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a b s t r a c t

Objectives: To identify individual characteristics associated with serological COVID-19 vaccine respon-
siveness and the durability of vaccine-induced antibodies.
Methods: Adults without history of SARS-CoV-2 infection from the Danish population scheduled for
SARS-CoV-2 vaccination were enrolled in this parallel group, phase 4 study. SARS-CoV-2 Spike IgG and
Spike-ACE2-receptor-blocking antibodies were measured at days 0, 21, 90, and 180. Vaccine respon-
siveness was categorized according to Spike IgG and Spike-ACE2-receptor-blocking levels at day 90 after
first vaccination. Nondurable vaccine response was defined as day-90 responders who no longer had
significant responses by day 180.
Results: Of 6544 participants completing two vaccine doses (median age 64 years; interquartile range: 54
e75), 3654 (55.8%) received BTN162b2, 2472 (37.8%) mRNA-1273, and 418 (6.4%) ChAdOx1 followed by
an mRNA vaccine. Levels of both types of antibodies increased from baseline to day 90 and then
decreased to day 180. The decrease was more pronounced for levels of Spike-ACE2-receptor-blocking
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antibodies than for Spike IgG. Proportions with vaccine hyporesponsiveness and lack of durable response
were 5.0% and 12.1% for Spike IgG and 12.7% and 39.6% for Spike-ACE2-receptor-blocking antibody levels,
respectively. Male sex, vaccine type, and number of comorbidities were associated with all four out-
comes. Additionally, age �75 years was associated with hyporesponsiveness for Spike-ACE2-receptor-
blocking antibodies (adjusted odds ratio: 1.59; 95% confidence interval: 1.25e2.01) but not for Spike IgG.
Discussion: Comorbidity, male sex, and vaccine type were risk factors for hyporesponsiveness and
nondurable response to COVID-19 vaccination. The functional activity of vaccine-induced antibodies
declined with increasing age and had waned to pre-second-vaccination levels for most individuals after
6 months. Ole Schmeltz Søgaard, Clin Microbiol Infect 2022;28:1126
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

Introduction

Early reports on effects of COVID-19 booster vaccination against
symptomatic and severe COVID-19 suggested dramatic drops in the
risk of infection after administration of a third vaccine dose [1]. Out
of concern of waning immunity and nonprotective levels of anti-
bodies, health authorities in many countries now recommend
booster vaccination to specific risk groups based on comorbidities
and/or age [2,3], or to the entire adult population in some countries
[4,5]. The emergence of the SARS-CoV-2 Omicron variant has
widely stressed national vaccine booster initiatives [6,7]. However,
only sparse information on predictors associated with serological
COVID-19 vaccine responsiveness and durability exist from clinical
phase 2 and 3 trials, as most individuals with significant immu-
nodeficiency were excluded from these trials [8e11].

In the present study, we prospectively performed comprehen-
sive SARS-CoV-2 serological profiling of more than 6500 in-
dividuals enrolled in the Danish National Cohort Study of
Effectiveness and Safety of SARS-CoV-2/COVID-19 vaccines
(ENFORCE). We used this dataset to discriminate COVID-19 vaccine
responders from nonresponders and to determine risk factors for
vaccine hyporesponsiveness and reduced durability of vaccine-
induced antibodies that may increase the risk of breakthrough
infection.

Methods

ENFORCE is an open-label, nonrandomized, parallel group,
phase 4 study that enrolled Danish citizens before their first COVID-
19 vaccination (clinicaltrials.gov identifier: NCT04760132). The
study has seven study sites across the country covering all five
Danish regions.

Study population

The study enrolled Danish citizens 18 years or older accepting a
SARS-CoV-2 vaccine. Inclusion criteria were (a) written informed
consent provided before any trial-related procedures were per-
formed and (b) Danish citizens eligible for SARS-CoV-2 immuni-
zation. Exclusion criteria were (a) age <18 years, (b)
contraindications for vaccination, and (c) Previous COVID-19
vaccination (for study recruitment strategy, see supplementary
appendix). We excluded individuals with prior infection at base-
line, defined as either positive SARS-CoV-2 PCR or Spike-Ig positive.

