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Vaccine responsiveness is often reduced in older adults. Yet, our lack of
understanding of low vaccine responsiveness hampers the development of
effective vaccination strategies to reduce the impact of infectious diseases in
the ageing population. Young-adult (25-49y), middle-aged (50-64 y) and
older-adult (= 65 y) participants of the VITAL clinical trials (n = 315, age-range:
28-98 y), were vaccinated with an annual (2019-2020) quadrivalent influenza
(QIV) booster vaccine, followed by a primary 13-valent pneumococcal-con-
jugate (PCV13) vaccine (summer/autumn 2020) and a primary series of two
SARS-CoV-2 mRNA-1273 vaccines (spring 2021). This unique setup allowed
investigation of humoral responsiveness towards multiple vaccines within the
same individuals over the adult age-range. Booster QIV vaccination induced
comparable H3N2 hemagglutination inhibition (HI) titers in all age groups,
whereas primary PCV13 and mRNA-1273 vaccination induced lower antibody
concentrations in older as compared to younger adults (primary endpoint).
The persistence of humoral responses, towards the 6 months timepoint, was
shorter in older adults for all vaccines (secondary endpoint). Interestingly,
highly variable vaccine responder profiles overarching multiple vaccines were
observed. Yet, approximately 10% of participants, mainly comprising of older
male adults, were classified as low responders to multiple vaccines. This study
aids the identification of risk groups for low vaccine responsiveness and hence
supports targeted vaccination strategies. Trial number: NL69701.041.19,
EudraCT: 2019-000836-24.

Vaccination is crucial in our fight against morbidity and mortality
caused by infectious diseases. Yet, some individuals, specifically those
of older age are not sufficiently protected by today’s vaccination
programs, which entails risks for severe disease. These gaps in pro-
tection lead to high medical costs and increased societal impact
of infectious diseases in the rapidly aging population'>. Hence,
more effective vaccination strategies for older adults are urgently
needed.

Currently, annual influenza vaccination as well as vaccination
against pneumococci is advised for adults above 65 years of age in
most countries. In the Netherlands, both vaccines are advised from the
age of 60 years old. Likewise, older individuals have been a focus group
for vaccination against severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). However, vaccination efficacy as well as humoral and
cellular immune responses decline with advancing age*. This decline
in vaccine-induced immunity is a result of a general functional
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deterioration of the immune system with advancing age, also referred
to as immunosenescence'®™, and may be associated with sex
hormones'". Previous research has unraveled phenotypical changes
in the aging immune system and has identified major influences for
non-heritable factors in aging immunity'. Still, this has not yet led to a
better understanding of reduced vaccine responsiveness.

Remarkably, vaccine responsiveness is highly variable among
individuals, indicating that the pace of immunosenescence varies
between individuals'’®, Subsequently, future successful vaccination
strategies for the aging population could be directed more towards
groups or individuals most at risk for severe infections and low vaccine
responsiveness, rather than chronological age only.

The development of new vaccination strategies for these groups is
currently hampered by our lack of understanding of the immunolo-
gical mechanisms underlying inferior responses to vaccination.
Moreover, head-to-head comparison of an individuals’ responses
towards multiple vaccines is required to determine whether the risk for
low vaccine responsiveness depends on vaccine type or is transcend-
ing over multiple vaccines. To identify risk groups for low vaccine
responsiveness, associations of demographic characteristics and
health status with low vaccine responsiveness should be thoroughly
investigated. The age-associated decline in health, leading to physical
impairment, disease, and mortality could be captured in the Frailty
Index"?°.

To increase our knowledge on vaccine responsiveness with
advancing age, we here present the results of an unique vaccination
study, in which individuals divided over 3 age groups (young adults
(YA) 25-49y, middle-aged adults (MA) 50-64y, older adults (OA) >
65 y) were consecutively vaccinated with 3 different vaccines within a
timeframe of two years”. Every participant received a seasonal quad-
rivalent inactivated influenza (QIV) booster vaccination in the autumn
of 2019, followed by a primary 13-valent pneumococcal-conjugate
(PVC13) vaccination up to a year later (summer/autumn 2020), and
finally a primary vaccination series of two SARS-CoV-2 mRNA-1273
(mRNA-1273) vaccines in the spring of 2021.

The primary aim of the study was to compare the short-term
(28 days) humoral vaccine responses following primary (PCV13 and
mRNA-1273) and booster (QIV) vaccination between the different age
groups, whereas the secondary aim was to compare the persistence of
these humoral responses 6 months post-vaccination between the age
groups. Finally, this study has the unique opportunity to explore vac-
cine responsiveness transcending over multiple different vaccines
within the same individual and associate responsiveness to health
demographics such as the Frailty Index.

Our results indicate comparable induction of humoral immunity
following booster QIV vaccination in all age groups, whereas lower
humoral responses following primary PCV13 and mRNA-1273 vaccina-
tions were observed in older adults. Secondly, a shorter persistence of
humoral responses following all vaccines was observed in the older
adults. Importantly, we show that the quantity of vaccine-induced
humoral immunity within one individual is vaccine-type specific.
However, a small group of primarily older male adults showed low
antibody concentrations following multiple vaccines. This finding
guides the identification of risk groups for low vaccine responsiveness
and supports targeted vaccination strategies.

Results

Study population

A total of 326 participants were included in this study (Fig. 1A), of
whom 315 participants met the per-protocol (PP) criteria for at least
one vaccine (YA n=59, MA n=95, OA n=161) (Fig. 1B; Supplementary
Table 1). The average age of young, middle-aged and older adults was
36 (range 25-49), 58 (range 50-64), and 76 (range 65-98) years
respectively. 34%, 41%, and 53% of young, middle-aged, and older
adults respectively were male. The mean body mass index (BMI)

ranged from 24 in the young to 26 in the older adults. Middle-aged and
older adults on average received 5 seasonal influenza vaccinations
since 2014, whereas this was on average 3 in the young adults. The
median frailty index increased from 0.07 (range 0.0-0.27) in the
young adults to 0.10 (range 0.01-0.36) in the middle-aged and 0.18
(range 0.03-0.53) in older adults. As expected, the number of medi-
cations and incidence of chronic health conditions were higher in the
older age groups compared to the young adults.

The primary endpoint of the study, humoral response 28 days
post-vaccination, was analyzed in 307 participants (YA n=56, MA
n =94, OA n=157) for the QIV vaccine, 275 participants (YA n=51, MA
n=384, OA n=140) for the PCV13 vaccine and 202 participants (YA
n=43, MA n=75, OA n = 84) for the mRNA-1273 vaccine. Importantly,
43 older individuals (mean age = 84 y (range 76-98 years)) received the
BNT126b2 vaccine during the regular COVID-19 vaccination programin
the Netherlands and hence were analyzed separately.

Additionally, humoral responses for both QIV and PCV13 vacci-
nation were available and analyzed in 267 participants (YA n=48, MA
n=83, OA n=136) while 190 participants (YA n=41, MA n=70, OA
n=79) had data available for all three vaccines, including mRNA-1273.
The numbers and reasons for exclusions in every step of the clinical
trial are depicted on the left side of Fig. 1B. Of note, some participants
were temporally excluded from the QIV (n=8) and PCVI3 (n=11)
analysis due to missing titer information or short-term corticosteroid
use. Baseline characteristics for all different sub-analyses of the clinical
trial are depicted in Supplementary Table 1.

