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ABSTRACT

Objectives: To assess the safety and immunogenicity of a fourth vaccination (second booster) in individ-
uals aged >75 years.

Methods: Participants were randomized to BNT162b2 (Comirnaty, 30 ng) or messenger RNA (mRNA)-
1273 (Spikevax, 100 pg). The primary end point was the rate of two-fold antibody titer increase 14 days
after vaccination, targeting the receptor binding domain (RBD) region of wild-type SARS-CoV-2. The sec-
ondary end points included changes in neutralizing activity against wild-type and 25 variants. Safety was
assessed by monitoring solicited adverse events (AEs) for 7 days.

Results: A total of 269 participants (mean age 81 years, mRNA-1273 n = 135/BNT162b2 n = 134) were
included. Two-fold anti-RBD immunoglobulin (Ig) G titer increase was achieved by 101 of 129 (78%) and
116 of 133 (87%) subjects in the BNT162b2 and the mRNA-1273 group, respectively (P = 0.054). A second
booster of mRNA-1273 provided higher anti-RBD IgG geometric mean titer: 21.326 IU/mL (95% confidence
interval: 18.235-24.940) vs BNT162b2: 15.181 IU/mL (95% confidence interval: 13.172-17.497). A higher
neutralizing activity was noted for the mRNA-1273 group. The most frequent AE was pain at the injection
site (51% in mRNA-1273 and 48% in BNT162b2). Participants in the mRNA-1273 group had less vaccine-
related AEs (30% vs 39%).

Conclusions: A second booster of either BNT162b2 or mRNA-1273 provided substantial IgG increase. Full-
dose mRNA-1273 provided higher IgG levels and neutralizing capacity against SARS-CoV-2, with similar

safety profile for subjects of advanced age.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious

Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Despite successful primary vaccination against SARS-CoV-2,
booster vaccinations are required to maintain vaccine-induced pro-
tection [1].

Continuous viral escape limits the effect of targeted treatments,
in particular, the effect of monoclonal neutralizing antibodies [2].

In light of emerging virus variants and breakthrough infections,
the World Health Organization recommended second booster vac-
cinations, i.e. a fourth dose of a SARS-CoV-2 vaccine, for at-risk
populations, in particular, patients of advanced age with comor-
bidities [3,4].

The COV-BOOST trial showed that the fold change of anti-
spike immunoglobulin G (IgG) titers between the first and second
booster was more pronounced in individuals aged >70 years com-
pared with younger adults [5]. This implies that there may be po-
tential to further increase the immune response after a booster
dose [5], and BNT162b2 (BioNTech/Pfizer, Comirnaty) and mes-
senger RNA (mRNA)-1273 (Moderna, Spikevax) have proved to be
highly effective booster vaccines [6].

To date, randomized controlled studies in the aged population
are scarce [7]. EU-COVAT-1 - Part B is a randomized head-to-head
comparison of BNT162b2 30 pg vs mRNA-1273 100 pg as second
booster vaccination in adults >75 years of age. We report data on
the immune response 14 days after vaccination and on safety until
day 90.

Methods
Trial design and timelines

EU-COVAT-1 is a multinational, phase I, randomized clinical
trial examining the immunogenicity and reactogenicity of a sec-
ond booster vaccination with BNT162b2 30 pg or mRNA-1273 100
pg in adults >75 years of age (Supplement Table 1, Supplement
Figure 1). The rationale to use mRNA-1273 100 pg, i.e., the dou-
ble of the licensed dose, was based on the fact that the ex-
act dose for boosting was not yet defined when this trial proto-
col was designed; however, in the studies driven by the manu-
facturer, the 100 pg dose had shown a higher neutralizing anti-

2

body level increase than the 50 pg with a similar safety profile
[8].