Data collection

Baseline information on age, sex, focused medical history,
concomitant medication, vaccine priority group as defined by the
Danish COVID-19 Vaccination Program [12], date, and vaccine type

(BTN162b2, Pfizer-BioNTech; mRNA-1273, Moderna; ChAdOx1,
AstraZeneca) were collected. Concomitant diseases and vaccine
type were confirmed by cross-referencing data from the Danish
National Patient Registry and the Danish Vaccination Registry using
participants' unique civil registration number. Data on any previous
positive SARS-CoV-2 PCR tests were extracted fromDanish national
microbiology database MiBa (Statens Serum Institut, Copenhagen,
Denmark). The study protocol was approved by the Danish Medi-
cines Agency (#2020-006003-42) and the National Committee on
Health Research Ethics (#1-10-72-337-20).

Data on comorbidity

We assessed levels of comorbidity based on hospital diagnoses
within the 5 years prior to vaccination obtained from the Danish
National Patient Registry as of each person's study entry date. The
Charlson Comorbidity Index (CCI) score assigns a weight (1, 2, 3, or
6) to each of 19 major disease categories and is a validated measure
of comorbidity [11]. With the CCI score, we defined three levels of
comorbidity: low (CCI¼ 0), medium (CCI¼ 1e2), and high (CCI�3).

Follow-up

The second study visit occurred before (0e7 days) the second
vaccination (usually 21 days for BTN162b2 and 28 days for mRNA-
1273 after the first vaccination); the third study visit happened
90 days (±14 days) after the first vaccination, and the fourth visit
was 180 days (±14 days) after the first vaccination. At each study
visit, blood samples for measuring SARS-CoV-2 serology were
obtained.

SARS-CoV-2 antibody profiling

Serum levels of SARS-CoV-2 Spike and receptor-binding domain
(RBD) antibodies were measured at all visits using a diagnostic
multiantigen serology assay (Meso Scale Diagnostics LLC, Rockville,
MD) at the Department of Infectious Diseases, Aarhus University
Hospital. Total serum Spike-RBD SARS-CoV-2 Ig levels were
measured byWANTAI ELISA (Beijing Wantai BPE) and performed at
Statens Serum Institut. An ACE2 competition assay was used to
evaluate the functional potential of serum antibodies for blocking
SARS-CoV-2 Spike and RBD binding to the ACE2 receptor using the
ACE2 competition assay (Meso Scale Diagnostics). Results obtained
by the ACE2 competition assay closely correlate with results ob-
tained in pseudovirus neutralization assays [13].

Statistical analysis

Baseline data were tabulated according to vaccine type as per-
centages or means with interquartile range (IQR) and p-values
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calculated with the c2 test. Serology data are presented as geo-
metric mean titres (GMT) with 95% CIs. Three levels of vaccine
response were defined based on the participant's change in Spike-
IgG at day 90 relative to pre-vaccine (baseline) levels: Vaccine
hyporesponders were defined as individuals who had a <2 log10
increase in Spike-IgG, moderate responders had 2 to 3 log10 in-
crease, and high responders had a >3 log10 increase in Spike-IgG.
Corresponding categories of vaccine responsiveness were also
made based on absolute levels of Spike-ACE-2-receptor-blocking
antibodies (<1, 1e4, >4 AU/mL) at day 90. Participant characteris-
tics were compared across the three groups, and logistic regression
was used to evaluate risk factors for vaccine hyporesponsiveness.
Variables selected a priori included age at enrolment, sex, vaccine
type, CCI score, and individual comorbidities and were evaluated in
univariable and multivariable analysis. Finally, the durability of
COVID-19 vaccine responses was evaluated by comparing vaccine-
induced antibodies at day 180 to the levels observed at previous
visits.