Booster QIV vaccination induced protective H3N2-specific HI
titers in the majority of individuals from all age groups
QIV responsiveness was analyzed using the influenza A-specific
hemagglutination inhibition (HI) titers. The annual booster QIV vacci-
nation induced a significant (p <0.0001) increase in H3N2 HI titer
28 days post-QIV vaccination in all age groups compared to the pre-
QIV timepoint (Fig. 2A). The percentage of H3N2-specific responders,
based on an HI titer of >40 at 28 days post-QIV vaccination and an
increase of >4 as compared to the pre-QIV timepoint, was 61%, 66% and
60% in the young adults, middle-aged adults and older adults respec-
tively. At this timepoint, the H3N2-specific HlI titers did not significantly
differ between the age groups (median (min-max)): (YA=136.5
(5-1810), MA=80.0 (5-1280), and OA=80.0 (5-1810)) (Fig. 2A).
Moreover, no correlation (r =—0.011, p = 0.85) between age and H3N2-
specific HI titers 28 days post-vaccination was observed (Supplemen-
tary Fig. 1A). Of note, a slightly higher H3N2 titer was observed in
female older adults as compared to male older adults (p=0.012)
(Supplementary Table 2). However, these differences were not sig-
nificant after correcting for multiple testing. A positive correlation
between the pre-vaccination and 28 days post-vaccination H3N2 titers
was observed in all age groups (YA: r = 0.444 p = 0.0006, MA: r = 0.487
p <0.0001, OA: r=0.527 p < 0.0001 (Supplementary Fig. 1B)).

Whereas high pre-vaccination HINI HI titers were observed in all
age groups, these titers were significantly higher in young adults as
compared to the other age groups (MA: p=0.0003, OA: p < 0.0001).
Similarly, 28 days post-QIV vaccination the HIN1 HI titers were sig-
nificantly higher in young adults as compared to middle-aged
(p=0.002) and older adults (p<0.0001) (median (min-max)):
YA:160 (5-905.1), MA:68.3 (5-640), and (OA:56.6 (5-2560)) (Fig. 2B).
However, based on the above-mentioned responder criteria, only 5%,
16% and 13% of the young adults, middle-aged adults and older adults
respectively, were classified as responder for HIN1, which can be
explained by the high pre-vaccination titers in this cohort. Therefore,
influenza A-specific responsiveness following QIV vaccination was
further studied using the H3N2-specific HI titers.

Persistence of the humoral response was assessed in 281 partici-
pants (52 young adults, 87 middle-aged adults, and 142 older adults).
Due to the COVID-19 lockdown the majority of the samples was drawn
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Fig. 1| Cohort timeline and participants flow chart. A Timeline of vaccination
cohort with blood drawing timepoints from which samples are used in this
reported indicated. The samples used for the primary endpoint analysis (per vac-
cine) are indicated in bold and underlined. (#) Pre-QIV blood sampling started in
summer 2019, while vaccination started in autumn 2019, when the vaccine was
available. (*) The SARS-CoV-2 pandemic lockdown caused a temporary interruption
of the trial. N =40 participants were sampled before the lockdown. For the other
participants, the 6 months post-QIV vaccination timepoint was extended up to

Older adults 79

12 months. Sampling and PCV13 vaccination started again in summer/autumn 2020.
Created with Biorender.com (B) Participants flow chart indicating the number and
age of participants included in the primary endpoint analyses of the different arms
of the cohort. Exclusions are divided into definite and temporarily exclusions and
reasons for exclusion are given. (*) A large group of older participants was excluded
for mRNA-1273 vaccination, due to administration of prior COVID-19 vaccination in
the general vaccination program of the Netherlands in winter 2021. This group is

analyzed separately as BNT162b2 study group.

around 300 days post-QIV vaccination in all age groups (Fig. 2C).
Despite this enlarged sampling window, the distribution of sampling
time was equal between the age groups and allowed for longitudinal
analysis (Fig. 2D). Mixed model analysis revealed a significantly lower
H3N2 HI titer at this long-term timepoint in both middle-aged (3 Coeff.
[std error]=-0.60 [0.23] p=0.01) and older adults (B Coeff. [std
error] =-0.50 [0.21] p=0.018) as compared to young adults (pre-
dicted values [95%CIl: YA=77.93 [54.53-111.37], MA=42.97
[32.61-56.63] and OA =47.0 [37.87-58.33]).

While not significantly different (p = 0.515), middle-aged and older
adults show proportionally more participants with an H3N2 HI titer
below 40 (YA =28.3%, MA =36.8%, and OA =36.6%) at this long-term
timepoint (Fig. 2C). More importantly, 3.8% of the young, 13.8% of the
middle-aged, and 16.2% of the older adults possessed H3N2 titers
under the assay detection limit of 10. Also at this long-term timepoint,
a higher H3N2 titer was observed in female as compared to male older
adults (p =0.04)(Supplementary Table 2).

Primary PCV13 vaccination induced lower IgG responses and a

limited breadth of response in older adults

Next, we analyzed the pneumococcal serotype-specific antibodies
induced by the primary PCV13 vaccination. A significant increase in IgG
concentrations at the 28 days post-vaccination timepoint was observed
for all 13 serotypes in all age groups (p < 0.0001 for all) (Fig. 3A). Pre-
vaccination, older adults had significantly lower IgG concentrations for
serotypes 1 (YA: p=0.001, MA: p=0.035) and 3 (YA: p=0.0004, MA:
p <0.0001), whereas middle-aged adults showed significantly higher
serotype 6B (OA: p=0.013) and 14 (YA: p =0.004, OA: p=0.018) spe-
cific IgG as compared to the other age groups (Fig. 3A).

At 28 days post-PCV13 vaccination, the IgG concentrations specific
for serotypes1, 4, 6A, 6B, and 23F, were found significantly lower in older
adults as compared to the young adult (serotype 1: p=0.008, 4:
p<0.0001, 6A: p=0.007, 6B: p=0.0002, 23F: p=0.0001), whereas
middle-aged adults also showed a significantly lower serotype 4 and 23F-
specific IgG concentration as compared to the young adults (serotype 4:
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specific HI titers per age groups plotted at the timepoint of sampling. D The
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p=0.002, 23F: p=0.01) (Fig. 3A). A trend towards a lower IgG con-
centration at the 28 days post- PCV13 vaccination timepoint was also
observed for the remaining serotypes (Supplementary Table 3). Weak
but significant negative correlations between age and the 28 days post-
PCV13 IgG concentrations were observed for the pneumococcal ser-
otypes 1 (r=-0.156, p=0.009),4 (r=-0.235, p<0.0001),5 (r=-0.183,
p=0.002),6A (r=-0.146, p=0.015),6B (r=-0.208, p=0.001), and 23F
(r=-0.251, p < 0.0001)(Supplementary Table 4).