This trial is conducted within the VACCELERATE network [9].
Participating trial sites were selected through the VACCELERATE
Site Network, whereas recruitment of trial participants was sup-
ported through the VACCELERATE Volunteer Registry [10]. Af-
ter approval by the responsible ethics committee on November
8, 2021 (Ref.: 21-1457-AMG-ff) and regulatory approval by the
Paul-Ehrlich-Institut on October 20, 2021 (Ref.: 4647); enrollment
for the trial started at a single center in Cologne, Germany in
November 2021, referred to as Part A (ClinicalTrials.gov Identifier:
NCT05160766, EudraCT Number: 2021-004526-29) [11]. The part
of the trial we report here on—referred to as Part B—was fully
approved on January 21, 2022 and was conducted in a multicen-
ter setting within the VACCELERATE consortium. Enrollment was
closed as per sponsor decision on December 6, 2022. Participating
sites were located in Cologne, Frankfurt, and Hannover (all in Ger-
many); Vilnius (Lithuania); Bergen (Norway); and Barcelona, Cor-
doba, Madrid, and San Sebastian (all in Spain). The full clinical trial
protocol is provided in the Supplement.

Participants

Subjects >75 years of age were eligible if they met the main
inclusion criteria consisting of the following: (i) priming with ho-
mologous ChAdOx-1-S, BNT162b2, or mRNA-1273; (ii) first booster
with either BNT162b2 or mRNA-1273 at least 1 month before en-
rollment into study, and (iii) no SARS-CoV-2 infection within the
previous 3 months. Participants with current severe immunosup-
pressive therapy such as high-dose glucocorticosteroids or active
cancer treatment were not eligible for this trial. Participants pro-
vided written informed consent.

Randomization

Permuted random blocks were used. Participants were ran-
domly assigned to either BNT162b2 30 pg or mRNA-1273 100 pg
in 1:1. The software ALEA 17.1. (ALEA Clinical B.V., Abcoude, The
Netherlands) was used as electronic randomization tool and results
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Table 1
Baseline characteristics and primary end point.
BNT162b2 mRNA-1273
n=135 n=135
Age (years)
Mean + SD 80.99 + 5.49 81.09 + 5.88
Median [min; max] 79 [75; 99] 79 [75; 99]
Vaccine
BNT162b2 135(100%)? 0 (0%)
mRNA-1273 0 (0%) 135 (100%)
Sex
Female 67 (50%) 68 (50%)
Male 68 (50%)° 67 (50%)
Body mass index (kg/m?)
Mean + SD 25.55 + 4.04 25.99 + 4.0
Median [min; max] 254 [16.6; 40.2] 25.4 [18; 41.8]
Priming vaccine regimen
3x BNT162b2 95 (70%)* 95 (70%)
2x BNT162b2 + mRNA-1273 20 (15%) 25 (19%)
2x ChAdOx-1-Si + BNT162b2 10 (7%) 8 (6%)
2x ChAdOx-1-Si + mRNA-1273 7 (5%) 5 (4%)
2x mRNA-1273 + BNT162b2 3 (2%) 1(1%)
3x mRNA-1273 0 (0%) 1(1%)
Boosting (comparing third and study vaccination)
Heterologous boosting 27 (20%) 104 (77%)
Homologous boosting 108 (80%)* 31 (23%)
Time between first and second vaccination in days
Mean + SD 35.65 + 19.95 34.72 + 19.16
Median [min; max] 22 [20; 86] 22 [16; 114]
Time between second and third vaccination in days
Mean + SD 211.41 + 38.16 210.64 + 37.1
Median [min; max] 207 [124; 303] 203 [126; 313]
Time between third and study vaccination in days
Mean + SD 185.85 + 68.4 191.8 + 69.9
Median [min; max] 176 [52; 308] 195 [74; 324]

Primary endpoint: overall proportion fold change >2 from day 0 to day 14

101/129 (78.3%)

(97.5% Cl: 69-85.9%)

116/133 (87.2%)
(97.5% CI: 79.3-93%)

Cl, confidence interval; mRNA, messenger RNA

For metric variables Mean =+ standard deviation (SD), median (minimum [min]; maximum [max]) are reported. For categorical variables, absolute frequencies and percentage

(%) per vaccine group are stated.

