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Objectives: Elderly are an understudied, high-risk group vulnerable to severe COVID-19. We comprehen-
sively analyzed the durability of humoral and cellular immune responses after BNT162b2 vaccination and
SARS-CoV-2 infection in elderly and younger adults.
Methods: Home-dwelling old (n = 100, median 86 years) and younger adults (n = 449, median 38 years)
were vaccinated with two doses of BNT162b2 vaccine at 3-week intervals and followed for 9-months.
Vaccine-induced responses were compared to home-isolated COVID-19 patients (n = 183, median
47 years). Our analysis included neutralizing antibodies, spike-specific IgG, memory B-cells, IFN-c and
IL-2 secreting T-cells and sequencing of the T-cell receptor (TCR) repertoire.
Results: Spike-specific breadth and depth of the CD4+ and CD8+ TCR repertoires were significantly lower
in the elderly after one and two vaccinations. Both vaccinations boosted IFN-c and IL-2 secreting spike-
specific T-cells responses, with 96 % of the elderly and 100 % of the younger adults responding after the
second dose, although responses were not maintained at 9-months. In contrast, T-cell responses persisted
up to 12-months in infected patients. Spike-specific memory B-cells were induced after the first dose in
87 % of the younger adults compared to 38 % of the elderly, which increased to 83 % after the second dose.
Memory B-cells were maintained at 9-months post-vaccination in both vaccination groups. Neutralizing
antibody titers were estimated to last for 1-year in younger adults but only 6-months in the older vac-
cinees. Interestingly, infected older patients (n = 15, median 75 years) had more durable neutralizing
titers estimated to last 14-months, 8-months longer than the older vaccinees.
Conclusions: Vaccine-induced spike-specific IgG and neutralizing antibodies were consistently lower in
the older than younger vaccinees. Overall, our data provide valuable insights into the kinetics of the
humoral and cellular immune response in the elderly after SARS-CoV-2 vaccination or infection, high-
lighting the need for two doses, which can guide future vaccine design.
Clinical trials.gov; NCT04706390.

� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The rapid development and licensing of mRNA vaccines has
resulted in a significant reduction in morbidity and mortality due
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to coronavirus disease 2019 (COVID-19) [1,2]. Based on preclinical
studies of severe acute respiratory syndrome coronavirus (SARS-
CoV) and Middle Eastern Respiratory Syndrome Coronavirus
(MERS-CoV) [3], the spike protein was quickly identified as an anti-
genic target for SARS-CoV-2 vaccines. The elderly are at the highest
risk of severe disease and death after COVID-19 [4,5], thus optimal
protection for this group is a major goal of vaccine design and pub-
lic health efforts. Despite this, the elderly were not included in the
original COVID-19 vaccine licensure trials [6]. BNT162b2 vaccine
induced a strong humoral response against SARS-CoV-2 in people
over 80, while cellular responses were only detectable in 63 %
[7]. Furthermore, humoral and cellular immune responses in older
persons are lower compared to younger adults up to 6-months
post-vaccination [8].

A reliable correlate of protection recognized by regulators has
yet to be defined, however, there is compelling evidence in support
of both humoral and cellular immunity in preventing severe dis-
ease [9,10]. Although protection against severe disease for the first
few months after vaccination is well documented, the duration of
vaccine-induced protection has been found to wane 6-months
after vaccination [11]. It is currently unclear how the durability
of humoral and cellular responses differs between younger adults
and elderly persons after vaccination, and how this compares to
immunity after infection.

We conducted a longitudinal study comparing the magnitude
and durability of the immune responses elicited after vaccination
and infection in different age groups. Here, we measured the
immune response for up to 9-months after BNT162b2 vaccination
in SARS-CoV-2 naive old and younger adults. We performed a com-
prehensive analysis of both humoral and cellular immune
responses covering SARS-CoV-2 spike-binding and neutralizing
antibodies, memory B-cells, functional T-cell responses and
sequencing of the T-cell receptor (TCR) repertoire. Our data provide
valuable information on the kinetics and durability of SARS-CoV-2
immune responses for younger adults and an understudied, high-
risk, elderly group. We also compared the durability of vaccine-
induced immune responses with those after mild-to-moderate
infection in unvaccinated individuals, demonstrating that age dif-
ferentially shapes immune responses after vaccination and
infection.
Methods

Participants

We conducted a prospective cohort study of adults receiving
pandemic COVID-19 vaccine (BNT162b2 Pfizer-BioNTech) between
January and November 2021 from Eidsvåg general practice and
Haukeland University Hospital in Bergen, Norway. All subjects pro-
vided written informed consent before inclusion in the study,
which was approved by the regional ethics committee (Regional
Committee for Medical Research Ethics, Northern Norway (REK
Nord). The study is registered in the National Institute for Health
database Clinical trials.gov (NCT04706390). The inclusion criteria
were willingness to attend scheduled blood sampling visits and
no previous SARS-CoV-2 infection. The exclusion criteria were his-
tory of anaphylaxis or hypersensitivity to vaccines. The infected
cohort was recruited during March and April 2020 from home-
isolated SARS-CoV-2 infected individuals and were followed clini-
cally and immunologically at 2-, 6- and 12-months post-
infection. The inclusion criteria were positive PCR test or antibody
positivity at convalescence. All patients had mild-to-moderate
infection and were not hospitalized, details are described else-
where [12].
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Vaccine

Each dose (0.45 ml) of BNT162b2 mRNA vaccine embedded in
lipid nanoparticles contained 30 lg of a purified single-stranded,
50-capped mRNA, encoding the spike protein from the first isolated
SARS-CoV-2 strain (Genebank; Wuhan-Hu-1 strain, NC_045512).

Vaccine study design

All participants were vaccinated intramuscularly into the del-
toid muscle with two doses of BNT162b2 mRNA vaccine at 3-
week intervals. Subjects provided blood samples prior to and 3-
and 6-weeks, 5- and 9-months after vaccination. Blood samples
were collected using plastic serum tubes (BD Biosciences) and
ethylene diamine tetra acetic acid (EDTA) tubes (BD Biosciences).
A subgroup of the vaccination and infection cohorts provided a cell
preparation tube (CPT) (BD Biosciences) for peripheral blood
mononuclear cells (PBMCs) separation pre- and post-vaccination
or post-infection, respectively, to examine MBC and T-cell
responses. The infected cohort provided serum at 8-weeks, 6-
and 12-months post-infection.

Clinical information

Electronic case report forms (eCRF) were developed using the
Research Electronic Data Capture database (REDCap�) (Vanderbilt
University, Nashville, Tennessee). The eCRF contained demograph-
ics, comorbidities, medication, exposure and infection history (RT-
PCR results and presence of symptoms) and vaccination data.

Serological assays

Enzyme-linked immunosorbent assay (ELISA)
ELISA was used for detecting spike-specific IgG [12,13]. Baseline

sera were screened by Receptor Binding Domain (RBD) ELISA to
test for seropositivity, positive samples were run in spike IgG
ELISA. Endpoint titers were calculated as the reciprocal of the
serum dilution giving an optical density value of 3 standard devia-
tions above the mean of historical pre-pandemic sera (n = 128).

