specific circulating T,
cells as other markers (for example, ICOS and IL-21) may be expressed
by alarger proportion of circulating T,

No differences were found for the TNF-a-producing circulating T,
cells (Fig.4e). Of note, a high frequency of T,1-like circulating Ty, corre-
lated with strong antibody responses to influenza and other viruses® ",

We theninvestigated if, apart from the magnitude of the Spike-
specific T cell response, age influenced the specificity of the T cell
response. To this end, we tested the response to peptide pools span-
ning the S1and S2 regions of the Spike protein, respectively. A simi-
lar frequency of S2-specific T cells was observed in all age groups
(Extended Data Fig. 5i). However, the frequency of S1-specific T cells
was significantly lower in older adults compared to young adults
(P<0.05). Moreover, when we calculated the relative contribution
of the S1-and S2-specific response in the individuals who displayed
a Spike-specific response, we noticed that older adults had a pre-
ferred response to the S2 region (P < 0.01) (Fig. 4f). This is in con-
trast with middle-aged and young adults, who had similar responses
to S1and S2 (Fig. 4f). In the SARS-CoV-2-exposed individuals, no
statistically significant difference was observed (Extended Data
Fig.5j).S2ismore conserved than Slacross coronaviruses; therefore,
it may represent a target of preexisting cross-reactive memory B
and T cells originally induced by previous infections with ‘common
cold’ HCoVs™.

Together with the reduced number of naive T cells leading to sub-
optimal responses to anew antigen like the S1region, this may explain
the preferential recognition of the S2 region in older vaccinees™.

Collectively, our data provide insights into the age-dependent
immunological changes that may account for the reducedBand T
cells responses observed in older adults on BNT162b2 vaccination;
however, interestingly, this is not the case with the SARS-CoV-2 infec-
tion. The different antigenicload, anatomical site of antigen encounter
(intramuscular versus mucosal), strength and length of T cell recep-
tor engagement (replicating virus versus mRNA-encoded antigen),
multiple viral antigens (SARS-CoV-2) versus mRNA-encoded Spike
protein, may all account for the differential responses observedin this
study. New vaccine approaches or use of substances able to overcome

age-related defects would help to provide optimal protection to this
vulnerable age group.

Our data suggest a general age-dependent decrease of the adap-
tiveimmune responses on BNT162b2 vaccination. However, our study
hassome limitations. The study was designed as alarge cross-sectional
epidemiological study and we have used samples from asubset of study
individuals to investigate the SARS-CoV-2-specific immune response
onvaccinationandinfection. Therefore, our cohortis heterogeneous
and no correction for age and sex was performed since this would
have required a larger sample size. Furthermore, the limited number
of PBMCs available precluded the possibility to analyze the additional
effector functions and biomarkers of the immune cells possibly asso-
ciated with aging and immunosenescence. The correlation found
between aging and redistribution of the T cell differentiation subsets
and suboptimal T and B cellimmune responses on vaccination do not
imply a direct causality since some of the investigated variables (for
example, CD8" T cells with senescent phenotype) correlate with age.

Methods

Study participants and ethics statement

This study complies with all relevant ethical regulations. An ethical
approvalwas given by the ‘Aerztekammer Niedersachsen’ (Bo/31/2010
amended in November 2021) and written informed consent was
obtained from every individual or legal representant.

Characteristics of the study cohort and sample collection
Atotal of 115 participants were enrolled in this study: 66 SARS-CoV-2
with no history of infection received two doses of the BNT162b2 vac-
cine (Comirnaty; BioNTech/Pfizer); 49 laboratory-confirmed (PCR
and antibodies) convalescentindividuals with COVID-19 with a mild or
asymptomatic SARS-CoV-2 infection were part of alarger prospective
epidemiological study, whose data were published previously’. The
Charlson Comorbidity Index was calculated based on the information
collected with a questionnaire at the time of enrollment®*. Full cohort
and demographicinformation are provided in Supplementary Tables
land2.Blood samples were taken once between21and 263 d (median
79 d) post-positive PCR and 40-81 d (median 44 days) after the first vac-
cination (Supplementary Table1). No statistical methods were used to
predetermine sample sizes; nevertheless, our sample sizes are similar
to those reported in previous publications® %, Data collection and
analysis were not performedblind to the conditions of the experiments.
No compensation was provided to participants. Serumwas obtained by
centrifuging (room temperature) the whole blood at 4,000 r.p.m. for
15 min and stored at —20 °C. Blood samples for cellular analyses were
collected into sodium heparin and EDTA tubes (Sarstedt) and PBMCs
were isolated by density gradient centrifugation using Lymphoprep
(STEMCELL Technologies) according to the manufacturer’s protocol.
Cells were frozen in freezing medium containing 90% FCS (Thermo
Fisher Scientific) and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich)
and stored at -150 °C until further use. Roswell Park Memorial Institute
(RPMI) 1640 (Thermo Fisher Scientific) supplemented with GlutaMAX,
penicillin/streptomycin, nonessential amino acids, vitamins, sodium
pyruvate (Thermo Fisher Scientific) and 10% heat-inactivated FCS
(hereafter R10F) containing 50 pg mI™ DNase (Sigma-Aldrich) was used
for thawing the PBMCs. R10F was used for cell culture and dilution of
stimulating reagents. For all samples, cell viability was >85%.