In addition, positive correlations were observed between the
pneumococcal serotype-specific pre-vaccination and 28 days post-
PCVI13 vaccination IgG concentrations for the majority of serotypes,
the strength of these correlations was similar in all age groups (Sup-
plementary Fig. 2). Moreover, the IgG concentrations specific for ser-
otypes 5, 6A and 6B strongly correlated amongst each other in all age
groups. Interestingly, the 28 days post-PCV13 vaccination IgG con-
centrations for the remaining serotypes did not or only weakly corre-
late within the young adults, while a stronger correlation was observed
in the middle-aged and especially older adults (Supplementary Fig. 3).

Subsequently, the breadth of the response to PCV13 was investi-
gated. Here the number of serotypes an individual is responding to was
calculated, based on a serotype-specific IgG concentration >1.3 ug/mL
at 28 days post-PCV13 vaccination and at least a 2-fold increase as
compared to the pre-PCVI3 timepoint, criteria commonly used to
identify pneumococcal antibody responders® . Middle-aged
(p=0.027) and older adults (p < 0.0001) significantly responded to a
lower number of serotypes as compared to young adults (Fig. 3B).
Furthermore, the percentage of participants with a response to at least
70% of the serotypes, criteria also often employed to determine PCV13
responsiveness®?*, was significantly higher in the young adults (80%)
as compared to middle-aged (58%, p = 0.0084) and older adults (48%,
p <0.0001). Specifically, the percentage of older adults responding to
the serotypes 1 (p=0.008), 4 (p=0.0001), 6A (p=0.01), 6B
(p=0.004), 7F (p=0.04), 9V (p=0.002) and 23F (p=0.0001) was
significantly lower as compared to the young adults and for serotypes
4 (p=0.04), 7F (p=0.02), 9V (p=0.02) and 23F (p=0.03) as com-
pared to the middle-aged adults, whereas the percentage of middle-

aged adults responding to serotypes 1 (p =0.03), 4 (p=0.03) and 23F
(p =0.03) was significantly lower as in the young adults (Supplemen-
tary Table 3). Combined these results emphasize a gradual decline in
the breadth of the response to PCV13 from young to older adults.

Interestingly, the variation in IgG concentrations was significantly
different between the age groups for the serotypes 3 (p=0.022), 4
(p<0.001), 7F (p=0.098), 9V (p<0.001), 19F (p=0.043) and 23F
(p =0.03), serotypes for which older adults showed a large variation in
antibody concentrations. Hence, the longitudinal response to PCV13
vaccination (pre-PCV13 and 7 days, 28 days, and 6 months post-PCV13)
in 45 young adults, 78 middle-aged adults, and 134 older adults
(Fig. 3C) was analyzed using linear mixed models. This analysis
revealed significantly lower IgG concentrations to all serotypes, except
to serotype 14, 7 days post-vaccination in older adults as compared to
younger adults, whereas this was only observed for serotypes 1, 4, and
23F in middle-aged adults (Fig. 3C and Supplementary Table 5). At
6 months post-PCV13 vaccination, serotypes 1, 3, 4, 6A, 6B, and 23F-
specific IgG concentrations were lower in the older adults as compared
to the young adults, which was only found for serotype 23F in middle-
aged adults (Fig. 3C and Supplementary Table 5).

Of interest, no associations between sex and PCV13 responsive-
ness were observed (Supplementary Table 2).

A primary series of mRNA-1273 vaccination induced lower Spike-
specific IgG responses in older adults

Next, we analyzed the induction of humoral responses following a
primary series of 2 doses of the mRNA-1273 vaccine. A strong increase
in Spike-specific S1 IgG concentration was observed in all age groups
(p <0.0001 in all) (Fig. 4A). Pre-vaccination, only 2 young, 4 middle-
aged, and 4 older adults possessed a Spike-specific S1 IgG concentra-
tion above the seropositivity level of 10 BAU/mL. Moreover, a
nucleocapsid (N) specific IgG concentration above the cut-off level for
seropositivity (14.3 BAU/mL) was observed in only 1 young, 3 middle-
aged, and 1 older-adult, which confirms that this cohort is highly naive
for SARS-COV2 before vaccination. Also, these pre-vaccination N-spe-
cific 1gG concentrations did not differ between the age groups
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(p=0.61) (Fig. 4B). At 28 days post 2nd mRNA-1273 vaccination, a
strong trend to a lower Spike Sl-specific IgG concentration was
observed in older adults compared to young adults (p=0.065) (geo-
metric mean IgG concentration in BAU/mL (95% CI): YA=2587.8
(2203.9-3038.5), MA=22179 (1874.5-2623.3), and OA=1832.3
(1513.5-2218.3)) (Fig. 4A). This finding was supported by the observa-
tion of a weak negative correlation between the Spike S1-specific IgG

and age (r =-0.165, p = 0.02) (Supplementary Fig. 5A). Interestingly, the
variation in antibody concentrations at this timepoint differed
between the age groups (p=0.024) and was enlarged in the older
adults. While not remaining significantly after correction for multiple
testing, the Spike-specific S1 IgG concentrations were significantly
higher in female middle-aged adults as compared to middle-aged
males (p = 0.02)(Supplementary Table 2).
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Fig. 3 | PCV13 vaccination induced pneumococcal serotype-specific IgG con-
centrations. A The pre- and 28 days post- PCV13 vaccination pneumococcal
serotype-specific IgG concentrations (ug/mL) (presented on a logl0 scale) split by
age group (young adults n = 51, middle-aged adults n = 84, older adults n =140). The
boxplots indicate the median and interquartile range. All individual values, from
min to max, are plotted behind the boxplot. Per timepoint, the antibody con-
centrations are statistically compared between the 3 different age groups with the
Kruskall-Wallis test and corrected for multiple comparisons with Bonferroni cor-
rection. The exact p-values at the 28 days post-vaccination timepoint comparing YA
and OA: serotype 1: p=0.008, 4: p<0.0001, 6A: p=0.007, 6B: p=0.0002, 23 F:
p=0.0001 and comparing YA and MA: serotype 4: p=0.002, 23F: p=0.01.
*p<0.05, *p<0.01, **p<0.001, ***p <0.0001. B Comparison of the number of