@ Please note that one subject during the screening visit concealed the fact to be already vaccinated four times. This only became apparent during the second visit.

were documented in the electronic case report form (TrialMaster
5.0 update 03, Anju Software, Tempe, AZ, USA). No blinding was
used in this trial.

Procedures

After randomization, intramuscular (deltoid) injection of vac-
cine was performed by trained site staff. For the analysis of im-
munogenicity, blood was drawn at baseline (day 0 before vac-
cination) and at day 14. Anti-SARS-CoV-2 receptor binding do-
main (RBD) IgG antibodies (anti-RBD IgG) and SARS-CoV-2 anti-
nucleocapsid (N) IgG (anti-N IgG) were determined at days 0 and
14. Safety and reactogenicity were determined by the occurrence
of adverse events (AEs). Solicited AEs were monitored via a par-
ticipant diary for 7 days. Unsolicited AEs were recorded until the
end of trial participation. Per protocol, AEs of grade III or higher
were classified as severe adverse events (SAEs), with the serious-
ness criterion “other medical important event” and were pursued
for a further 30 days.

Plasma levels of anti-RBD IgG and anti-N IgG were mea-
sured at the Centre for Experimental Pathogen Host Research
in Dublin, Ireland, using the Mesoscale Diagnostics (MSD,
Rockville, MD, USA) electrochemiluminescence immunoassay. The
results were expressed in IU/mL, based on the first World
Health Organization International Standard for anti-SARS-CoV-2
human immunoglobulin (NIBSC code: 20/136). Further details
are provided online: https://www.euvaccine.eu/covid-immune-
monitoring.

Angiotensin-converting enzyme 2 (ACE2) neutralization (% in-
hibition) of SARS-CoV-2-specific antibodies was estimated from
plasma using V-plex COVID-19 ACE2 neutralization kits (MSD), per-
formed by the Laboratory of Cell Biology & Histology and Vaccine
& Infectious Disease Institute in Antwerp, Belgium. Antibodies ca-
pable of blocking the binding of ACE2 to the following spike pro-
teins were measured: wild-type virus and the following variants of
concern (VOCs): B.1.1.7, B.1.351, P11, P.2, B.1.617, B.1.617.1, AY.3, AY.4.2,
B.1.617.3, B.1.526.1, BA.1, BA.2, BA.2+1452M, BA.2+L452R, BA.2.121],
BA.2.75, BA.2.75.2, BA.3, BA4, BA.4.6, BA.5, BE7, BQ.1, BQ.1.1, and
XBB.1. Further details on the methodology are provided in Supple-
ment Methods 1.

Outcome parameters

The primary end point of the study was the rate of two-
fold anti-RBD IgG antibody titer increase 14 days after the sec-
ond booster against wild-type virus. Secondary end points included
vaccine-induced antibody titer increases and change in neutraliza-
tion antibody activity against wild-type virus and VOC after 14
days, among others, in subgroups. Safety and reactogenicity were
determined by the occurrence of any unsolicited AEs until the end
of trial, solicited AEs for 7 days after the second booster dose, and
by the rate of SAEs according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Advents up to 3 months.

In this interim report of Part B, the primary and secondary end
points until day 14 of this study were included, as well as safety
data up to 3 months of follow-up.
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Figure 1. Kinetics of anti-RBD IgG between day O (randomization before vaccination) and day 14. Boxplot images represent the median (black line in the middle of each
boxplot) of anti-RBD protein IgG titers at baseline (day 0) and 14 days after vaccination with 30 pg BNT162b2 (red, left side) and after vaccination with a full-dose (100 pg)
mRNA-1273 in green (right side) (IU/mL), P = 0.054 (Cochran-Mantel-Haenszel test). Solid lines connect samples from the same participants at multiple time points.