Results

A total of 6544 individuals who were Spike-Ig negative and had
no prior positive SARS-CoV-2 PCR at baseline were included. Of
these, 3654 (55.8%) received BTN162b2, 2472 (37.8%) mRNA-1273,
and 418 (6.4%) one dose of ChAdOx1 followed by a second dose
of one of the mRNA vaccines. Baseline demographics of the study
participants are shown in Table 1. Themedian agewas 64 years, and

3683 (56.3%) were female. BTN162b2 vaccinees were generally
older, had more comorbidity, and were more likely to be catego-
rized as high-risk individuals in the Danish vaccination program
than the two other groups. In contrast, the ChAdOx1/mRNA group
mainly consisted of younger individuals, with a large representa-
tion of female health-care workers.

Follow-up

Of the 6544 participants, 6036 (92%) had complete SARS-CoV-2
serology measurements available for the study visit prior to the
second planned vaccine dose (day 21); 5662 (86.5%) and 4096
(62.6%) had complete SARS-CoV-2 serology at the study visits 90
and 180 days, respectively.

Levels of SARS-CoV-2 antibodies before and after vaccination

The GMT of Spike-IgG increased from 82 (95% CI: 102�110) at
baseline to 23 572 (95% CI: 22 503�24 692) before second vacci-
nation and to 167 137 (95% CI: 161 366�173 114) at day 90, and
then decreased at day 180 (61 904; 95% CI: 59 225�64 704)
(Fig. 1A, Table S1). Similar patterns were seen in GMT for RBD-
specific IgG levels (Fig. S1, Table S1). Stratifying participants ac-
cording to age and CCI score showed that postvaccination levels of
Spike-IgG were progressively lower with increasing age and
number of comorbidities (Fig. 1B). Similar associations with age
and comorbidity were also observed for RBD-IgG (Fig. S2). Total

Table 1
Participant demographics at study enrolment by vaccine type

Vaccine type

Total
(N ¼ 6544)

BTN162b2
(n ¼ 3654)

mRNA-1273
(n ¼ 2472)

ChAdOx1/mRNA
(n ¼ 418)

p-value

Age at enrolment (y), median (IQR) 64 (54e75) 71 (55e78) 61 (54e69) 45 (31e56) .
Age group, n (%) <.001
18e25 y 139 (2.1) 52 (1.4) 57 (2.3) 30 (7.2) .
25e39 y 341 (5.2) 148 (4.1) 60 (2.4) 133 (31.8) .
40e64 y 2967 (45.3) 1243 (34.0) 1474 (59.6) 250 (59.8) .
65e79 y 2228 (34.0) 1503 (41.1) 721 (29.2) 4 (1.0) .
�80 y 869 (13.3) 708 (19.4) 160 (6.5) 1 (0.2) .

Sex, n (%) <.001
Male 2861 (43.7) 1772 (48.5) 1024 (41.4) 65 (15.6) .
Female 3683 (56.3) 1882 (51.5) 1448 (58.6) 353 (84.4) .

Vaccine priority group <.001
1. Individuals at increased risk, n (%) 1539 (23.5) 1386 (37.9) 145 (5.9) 8 (1.9) .
2. Health-care workers 525 (8.0) 100 (2.7) 25 (1.0) 400 (95.7) .
3. General population 4480 (68.5) 2168 (59.3) 2302 (93.1) 10 (2.4) .

CCI score categories, n (%) <.001
0 4797 (73.3) 2305 (63.1) 2099 (84.9) 393 (94.0) .
1e2 1468 (22.4) 1112 (30.4) 332 (13.4) 24 (5.7) .
>2 279 (4.3) 237 (6.5) 41 (1.7) 1 (0.2) .