Virus neutralization assay

Neutralizing antibodies were evaluated in all the individuals tested
as described previously’. In brief, inactivated serum samples (56 °C,
30 min) were first diluted 1:10 followed by 1:2 serial dilutions. Then,
50 plofthe diluted sera was mixed with 50 pl of a SARS-CoV-2 Wuhan-
Hu-1dilution with a concentration of 4,000 TCIDs, mI™ and incubated
for1hat37°C.Serum-virus mix was added to amonolayer of Vero cells
and further incubated at 37 °C, 5% CO,. After 8 h of incubation, cells
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were fixed using 4% paraformaldehyde (PFA) and incubated for 30 min
at room temperature. Then, PFA was removed and cells were incu-
bated for 15 min with 80% methanol. Furthermore, plates were blocked
using 1% BSA in PBS-0.05% Tween 20 for 30 min at 37 °C. SARS-CoV-2
was detected using a 1:1,000 dilution of rabbit polyclonal anti-SARS-
CoV-2nucleocapsid (SinoBiological). After 1 hincubationat 37 °C, cells
were washed with PBS-0.05% Tween 20 and incubated with a 1:1,000
dilution of anti-rabbit-IgG-Alexa Flour 488 (Invitrogen). Finally, cells
were washed twice with PBS-0.05% Tween 20. Fluorescent cells were
counted using the CTL S6 Ultimate-V Analyzer and data were analyzed
using the CTL ImmunoSpot version 7.0.20.0 software. Neutralizing
antibodytiters are expressed as the dilution that gave a 50% reduction
of stained cells.

Detection of memory B cells by ELISpot

Atotal of 1-2 x 10 PBMCs were seeded in duplicate in a48-well platein
the presence of R848 (1 pg ml™; Mabtech) and IL-2 (10 ng ml™; Mabtech)
for 72 h at 37 °C and 5% CO,. MultiScreenHTS-HA plates (Merck Mil-
lipore) were coated with 100 pl per well of recombinant Spike protein
(rS) (SARS-CoV-2 Spike Trimer HEK; Miltenyi Biotec) at 5 pg m1 ™ in
sterile PBS. PBS and a mixture of anti-kappa/anti-lambda antibodies
(6 pg ml™ each; SouthernBiotech) was used as negative or positive con-
trols, respectively. After overnight incubation at 4 °C, the plates were
washed 3 times with200 pl per well of sterile PBS (Gibco) and blocked
with 200 pl per well of R1OF for at least 30 min at room temperature.
Stimulated cells were washed in R10F and seeded at 2.5 x 10° in the PBS
and rSwells, while 2.5 x 10* of the cells was used for the kappa/lambda
(k/1) positive control, all in triplicate or duplicate in case of limited
number of cells. After 4 h at 37 °C and 5% CO,, plates were washed 5
times with PBS-Tween 0.05% and IgG-horseradish peroxidase (HRP) and
IgA-AP detection antibodies (SouthernBiotech) at1:900 added for1 hat
roomtemperature. Spots were developed after washing and stepwise
addition of substrate solutions for ALP- (BCIP/NBT-plus; Mabtech)
and HRP-conjugated antibodies (AEC; Mabtech), as described ear-
lier*. Plates were then scanned and antibody-secreting cells counted
using the ImmunoSpot S6 Ultimate Reader and ImmunoSpot Software
v.7.0.20.0 (ImmunoSpot; CTL). Data were calculated using the mean of
replicate wells and expressed as SFCs per million of in vitro expanded
PBMC:s after subtracting the PBS control values. The percentage of
Spike-specific MBCs was calculated by dividing the number of Spike-
specific IgG MBCs over total number of IgG MBCs.