Ig, immunoglobulin; mRNA, messenger RNA; RBD, receptor binding domain.

Statistical design

Sample size calculation was performed for the primary end
point for the rate (7r) of two-fold antibody titer increase after the
second booster vaccination. Because two-sided simultaneous 95%
confidence intervals (CI) for this rate were calculated separately for
each randomized group in Part B, accordingly, a Bonferroni adjust-
ment was used for the sample size calculation.

With this design, when the sample size is 250 per random-
ized group, two-sided simultaneous 95% CI (with Bonferroni ad-
justment for two simultaneous CI in a cohort) for a proportion us-
ing the large sample normal approximation will extend no more
than + 7.1% (percentage points) from the observed proportion.
For example, if the observed proportion is 50% (where the CI
is widest), the CI ranges from about 42.9% to 57.1%. To adjust
for potential dropouts in Part B of about 8-10%, the total sam-
ple size for Part B (= second booster and cohorts 4-9) was set to
550.

4

Statistical methods

For the analysis of Part B, day 14 outcome data and safety data
up to 3 months of follow-up were exported on June 4, 2023 and
April 28, 2023, respectively. For the binary primary end point (par-
ticipants with a fold change >2 for anti-RBD IgG), absolute counts
and frequencies in percent were calculated per intervention arm.
The corresponding rate together with the simultaneous two-sided
95% (I is reported by implementing a Bonferroni adjusted level of
97.5% for the Clopper-Pearson CI.

Supportive analyses for the primary end point: in addition,
the primary end point was determined in the same way for
each cohort (according to priming regimen) separately, i.e. fur-
ther supportive analyses were performed based on different pre-
vaccination regimens. Especially, within each cohort, the multiplic-
ity adjustment was implemented as described previously. To eval-
uate whether there is a difference between the two randomized
intervention groups in the binary primary end point, a Cochrane-
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Mantel-Haenszel test was applied stratified by the initial cohort of
vaccination regimens. Logistic regression models were performed
using the primary end point as dependent variable and interven-
tion group as the main factor. Multiple logistic regression mod-
els were used adjusting for factors such as initial vaccination reg-
imens, age, gender, or time lag between the 15t and 274, 2d and
31d 3rd 3nd in-study vaccination in further sensitivity analysis. De-
scriptive tables were provided stratified by taking into considera-
tion the vaccination regimens. The least square mean differences
between mRNA-1273 minus BNT162b2 and corresponding 95% CI
were calculated using the logl10 transformed titer values as the
dependent variable in a generalized linear model with the factor
booster group (BNT162b2/mRNA-1273), as well as the stratifica-
tion variables used for randomization. The mean difference (least
square mean difference) on the log10 scale was calculated back-
ward to the original scale to yield the ratio for the geometric mean
titer (GMT) values at day 14. In addition, the four-fold increase
of anti-RBD IgG, geometric mean fold rise, and GMT at day 14
are reported for both vaccination groups. The GMT at day 14 are
also reported for the subgroups related to the priming regimen
(3 x mRNA-1273 or 3 x BNT162b2 or 2 x BNT162b2 and mRNA-
1273 or 2 x mRNA-1273 and BNT162b2 or 2 x ChAdOx-1-S and
mRNA-1273 and 2 x ChAdOx-1-S and BNT162b2). Similarly, the
impact of previous COVID-19 infection (yes/no) was investigated.
The Mann-Whitney U test was used to test whether there was a
difference in the anti-RBD antibody titer at baseline (day 0) be-
tween the participants with and without previous COVID-19 infec-
tion. The values for ACE2 neutralizing capacities of SARS-CoV-2-
specific antibodies were analyzed descriptively. To check for the
differences in antibody neutralizing capacities at day 14 an anal-
ysis of covariance was calculated for wild-type and each variant
using the factors vaccine regimen (mRNA-1273 vs BNT162b2) and
the corresponding baseline value (day 0), priming vaccination reg-
imens, gender, and age as covariates. The mean differences (plus
two-sided 95% CI and P-values) between the two vaccine groups
was reported. To visualize the data, heatmaps and boxplots are
provided. For the safety end points, absolute and percentage num-
bers per system organ class, preferred term, and severity (for AEs
related or also related and unrelated to the investigational medici-
nal products [IMP]) were reported per intervention group.