Microneutralization assay

The microneutralization (MN) assay was performed with an
early isolated D614G strain (March 2020, Genebank; hCoV-19/
Norway/Bergen-01/2020, lineage B.1, OM616023)(GISAID acces-
sion ID EPI_ISL_541970) in a certified Biosafety Level 3 Laboratory,
as previously described [13]. Neutralizing titers were calculated as
the reciprocal of the serum dilution giving 50 % inhibition of virus
infectivity. For calculation purposes negative titers (<20) were
assigned a value of 10.

Memory B-cell Enzyme-linked immunosorbent spot assay (ELISPOT)

PBMCs were resuspended in RPMI-1640 (Lonza) with 10 % fetal
bovine serum (Hyclone), 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin (Sigma Aldrich) (negative control) or in medium containing
1 lg/ml R848 (MabTech) and 1 lg/ml rhIL-2 (MabTech) for expan-
sion of B-cells. Two million cells were added per well in 24-well
plates (Nunc) and incubated for 6 days at 37 �C, 5 % CO2. ELISPOT
plates (Millipore) were coated with 15 lg/ml anti-human IgG
(MabTech), 10 lg/ml SARS-CoV-2 spike protein, or PBS only (neg-
ative control) at 4 �C overnight. Lymphocytes were incubated in
ELISPOT plates for 16 h (37 �C, 5 % CO2). IgG+ MBCs were detected
with 1 lg/ml biotinylated anti-IgG monoclonal antibody (Mab-
Tech) for 2 h at room temperature followed by Streptavidin-HRP
(1:1000) (MabTech). Spots were developed with 3,30,5,50-tetrame



L. Hansen, K.A. Brokstad, A. Bansal et al. Vaccine: X 13 (2023) 100262
thylbenzidine (TMB) ELISPOT substrate (MabTech). The plates
were counted using an ELISPOT reader (Advanced Imaging Devices,
Germany). Spike-specific spots were calculated as the mean of
duplicate wells after subtraction of negative controls and pre-
sented as spot forming units per million PMBCs (SFU/106 PBMCs).

SARS-CoV-2 T-cell responses

Spike-specific interferon-c (IFN-c), interleukin 2 (IL-2), and
double-positive IFN-c+, IL-2+ cytokine-producing T-cells were
quantified using an IFN-c/IL-2 FluoroSpot kit (MabTech), as previ-
ously described [14].

T-cell receptor (TCR) variable beta chain sequencing

EDTA samples were collected 0, 3- and 6-weeks post-
vaccination from all vaccinees for ultradeep immunosequencing
of the human TCRb chains complementarity determining region 3
(CDR3) using the immunoSEQ Assay (Adaptive Biotechnologies,
Seattle, WA). Extracted genomic DNA was amplified in a bias-
controlled multiplex PCR, followed by high-throughput sequenc-
ing. Sequences were collapsed and filtered in order to identify
and quantitate the absolute abundance of each unique TCRb
CDR3 for further analysis as previously described [15].

Identifying SARS-CoV-2-associated TCRb sequences

One-tailed Fisher’s exact tests were performed on all unique
TCRb sequences comparing their presence in SARS-CoV-2 PCR-
positive samples (n = 1954) with negative controls (n = 3903) gen-
erating a list of SARS-CoV-2-associated sequences which are exclu-
sive to, or greatly enriched, in PCR-positive samples. Filtering was
performed to remove potential false positives associated with
cytomegalovirus (CMV) seropositivity or human leukocyte antigen
(HLA) alleles in SARS-CoV-2 negative healthy populations [16].
SARS-CoV-2-associated sequences contains 8631 rearrangements.

We assigned subsets of our enhanced TCR sequences to spike,
and non-spike antigens based on data from multiplexed antigen
stimulation assays. 917 TCRs were assigned to the SARS-CoV-2
spike protein and 1564 to non-spike viral proteins. We inferred
whether an enhanced sequence was a CD4+ or CD8+ T-cell by sta-
tistically associating each sequence to a Class II or Class I HLA.
HLA associations are derived from a set of 657 SARS-CoV-2 positive
individuals who have genotyped HLAs. We built a binary logistic
regression classifier with L1 regularization to determine which
HLA best predicts the observed distribution of a given enhanced
sequence across all HLA-typed cases. The L1 regularization
strength was tuned to yield a single non-zero coefficient, giving a
single inferred HLA association for each enhanced sequence. The
inferred HLA associations were validated against the subset of
enhanced sequences which overlap with our multiplex antigen
stimulation assays [15].

Spike-specific TCR clonal breadth and depth were calculated
using the set of SARS-CoV-2-associated TCRb sequences. Breadth
is calculated as the number of unique SARS-CoV-2-associated rear-
rangements out of the total number of unique productive rear-
rangements, while depth accounts for the frequency of those
rearrangements in the repertoire.

Statistical analysis

Data were plotted using Graphpad Prism (version 9, La Jolla,
USA). Statistical analyses were performed in R (Version 4.1.2) using
the packages nlme and emmeans. We used linear mixed-effect
models to compare humoral and cellular responses after vaccina-
tion in younger and older adults over the 9-months and compared
3

to infected individuals with adjustments for demographic and clin-
ical data, and for subject variation with repeated measures. A sin-
gle global test for all possible 2-way interaction terms was
performed for each model to avoid multiple testing. The interac-
tion term was included in the model only if P � 0.01 to lower
the likelihood of a false positive result. The estimated effects of
covariates are presented with 95 % confidence intervals. Statistical
differences between pairs of group means were done by post-hoc
tests using Bonferroni adjustment for multiple comparisons.
P < 0.05 was considered statistically significant.
Results

Demographics of study population

We prospectively enrolled elderly and younger adults after
BNT162b2 vaccination (2 doses at 3-week intervals), consisting
of 449 younger adults (median 38 years old (yo), range 23–69yo,
69 % female) and 100 elderly (median 86yo, range 70–99yo, 63 %
female) (Fig. 1, Table 1). The elderly had more comorbidities
(84 %), mainly chronic heart disease, than younger adults (12 %).
Fifteen per cent of the elderly were taking immunosuppressive
medication, most commonly prednisolone for chronic obstructive
pulmonary disease or rheumatic disease, compared to 1 % of the
younger adults. Blood samples were collected at baseline, at 3-
weeks, 6-weeks, 5- and 9-months after the first vaccination
(Fig. 2A) and all vaccinees were pre-vaccination seronegative by
RBD ELISA.
BNT162b2 vaccination induces durable, but less robust humoral
immunity in older adults

We have conducted a comprehensive analysis of the kinetics
and durability of the humoral and cellular responses after
BNT162b2 vaccination. Binding IgG titers were measured against
recombinant spike protein by ELISA. The first vaccination elicited
spike-specific IgG in both groups, although the elderly had signifi-
cantly lower geometric mean titers (GMT) than the younger adults
(GMT 1503 vs 9578, P < 0.0001) (Fig. 2B). The second vaccination
boosted spike-specific IgG titers in all vaccinees with the highest
titers observed in younger adults, however, the elderly had a
higher fold increase after the second dose (mean fold increase 30
vs 7). In addition to age, a mixed-effects model showed that IgG
titers were also significantly lower for men than women and for
vaccinees with comorbidities (Table S1). The elderly had signifi-
cantly lower spike-specific IgG titers compared to the younger
adults at 5- and 9-months (GMT 5-months 4048 vs 14713, 9-
months 1483 vs 2724, P < 0.0001) (Fig. 2B), also when immunosup-
pressed individuals were excluded (Fig. S1). We used linear regres-
sion models to calculate the half-life of the spike-specific IgG
response from peak levels measured after the second dose. We
found that the geometric mean of the estimated IgG half-life was
3.1 months for the elderly compared to 3.6 months for the younger
adults.