Synthetic peptides

Two pools containing 158 (S1) and 155 (S2) 15-mers with 11-amino acid
overlap peptides (>90% purity) and covering the amino acid residues
1-1,273 of the SARS-CoV-2 Spike protein (protein ID: PODTC2; catalog
no.RP30027; GenScript); pepmixes of 15-mer peptides overlapping by
11amino acid residues covering the nucleocapsid protein (Swiss-Prot
ID: PODTC9; JPT) and membrane (GenBank ID: QHO60597.1; catalog
no. NR-52403, BEI Resources; GenPept ID: QH060597) peptide pools
of SARS-CoV-2 contained 17-, 13- or 12-mer peptides with 10-amino
acid overlaps and spanned the whole protein sequences, were used
for the study. All peptides were reconstituted in high-grade DMSO
(Sigma-Aldrich) and further diluted according to the manufacturer’s
recommendations (stock solution 50 pg ml™). The final concentration
of DMSO in culture was below 0.5%.

IFN-y ELISpot assay

Precoated 96-well plates were purchased from Mabtech and the assay
was carried out according to the manufacturer’sinstructions. Briefly,
plates were washed with sterile PBS (Thermo Fisher Scientific) and
blocked with R10F for at least 1 h. Then, 2.5 x 10° (SARS-CoV-2 and
influenza) or 2.5 x10* (CD3, positive control) PBMCs per well were
stimulatedin triplicates with overlapping peptide pools at a concentra-
tionof 0.7 pg ml™ for SARS-CoV-2S1,S2 and nucleocapsid or 0.4 pg ml™

for membrane per individual peptide. Influenza vaccine (season 2020-
2021;1 pg ml™” per hemagglutinin; Vaxigrip Tetra Sanofi) and anti-CD3
antibody (1:1,000; Mabtech) were used as controls. In some cases
(limited number of PBMCs), the ELISpot was runin duplicate. Negative
control comprised equimolar amounts of DMSO. Plates were incubated
for20 h, plates developed and spots counted using the ImmunoSpot S6
Ultimate Reader equipped with the ImmunoSpot Software. The mean
spot counts for the DMSO negative control were subtracted from the
mean of the SARS-CoV-2 and influenza or CD3-stimulated cells. Data
aredisplayed as SFCs per million of PBMCs. The cutoff responsein the
test cohort was determined using the mean from all individuals in the
DMSO negative control + 2 s.d. A response >15 SFCs per 10 PBMCs was
considered positive.

ICS

A total of 2 x 10° PBMCs were stimulated for 20 h at 37 °C, 5% CO, ina
96-well round-bottom plate using a SARS-CoV-2 Spike peptide pool
(S1+S2; 0.5 ug per ml peptide) As positive control, cells were stimu-
lated with purified anti-CD3 (0.1 pug ml™; BD Biosciences), while an
equimolaramount of DMSO was used as the negative control. Costimu-
latory anti-CD28 and anti-CD49d purified antibodies (1 pg ml™ each;
BD Biosciences) were added to all wells and Brefeldin A (7 pg ml™?;
Sigma-Aldrich) was included for the last 4 h of incubation. Cells were
first washed with PBS, stained for 20 min at room temperature with
LIVE/DEAD Fixable Near-IR stain kit (Molecular Probes) followed by 2
washes with PBS. After Fc receptor blocking for 20 min (Fc Block; BD
Biosciences) antibodies for surface staining were added and incubated
for 20 min (Supplementary Table 3). Next, cells were washed again,
fixed/permeabilized using Cytofix/Cytoperm solution (BD Biosciences)
according to the manufacturer’s instructions. After two washes with
PBS and Perm/Wash buffer (BD Biosciences), cells were blocked for
20 minwithFcBlock; then, antibodies were diluted in Perm/Wash buffer
incubated for anadditional 20 min (Supplementary Table 3). Cells were
washed twice and resuspended in PBS. Allincubations were performed
atroomtemperaturein the dark. Anaverage of 3 x 10° events per sample
were acquired on a BD LSRFortessa X-20 (BD Biosciences). Cytometer
setup and tracking beads (BD Biosciences) were used to define the
baseline performance of the cytometer. Compensation matrix was
performed using OneComp eBeads (Invitrogen). All datawere analyzed
using FlowJo v.10.8.1 (FlowJo LLC). Spike-, influenza- and CD3-specific
responses (phenotype and cytokines) were calculated by gating on non-
naive CD4* and CDS8' T cells; displayed values were subtracted from the
DMSO control. The nonantigen-specific T cell phenotype (differentia-
tion markers, senescent and T, cell) was analyzed on DMSO-stimulated
PBMCs. Dataondouble-or triple-producing IFN-y/IL-2/TNF-« cells were
obtained using Boolean gating on single cells positive for each cytokine.
The gating strategy is shown in Extended Data Fig. 2a.