Role of funding source

The research leading to these results was conducted as part
of the VACCELERATE consortium. For further information, please
refer to www.vaccelerate.eu. This project has received funding
from the European Commission - Directorate General for Research
and Innovation under the Framework Program HORIZON 2020 un-
der the VACCELERATE Grant Agreement (GA) and its annexes No.
101037867. The funders of the trial had no role in trial design, data
collection, data analysis, data interpretation, or in the writing of
the report.

Results

A total of 270 participants were enrolled in Part B from Febru-
ary 16, 2022 to September 15, 2022 at nine trial sites across Europe
(Supplement Table 2). In this interim report of Part B, the primary
and secondary end points until day 14 of this study were included,
as well as safety data up to 3 months of follow-up.

Due to changes of the recommendations for booster vaccina-
tions and licensing of adapted vaccines to circulating SARS-CoV-2
Omicron variants in the respective countries, enrollment of volun-
teers ceased after September 2022. Therefore, the sponsor formally
decided to prematurely terminate enrollment.

5
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A total of 135 of 270 participants received BNT162b2 as sec-
ond booster, 135 participants received mRNA-1273. Three and one
subjects discontinued study participation until month 3 in the
BNT162b2 and in the mRNA-1273 group, respectively, but were
included in the day 14 immunogenicity analyses. One partici-
pant was excluded from any immunogenicity analysis but in-
cluded in the safety reporting due to an accidentally unreported
second booster vaccination before study entry, which only be-
came apparent after vaccination within this study (Supplement
Figure 2).

Participants’ baseline characteristics are summarized in
Table 1 and Supplementary Table 3. The most frequent prim-
ing and first booster regimen in 70% of participants in both
randomization groups was a course of three-dose BNT162b2.
The most frequent comorbidities were vascular disorders (e.g.
hypertension), with 61% in the BNT162b2 group and 59% in the
mRNA-1273 group (Supplement Table 4). The median time and
range (maximum to minimum) to sample collection was 14 (8-21)
days for the 14 days of follow-up and 91 (71-146) days for the 3
months of follow-up.

In the BNT162b2 group, 101 of 129 (78.3%) (97.5% CI: 69-
85.9%) participants showed a two-fold increase in anti-RBD IgG
titers at 14 days compared with 116 of 133 (87.2%) (97.5% CI:
79.3-93%) in the mRNA-1273 group (Table 1, Supplement Table
5). The two rates were compared in a supportive analysis with a
Cochran-Mantel-Haenszel test and almost reached statistical sig-
nificance (P = 0.054) despite the small sample size (Supplement
Table 6). For the mRNA-1273 group, higher values at day 14 were
observed with GMT at day 14 of 21.326 IU/mL (95% CI: 18.235-
24.940) and 15.181 IU/mL (95% CI: 13.172-17.497) for BNT162b2
and mRNA-1273, respectively (Supplement Table 5, Figure 1) and

GMT

7 RNA—1273 [ . _ icti
a ratio GMT“;NT]GM at day 14 of 1.38 (95% CI: 1.12-1.71). Logistic

regression models with > two-fold change as a dependent vari-
able indicate that the odds of having > two-fold change in the
mRNA-1273 group is approximately 2.06 times higher than the
odds of having > two-fold change in the BNT16b2b group (Sup-
plement Table 6). Similar kinetics were observed when explor-
ing the > four-fold change of anti-RBD IgG with 51.9% and 63.2%
for BNT162b2 and mRNA-1273, respectively (Supplement Table 5).
There was also a higher geometric mean fold rise in the mRNA-
1273 group. Based on the priming regimen, descriptive subgroup
analyses for both vaccination groups were performed (Supplement
Table 5). Fold changes are shown in Supplement Figure 4.