pneumococcal serotypes an individual is responding to 28 days post-PCV13 vac-
cination based on a serotype-specific IgG concentration of >1.3 yg/mL and an at
least 2-fold increase as compared to the pre-vaccination timepoint between the
different age groups (young adults n =51, middle-aged adults n =84, older adults
n=140). The black lines indicate the median. The different age groups are com-
pared with the Kruskall-Wallis test and corrected for multiple comparisons with
Bonferroni correction. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. The exact
p-values are: MA vs YA: p =0.027, OA vs YA: p < 0.0001. C The longitudinal (pre-,
7 days, 28 days, and 6 months post PCV12 vaccination) pneumococcal strain-
specific IgG concentrations split by the different age groups (young adults n =45,
middle-aged adults n =78, and older adults n=134). The lines indicate the mean
and standard error of the mean. Source data are provided as a Source data file.
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Fig. 4 | The mRNA-1273 vaccination induced Spike S1-specific IgG concentra-
tions. A The pre- and 28- days post 2nd mRNA-1273 vaccination Spike Sl-specific
IgG concentrations (BAU/mL) (presented on a loglO scale) split by age group
(young adults n =43, middle-aged adults n =75, older adults n = 84). The boxplots
indicate the median and interquartile range. All individual values, from min to max,
are plotted behind the boxplot (B) The nucleocapsid (N) specific IgG concentra-
tions (BAU/mL) at the pre-vaccination timepoint compared between the different
age groups. The dotted line indicated the N-specific cut-off for seropositivity
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(14.3 BAU/mL). C The longitudinal (pre-, 28 days, and 6 months post 2nd mRNA-
1273 vaccination) Sl-specific IgG concentrations split by the different age groups
(young adults n =41, middle-aged adults n =73, and older adults n=82). The lines
indicate the mean and standard error of the mean. No statistics are indicated in this
graph. In both (A and C), the gray dotted line (SI-specific IgG =10 BAU/mL) indi-
cates the cut-off for seropositivity. The black dotted line (SI-specific IgG =300
BAU/mL) indicates the cut-off for a high response. Source data are provided as a
Source data file.

Also here, the mixed models investigating the longitudinal
responses indicate a significantly lower Spike Sl-specific IgG con-
centration in the older adults as compared to the young adults (§
Coeff. [std error] = —0.48 [0.17] p = 0.0071) (predicted values [95%CI]:
YA=414.3 [313.1-548.1], MA=3239 [262.6-399.5] and OA=257.6
[211.3-314.0] BAU/mL) 6-month post the 2nd vaccination (Fig. 4C). At
this long-term timepoint, all participants still had a Spike-specific S1
IgG concentration above the seropositivity level of 10 BAU/mL.
Moreover, higher Spike-specific S1 IgG concentrations were found in
middle-aged (p=0.02) and older (p=0.02) female participants as
compared to their male counterparts (Supplementary Table 2).

Noteworthy, the oldest adults who were vaccinated with BNT162b2
in the general vaccine program (mean age 84 years, range 76-98 years)
also showed an adequate (above 300 BAU/mL) Spike Sl-specific IgG
concentration (geometric mean 629.3 (range 462.5-1036.0) BAU/mL)
28 days post 2nd BNT162b2 vaccination (Supplementary Fig. 4A). A
trend towards a significant negative association between the Spike S1-
specific IgG concentrations and age was also observed in this sub-
cohort (r=-0.279, p = 0.07) (Supplementary Fig. 5B). In this group, the
S1-specific geometric mean IgG concentration at 6 months post 2nd
BNT162b2 vaccination was reduced to 88.1 (52.1-149.2) BAU/mL (Sup-
plementary Fig. 4B) and 3 older adults had an Sl-specific IgG con-
centration below the seropositivity level of 10 BAU/mL.

Response profiles transcending over multiple vaccines largely
vary between individuals independent of age groups, yet a small
group of individuals responds low to multiple vaccines

Finally, to identify individuals at risk for general low vaccine respon-
siveness, an individual’s responsiveness towards multiple vaccines was
investigated. Initial analysis indicated an absence of correlation
between the 28 days post-QIV, PVC13, and mRNA-1273 vaccination
antibody titers in all age groups (Supplementary Table 6).

To allow comparison of the response between the different vac-
cine-types, the 28 days post- vaccination antibody titers were divided
into quartiles, and an individual’s response score was determined for
all vaccines separately (1=Iow, 2-3=nominal, and 4=high) (see
“Methods” section). Initial analysis focused on the QIV and PCV13
responses in the 267 participants included in the dual vaccine analysis
(Fig. 1B). The percentage of individuals in the lowest category (1) was
lowest in the young adults (QIV: 14.6% and PCV13: 8.3%) and largest in
the older adults (QIV: 30.1% and PCV13: 30.9%) (Supplementary
Table 7). Interestingly, the proportions of individuals in the highest
response category (4) was similar between the young (QIV: 27.1% and
PCV13: 25%) and older adults (QIV: 25.7% and PCV13: 29.4%). Compar-
ison of the response scores between the 2 vaccines within one indivi-
dual reveals large differences in the level of induced humoral immunity
between these 2 vaccines (Fig. 5A). Next, the dual vaccine response
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Fig. 5 | Multiple vaccine responsiveness. A Dual (QIV and PCV13) and B Triple
(QIV, PCV13, and mRNA-1273) vaccine responsiveness. The 28 days post-vaccination
antibody titers are divided into quartiles, where number 1 indicated the lowest and
number 4 the highest quartile of responders. Per vaccine, each individual is
assigned to a quartile based on the 28 days post-vaccine antibody concentration.
Every line indicates the trajectory of an individual between the different vaccines
indicated. The line color indicated the age group of an individual. C Hierarchical
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clustering of all individuals based on the response scores for all three vaccines. The
scores indication ranges from gray (low,1) to dark blue (high, 4). Age group, sex,
and cluster number are depicted in the different colors on the left side of the
heatmap. In (A): young adults n =48, middle-aged adults n =83, and older adults
n=136, and in (B, C) young adults n =41, middle-aged adults n=70, and older
adults n=79. Source data are provided as a Source data file.

score per individual was defined as the average quartile score for QIV
and PCV13 and demographic characteristics were compared between
individuals in the 4 different dual response groups (Table 1). Indivi-
duals in the lowest dual vaccine response group (n=20, 7.5%), our
primary interest, were older as compared to the other response groups
and more often of the male sex (n=14, 70%). In addition, a lower pre-
vaccination H3N2 vaccination titer was observed in the lowest dual
vaccine response group, whereas BMI, the Frailty Index, EQ-5D-3L
score, and the number of prescription medications used were equal
between the groups.

Subsequent analysis of triple vaccine responsiveness (Fig. 5B) in
a sub-cohort of 190 individuals (Fig. 1B) indicated a large mixture in
humoral immunity induced by multiple vaccines, both within and
between individuals. Due to the exclusion of a group of individuals
who did not receive mRNA-1273 vaccination, quartiles in antibody
concentrations slightly changed. Yet again, the individuals with the
lowest triple vaccine response scores (n=17, 8.9%, defined as the
average score between the 3 vaccines), were of higher age and
mainly of the male sex (n =14, 82%), whereas frailty status and BMI
did not differ (Table 1). Compared to the highest response group,
the lowest responders again had significantly lower pre-vaccination
H3N2 titers.