We studied the neutralizing antibody response after vaccina-
tion in the elderly and a representative subgroup of younger adults
(Fig. 2C). Neutralizing titers were lower in the elderly than the
younger adults after the first dose (GMT 16 vs 29), where only
32 % of the elderly had detectable (�20) neutralizing antibodies
compared to 71 % of younger adults. The second dose boosted neu-
tralizing titers for both groups, with 92 % of the elderly having neu-
tralizing titer � 20 (GMT 115) compared to 100 % of the younger
adults (GMT 469). Although neutralizing antibodies waned in both
groups, titers were detectable in 100 % of younger adults (GMT
142) and 82 % of elderly (GMT 45) after 5-months. At 9-months



Fig. 1. Study population flowchart. Number of vaccinees eligible for inclusion at baseline and sampling of serum and peripheral blood mononuclear cell (PBMC) for the
participants during the study.

Table 1
Demographics of the study population.

Subgroup Younger adults, n (%) Older adults, n (%) Infected, n (%)

All1 B- and T-cells2 Subgroup 9 months All2 B- and T-cells2 All3 B- and T-cells4

Total number of subjects 449 34 111 100 24 183 68
Female/male 309/140 (69/31) 22/13 (63/37) 75/36 (66/34) 63/37 (63/37) 15/9 (62/38) 95/88 (52/48) 33/35 (5149)
Median age

[range]
38
[23–69]

39
[27–63]

41
[23–66]

86
[70–99]

86
[73–93]

47
[23–80]

45
[16–80]

Comorbidity5 54 (12) 2 (6) 13 (12) 84 (84) 21 (88) 74 (40) 27 (40)
Immunosuppression6 5 (1) 1 (3) 3 (3) 15 (15) 7 (29) 5 (3) 2 (3)

1 Sampled on day 0, 3- and 6-weeks, 5-months.
2 Sampled on day 0, 3- and 6-weeks, 5-months, 9-months.
3 Sampled at 2-, 6- and 12-months after diagnosis.
4 Sampled at 6-months (B-cells n = 10, T-cells n = 38) and 12 months (B- and T-cells n = 63).
5 Comorbidities include chronic heart disease, chronic lung disease, chronic liver disease, chronic kidney disease, diabetes, cancer, rheumatic disease, neurological disease,

autoimmune disease.
6 Inherent immunosuppressive disease, HIV, organ transplant, chemotherapy, Prednisone or other immunosuppressive medication.
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post-vaccination, 95 % of younger adults still had detectable neu-
tralizing antibodies (GMT 57), whereas the percentage of elderly
had decreased to 58 % (GMT 24). We estimated the half-life and
time for the neutralizing titers to fall below the level of detection
(<20). The geometric mean of the estimated half-life of neutralizing
titers was comparable for the younger adults (4.0 months) and the
elderly (4.3 months). However, the estimated duration of detect-
able neutralizing titers was 12.5 months for the younger adults
and only 6.2 months in the elderly (Fig. S2). Similarly to spike-
specific IgG, the linear mixed-effects model analysis showed that
the neutralizing antibodies were also lower for the elderly and
for men (Table S1).

PBMC were collected from a subgroup of 34 younger adults
and 24 elderly to investigate the spike-specific memory B-cell
(MBC) response by ELISpot after the first and second dose, and
long-term after 5- and 9-months (Table 1, Fig. 2D). The first dose
induced significantly higher levels of MBCs in the younger adults
4

compared to the elderly (P < 0.05). After the first dose, 87 % of
younger adults had detectable spike-specific MBCs (mean SFU
329, range 0–790), whereas MBCs were only detected in 38 %
of the elderly (mean SFU 68, range 0–440). The second vaccina-
tion boosted the number of MBCs in the elderly (mean SFU
198, range 0–1560), although four elderly subjects were non-
responders (17 %), two of whom were taking immunosuppressive
medication. In contrast, we found that the second dose induced
more limited boosting of MBCs in the younger adults (mean
SFU 348, range 0–1030), where two younger adults (6 %) had
no increase in MBCs. The MBCs were generally maintained after
5- and 9-months post-vaccination or increased moderately in
younger adults. The frequency of MBCs in the elderly increased
to mean SFU 228 (range 0–1240) after 5-months and mean SFU
251 (range 0–870) after 9-months, although this increase was
not significant. Similarly, the frequency of MBCs in younger
adults increased moderately to mean SFU 456 (range 10–2000)



Fig. 2. Durability of spike-specific humoral immune responses after BNT162b2 vaccination. (A) Study design showing time points for vaccination and blood sampling in
young adults (blue circles) aged 23–69 years (n = 449) and elderly persons (red triangles) aged 70–99 years (n = 100). Each symbol represents one individual. (B) Anti-spike
serum IgG endpoint titers measured by ELISA. Data are presented as geometric mean titer (GMT) with 95 % confidence intervals (CIs). (C) Neutralizing antibody responses
measured by microneutralization assay against the ancestral D614G strain in all elderly and a subgroup of adults including those that provided peripheral blood mononuclear
cells (PBMCs) (n = 41). The neutralizing titer was defined as the reciprocal serum dilution resulting in 50 % neutralization. The data are presented as GMT with 95 % CIs. (D)
Spike-specific memory B-cell responses were measured by ELISpot using PBMCs collected from a subgroup of vaccinated younger adults (n = 35) and elderly (n = 24). The
frequency of spike-specific memory B-cells were defined as spot forming units (SFU) per 106 PBMC. The data are presented as mean with 95 % CIs. Mixed-effects model with
normalized outcome variables with fixed effects of sex, age group, presence of comorbidity, use of immunosuppressive medication and age-by-time interaction (except
neutralization and memory B-cells), and individual repeated measures as a random factor. Significance of differences between pairs of group means was assessed by post-hoc
tests. P values were only reported if they were significant at the 5 % level after Bonferroni correction. ****P < 0.0001, **P < 0.01, *P < 0.05. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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after 5-months and mean SFU 521 (range 0–1360) after 9-
months.
BNT162b2 vaccination expands the spike-specific T-cell response

The immunoSEQ assay is a high throughput ultra-deep
sequence-based method to quantify spike-specific T-cell responses
after natural infection or vaccination [17]. This method allowed us
to assess the breadth and depth of the spike-specific TCR repertoire
for all vaccinees at baseline and after the first and second vaccina-
tion. Clonal breadth was defined as the relative number of distinct
spike-specific T-cell clonotypes as a fraction of the overall reper-
toire, and clonal depth as the extent of expansion of spike-
specific T-cells.