Comorbidities in the previous 5 y, n (%) .
Myocardial infarction 115 (1.8) 87 (2.4) 27 (1.1) 1 (0.2) .
Congestive heart failure 161 (2.5) 136 (3.7) 24 (1.0) 1 (0.2) .
Peripheral vascular disease 66 (1.0) 52 (1.4) 13 (0.5) 1 (0.2) .
Cerebrovascular disease 219 (3.3) 157 (4.3) 57 (2.3) 5 (1.2) .
Dementia 11 (0.2) 10 (0.3) 1 (0.0) 0 .
Chronic pulmonary disease 318 (4.9) 253 (6.9) 60 (2.4) 5 (1.2) .
Rheumatic disease 147 (2.2) 118 (3.2) 25 (1.0) 4 (1.0) .
Peptic ulcer disease 24 (0.4) 18 (0.5) 6 (0.2) 0 .
Liver disease 104 (1.6) 82 (2.2) 22 (0.9) 0 .
Diabetes 248 (3.8) 190 (5.2) 56 (2.3) 2 (0.5) .
Hemiplegia or paraplegia 5 (0.1) 5 (0.1) 0 0 .
Renal disease 99 (1.5) 92 (2.5) 7 (0.3) 0 .
Any malignancy 612 (9.4) 468 (12.8) 136 (5.5) 8 (1.9) .
Metastatic solid tumour 31 (0.5) 22 (0.6) 9 (0.4) 0 .
HIV 45 (0.7) 39 (1.1) 6 (0.2) 0 .
Organ transplantation 136 (2.1) 127 (3.5) 9 (0.4) 0 .
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Spike Ig was detected in 0% at baseline and increased to 82.3%
after the first vaccination and 97.8% at day 90 within the cohort
(Fig. S3, Table S2).

Blocking of Spike-ACE2-receptor binding

The median serum concentration of Spike-ACE2-receptor
blocking antibodies was zero at baseline, increased slightly before
the second dose (median 1 AU/mL, IQR: 1e1), and then increased
substantially at day 90 (median 5 AU/mL, IQR: 5e6; Fig. 1C,
Table S3). Median level at day 90 differed depending on vaccine
type and was 3 AU/mL (IQR: 3e3) for BTN162b2, 13 AU/mL (IQR:
12e13) for mRNA-1273, and 31 (IQR: 22e44) for those who
received first a single ChAdOx1 dose and then either mRNA vaccine
as their second dose. Of note, this latter group received their second
dose closer to the day 90 visit than the two first groups.

At day 180, levels of Spike-ACE2-receptor blocking antibodies
had decreased significantly (median 2, IQR: 2e2). Stratifying par-
ticipants according to age and CCI score revealed that after vacci-
nation, antibody levels were gradually lower with increasing age
and number of comorbidities (Fig. 1D). Among participants with
comorbidity or age >75 years, levels of Spike-ACE2-receptor
blocking antibodies had declined to preesecond vaccination

levels at day 180 (Table S3). Similar associations with vaccine type,
age, and comorbidity were also observed for RBD-ACE2-receptor-
neutralizing antibodies (Figs. S3 and S4).

Responsiveness to COVID-19 vaccination

We first categorized participants who had complete serology
measurements from baseline to day 90 after first vaccination ac-
cording to the relative increase in Spike-IgG antibodies and Spike
ACE-2-receptor-blocking antibodies from baseline. Vaccine
hyporesponsiveness, defined as having a <2-fold log10 increase in
Spike IgG or Spike-ACE2-receptor-blocking antibodies <1 AU/mL
at day 90, was seen in 5.0% and 12.7% of the cohort, respectively
(Table 2). The corresponding proportion of individuals with vac-
cine hyporesponsiveness at day 180 was 12.1% for Spike IgG and
39.6% for Spike-ACE2-receptor-blocking antibodies. Thereafter,
and to evaluate the durability of the vaccine response, among
those defined as responders at day 90 and with follow-up at day
180 (n ¼ 3474), we assessed howmany became hyporesponsive at
day 180. According to Spike-IgG and ACE2-receptor-blocking an-
tibodies, 12.1% and 28% were hyporesponsive at day 180, whereas
45% and 48% had a moderate and 43% and 24% had a strong
response, respectively.

Fig. 1. Plasma levels of SARS-CoV-2 Spike IgG and Spike-ACE2-receptor-blocking antibody levels at each study visit. (A) Plasma levels of SARS-CoV-2 Spike IgG at each study visit by
vaccine type. (B) Plasma levels of SARS-CoV-2 Spike IgG at each study visit by age group and level of comorbidity. (C) Plasma concentration of Spike-ACEII-receptor blocking
antibodies according to vaccine type. (D) Plasma concentration of Spike-ACEII-receptor-blocking antibodies according to age group and level of comorbidity. CCI, Charlson Co-
morbidity Index.
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Risk factors for COVID-19 vaccine hyporesponsiveness at day 90