To enhance our understanding on vaccine response patterns
overarching three vaccines, unsupervised hierarchical clustering on
the response scores was applied. This analysis identified nine different
clusters of individuals with distinct vaccine responder profiles
(Fig. 5C). While cluster 4 (low to all, n=32, 16.8%) and 7 (high to all,
n=20, 10.5%) clearly indicate the extremes of responses, all other

clusters include participants with variable responses to the different
vaccines. Noteworthy, this analysis indicated a slightly closer relation
between the QIV and mRNA-1273 response than the PCV13 response.
Age group and sex are depicted on the left side of the heatmap in
Fig. 5C and demographic characteristics for all clusters in Table 2.
Despite limitations in statistical power, some interesting observations
can be made. Firstly, in agreement with the analyses performed above,
older adults are present in all clusters. Nevertheless, the percentage of
older adults varies between the clusters. Specifically, older adults make
up 70% of individuals in cluster 1, the cluster that only responded high
to the QIV vaccine, which is likely related to high pre-vaccination H3N2
titers. Also cluster 4 (low to all) harbors a high percentage of older
adults (53.1%) and has the highest mean age (64.2y). On the contrary,
the percentage of older adults is lowest (23.1%) in cluster 6 (high
response to mRNA-1273, intermediate to QIV, and low to PCV13) and
the mean age is lowest (54.7 y) in cluster 7 (high response to all vac-
cines). Interestingly, both these clusters 4 and 7 harbor a high per-
centage of male participants compared to all other clusters, whereas
both clusters with only low responses to PCV13 contain the lowest
percentage of males (cluster 6: 30.8%, cluster 9: 32%).

Furthermore, low H3N2 pre-vaccination titers were observed in
the clusters (4, 5, and 8) that respond low to QIV. No clear associations
between BM], frailty index, EQ-5D-3L, and number of medications with
the different clusters were observed.

Combined these results indicate that the level of vaccine-induced
humoral immunity is highly variable in all age groups, though low
responsiveness is transcending over multiple vaccines for approxi-
mately 10-15% (n=20-32) of the participants, depending on the
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Table 1 | Demographic characteristics of dual and triple vac-
cine response groups

Dual vaccine response group

1n=20 2n=80 3n=14 4n=53
Age 71.9 (58-89)° 63.5 (25-92) 62.2 (25-90) 60.8 (25-89)
mean (min-max)
% Males 7012 40 46 55
BMI 26.6 (20.1-40.6)  25.2(18.7-37.9)  25.3 (17.4-37) 25.1(19.6-33.0)
mean (min-max)
H3N2 pre- 5 (5-40)™" 7.5 (5-80)"" 20 (5-320) 40 (5-320)
vaccination titer
median (min-max)
Frailty index 0.15(0.01-0.53)  0.12(0.0-0.45)  0.14(0.0-0.43)  0.12(0.0-0.40)
median (min-max)
EQ-5D-3L 0.87 (0.40-1) 1(0-1) 1(0.17-1) 0.84 (0.33-1)
median (min-max)
Number of medica- 3(0-1) 1(0-12) 2(0-9) 2(0-1)
tions
median (min-max)

Triple vaccine response group

1n=17 2n=82 3n=77 4n=14
Age 65.9 (41-78) 60.1(25-78) 56.7 (26-78) 54.6 (30-73)
mean (min-max)
% Males 82" 44 43 64
BMI 26.2 (20.1-37) 25.1(17.4-37.9)  25.2(19.6-38.8)  25.6 (21.3-33.0)
mean (min-max)
H3N2 pre- 5 (5-80)° 20 (5-226) 20 (5-320) 40 (5-320)
vaccination titer
median (min-max)
Frailty index 0.15(0.03-0.31)  0.11(0.0-0.39)  0.11(0.0-0.31) 0.15 (0.0-0.36)
median (min-max)
EQ-5D-3L 1(0.78-1) 1(0.30-1) 1(0.30-1) 0.84(0.33-1)
median (min-max)
Number of medica- 3(1-7) 1(0-10) 1(0-9) 2.5 (0-1)

tions
median (min-max)

The Kruskall-Wallis test was used to compared all continuous demographic characteristics
between the responders groups. The Bonferroni correction was used to correct for multiple
testing. The Chi-Squared test (2-sided) was used to compare categorical data between the
responder groups. Group 1 represents individuals with an overall vaccine response score of 1;
low responders. Groups 2 and 3 consist of individuals with a nominal responds, and group 4
represents the group of individuals with a high overall vaccine response score. Source data are
provided as a Source data file.

*p<0.05, **p <0.01, **p <0.001, ****p <0.0001.

“compared to group 2.

compared to group 3.

°compared to group 4.

method used. These general low responders were primarily older male
adults with low pre-vaccination H3N2 HI titers.

Discussion
The primary outcomes of this unique clinical trial indicate equal peak
antibody responses following an annual QIV (season 2019-2020)
booster vaccination in old and young individuals, while lower humoral
responses are observed following both primary PCV13 and mRNA-1273
vaccinations in older adults compared to middle-aged and young
adults. Additionally, our results suggest a shorter persistence of this
humoral immunity in older adults for all vaccines. Importantly, highly
variable vaccine response patterns transcending over multiple vac-
cines were observed in all age groups, yet about 10-15% of participants
responded low to all vaccines. These low responders were primarily of
the male sex and had low pre-vaccination titers for influenza.
Contrary to previous indications of reduced responsiveness to
annual influenza vaccination in older adults’**?, the 2019-2020
booster QIV vaccine administered in this cohort induced statistically
equal H3N2-specific HI responses 28 days post-vaccination in young,
middle-aged, and older adults, including an equal proportion of
responders. One explanation for this could be potential differences in
immunogenicity between seasonal influenza vaccinations and strains.
Moreover, most existing studies on aging and influenza vaccine

responsiveness derive from cohorts that exhibit substantial differ-
ences in pre-vaccination immunity between younger and older indi-
viduals. By ensuring the administration of a booster vaccination in all
age groups, based on the inclusion of previously influenza-vaccinated
individuals in 2018-2019, the current study partly mitigates the impact
of pre-vaccination differences in the analysis of QIV responsiveness. As
also previously noted by others?®, low HIN1-specific HI responses were
observed after the QIV vaccination, which can be explained by high
pre-vaccination HINI-specific HI titers. We suggest that limited anti-
genic drift between HIN1 vaccine strains in previous years established
these high pre-vaccination titers. Hence we were not able to conclude
on age-specific responses to HIN1 or use this data for vaccine response
stratification. Contrarily, a slight change in the H3N2 subclades took
place in the 2019-2020 season”, potentially limiting pre-vaccination
immunity. To fully understand the effect of pre-vaccination immunity
on QIV responsiveness, also influenza-specific cross-reactive T-cells
should be carefully examined®. This investigation is of special rele-
vance due to the currently acknowledged large impact of aging on the
T-cell compartment®.

The lower antibody concentrations following the primary PCV13
and mRNA-1273 vaccinations as well as the reduced breadth of
response following PCV13 vaccination in older adults fits with the
general concept of reduced potential to respond to de novo antigens
at older age® and potentially relates to a general decline of naive
immune cells with advancing age . In line with this, lower responses
following primary vaccinations, such as  SARS-CoV-2°7,
pneumococci®*, yellow fever®, and Japanese encephalitis*® vaccina-
tions in older adults were previously observed by others. Nevertheless,
the comparison of primary vaccine responses between younger and
older adults is often complicated by a difference in pre-vaccination
immunity induced by historical natural exposures. Although PCV13
vaccination was a primary challenge in this cohort, previous natural
exposure is evidenced by a large variation in serotype-specific pre-
vaccination IgG concentrations between individuals and expected due
to the high natural circulation of pneumococci’. These previous
exposures likely influenced pre-vaccination humoral and cellular
immunity and the response to the different serotypes in the PCV13
vaccine. For example, the absence of an age effect for serotype 14 is
likely explained by higher pre-vaccination immunity caused by natural
exposure to this serotype in the older age groups. Moreover, differ-
ences in immunogenicity between serotypes, as generally acknowl-
edged for serotype 3*, likely influenced the percentage of responders
and height of the antibody concentrations. Interestingly, despite high
and stable serotype 19A specific responses between age groups, this
serotype was one of the major serotypes causing invasive pneumo-
coccal disease (IPD) in the past years*’. Hence, these serotype-specific
differences warrant further investigation.