The spike-specific TCR breadth and depth increased in both
groups after the first and second vaccination, demonstrating
expansion of spike-specific T-cells (Fig. 3). The younger adults
had significantly higher TCR breadth (Fig. 3A) and depth (Fig. 3B)
compared to the elderly after the first and the second vaccination,
indicating that the elderly had fewer expanded T-cells and a nar-
rower spike-specific TCR repertoire (Table S2). The younger adults
had the highest fold increase in spike-specific TCR breadth after the
first vaccination (mean fold increase 11 vs 4), while the fold
increase was comparable between the groups after the second dose
(mean fold increase 1 vs 2). Overall, both the breadth and depth of
the spike-specific TCR repertoire was highest for the human leuko-
cyte antigen (HLA) class II-associated T-cells, indicating that CD4+

T-cells made up the largest proportion of the vaccine-induced T-
cell response.

To complement the TCR data, we analyzed the functionality of
the spike-specific T-cell response using PBMCs in the FluoroSpot
assay in a subgroup of younger adults (n = 34) and elderly
(n = 24) (Fig. 4, Table 1). Single cytokine-producing (IFN-c or IL-
2) T-cells (Fig. 4A–B) and double cytokine-producing IFN-c+, IL-2+
5

T-cells (Fig. 4C) were measured using overlapping peptide pools
from the spike protein. Spike-specific TCR breadth and depth cor-
related with the number of functional spike-specific T-cells mea-
sured by FluoroSpot (R = 0.462 and R = 0.375 respectively after
1st vaccination and R = 0.583 and R = 0.522 respectively after
2nd vaccination) (Fig. S2). The first vaccination increased IFN-c
and IL-2 single-producing and double-producing T-cells from base-
line levels in both groups, with all but one younger adult and two
elderly responding. The magnitude of the response was higher in
the younger adults than the elderly after the first dose, although
not significant. The second vaccination boosted T-cell responses
in both groups, with 96 % (23/24) responders among the elderly
and 100 % (34/34) responders among the younger adults. No signif-
icant difference in the T-cell responses were observed between the
younger adults and the elderly, although a trend towards higher
frequencies was consistently observed in the younger adults. The
spike-specific T-cells gradually declined from peak levels after
the second dose in both groups. Low frequencies of T-cells were
detected at 9-months in both vaccine groups, with no significant
differences between the groups. The proportion of single
cytokine-producing T-cells secreting IFN-c or IL-2 was similar after
3-weeks in both groups but became skewed more towards IFN-c
over time. This transition was faster in the younger adults than
the elderly (Fig. 4D). The proportion of IFN-c and IL-2 double-
producing T-cells was always lower than single cytokine producing
cells for both groups at all timepoints.
Age-dependent variation in spike-specific immune responses induced
by SARS-CoV-2 infection and vaccination

We then compared the magnitude and durability of spike-
specific immune responses induced by vaccination and SARS-
CoV-2 infection. Home-isolated, naturally infected participants
were prospectively recruited in March and April 2020 during the



Fig. 3. Spike-specific T-cell receptor sequencing after BNT162b2 vaccination. (A) The clonal breadth of the spike-specific T-cell receptor (TCR) repertoire measured by
immunoSEQ in vaccinated adults (blue circles) aged 23–69 years (n = 449) and elderly persons (red triangles) aged 70–99 years (n = 100). Blood samples were tested at
baseline, and 3 weeks after first and second vaccination (6 weeks post-first vaccination). Each symbol represents one individual. The proportion of unique spike-specific TCR
sequences (breadth) for all T-cells (top), CD4+ T-cells (middle) and CD8+ T-cells (bottom). Data are presented as mean with 95 % confidence intervals. (B) The frequency of
unique spike-specific TCR sequences (depth) for the total TCR repertoire (top), CD4+ T-cells (middle) and CD8+ T-cells (bottom). Mixed-effects model with normalized
outcome variables with fixed effects of sex, age group, presence of comorbidity, use of immunosuppressive medication and age-by-time interaction (except CD8+ TCR depth),
and individual repeated measures as a random factor. Significance of differences between pairs of group means was assessed by post-hoc tests. P values were only reported if
they were significant at the 5 % level after Bonferroni correction. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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first pandemic wave [12]. The infected group experienced mild-to-
moderate COVID-19 and consisted of 183 subjects (median age 47
yo, range 23–80 yo, 52 % female and 48 % male), where 40 % had
comorbidities and 3 % were taking immunosuppressive medication
(Table 1). Immune responses were measured 8-weeks, 6- and 12-
months after SARS-CoV-2-confirmed diagnosis and were compared
with responses measured at 6-weeks, 5- and 9-months after first
vaccination, respectively.

The second dose boosted spike-specific IgG to higher peak levels
at 6-weeks in both vaccine groups than the infected group 8-weeks
post-infection. Vaccinees had significantly higher IgG titers at 5-
months compared to the infected patients after 6-months,
although only the younger adults remained significantly higher
than the infected group after 9-months (Fig. 5A). Furthermore,
the younger adults had significantly higher peak neutralizing titers
at 6-weeks while the infected group had significantly higher neu-
tralizing titers after 12-months compared to the vaccinated elderly
at 9-months.

The durability of the spike-specific memory B and T-cell
responses were compared after vaccination and infection in a sub-
group of individuals (Table 1). There was a non-significant trend of
higher frequencies of MBCs in the infected group at 12 months
compared to the vaccinees at 9 months, with lower responses con-
sistently observed in the vaccinated elderly although only signifi-
cantly lower than the infected at 5–6 months (Fig. 5A). Durable
6

single cytokine-producing IL-2+ and double cytokine-producing
IFN-c+, IL-2+ T-cells were significantly higher 12-months post-
infection compared to 9-months post-vaccination in elderly and
younger adults (Fig. 5B). Whereas, single cytokine-producing IFN-
c+ T-cells were significantly higher in the infected group at 6–
12 months compared to only the elderly vaccinees after 5–
9 months. The radar chart shows that the infected group main-
tained humoral and cellular responses between 6- and 12-
months, whereas this was not observed in either of the vaccine
groups between 5- and 9-months post-vaccination with the excep-
tion of MBCs (Fig. 5C).