Responsiveness differed by several vaccine, demographics, and
comorbidity factors (Table 2). Independent risk factors for vaccine
Spike-IgG and Spike-ACE2-receptor-blocking antibody hypores-
ponders vs. moderate and high responders were first evaluated in
multivariable logistic regression models including sex, age group,
CCI score category, and vaccine type, excluding ChAdOx1 vaccinees
due to low numbers (Fig. 2A and B). For both antibodies, hypores-
ponsiveness was associated with male sex, increasing number of
comorbidities, and vaccine type. Conversely, whereas older agewas
associated with elevated risk of being hyporesponsive, as deter-
mined by low levels of Spike-ACE2-receptor-blocking antibodies,
this was not observed when assessing Spike IgG.

The association with number of comorbidities was further
assessed by assessing each type of comorbidities (Fig. S5). Hypo-
responders were found consistently more often among transplant
recipients and patients with renal disease and malignancies. Pa-
tients with diabetes and autoimmune disease had an increase
chance of being hyporesponsive when assessing response by

change in Spike-ACE2-receptor antibody only, whereas patients
with liver disease had an elevated chancewhen assessing Spike-IgG
antibodies only.

Durability of Covid-19 vaccine responses at day 180

Among initial responders at day 90, independent risk factors for
vaccine hyporesponsiveness at day 180 are presented in Fig. 3A (for
Spike IgG) and 3B (for Spike-ACE2-receptor antibody). For both
antibodies assessed, risk factors for this outcomeweremale sex and
vaccine type (mRNA-1273 compared to BTN162b2 adjusted
OR ¼ 0.16, 95% CI: 0.09�0.27) but not age. Multiple comorbidities
were associated with excess risk of hyporesponsiveness for Spike-
ACE2-receptor antibody but not clearly so for Spike IgG (Table S6).

Discussion

The present study adds significant insight into the potential
causes of the observed reduction in vaccine effectiveness over time
across different populations [3,14,15]. First, we document that in

Table 2
Vaccine-related response for two anti-Spike antibodies at day 90 after start of vaccination by demographic characteristics

Day 90 Spike IgG fold change from baseline (log10) (N ¼ 5625) Day 90 Spike-ACE2r blocking antibody (AU/mL) (N ¼ 5662)

<2-fold change 2- to 3-fold change >3-fold change <1 1e4 >4

Participants, n (% of total) 281 (5.0) 1239 (22.0) 4105 (73.0) 718 (12.7) 1380 (24.4) 3564 (62.9)
Age (y), median (IQR) 66 (55e75) 69 (56e78) 64 (54e74) 73 (60e79) 73 (59e79) 62 (53e69)
Age group, n (%)
<55 y 63 (22.4) 266 (21.5) 1050 (25.6) 120 (16.7) 227 (16.4) 1038 (29.1)
55e64 y 69 (24.6) 223 (18.0) 1127 (27.5) 106 (14.8) 229 (16.6) 1095 (30.7)
65e74 y 71 (25.3) 291 (23.5) 936 (22.8) 181 (25.2) 335 (24.3) 800 (22.4)
�75 y 78 (27.8) 459 (37.0) 992 (24.2) 311 (43.3) 589 (42.7) 631 (17.7)

Sex, n (%)
Male 153 (54.4) 665 (53.7) 1732 (42.2) 421 (58.6) 739 (53.6) 1400 (39.3)
Female 128 (45.6) 574 (46.3) 2373 (57.8) 297 (41.4) 641 (46.4) 2164 (60.7)

Vaccine priority group, n (%)
1. Individuals at increased risk 190 (67.6) 401 (32.4) 760 (18.5) 369 (51.4) 432 (31.3) 560 (15.7)
2. Health-care workers 5 (1.8) 28 (2.3) 131 (3.2) 8 (1.1) 26 (1.9) 132 (3.7)
3. General population 86 (30.6) 810 (65.4) 3214 (78.3) 341 (47.5) 922 (66.8) 2872 (80.6)