The observation of a slower induction of PCV13-specific anti-
bodies in older adults either supports a difference in pre-vaccination
immunity between the age groups or indicates a delay in immune
responses at older age, as previous also observed following yellow
fever vaccination®. To unravel the mechanisms underlying these
delayed responses in older adults, as well as the age groups specific
correlation between serotype-specific IgG responses, investigation of
cellular pre-vaccination immunity is warranted. Specifically, in-depth
investigation of pneumococcal-specific cellular immunity, but also
immunity against CRM197, the conjugate, in the different age groups
will help to unravel the mechanisms underlying the deviating immune
responses observed to PCV13 vaccination in older adults.

The SARS-CoV-2 vaccination campaign provided a unique
opportunity to investigate an additional primary vaccine response in
relation to age. Despite adequate vaccine responses in all age groups, a
strong trend towards a lower peak antibody response was observed in
the older adults, which is in agreement with previous findings’. Note-
worthy, the exclusion of the oldest individuals, due to the
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Table 2 | Demographic characteristics of the triple vaccine response clusters

Cluster 1n=10 Cluster2n=26 Cluster 3n=15 Cluster4n=32 Cluster5n=28 Cluster6n=13 Cluster7n=20 Cluster8n=18 Cluster 9 n=28
% Young adults 20 27 26.7 9.4 21.4 23.1 40 16.7 17.9
% Middle-aged 10 38.4 40 375 321 53.8 25 44.4 42.9
% Older adults 70 34.6 333 531 46.4 23.1 35 38.9 39.3
Age 60.9 (25-76) 56.6 (25-76) 56.9 (26-76) 64.2 (34-78) 60 (27-75) 58.8 (33-78) 54.7 (30-75) 55.9 (27-76) 58.6 (26-78)
Mean (min-max)
% Males 50 42 46.7 68.8 42.9 30.8 70 44 32
BMI 26.2 (19-34.3) 243(19.2-33)  25.2(19.9-29.4) 25.5 (18.7-37) 25.5(19.5-38.8)  25.5 (21.7-33.5) 25.2(201-33)  26.2(17.4-37)  24.8 (19.6-31.8)
Mean (min-max)
H3N2 pre-vaccination 40 (5-160) 315% (5-320) 20 (5-80) 5 (5-80) 5% (5-40) 20 (5-320) 34 (5-320) 5 (5-80) 34 (5-320)
titer median (min-max)
Frailty index 0.16 (0.03-0.39) 0.10 (0.0-0.34)  0.11(0.03-0.27) 0.14(0.03-0.31) 0.11(0.0-0.36)  0.13(0.03-0.27) 0.14(0.0-0.36) 0.11(0.0-0.25)  0.13 (0.03-0.24)
median (min-max)
EQ-5D-3L 0.93(0.72-1) 1(0.72-1) 1(0.30-1) 1(0.30-1) 1(0.72-1) 0.89 (0.69-1) 0.84(0.33-1) 1(0.65-1) 1(0.68-1)
median (min-max)
Number of medications 3.5 (0-9) 1(0-8) 2(0-9) 2(0-7) 1(0-10) 1(0-8) 1.5 (0-11) 1(0-5) 1(0-8)

median (min-max)

The Kruskall-Wallis test was used to compared all continuous demographic characteristics between the responders groups. The Bonferroni correction was used to correct for multiple testing. The
Chi-Squared test (2-sided) was used to compare categorical data between the responder groups. Source data are provided as a Source data file.

*p-value <0.05 but >0.01.
“compared to cluster 5.
compared to cluster 7.

administration of a primary series of BNT162b2 vaccination to these
individuals in the general vaccination campaign of the Netherlands
preceding our vaccination initiatives, likely impacted the statistical
power of this comparison.

Besides lower peak antibody responses to PCV13 and mRNA-1273
vaccination, our results also indicate a shorter persistence of humoral
responses in older adults following all three vaccinations. This finding
might be explained by an age-related decline in the survival of long-
lived plasma cells due to decreased survival niches for long-lived
plasma cells in the aging bone marrow**. Secondly, this observation is
indicative of a diminished memory B cells response, potentially due to
the involvement of Age-Associated B (AAB) cells*, as was also pre-
viously noted following vaccination in older age groups*®*’. Therefore,
more frequent booster vaccinations might be desirable at older age to
maintain long-term protection.

The enhanced variation in antibody titers induced by the different
vaccinations in the older age groups emphasizes the currently
acknowledged deviating pace of immunosenescence between aging
adults”, and hence supports the use of risk profiles, instead of
chronological age, in the design of future vaccination strategies for the
aging population. Early signs of aging immunity are already visible in
the middle-aged adults group, as evidenced by the slightly lower
antibody responses and the reduced breadth of the response to PCV13
vaccination as compared to the young adults. Similarly, lower vaccine
responses towards a primary meningococcal vaccine were previously
found in middle-aged adults as compared to adolescence*®. Never-
theless, only a few middle-aged adults were found amongst the lowest
dual and triple vaccine responders and hence middle-aged adults are
an interesting target for future vaccine strategies, in order to
strengthen memory immunity in the general population before
reaching older age***°.

Importantly, the unique setup of the presented clinical trial
allowed investigation of vaccine responsiveness transcending over
multiple vaccines and aimed to identify risk groups for low respon-
siveness. This novel head-to-head comparison of humoral immunity to
multiple vaccines within the same individual revealed variable vaccine
response patterns between individuals of similar age.

The contradictory classification of some individuals as high
responders following QIV vaccination and at the same time low
responders following PCV13 and mRNA-1273 vaccination, suggests that
this vaccine-specific responsiveness is partly explained by the nature
of the induced immune response; either a booster or a primary

response, in which pre-vaccination immunity is crucial. Due to limited
statistical power, we were not able to pinpoint exact associations
between demographic characteristics and the multiple vaccine
response patterns we observed*.

Yet, 8.9% (low triple vaccine response score) to 16.8% (cluster 4,
low responders) of individuals, primarily of the male sex, was classified
as overall low responder to multiple vaccines. Previously, sex has been
described as an important parameter in vaccine responsiveness® as
well as immune ageing'*">*2, Moreover, a faster pace of immunological
aging has been suggested in older males®**. Remarkably, these older
male adults also possessed lower pre-vaccination H3N2 titers, a phe-
nomenon more often observed in older male adults®. Hence, the male
sex and low pre-vaccination immunity might indicate combined risk
factors for low vaccine responsiveness at older age.