We further compared the age-specific magnitude and durability
of spike-specific antibody responses following vaccination and
infection. There were notable differences in the magnitude and
durability of IgG and neutralizing titers following vaccination and
infection for all age groups. We found that younger vaccinated sub-
jects (23–55 yo) had significantly higher IgG and neutralizing titers
than infected individuals of the same age during peak levels (6 vs
8 weeks post-infection) (Fig. 6A, D, Table S3). The difference in IgG
and neutralizing titers between younger infected and vaccinated
individuals decreased at 5-months (Fig. 6B, E), with no significant
differences between infected and vaccinated individuals aged 40–
69 yo observed by 9-months (Fig. 6C, F). In contrast, the infected
older individuals (70–99 yo) had significantly higher peak neutral-
izing titers, although similar peak IgG titers, than the vaccinees of



Fig. 4. Functional spike-specific T-cell responses after BNT162b2 vaccination. (A–C) The frequency of interferon-c (IFN-c) (A), interleukin-2 (IL-2) (B) and double cytokine-
producing spike-specific T-cell responses (C) measured by fluorospot in vaccinated adults (n = 35, blue circles) and elderly (n = 24, red triangles). Each symbol represents one
individual. T-cell frequencies are reported as spot-forming units (SFU) per 106 peripheral blood mononuclear cells at baseline, and 3 weeks after first and second vaccination
(6 weeks post-first vaccination) and 5- and 9-months post-first vaccination. Data are presented as mean with 95 % confidence intervals. (D) The proportion of T-cells
producing single cytokines IFN-c (green) or IL-2 (blue), or double-producing IFN-c and IL-2 (gray) in adults (top row) and elderly (bottom row). The proportions are presented
as percentage of single or double-producing T-cells of the total number of T-cells measured in the younger (n = 35) and older adults (n = 24). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the same age group. These infected 70–99 yo individuals also had
higher and more durable IgG and neutralizing titers at 12-months
post-infection compared to vaccinated subjects at 9-months
(Fig. 6C, F).

We compared the geometric mean of estimated time for neu-
tralizing titers to fall below the level of detection (neutralizing
titer < 20) for infected and vaccinated subjects. Our calculation
estimated that infected subjects aged 70–99 yo (n = 15) would
have detectable neutralizing antibodies for up to 14-months com-
pared to only 6-months for vaccinated elderly (n = 93), demon-
strating increased durability after infection for the oldest
individuals. This disparity was largest for subjects aged 56–69 yo
where the vaccinees (n = 13) were estimated to have detectable
neutralizing antibodies for 15-months compared to 28-months in
the infected subjects (n = 36). The durability of neutralizing anti-
body titers was more comparable for the two youngest age groups
23–39 yo (vaccinees 12 months, n = 20 vs infected 12 months,
n = 72) and 40–55 yo (vaccinees 15 months, n = 13 vs infected
17 months, n = 65).

In summary, infected individuals had more durable spike-
specific humoral and cellular immune responses at all ages, but
particularly antibody responses in older infected individuals.
Discussion

The rapid development and implementation of COVID-19 vacci-
nes have changed the trajectory of the COVID-19 pandemic. Vacci-
nation is the best method for protection against severe disease and
long-term sequalae. There is limited data on the longevity of
immune responses exceeding 6-months post-vaccination, espe-
cially among elderly persons who are at high risk of severe
COVID-19, which we aimed to address in this study. Here, we have
comprehensively investigated the kinetics and durability of
humoral and cellular immune responses in younger and old adults
7

following two doses of BNT162b2 vaccination for up to 9-months
and compared this to naturally infected home-isolated individuals.

Overall, we found that home-dwelling old adults had markedly
lower spike IgG and neutralizing antibody responses compared to
younger adult vaccinees, particularly 3-weeks after the first and
second vaccinations. At 9-months, both younger and older adults
had low neutralizing antibody titers, with only 58 % of the elderly
having detectable neutralizing antibodies compared to 95 % in the
younger adults. COVID-19 mRNA vaccines have been found to
induce a persistent germinal center reaction in young adults lead-
ing to durable antibody responses [18]. Immunosenescence is com-
monly observed in older persons and has been associated with
lower humoral and cellular immunity following SARS-CoV-2 vacci-
nation [8,19–21]. A diminished germinal center response has been
identified as a key contributing factor of poor humoral immunity in
elderly [19], which could explain the lower magnitude and hence
durability of the antibody response. Although antibody levels wane
over time, MBCs are detectable after mRNA vaccination and have
been reported to increase between 3 and 6-months, and also recog-
nize Delta and Omicron VOC [20,22,23]. Here we have extended
these findings to show that MBCs continue to increase up to 5-
months post-vaccination in the elderly and up to 9-months in
younger adult vaccinees. MBCs are an important part of durable
protection and two doses of BNT162b2 vaccine induce persistent
MBCs that rapidly respond to infection and produce neutralizing
antibodies to limit the infection, also local IgA in the saliva [24].
Furthermore, a third booster vaccination results in expansion of
MBCs that produce more potent and broadly reactive antibodies
[25]. We found that MBCs also persisted in the elderly for up to
9-months, likely contributing to protection and immunogenicity
of future booster vaccinations for this high-risk group.

Older individuals are at significantly higher risk of severe dis-
ease and death from COVID-19 [4,5], thus optimal immunogenicity
of vaccines is of great importance for this group. Longer spacing
between priming and booster doses could be beneficial for vaccine
distribution during a pandemic, where vaccine supply is limited.



Fig. 5. Spike-specific immune responses after vaccination and SARS-CoV-2 infection. (A) Spike-specific IgG titers, neutralizing titers and spike-specific memory B-cell
responses were measured for vaccinees 3 and 6 week, and 5- and 9-months post-vaccination and infected subjects at 8 weeks, 6- and 12-months post-infection. Spike-specific
IgG and neutralizing titers are presented as geometric means with 95 % confidence intervals (CIs). Spike-specific memory B-cell responses were measured by ELISpot using
peripheral blood mononuclear cells (PBMCs). The frequency of spike-specific memory B-cells were defined as spot forming units (SFU) per 106 PBMC. The data are presented
as the mean with 95 % CIs. Statistical significance was assessed between the infected group (green) and vaccinated older (red) or younger adults (blue) using a mixed effects
model for normalized outcome measures, adjusted for repeated-measure subject variance and demographic factors, and post-hoc tests with Bonferroni correction. Red stars
represent the significance level between the older adults and the infected group and blue stars represent significance level between the younger adults and the infected
group. IgG titer: younger adults n = 449, older adults n = 100, infected n = 198. Neutralizing titer: younger adults n = 43, older adults n = 100. Memory B-cells: younger adults
n = 34, older adults n = 24, infected 6 months n = 10, infected 12 months n = 63. (B) Spike-specific T-cell responses measured as the frequency of interferon-c (IFN-c),
interleukin-2 (IL-2) and double cytokine-producing spike-specific T-cells measured by FluoroSpot assay in vaccinees at 3- and 6-week, and 5- and 9-months post-vaccination
(younger adults n = 35, older adults n = 24) and infected subjects at 6 and 12 months post-infection (6 months n = 38, 12 months n = 63). Data are reported as mean SFU/106