There were significant differences in anti-RBD IgG at baseline
between participants with previous COVID-19 and those without
(Mann-Whitney U, P <0.001), which is expected since individuals
who were previously infected with the virus may have a differ-
ent baseline immune response (Figure 2). Accordingly, increase of
anti-RBD IgG after the second booster in participants with previ-
ous COVID-19 was lower than in those without previous infection
(Supplement Table 7).

In the safety analyses, for IMP-related AEs within 7 days after
vaccination, in the mRNA-1273 group, more participants reported
solicited AEs and more AEs were reported in total (Figures 3a/b,
Supplement Tables 8, 9, and 10). There was no statistically sig-
nificant difference between the groups in terms of the number of
subjects with IMP-related AEs (75 of 135 [55.6%] in BNT 162b2 vs
77 of 135 [57%]) in mRNA-1273, P of chi-square test = 0.9), but
the groups differed in the occurrence of IMP-related AEs (t test
for the subgroup of subjects with at least one AE: mean + SD 3.6
+ 2.96 in BNT162b2 vs 539 + 4.33 in mRNA-1273, P = 0.0034).
The most frequent AEs related to IMP in both groups were injec-
tion site pain (48.1% in BNT162b2 and 51.1% in mRNA-1273), fatigue
(23% in BNT162b2 and 37.8% in mRNA-1273), and asthenia (10.4%
in BNT162b2 and 11.9% in mRNA-1273) (Figure 3a and Supplement
Tables 8 to 11). Other frequently reported AEs were headache and
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Table 2
AEs and AE grading within 7 days of vaccination related to IMP for BNT162b2 vs mRNA-1273.
BNT162b2 mRNA-1273
n=135 n =135
Participants with no AE related to IMP 60 (44.4%) 58 (43%)
Participants with at least one AE of worst grade I related to IMP 53 (39.3%) 39 (28.9%)
Participants with at least one AE of worst grade Il related to IMP 21 (15.6%) 34 (25.2%)
Participants with at least one AE of worst grade III* or higher related to IMP 6 (44 %) 4 (3%)
Participants with at least one SAE related to IMP 1 (0.7 %) 0 (0%)
AE, adverse event; IMP, investigational medicinal product; mRNA, messenger RNA; n, number of participants; SAE, serious AE.
2 AE of grade III or higher were classified as SAE with the seriousness criterion “other medical important event.”
BNT162b2 mRNA-1273
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Figure 2. Boxplot images represent the median (black line in the middle of each boxplot) of anti-RBD protein IgG titers at baseline (day 0) and 14 days after vaccination
with 30 pg BNT162b2 and previous SARS-CoV-2 infection (left box panel a) and after vaccination with a full-dose (100 pg) mRNA-1273 and no previous SARS-CoV-2 infection

(right side panel a).
Ig, immunoglobulin; mRNA, messenger RNA; RBD, receptor binding domain.

hyperhidrosis after vaccination with mRNA-1273 (Figure 3b). The
number of participants with no AEs related to IMP was similar
with 60 reported AEs in the BNT162b2 group vs 58 AEs in the
mRNA-1273 group (Table 2). The number of participants with IMP-
related AEs (grade I) was lower in the mRNA-1273 group (29.6%
vs 39.3%), but there were more participants (n = 34) with at least
one grade I AE-related to IMP in the mRNA-1273 group. A total of
10 participants in the BNT162b2 group (7.4 %) and 12 participants
in the mRNA-1273 group (8.9%) reported SARS-CoV-2 infection be-
tween day 0 and month 3.