Contrary to previous research that observed a correlation
between the Frailty Index and humoral responses to SARS-CoV-2 vac-
cination in older adults®®, no association between the Frailty Index and
vaccine responsiveness was observed. The size of our cohort and the
relatively healthy status of the participants, in which nursing home
residents were excluded, likely affect our analysis. Yet, it is of interest
to investigate whether parameters more closely resembling the
immune status could predict vaccine responsiveness.

Besides the unique setup, this study has several limitations. Firstly,
the use of different humoral response units complicated the analysis of
multiple vaccine responsiveness. However, employing the vaccine
scoring method allowed the investigation of humoral vaccine response
transcending over multiple vaccines. Secondly, as a result of the
COVID-19 lockdowns, blood sampling timepoints have been post-
poned, increasing the sampling window of the long-term response
following QIV vaccination. Nevertheless, long-term H3N2 HI titers
could still be compared between the age groups, due to an equal
sampling distribution in the age groups. Moreover, due to the high
proportion of healthcare workers amongst the young and middle-aged
adults, this cohort might not fully represent the general population.
Finally, the current analysis is performed on antibody concentrations
only. Despite previously observed high correlations between antibody
concentrations and vaccine efficacy’’*®, it is of interest to also inves-
tigate antibody functionality and cellular immunity in relation to aging.

Taken together, the outcomes indicate a potential large impact of
pre-vaccination immunity on vaccine responsiveness at older age.
Moreover, the presented study accommodates the identification of
risk groups for low vaccine responsiveness. In order to move towards
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more targeted vaccination strategies for the rapidly aging population,
future research should next aim to untangle the mechanisms under-
lying these low responses.

Methods

Study design and participants

We here report on the longitudinal intervention studies VITAL and
VITAL-corona®. Samples of these primary endpoints were collected
between 2019 and 2021. Within this cohort, participants divided over 3
age groups were recruited: young adults (25-49 y), middle-aged adults
(50-64y), and older adults (=65 y). The young and middle-aged adults
were recruited among workers of public health institutions of the
University Science Park and University Medical Center Utrecht, The
Netherlands. Older adults were recruited from a previous cohort**°°,
All participants needed to be capacitated and vaccinated with the
seasonal influenza vaccination in season 2018-2019 to be considered
eligible for participation. At the start of the intervention cohort
(autumn 2019), potential participants were excluded based on the
following criteria: received a previous pneumococcal vaccination,
known or suspected allergy to any of the vaccine components,
received a high systemic (>20 mg) daily dose of corticosteroids within
2 weeks before inclusion, use of high (>30 mg) dose of corticosteroids
in the recent past, recipient of an organ or bone marrow transplant,
have a (functional) asplenia, received chemotherapy in the past 3
years, received blood products or immunoglobulins within 3 months
before inclusion, known or suspected coagulation disorder that would
contraindicate against intramuscular injection and frequent blood
sampling, known or suspected immunodeficiency or use of immuno-
suppressive therapy, known anemia, or known infection with immu-
nodeficiency virus (HIV) and/or hepatitis B and/or C virus. Participants
were additionally excluded for the mRNA-1273 vaccination when hav-
ing received treatment with COVID-19 monoclonal antibodies within
3 months before vaccination. Moreover, participants were temporarily
excluded from the study when they: received any vaccine within
1 month of a vaccination visit or within 2 weeks of blood collection.
Study visits were postponed when participants were experiencing an
elevated body temperature >38 °C within 72 h before a vaccination
visit or 48 h before a blood collection visit as well as in case of a
positive COVID-19 test (visit postponed for at least 4 weeks). Finally,
participants were withdrawn from the study when: receiving a systemic
high (>20 mg) dose of corticosteroids, starting chemotherapy treat-
ment, receiving blood products or immunoglobulins, being pregnant
at the moment of pneumococcal or mRNA-1273 vaccination, or per-
ceiving sudden anemia. Participants received a small financial com-
pensation for their time investment.

Ethical approval was obtained through the Medical Research
Ethics Committee Utrecht (NL69701.041.19, EudraCT: 2019-000836-
24). All participants provided written informed consent and all pro-
cedures were performed with Good Clinical Practice and in accordance
with the principles of the Declaration of Helsinki.

Vaccinations and blood sampling
A schematic outline of the study design is depicted in Fig. 1A. At the
start of the study, a blood sample was collected from all participants
(pre-QlV; start summer 2019). Subsequently, all participants were
vaccinated with Influvac Tetra (2019-2020) (autumn 2019); the sea-
sonal quadrivalent inactivated subunit influenza vaccine (QIV)
(2019-2020), containing neuraminidase and hemagglutinin from the
following viral strains: A/Brisbane/02/2018, IVR-190(HIN1); A/Kansas/
14/2017, NYMC X-327 (H3N2); B/Maryland/15/2016, NYMC BX-69A (B/
Victoria/2/87 lineage); and B/Phuket/3073, wildtype (B/Yamagata/16/
88 lineage) (Abbott Biologicals B.V. The Netherlands).

Secondly, during the summer/autumn of 2020, all participants
were vaccinated with Prevenar 13, the 13-valent pneumococcal poly-
saccharide conjugate vaccine containing polysaccharides from the

pneumococcal serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F and
23F conjugated to the CRM197 carrier protein (Pfizer Europe, Belgium).

Finally, during spring 2021, participants received a primary vac-
cination series with one-month interval with Spikevax, the SARS-COV2
mRNA-1273 vaccine (Moderna Biotech, Spain), unless they already had
been vaccinated through the national vaccination program with a
BNT162b2 vaccine.

Following each vaccination blood samples were collected 28 days
(£3 days) and 6 months (range 5-8 months) post-vaccination. Here the
6-month timepoints also serve as pre-vaccination sample before either
PCVI3 or mRNA-1273 vaccination. In addition, a blood sample was
collected 7 days (1 day) following PCV13 vaccination and at the
moment of the second mRNA-1273 vaccination. Of note, in spring
2020, the SARS-COV2 pandemic hit, resulting in a temporary shut-
down of the cohort and restart 4 months later. Therefore, the 6 months
(window 5-8 months) post-QIV vaccination sampling was extended to
a window of 12 months.

Blood samples were collected by venipuncture using blood col-
lection tubes containing clot activator and gel separator (Vacuette
tubes, Article number 455071, Greiner Bio-one, Austria). Serum was
collected and aliquoted within 8 h after sampling and stored at -80 °C
until further use.

Serological analysis
The humoral response towards the influenza A strains A/Brisbane/02/
2018, IVR-190(HIN1) and A/Kansas/14/2017, NYMC X-327 (H3N2) strain
at the pre- and post-vaccination timepoints were used to evaluate the
response towards the QIV vaccination. The HINI and H3N2-specific
antibody responses were respectively measured at Vismederi (Siena,
Italy) and Viroclinics (Rotterdam, the Netherlands) using the Hemag-
glutination Inhibition (HI) assay, the most commonly used assays for
measuring influenza-specific antibody titers, according to the standard
methods of the World Health Organization (WHO) as explained in
refs. 61-63. In brief, a dilution series of serum samples was incubated
with Hemagglutinin Units (HAU) influenza virus and thereafter incu-
bated with turkey erythrocytes. Subsequently, the agglutination of red
blood cells was scored and the antibody titer preventing agglutination
calculated. An HI titer >40 was considered protective. A response to the
QIV vaccine was defined as an HI titer >40 at 28 days post-vaccination
and a fold increase of >4 compared to the pre-QIV timepoint.