Vaccine received, n (%)
BTN162b2 255 (90.7) 975 (78.7) 2020 (49.2) 667 (92.9) 1210 (87.7) 1389 (39.0)
mRNA-1273 26 (9.3) 256 (20.7) 2022 (49.3) 51 (7.1) 166 (12.0) 2106 (59.1)
ChAdOx1/mRNA 0 8 (0.6) 63 (1.5) 0 4 (0.3) 69 (1.9)
Time between first and second
dose (d), median (IQR)

22 (21e27) 24 (21e35) 35 (24e35) 22 (21e26) 24 (21e28) 35 (27e35)

Time from first vaccine to third
study visit (d), median (IQR)

91 (89e95) 92 (89e96) 91 (89e96) 92 (90e95) 92 (89e96) 91 (89e96)

Enrolment month in 2021,
median (IQR)

March (MarcheApril) April (MarcheApril) April (MarcheMay) March (MarcheApril) April (MarcheApril) May (AprileMay)

CCI score categories, n (%)
0 130 (46.3) 833 (67.2) 3137 (76.4) 366 (51.0) 914 (66.2) 2843 (79.8)
1e2 117 (41.6) 340 (27.4) 833 (20.3) 281 (39.1) 391 (28.3) 631 (17.7)
>2 34 (12.1) 66 (5.3) 135 (3.3) 71 (9.9) 75 (5.4) 90 (2.5)

Comorbidities, n (%)
Myocardial infarction 7 (2.5) 32 (2.6) 64 (1.6) 20 (2.8) 37 (2.7) 47 (1.3)
Congestive heart failure 13 (4.6) 49 (4.0) 75 (1.8) 37 (5.2) 46 (3.3) 54 (1.5)
Peripheral vascular disease 6 (2.1) 16 (1.3) 37 (0.9) 17 (2.4) 20 (1.4) 22 (0.6)
Cerebrovascular disease
Dementia

14 (5.0) 53 (4.3) 123 (3.0) 44 (6.1) 62 (4.5) 86 (2.4)

Chronic pulmonary disease 21 (7.5) 74 (6.0) 178 (4.3) 52 (7.2) 85 (6.2) 139 (3.9)
Rheumatic disease 10 (3.6) 36 (2.9) 82 (2.0) 31 (4.3) 42 (3.0) 55 (1.5)
Peptic ulcer disease 0 7 (0.6) 15 (0.4) 6 (0.8) 7 (0.5) 9 (0.3)
Liver disease 23 (8.2) 18 (1.5) 49 (1.2) 27 (3.8) 28 (2.0) 36 (1.0)
Diabetes 23 (8.2) 56 (4.5) 131 (3.2) 57 (7.9) 58 (4.2) 97 (2.7)
Hemiplegia or paraplegia 0 2 (0.2) 3 (0.1) 1 (0.1) 1 (0.1) 3 (0.1)
Renal disease 27 (9.6) 19 (1.5) 36 (0.9) 35 (4.9) 25 (1.8) 22 (0.6)
Any malignancy 57 (20.3) 138 (11.1) 343 (8.4) 127 (17.7) 158 (11.4) 259 (7.3)
Metastatic solid tumour 3 (1.1) 7 (0.6) 16 (0.4) 5 (0.7) 7 (0.5) 14 (0.4)
HIV 2 (0.7) 12 (1.0) 22 (0.5) 8 (1.1) 12 (0.9) 16 (0.4)
Organ transplantation 49 (17.4) 20 (1.6) 49 (1.2) 61 (8.5) 27 (2.0) 31 (0.9)

Those who were SARS-CoV-2 PCR or plasma Spike Ig positive at baseline were excluded.
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this large cohort of mainly middle-aged and older individuals with
a substantial burden of comorbidities, initial peak antibody re-
sponses to all vaccine regimens were robust in 95% of vaccinated
individuals. Increasing age was associated with lower levels of
neutralizing antibodies, but interestingly, this association was not
present when we analyzed relative increases in quantitative SARS-
CoV-2 IgG levels. Others have also reported an association between
age and neutralizing antibody titres after BTN-162b2 vaccination
[16]. Elderly individuals are known to have reduced ability to
mount robust and sustained responses to new antigens, and age-
related decrease in the production of new B cells from their pre-
cursors may lead to production of antibodies with lower avidity and
affinity [17]. Thus, it may be important to consider both functional
and quantitative measures of antibody levels in the evaluation of
vaccine response and protection against COVID-19.