CMV serology

Serasamplesstored at—20 °Cwere thawed at room temperature. Dilu-
tionand further steps were performed according to the manufacturer’s
instructions (CMV IgG ELISA Kit; Tecan). Briefly, serum samples were
diluted1:100 and added to a96-well plate precoated with CMV antigens,
followed by 1-hincubationat 37 °C. After 3 washes, peroxidase-labeled
anti-IgG was added and incubated for 30 min at room temperature in
the dark. Onwashing, 3,3’,5,5’-tetramethylbenzidine substrate solution
was added to the wells and incubated for 15 min; the color reaction was
stopped by adding 0.2 mol I sulfuric acid. Absorbance was measured
at450/620 nmusing a Tecan SPARK Microplate Reader. Data were vali-
dated by using negative, positive and cutoff controls, as well as blanks.

Statistics and reproducibility

Descriptive and significance statistics and displaying the data were
done using Prism 9 (GraphPad Software) and Excel (Microsoft Excel
2016). Statistical analyses were performed using nonparametric tests.
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Pairwise correlations were determined using two-tailed Spearman
tests. Kruskal-Wallis tests, with subsequent Dunn’s multiple compari-
son tests, were used to compare the age groups. *P < 0.05, *P<0.01,
***P<0.001and **P<0.0001.

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

Data availability

Raw.fcs files have been uploaded to the ImmPort repository (https://
www.immport.org/shared/home;accessno.SDY1961).Source datafor
Figs.1-4 and Extended DataFigs.1and 3-6 are provided with this paper.
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Extended Data Fig. 1| Controls and correlations between spike-specific

(M; blue) proteins in SARS-CoV-2 exposed subjects (n =49). The numbers in the

responses and Charlson Index, days post vaccination or age. (a) Correlation below the graph represent the percentage of responders (R) and non-responders

between frequency of S-specific IFN-y response and Charlson co-morbidities

index (r=-0.417, P = 0.0005) or (b) days after the first vaccination (not

significant). (c) Influenza (light blue, n =22; red n = 24; grey n=16) and (d) CD3

(NR) for each antigen. The cut-off value for a positive response is defined as
described in the Methods section. Each dot represents a single study subject and
horizontal lines indicate medians. The red line represents linear regression and

(lightblue, n=22; red n =23; grey n =18) specific response in vaccinated subjects two-tailed Spearman’s test was used to the test the significance (r and P values).

of various ages. (e) S-specific IFN-y response in SARS-CoV-2 exposed subjects
(n=46) and correlation with age (not significant). (f) Frequency of IFN-y SFCs,
inresponse to Spike (S; orange), Nucleocapsid (Nu; green), and Membrane

Pvalues were determined by two-tailed Kruskal-Wallis test with Dunn’s multiple
comparison correction; ** P < 0.01; ns: not significant; yr: years.
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Data exclusions  No data were excluded

Replication T cell measurements by FACS were performed once as limited number of PBMCs for some samples did not allow repetition. IFN-g ELISpot was
carried out in triplicate wells or, in some cases (limited number of PBMCs), in duplicate and performed once.
SARS-CoV-2 antibody neutralization assay: sera were tested over a wide range of dilution in duplicate.

Randomization  Thisis an observational study.

Blinding Donors received vaccination as part of routine health-care. SARS-CoV-2 convalescent subjects were selected from a larger prospective

epidemiological study (Jonczyk R. Microbiol Spectr. 2022 Feb 23;10(1):e0151221. doi: 10.1128/spectrum.01512-21). Blinding was not relevant
to our study because infectious status was laboratory confirmed and vaccination status known.
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Virus neutralization assay
Rabbit polyclonal anti- SARS-CoV-2 nucleocapsid, 1:1000, SinoBiological, 40588-T62
Anti-rabbit 1gG Alexa Fluor 488, 1:1000, Thermo Fisher, A11008

Memory B cell ELISpot

Goat anti-human kappa antibody unlabeled, 6 pg/ml, Southern Biotech, 2060-01

Goat anti-human lambda antibody unlabeled, 6 pg/ml, Southern Biotech, 2070-01
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Purified antibodies
Mouse snti-Human CD3, 0.1 ug/ml, BD, 555336
Mouse anti-Human CD28/CD49d, 1 ug/ml, BD, 347690