The pneumococcal serotype-specific IgG concentrations for the
13 serotypes present in the PCV13 vaccine were measured using the
fluorescent-bead-based-multiplex immunoassay (MIA) as previously
described in refs. 64,65 with minor modifications of using the protein-
free buffer SurModics® Assay Diluent (SMO1, Surmodics IVD Inc, USA)
with 10% FCS in the assay. The WHO international standard 007sp was
used as a standard. For each sample, median fluorescent intensity was
converted to IgG concentration (pg/ml) by interpolation from a
5-parameter logistic standard curve. Results were obtained using a Bio-
plex 200 system with Bio-plex software (version 6.2, Bio-Rad, UK).

The Spike Sl-specific IgG concentrations induced by the mRNA-
1273 vaccine were measured using bead-based assay as previously
described®. Here the Sl-specific concentrations were calibrated
against the SARS-CoV?2 specific international standard (20/136 NIBSC
standard, National Institute for Biological Standards and Control, UK)
and expressed as binding antibody units/mL (BAU/mL) and a con-
centration of 10.1 BAU/mL was used a cut-off for seropositivity.

Vaccine scoring method
In order to define an individual's vaccine responsiveness towards
multiple vaccines, an individual vaccine response score was defined
per vaccine.

In order to do so, the 28 days post-vaccination antibody titers per
vaccine antigen (QIV: the H3N2 titer, PCV13: the IgG concentrations
against the 13 pneumococcal serotypes, and mRNA-1273: the IgG
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concentrations against the Spike S1 protein) were divided into quar-
tiles. Subsequently, a score of 1 was given to an individual with an
antibody titer in the lowest quartile, whereas a score of 4 was given to
an individual with an antibody titer in the highest quartile (and 2 and 3
to the middle quartiles).

Since for the PCV13 vaccine, antibody responses were measured
for 13 different strains separately, we first defined the response score
per serotype. Thereafter we used a majority votes approach (most
frequent score among the 13 serotypes), to define the most frequent
response score among the 13 serotypes and used this most frequent
score as the overall vaccine response score. To break ties for a few
cases, where individuals had similar frequency of scores, we rando-
mized the score selection using the mclust package (v5.4.6) majority
Vote function in R (v4.3.2).

An individual’s dual or triple vaccine response score was defined
as the average between the scores to the QIV and PCV13 (dual) or QIV,
PCV13, and mRNA-1273 (triple), respectively. Of note, since the triple
vaccine response score was investigated in a smaller group of indivi-
duals, the quartile division slightly differed between the dual and triple
vaccine analyses.

Frailty status determinants

The Frailty Index, EQ-5D-3L questionnaire score, and number of pre-
scription medications were used to assess the frailty status of the
participants and were compared between the dual and triple vaccine
response groups. The Frailty Index and EQ-5D-3L scores in the VITAL
cohort have been described previously®’. In brief, the Frailty Index is
based on 31 deficits and the scores ranged from O (least frail) to 0.53
(most frail) in this cohort. The EQ-5D-3L index and number of pre-
scription medications are based on self-reported questionnaires.
Answers to the EQ-5D-3L questionnaire were converted using the
Dutch population norms, resulting in scores ranging from 1 (least frail)
to -.03 (most frail) in this cohort. The number of medications included
all medications prescribed by a physician.

Data analysis
The distribution of data was tested before downstream analysis. Pre-
and 28 days post- vaccination antibody levels were compared between
the age groups using the Kruskall-Wallis test (kruskal test function)
and corrected for multiple comparisons with Bonferroni correction.
The variation in antibody concentrations between age groups was
compared with the LeveneTest function. When comparing paired
samples from individuals at two different timepoints, the Wilcoxon
signed rank test (wilcox test function) was applied. The above-
mentioned analyses, as well as the calculation of the mean (QIV) and
geometric mean (PCV13 and mRNA-1273) titers and 95% Confidence
intervals (CI) per age group, were performed in R studio (v4.2.3) using
the Tidyverse package (v2.0.0) and using 999 bootstrap replicates.
Humoral responses were compared between males and females
within every age group with the Mann-Whitney U test and the propor-
tion of responders between age groups and sexes with the Chi-Squared
test. These analyses were performed in GraphPad Prism (v8.0.1).
Association between log-transformed longitudinal vaccine
response and the interaction of timepoints (QIV and mRNA-1273: pre-,
28 days and 6 months, PCV13: pre-, 7 days, 28 days and 6 months) and
age groups (YA, MA, and OA) was assessed by means of linear mixed
models. The random effect structure comprised a random intercept for
time. Model checking was done by means of visual assessment of resi-
duals plots. The R (v4.3.2) package nlme (v3.1-164) was used for model
fitting and the package effects (v4.2.2) was used to derive the predicted
mean responses on the original scale with their 95% confidence intervals.
Correlations between the 28 days post-vaccination antibody titers
were calculated using Spearman correlation (GraphPad Prism (v8.0.1)).
Unsupervised agglomerative hierarchical clustering was per-
formed using Ward’s method and Manhattan distance to allow for the

clustering of ordinal stepwise vaccine response scores. The optimal
number of clusters was determined with the elbow method. The
clustering analyses were exclusively performed in R (v4.3.2). First, the
Manhattan distances were calculated using the dist function from the
base stats package (v4.3.2). These distances were then supplied to the
agnes function from the cluster package (v2.1.4) for performing the
agglomerative hierarchical clustering using Ward’s method. The opti-
mal number of clusters was inferred through the fviz nbclust function
from the factoextra package (v1.0.7), here the maximum number of
clusters (k.max) was set to 20. The heatmap visualization of the opti-
mal number of clusters was performed using the pheatmap function of
the pheatmap package (v1.0.12).

Comparison of demographic characteristics between the dual and
triple vaccine response groups and clusters were performed using the
Kruskall-Wallis test and corrected for multiple comparisons with Bon-
ferroni correction in GraphPad prism (v8.0.1). Sex was compared
between the vaccine response groups and clusters with the Chi-Squared
test. In all analyses, a p-value < 0.05 was considered significant.

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

Data availability

The datasets containing participant-specific data used in the current
studies are available under restricted access since (1) the study is still
ongoing and (2) to comply with EU legislation on the General Data
Protection Regulation (GDPR) and participant privacy and ethical
rights. All data used in the figures and tables is provided in the Source
data file. However, data rows are displayed in random order and some
datapoints have been redacted due to GDPR considerations. Access to
the redacted data can be obtained via the corresponding author in the
form of pseudonymized data as long as data transfer is in agreement
with the clinical protocol and GDPR and takes into account partici-
pants’ privacy and ethical rights. Data sharing will be regulated in a
data sharing agreement in the timeframe of 2 months after receipt of
the request. Source data are provided with this paper.
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