PBMC with 95 % CIs. (C) Radar chart summarizing durable spike-specific immune responses in SARS-CoV-2 infected (left) and vaccinated younger adults (middle) and older
adults (right). The data are presented as means on a log-axis. NT (neutralizing titer), memory B-cell (MBC). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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The original licensure trials used a 3-week interval between the
first and second dose [2], however, longer intervals have been asso-
ciated with improved vaccine immunogenicity [26,27]. Our study
showed that the kinetics of homologous humoral immunity dif-
fered between older and younger adults. We found that younger
adults had robust antibody responses after the first dose and had
moderate boosting of MBCs after the second dose, as previously
observed [20,23], indicating that a prolonged interval is acceptable
for this group. In contrast, the first dose was markedly less
immunogenic in the elderly who had superior boosting of spike-
specific IgG titers and MBCs after the second dose compared to
the younger adults. Our data demonstrates the necessity of a short
3-week interval between first and second vaccine doses for the
elderly to provide optimal protection in a pandemic setting.
Another important aspect to inform public health responses and
vaccine deployment is the durability of the vaccine induced immu-
nity in different age groups. We calculated the estimated half-life
for spike-specific IgG and neutralizing titers and found that the
rate of waning was comparable between the younger and older
8

adults. However, the older vaccinees had significantly lower mag-
nitude of IgG and neutralizing titers compared to the younger
adults at all time points after vaccination, which may impact the
durability of protection. Detectable neutralizing titers were esti-
mated to last twice as long in the younger adults than the elderly
after vaccination. Interestingly, natural infection induced more
durable neutralizing titers estimated to last 8-months longer than
vaccination among the elderly. Real world effectiveness studies
show reduced protection from infection and symptomatic disease
6-months after vaccination, with older adults having the greatest
reduction [28]. These findings suggest that SARS-CoV-2 naive indi-
viduals over 70 years would benefit from a third booster dose by 5-
months after the first vaccination. Overall, our data provide valu-
able insights into the kinetics of the antibody response in the
elderly and may have implications for vaccine regimens and distri-
bution in the future.

Emerging data have demonstrated the importance of T-cells in
reducing infection and disease severity [29]. IL-2 is a cytokine pri-
marily produced by activated CD4+ T-cells and it is essential for T-



Fig. 6. Age-specific antibody responses after vaccination and natural SARS-CoV-2 infection. (A–F) Spike-specific IgG (A–C) and neutralizing titers (D–F) in vaccinated
individuals (n = 549) (dark blue circles) and infected individuals (n = 183) (green squares) were divided into 15-year age groups. Blood samples were collected 6-weeks after
the first vaccination (3-weeks after the second vaccination), 5- and 9-months post-vaccination. Home-isolated SARS-CoV-2 infected individuals (n = 183) provided blood
samples 8-weeks, 6- and 12-months post-acute infection. Data are presented as geometric mean titer (GMT) with 95 % confidence interval (CI) and each symbol represents
one individual. The threshold for detectable neutralizing antibodies (<20) is indicated with a dotted line. Multiple linear regression analysis was used to test if vaccination or
infection group predicted log normalized IgG or neutralizing titers, adjusted for repeated-measure subject variance and covariates sex, age, comorbidity, use of
immunosuppressive medication and age-by-group interaction. P values were only reported if they were significant at the 5 % level after Bonferroni correction. ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cell survival and differentiation, whilst IFN-c is important for mod-
ulating the adaptive immune response and for clearance of viral
pathogens. The frequencies of the spike-specific single and double
IFN-c and IL-2 producing T-cells were higher in the younger adults
than the elderly at early time points after vaccination, although not
significant, which is in agreement with previous findings [8]. Single
IL-2+ and double IFN-c+, IL-2+ T-cell responses were maintained at
a significantly higher level one year after infection than in vacci-
nees, irrespective of age. Future studies to investigate hybrid
immunity after infection and vaccination are needed for the
elderly.

The immunoSEQ assay is a sequence-based method based on
advanced statistical methods and machine learning to identify
and quantify spike-specific T-cell responses after natural infection
or vaccination. Our study demonstrates how recent developments
in understanding of the unique rearrangements (breadth) and fre-
quency of unique TCRs (depth) allows for high-throughput evalua-
tion of spike-specific T-cell responses in large cohorts after
vaccination. Lower TCR diversity against SARS-CoV-2 epitopes
has been associated with severe COVID-19 [30,31], demonstrating
the value of broader TCR repertoires. We found that BNT162b2
vaccination increased the breadth and depth of the spike-specific
CD4+ and CD8+ TCR repertoire in both younger and older adults,
with the second vaccination being particularly important in the
elderly. Others have shown that mRNA vaccination induces dur-
able polyfunctional CD4+ and CD8+ T-cell responses with a stem
cell memory phenotype [32]. Our results show that one dose of
mRNA BNT162b2 vaccine elicited broader spike-specific T-cell
responses, compared to previous reports of one dose of Ad26.
COV2.S vaccine [33]. Importantly, vaccine-induced spike-specific
T-cell responses are not severely impacted by SARS-CoV-2 VOC
[33,34] and Omicron is predicted to have 20–30 % reduction in
CD4+ and CD8+ spike-specific T-cell responses [35]. Therefore, T-
cells may still provide some degree of protection severe disease
and more so after booster or bivalent COVID vaccination.

Strengths of our study include the comprehensive immunolog-
ical comparison over time of vaccinated and infected cohorts, and
inclusion of the oldest vaccinees. Although the elderly subjects in
our study were home-dwelling with a number of comorbidities,
they may have been healthier than similar age groups in other geo-
9

graphical areas, as Norway has a high life expectancy. Although the
infected individuals experienced mild-to-moderate COVID-19 and
did not require hospitalization, we cannot determine if age and dis-
ease severity independently influence immune responses. This
study focused on spike-specific immune responses, but infected
individuals also have antibody and cross-reactive T-cell responses
to the more conserved nucleocapsid and membrane proteins [36].
Furthermore, a caveat of this study is the number of subjects pro-
viding PBMC, which limits our assessment of MBC and T-cell
responses.

Our data provide valuable information on the kinetics and dura-
bility of SARS-CoV-2 immune responses for younger adults and an
understudied, high-risk, elderly group. Of importance is our finding
of more durable binding and neutralizing antibody levels 12-
months after natural infection compared to 9-months after vacci-
nation, even in older individuals 70–99 years old. Likewise,
spike-specific MBC and T-cell responses were maintained one year
after infection, particularly evident for T-cell responses, which
waned after vaccination but were maintained after infection.
Although older adults had consistently lower spike-specific
immune responses after vaccination compared to younger adults,
the elderly had more robust and durable antibody responses after
infection. Our results indicate that infection induces more robust
and durable immune responses in the elderly, which is not
achieved by two doses of BNT162b2 vaccine. It is important to
emphasize that the persistence of symptoms and complications
after COVID-19 are well-documented and vaccine-induced immu-
nity is therefore the best and safest way to acquire immunity to
SARS-CoV-2 [37,38]. However, our study suggests that SARS-CoV-
2 immune responses induced by vaccination and infection are
inherently different in young and old adults. Further studies to
investigate how age affects the immune responses induced by
infection and vaccination are needed, and have the potential to
inform the rationale design of vaccines for older adults.
Data availability

All data are available in the main text or the supplementary
materials.