A total of 14 SAE occurred in nine subjects, four in three
subjects in the mRNA-1273 group, and 10 in six subjects in the
BNT162b2 group. Four grade IIl AEs (thus classified as SAEs) were
reported by the same participant in the BNT162b2 group 5 days
after vaccination (joint pain, malaise, muscle pain, and chills), all
of which resolved within 1 day. All remaining SAEs were hospi-
talizations or medical consultations due to other medically im-
portant events and were not IMP-related. No deaths occurred.
The full safety data will be included in the final report of this
study.

ACE2 neutralizing capacity of SARS-CoV-2 specific antibodies (in
%) 14 days after the second booster was lower for Omicron variants
than other variants (Figure 4). The mRNA-1273 group showed a
consistent pattern of a higher SARS-CoV-2 antibody neutralization
capacity than the BNT162b2 group (Figure 4), markedly so against
Wuhan wild-type, B.1.1.7 (Alpha variant), and AY.4.2 (Delta variant)
(Figure 4, Supplement Figure 5). In the exploratory analysis of co-
variance analyses, the mean differences between the two groups
yielded statistical significance for Wuhan wild-type and 15 of 25
variants. The estimated mean differences between mRNA-1273 mi-
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nus BNT162b2 varied between 2.2 and 7.8 percentage points (Sup-
plement Table 12).

Discussion

With the participants’ mean age of 81 years, this study in-
cluded the oldest population so far in a randomized comparison of
two mRNA-based SARS-CoV-2 vaccines. We demonstrated a two-
fold anti-RBD IgG antibody titer increase in 83% of trial partic-
ipants 14 days after vaccination. A 100-ug dose of mRNA-1273
elicits higher anti-RBD IgG levels than a 30-ug dose of BNT162b2
and a higher neutralizing activity against circulating SARS-CoV-2
variants at the short term without a significantly higher rate of
AEs.

Vaccine response in the age group >75 years has been assessed
rarely in randomized trials. In a smaller cohort of subjects with
a median age of 71 years, a significant and sustained increase of
neutralizing anti-RBD antibodies 15 and 28 days after booster vac-
cinations with both mRNA-1273 and BNT162b2 in all participants
was observed. This study did not detect an influence of age on the
immune response; however, this study was not randomized and
did only include 65 subjects [12]. Age-related immunosenescence
is a relevant factor for vaccine efficacy and duration of antibody-
mediated immunity, partly caused by reduced B- and T-cell re-
sponses [13,14]. Subsequently, the immune response to vaccines is
expected to be impaired in the elderly [15]. Age >80 years, five
comorbidities, male sex, immunosuppression, and stage V chronic
kidney disease were detected as risk factors for developing severe
COVID-19 in a large analysis of 30 million individuals after pri-
mary and booster vaccination [16]. Further boosters or even sea-
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sonal vaccinations for improved immunity against SARS-CoV-2 and
prevention of severe COVID-19 may provide better immunogenic-
ity in individuals of advanced age [17]. This hypothesis has often
been phrased and was proven for vaccines against other viruses
but has not yet been established in a randomized trial for SARS-
CoV-2 [18,19].

7

Neutralization activity and anti-RBD IgG titers were higher with
a second booster of a full-dose mRNA-1273 (100 pg) vs BNT162b2
(30 pg), resulting in an improved antibody-mediated protection for
individuals >75 years of age. This is in line with findings in pop-
ulations of advanced age who had received heterologous booster
doses, and with the 100-pg dose of mRNA-1273 inducing the high-
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est antibody titers [20]. The COV-BOOST trial enrolled participants
with a median age of 70 years to receive either BNT162b2 or
mRNA-1273 (in a 50-ug dose) booster doses but with lower ab-
solute fold changes in anti-RBD IgG titers than observed in our
study [5]. Of note, in our study, a slight disparity of 70% of partic-
ipants in the BNT162b2 group had a homologous vaccination reg-
imen because they had received three doses of the same vaccine
previously.