Validation All antibodies were commercially available. Antibody clones were selected based on validation data shown on the manufacturer's
website. Specificity of the antibodies to human cells was reported by the manufacturers. Previous titration of antibodies were
conducted on PBMCs to establish optimal antibody working dilutions. Spillover compensation was optimized suing compensation
beads (BD ComBeads). Gating process was optimized using FMO controls.
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Policy information about cell lines

Cell line source(s) Vero cells from ATCC (CCL81)
Authentication Cell lines were not authenticated
Mycoplasma contamination Routinely tested and negative when used for neutralization assay.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics 1) SARS-CoV-2 Exposed donors (n=49): aged 22-40 (5 male and 10 female), aged 41-65 (6 male and 13 female), >66 aged
75-99 (4 male and 11 female)
2) Vaccinated donors (n=66): aged 22-40 (14 male and 9 female), aged 41-65 (9 male and 16 female), =66 aged 67-95 (4
male and 14 female)

Recruitment Recruitment of participants was performed as described in the open observational epidemiological study " Jonczyk R., et al.,
Combined Prospective Seroconversion and PCR Data of Selected Cohorts Indicate a High Rate of Subclinical SARS-CoV-2
Infections-an Open Observational Study in Lower Saxony, Germany, 2022, Microbiology spectrum doi: 10.1128/
spectrum.01512-21.." All subjects willing to participate were recruited for this study. We are unaware of any-self selection
bias that might affect the results of the present study.
Study subjects belonged to three different groups located in the southern part of Lower Saxony, Germany: The first group,
defined as “education/culture,” included employees from universities, theater, schools, administration in and close to
Hannover, Germany. The second group, defined as “company,” consisted of employees of a biotechnological company in
Goettingen, Germany. The third group included both employees and residents of retirement and nursing homes in and close
to Hannover (designated as “nursing homes”).

Ethics oversight For these studies the Leibniz University (Hannover) obtained from the “Aerztekammer Niedersachsen” an ethical approval in
August 2020 and amended in November 2021 (No. Bo/30/2010; Bo/31/2010; Bo/31/2010). A written informed consent was
obtained from every subject, or legal representant.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|Z All plots are contour plots with outliers or pseudocolor plots.

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




Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Blood samples for cellular analyses were collected into sodium heparin and EDTA tubes (Sarstedt), and Peripheral Blood
Mononuclear Cells (PBMCs) isolated by density gradient centrifugation using Lymphoprep (Stemcell), following the
manufacturer’s protocol. Cells were frozen in freezing medium containing 90 % Fetal Bovine Serum (FBS, Thermo Fisher) and
10 % dimethyl sulfoxide (DMSO, Sigma Aldrich) and stored at -150 °C, until further use.

PBMCs were then thawed and a total of 2x10”6 of PBMCs were stimulated for 20 hours at 37 °C, 5% CO2 in a 96-well round-
bottom plate using SARS-CoV-2 spike peptides pool (S1+52; 0.5 pg/ml/peptide) As positive control, cells were stimulated with
purified anti-CD3 (0.1 pg/ml; BD Biosciences), while equimolar amount of DMSO was used as negative control. Co-stimulatory
anti-CD28 and anti-CD49d purified antibodies (1 pg/ml each; BD Biosciences) were added to all wells and Brefeldin A (7 ug/
ml; Sigma Aldrich) included for the last 4 hours of incubation. Cells were first washed with Phosphate Buffered Saline (PBS),
stained for 20 minutes at room temperature with LIVE/DEAD Fixable Near-IR stain kit (Molecular Probes) followed by 2
washes with PBS. After Fc receptor blocking for 20 minutes (Fc Block, BD Biosciences) antibodies for surface staining were
added and incubated for 20 minutes. Next, cells were washed again, fixed/permeabilized using Cytofix/Cytoperm solutions
(BD Biosciences) following the manufacturer’s instruction. After two washes with PBS and Perm/Wash buffer (BD
Biosciences), cells were blocked for 20 minutes with FcBlock and then antibodies diluted in Permwash buffer incubated for
additional 20 minutes. Cells were washed twice and resuspended in PBS. All incubations were performed at room
temperature in the dark. An average of 3x1075 events per sample were acquired on a BD FortessaX20 (BD Biosciences).

BD LSRFortessa™ X-20 Cell Analyzer (BD Biosciences)
All data were analysed using FlowJo (Version 10.8.1; BD Biosciences)
Ex vivo analyses, no cell sorting was performed

Cell population gating was based on the mean fluorescence intensity "minus one" (FMO) controls.

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