L. Hansen, K.A. Brokstad, A. Bansal et al. Vaccine: X 13 (2023) 100262
Declaration of Competing Interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: Ian Kaplan, Heidi Chapman, Rebecca Elyanow, Shahin
Shafiani are employed by Adaptive Biotechnologies.

Acknowledgements

We are grateful to all the vaccinees and home-isolated patients
who altruistically gave their time and blood samples to the study.
We would also like to thank the Clinical trials unit, Occupational
Health department and Infectious diseases unit at Haukeland
University Hospital for help with the study. We thank Professor
Florian Krammer, Department of Microbiology, Icahn School of
Medicine, Mount Sinai, New York, for supplying the RBD and spike
constructs, the clinical study staff and the Research Unit for Health
Surveys (RUHS), University of Bergen for collecting the infected
patient’s data.

Funding

The Influenza Centre is supported by the Trond Mohn Stiftelse
(TMS) [TMS2020TMT05], the Ministry of Health and Care Services,

Norway; Helse Vest [F-11628, F-12167, F-12621], the Norwegian
Research Council Globvac [284930]; the European Union [EU
IMI115672, FLUCOP, IMI2 101007799 Inno4Vac, H2020 874866
INCENTIVE, H2020 101037867 Vaccelerate]; the Faculty of Medi-
cine, University of Bergen, Norway; and Nanomedicines Flunanoair
[ERA-NETet EuroNanoMed2 i JTC2016] and Pasteur legatet &
Thjøtta’s legat, University of Oslo, Norway [101563]. Research unit
for health surveys/Forskningsenhet for helseundersøkelse received
support from TMS.

Author contributions

RJC, NL, KAB and KGIM conceptualized the study. LH, KAB, AB,
FZ, GB, TBO, AM, JSO, MCT performed experiments. RE, SS, HC, IK
performed the TCR sequencing and data analysis. HHS, NUE, EBF,
MS, HS, JSO, CT, KIGM performed the clinical studies. LH visualized
and managed the data. AB performed the statistical analyses. LH,
RJC, NL wrote the original draft and all authors reviewed and edi-
ted draft.

Bergen COVID-19 Research group

Kanika Kuwelker, Olav Ervik, Sonja Ljostveit, Bjørn Blomberg,
Siri Øyen, Lisbeth Mørk, Per Espen Akselsen, Trude Duelien Skorge,
Liv Heiberg Okkenhaug, Sarah L. Lartey, Håkon Amdam, Hauke
Bartsch, Dagrun Waag Linchausen.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jvacx.2023.100262.

References

[1] Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med 2021;384:403–16.

[2] Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med
2020;383:2603–15.

[3] Pallesen J, Wang N, Corbett KS, Wrapp D, Kirchdoerfer RN, Turner HL, et al.
Immunogenicity and structures of a rationally designed prefusion MERS-CoV
spike antigen. Proc Natl Acad Sci U S A 2017;114:E7348–57.
10
[4] Clift AK, Coupland CAC, Keogh RH, Diaz-Ordaz K, Williamson E, Harrison EM,
et al. Living risk prediction algorithm (QCOVID) for risk of hospital admission
and mortality from coronavirus 19 in adults: national derivation and
validation cohort study. BMJ 2020;371:m3731.

[5] Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.
Factors associated with COVID-19-related death using OpenSAFELY. Nature
2020;584:430–6.

[6] Helfand BKI, Webb M, Gartaganis SL, Fuller L, Kwon C-S, Inouye SK. The
exclusion of older persons from vaccine and treatment trials for coronavirus
disease 2019—missing the target. JAMA Intern Med 2020;180:1546–9.

[7] Parry H, Tut G, Bruton R, Faustini S, Stephens C, Saunders P, et al. mRNA
vaccination in people over 80 years of age induces strong humoral immune
responses against SARS-CoV-2 with cross neutralization of P.1 Brazilian
variant. eLife 2021;10.

[8] Tober-Lau P, Schwarz T, Vanshylla K, Hillus D, Gruell H, Group ECS, et al. Long-
term immunogenicity of BNT162b2 vaccination in older people and younger
health-care workers. Lancet Respir Med. 2021;9:e104–e5.

[9] Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing antibody levels are highly predictive of immune protection from
symptomatic SARS-CoV-2 infection. Nat Med 2021;27:1205–11.

[10] McMahan K, Yu J, Mercado NB, Loos C, Tostanoski LH, Chandrashekar A, et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature
2021;590:630–4.

[11] Zhong D, Xiao S, Debes AK, Egbert ER, Caturegli P, Colantuoni E, et al. Durability
of antibody levels after vaccination with mRNA SARS-CoV-2 vaccine in
individuals with or without prior infection. JAMA 2021.

[12] Kuwelker K, Zhou F, Blomberg B, Lartey S, Brokstad KA, Trieu MC, et al. Attack
rates amongst household members of outpatients with confirmed COVID-19 in
Bergen, Norway: a case-ascertained study. Lancet Reg Health Eur
2021;3:100014.

[13] Trieu M-C, Bansal A, Madsen A, Zhou F, Sævik M, Vahokoski J, et al. SARS-CoV-
2–specific neutralizing antibody responses in Norwegian health care workers
after the first wave of COVID-19 pandemic: a prospective cohort study. J Infect
Dis 2020;223:589–99.

[14] Mohn KG, Bredholt G, Zhou F, Madsen A, Onyango TB, Fjelltveit EB, et al.
Durable T-cellular and humoral responses in SARS-CoV-2 hospitalized and
community patients. PLoS One 2022;17:e0261979.

[15] Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ, Kahsai O, et al.
Comprehensive assessment of T-cell receptor beta-chain diversity in alphabeta
T cells. Blood 2009;114:4099–107.

[16] Elyanow R, Snyder TM, Dalai SC, Gittelman RM, Boonyaratanakornkit J, Wald A,
et al. T cell receptor sequencing identifies prior SARS-CoV-2 infection and
correlates with neutralizing antibodies and disease severity. JCI. Insight
2022;7.

[17] Gittelman RM, Lavezzo E, Snyder TM, Zahid HJ, Carty CL, Elyanow R, et al.
Longitudinal analysis of T cell receptor repertoires reveals shared patterns of
antigen-specific response to SARS-CoV-2 infection. JCI Insight 2022;7.

[18] Turner JS, O’Halloran JA, Kalaidina E, Kim W, Schmitz AJ, Zhou JQ, et al. SARS-
CoV-2 mRNA vaccines induce persistent human germinal centre responses.
Nature 2021;596:109–13.

[19] Lee JL, Linterman MA. Mechanisms underpinning poor antibody responses to
vaccines in ageing. Immunol Lett 2021;241:1–14.