In a comparative effectiveness trial of first booster doses of
mRNA vaccines in US veterans with a median age of 70 years,
an overall lower 16-week risk of COVID-19-related outcomes
was observed among recipients of mRNA-1273 than recipients of
BNT162b2 [21]. Data on long-term effectiveness after booster vac-
cination show that protection against SARS-CoV-2 infection waned
within 6 months but without waning of protection against severe
disease [22]. Pending results from the present study, including data
on immunogenicity 12 months after second booster vaccination,
may further elucidate the role of immunosenescence.

We observed lower seroneutralization activity against more
recently emerging SARS-CoV-2 Omicron variants in both study

8

groups. With the emergence of new variants and variant-adapted
vaccines, the landscape of SARS-CoV-2 vaccine studies has broad-
ened and novel vaccines have been assessed as boosters, reveal-
ing a remarkably high GMT increase in those previously vaccinated
with a heterologous priming [23]. However, immune imprinting by
primary vaccination against ancestral strains of wild-type SARS-
CoV-2 or infection with variants before the Omicron variant may
affect immune response to SARS-CoV-2 infection with currently
circulating variants or novel vaccines [24]. Of note, in our study,
anti-RBD IgG increase (GMT) was lower in participants with previ-
ous COVID-19 than in those without. However, this subgroup still
achieved higher absolute GMT values and their baseline titers were
already significantly higher, which was expected because hybrid
immunity provides the highest magnitude of antibody protection
[25].

Regarding safety end points and reactogenicity of a second
booster in individuals >75 years of age, there were no significant
differences between BNT162b2 (30 pg) and full-dose mRNA-1273
(100 pg). Local reactions, as well as systemic vaccine-related ef-
fects, corresponded to the expected spectrum of AEs described in
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previous clinical trials [11,26,27]. Notably, this is the first trial to
apply a full-dose of mRNA-1273, whereas it remains to be dis-
cussed if the decision to use the double dose of mRNA-1273 may
have affected the safety profile.

This trial has several limitations. Changes of vaccination policies
in the European Union and the advent of variant-adapted vaccines
necessitated a re-design and, later, a stop of recruitment which
led to several protocol amendments [11,28]. As a consequence, the
initially planned participant number of 550 was not reached and
the compared groups remained below calculated statistical sam-
ple size. Data on immunogenicity after 12 months are not yet re-
ported; therefore, the effects of immunosenescence in elderly par-
ticipants with four vaccinations, including some of them with hy-
brid immunity due to SARS-CoV-2 infection, remains to be finally
determined, interpreted, and compared with other studies with
similar populations [15]. Immunogenicity assessment at day 14 ex-
actly was not feasible in all participants. Activation of memory
responses occurs more quickly than initial adaptive immune re-
sponses, but the kinetics of this are poorly studied in older adults.
It would be of interest to evaluate whether the responses changed
within that period, allowing the evaluation of whether it is appro-
priate to combine day 8 and day 21 data together with day 14.
Furthermore, no clinical end points, i.e. protection against clinical
disease and severity were assessed.

With the transition into an endemic viral disease, emerging
SARS-CoV-2 variants elucidate mechanisms of immune escape. Al-
though protective anti-RBD antibody titer thresholds have been
proposed, these may vary with age and change with time [29].
Thus, an ongoing effort to adapt vaccines, as well as determinants
of immune protection, is necessary. In contrast, it has been shown
that the cellular response is likely to be conserved against VOCs
[30,31]. Future studies should integrate the investigation of T-cell
response to reflect a comprehensive picture of vaccine-induced im-
mune response.

In conclusion, a second booster vaccination with either
BNT162b2 or mRNA-1273 yielded a substantial antibody titer in-
crease 14 days after vaccination in participants of advanced age.
Full-dose mRNA-1273 (100 pg) provided a higher antibody titer
than BNT162b2 (30 pg), with an overall similar safety profile for
participants aged >75 years.
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