The efficacy of the two mRNA vaccines, BNT162b2 and mRNA-
1273, against COVID-19 was almost identical in the respective
phase 3 trials, but subsequent studies have indicated that total
antibody levels and neutralization activity may be higher after two

doses of mRNA-1273 compared to BNT162b2. In one report, re-
cipients of the BNT162b2 vaccine had a 27% higher risk of docu-
mented SARS-CoV-2 infection and a 70% higher risk of
hospitalization for COVID-19 than recipients of the mRNA-1273
vaccine over 24 weeks of follow-up in a period marked by Alpha-
variant predominance [14]. The authors also reported a trend to-
wards higher risk of documented infection among BNT162b2 vac-
cinees than among mRNA-1273 vaccinees over 12 weeks of follow-
up in a period marked by Delta-variant predominance [14]. Others
have reported higher SARS-CoV-2ebinding antibody response after
mRNA-1273 vaccination compared to BNT162b2 vaccination
[18,19]. In contrast to our study, these two studies did not measure
functional or neutralizing antibodies. Indeed, we not only observed
higher levels of total Spike and RBD IgG but also higher levels of
functional Spike and RBD-ACE2-blocking antibodies in mRNA-1273
compared to BNT162b2 vaccinees. Differences in immunogenicity
and effectiveness between the BNT162b2 and mRNA-1273 vaccines
could be due to several factors, including variation inmRNA content
of the vaccines (100 vs. 30 mg for mRNA-1273 vs. BNT162b2),

Fig. 2. Risk factors for COVID-19 vaccine hyporesponsiveness in a multivariate logistical regression model according to (A) Spike IgG and (B) Spike-ACE2-receptor-blocking antibody
levels at day 90.
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differences in the recommended interval between the first and
second dose (4 weeks formRNA-1273 vs. 3 weeks for BNT162b2), or
other factors, such as the lipid composition of the nanoparticles
used for packaging the mRNA content [8,9,20].

Our study also had some limitations. Due to the temporal vari-
ations in the availability of specific COVID-19 vaccines in Denmark,
most of the individuals who were categorized as high risk in the
national vaccination program received BTN162b2. This may bias the
antibody responses in the BTN162b2 to be lower compared to the
other groups. Also, the ChAdOx1/mRNA group mainly consisted of
female health-care workers, and the timing of their second vaccine
was closer to the 3- and 6-month visit. We have used different
strategies to balance out the inherent differences between vaccine
groups, such as stratification and multivariate adjustment in the
analyses, but some residual confounding may persist; therefore,
direct comparison of vaccine responses between the groups should
be made with caution.

Although we report on plasma levels of SARS-CoV-2 Spike and
RBD antibodies, which have been shown to correlate with protec-
tion against COVID-19, data on cellular immunity were not avail-
able for this study. It should be noted that T-cell responses may be
of particular importance in preventing severe COVID-19 among
thosewho become infected with SARS-CoV-2 [13,21]. Of note, there
is no universal definition of vaccine hyporesponsiveness for COVID-
19 vaccines. In the present study, we defined hyporesponsiveness
as a 2-fold or smaller increase in vaccine-induced antibodies,
similar to the threshold that has been applied in the pneumococcal
vaccine literature [22]. Finally, it was beyond the scope of this study
to analyze any association between adverse events and vaccine
responsiveness, but this would be of interest in future studies.

In conclusion, most individuals, even those at high risk, moun-
ted robust immune responses to the two-dose vaccine regimens.
However, certain comorbidities were strongly associated with

hyporesponsiveness to COVID-19 vaccination. In addition, male sex
and vaccine type were associated with decreased durability of
vaccine-induced antibodies. On a population level, the functional
activity of vaccine-induced antibodies appeared to wane quickly
during the 6 months of follow-up, demonstrating that booster
vaccination is required to maintain high levels of protective anti-
bodies. These findings have important implications for the roll-out
of booster vaccines.
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