[20] Sokal A, Barba-Spaeth G, Fernandez I, Broketa M, Azzaoui I, de La Selle A, et al.
mRNA vaccination of naive and COVID-19-recovered individuals elicits potent
memory B cells that recognize SARS-CoV-2 variants. Immunity
2021;54:2893–2907 e5.

[21] Palacios-Pedrero MÁ, Jansen JM, Blume C, Stanislawski N, Jonczyk R, Molle A,
et al. Signs of immunosenescence correlate with poor outcome of mRNA
COVID-19 vaccination in older adults. Nat Aging 2022;2:896–905.

[22] Kotaki R, Adachi Y, Moriyama S, Onodera T, Fukushi S, Nagakura T, et al. SARS-
CoV-2 Omicron-neutralizing memory B-cells are elicited by two doses of
BNT162b2 mRNA vaccine. Sci Immunol 2022:eabn8590.

[23] Goel RR, Apostolidis SA, Painter MM, Mathew D, Pattekar A, Kuthuru O, et al.
Distinct antibody and memory B cell responses in SARS-CoV-2 naive and
recovered individuals following mRNA vaccination. Sci Immunol 2021;6.

[24] Terreri S, Piano Mortari E, Vinci MR, Russo C, Alteri C, Albano C, et al. Persistent
B cell memory after SARS-CoV-2 vaccination is functional during breakthrough
infections. Cell Host Microbe 2022.

[25] Muecksch F, Wang Z, Cho A, Gaebler C, Tanfous TB, DaSilva J, et al. Increased
potency and breadth of SARS-CoV-2 neutralizing antibodies after a third
mRNA vaccine dose. Nature 2022;607:128–34.

[26] Grunau B, Goldfarb DM, Asamoah-Boaheng M, Golding L, Kirkham TL, Demers
PA, et al. Immunogenicity of extended mRNA SARS-CoV-2 vaccine dosing
intervals. JAMA 2021.

[27] Tauzin A, Gong SY, Beaudoin-Bussieres G, Vezina D, Gasser R, Nault L, et al.
Strong humoral immune responses against SARS-CoV-2 Spike after BNT162b2
mRNA vaccination with a 16-week interval between doses. Cell Host Microbe
2021.

[28] Feikin DR, Higdon MM, Abu-Raddad LJ, Andrews N, Araos R, Goldberg Y, et al.
Duration of effectiveness of vaccines against SARS-CoV-2 infection and COVID-
19 disease: results of a systematic review and meta-regression. Lancet
2022;399:924–44.

[29] Kundu R, Narean JS, Wang L, Fenn J, Pillay T, Fernandez ND, et al. Cross-reactive
memory T cells associate with protection against SARS-CoV-2 infection in
COVID-19 contacts. Nat Commun 2022;13:80.

https://doi.org/10.1016/j.jvacx.2023.100262
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0005
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0005
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0010
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0010
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0010
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0015
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0015
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0015
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0020
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0020
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0020
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0020
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0025
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0025
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0025
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0030
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0030
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0030
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0035
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0035
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0035
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0035
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0045
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0045
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0045
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0050
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0050
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0050
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0055
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0055
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0055
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0060
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0060
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0060
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0060
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0065
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0065
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0065
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0065
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0065
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0070
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0070
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0070
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0075
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0075
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0075
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0080
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0080
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0080
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0080
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0085
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0085
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0085
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0090
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0090
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0090
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0095
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0095
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0100
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0100
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0100
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0100
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0105
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0105
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0105
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0110
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0110
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0110
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0115
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0115
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0115
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0120
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0120
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0120
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0125
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0125
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0125
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0130
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0130
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0130
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0135
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0135
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0135
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0135
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0140
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0140
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0140
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0140
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0145
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0145
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0145


L. Hansen, K.A. Brokstad, A. Bansal et al. Vaccine: X 13 (2023) 100262
[30] Nelde A, Bilich T, Heitmann JS, Maringer Y, Salih HR, Roerden M, et al. SARS-
CoV-2-derived peptides define heterologous and COVID-19-induced T cell
recognition. Nat Immunol 2021;22:74–85.

[31] Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, et al. Broad and strong memory
CD4(+) and CD8(+) T cells induced by SARS-CoV-2 in UK convalescent
individuals following COVID-19. Nat Immunol 2020;21:1336–45.

[32] Guerrera G, Picozza M, D’Orso S, Placido R, Pirronello M, Verdiani A, et al.
BNT162b2 vaccination induces durable SARS-CoV-2 specific T cells with a
stem cell memory phenotype. Sci Immunol 2021:eabl5344.

[33] Alter G, Yu J, Liu J, Chandrashekar A, Borducchi EN, Tostanoski LH, et al.
Immunogenicity of Ad26.COV2.S vaccine against SARS-CoV-2 variants in
humans. Nature 2021;596:268–72.

[34] Gao Y, Cai C, Grifoni A, Muller TR, Niessl J, Olofsson A, et al. Ancestral SARS-
CoV-2-specific T cells cross-recognize the Omicron variant. Nat Med
2022;28:472–6.
11
[35] Keeton R, Tincho MB, Ngomti A, Baguma R, Benede N, Suzuki A, et al. T cell
responses to SARS-CoV-2 spike cross-recognize Omicron. Nature
2022;603:488–92.

[36] Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al. SARS-CoV-
2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected
controls. Nature 2020;584:457–62.

[37] Blomberg B, Mohn KG, Brokstad KA, Zhou F, Linchausen DW, Hansen BA, et al.
Long COVID in a prospective cohort of home-isolated patients. Nat Med
2021;27:1607–13.

[38] Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Re’em Y, et al. Characterizing
long COVID in an international cohort: 7 months of symptoms and their
impact. EClinicalMedicine 2021;38:101019.

http://refhub.elsevier.com/S2590-1362(23)00003-7/h0150
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0150
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0150
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0155
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0155
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0155
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0160
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0160
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0160
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0165
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0165
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0165
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0170
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0170
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0170
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0175
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0175
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0175
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0180
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0180
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0180
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0185
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0185
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0185
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0190
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0190
http://refhub.elsevier.com/S2590-1362(23)00003-7/h0190

	Durable immune responses after BNT162b2 vaccination in home-dwelling old adults
	Introduction
	Methods
	Participants
	Vaccine
	Vaccine study design
	Clinical information
	Serological assays
	Enzyme-linked immunosorbent assay (ELISA)

	Microneutralization assay
	Memory B-cell Enzyme-linked immunosorbent spot assay (ELISPOT)
	SARS-CoV-2 T-cell responses
	T-cell receptor (TCR) variable beta chain sequencing
	Identifying SARS-CoV-2-associated TCRβ sequences
	Statistical analysis

	Results
	Demographics of study population
	BNT162b2 vaccination induces durable, but less robust humoral immunity in older adults
	BNT162b2 vaccination expands the spike-specific T-cell response
	Age-dependent variation in spike-specific immune responses induced by SARS-CoV-2 infection and vaccination

	Discussion
	Declaration of Competing Interest
	ack23
	Acknowledgements
	Funding
	Author contributions
	Bergen COVID-19 Research group
	Appendix A Supplementary material
	References


