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Objectives: Humoral immunity wanes over time after two-dose BNT162b2 vaccination. Emerging vari-
ants of concern, such as the B.1.617.2 (delta) variant, are increasingly responsible for breakthrough in-
fections owing to their higher transmissibility and partial immune escape. Longitudinal data on
neutralization against the B.1.617.2 (delta) variant are urgently needed to guide vaccination strategies.
Methods: In this prospective longitudinal observational study, anti-S1 IgG and surrogate neutralizing
antibodies were measured in 234 collected samples from 60 health care workers after two-dose vacci-
nation with BNT162b2 at five different time points over an 8-month period. In addition, antibodies
against various severe acute respiratory syndrome coronavirus 2 epitopes, neutralization against wild-
type, and cross-neutralization against the B.1.617.2 (delta) variant using a live virus assay were
measured 6 weeks (second time point) and 8 months (last time point) after first vaccine dose.
Results: Median (interquartile range) anti-S1 IgG, surrogate neutralizing, and receptor-binding domain
antibodies decreased significantly from a maximum level of 147 (102e298), 97 (96e98), and 20 159
(19 023e21 628) to 8 (4e13), 92 (80e96), and 15 324 (13 055e17 288) at the 8-month follow-up,
respectively (p < 0.001 for all). Neutralization against the B.1.617.2 (delta) variant was detectable in all
36 (100%) participants at 6 weeks and in 50 of 53 (94%) participants 8 months after first vaccine dose.
Median (interquartile) ID50 as determined by a live virus assay decreased from 160 (80e320) to 40 (20
e40) (p < 0.001).
Discussion: Although humoral immunity wanes over time after two-dose BNT162b2 vaccination in
healthy individuals, most individuals still had detectable neutralizing activity against the B.1.617.2 (delta)
variant after 8 months. Louise Benning, Clin Microbiol Infect 2022;28:1024.e7e1024.e12
© 2022 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
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Introduction

Since a cluster of pneumonia cases was first reported in Wuhan,
Hubei Province, China, in December 2019, coronavirus disease 2019
(COVID-19) has become a global burden, resulting in more than 240
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million cases and over 4.9 million deaths worldwide by October
2021 [1]. COVID-19 is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which enters host cells via the gly-
cosylated spike protein [2]. The receptor-binding domain (RBD) of
the SARS-CoV-2 spike protein is a major target of neutralizing an-
tibodies that block viral attachment to the host cell via angiotensin
converting enzyme type-II (ACE2) receptor binding [3].

Safe and effective vaccines have been developed in an unprec-
edented timeframe, with BNT16b2 by BioNTech/Pfizer (BNT) being
the first vaccine to receive an emergency use validation from the
WHO. Recently, follow-up data from the phase 2e3 BNT trial re-
ported a gradual decline in vaccine efficacy from 96% between
7 days and 2 months after the second dose to 84% between 4 and
6months after the second dose [4]. The decline in vaccine efficacy is
caused by a combination of waning humoral immunity and the
emergence of variants of concern with partial immune escape
[5e8]. Only recently, Liu et al. demonstrated a modest reduction in
neutralization against the B.1.617.2 (delta) variant compared to
SARS-CoV-2 wild-type strain by BNT162b2-elicited sera taken 2 or
4 weeks after the second vaccination [9].

With a significant increase in breakthrough infections, longitu-
dinal data on cross-neutralization against the B.1.617.2 (delta)
variant are urgently needed to guide booster vaccination strategies.

Methods

Study design

This prospective longitudinal cohort study was conducted at the
Department of Nephrology of the University Hospital Heidelberg,
including 60 health care workers who received at least one
BNT162b2 vaccine dose between December 2020 and April 2021.

We collected 234 serum samples from 60 individuals at five
different time points (t) after the first vaccine dose. Humoral vac-
cine response was determined after a median (interquartile range
(IQR)) of 18 (17e20), 41 (39e42), 58 (55e58), 115 (112e115), and
230 (227e231) days after the first vaccine dose in 41, 60, 26, 54, and
53 participants, respectively (Fig. 1). The first (t1) and second (t2)
time points were designed to determine maximum humoral im-
munity 3 weeks after the first (t1) and second (t2) vaccine dose.
Time points t3e5 were chosen to determine a detailed kinetics of
the humoral response over an 8-month follow-up period.
Fig. 1. Study design to determine humoral immune responses to BNT162b2 vaccination in h
included in this study. Anti-S1 IgG and surrogate neutralizing antibodies were determined at
SARS-CoV-2 target epitopes and a live virus neutralization assay to determine neutralizati
representative subgroup analysis 3 weeks (t2) and 7 months (t5) after second vaccination.
Anti-spike S1 IgG and SARS-CoV-2especific surrogate neutral-
izing antibodies were assessed at all time points in all individuals
(Fig. 1). A bead-based analysis of antibodies against different SARS-
CoV-2 target epitopes and a live virus neutralization assay to
determine neutralization against wild-type and the B.1.617.2 (delta)
variant of concern were performed in a subgroup analysis 6 weeks
(t2) and 8 months (t5) after first vaccination in 36 and 53 in-
dividuals who matched the entire study population in age and sex
(Fig. 1). In addition, anti-nucleocapsid antibodies were measured at
each study visit to exclude participants with prior SARS-CoV-2
infection or infection during follow-up.

The study is part of an ongoing single-centre study to determine
immunogenicity of COVID-19 vaccines (DRKS00024668). The study
was approved by the ethics committee of the University of Hei-
delberg and conducted in accordance with the Declaration of Hel-
sinki. Written informed consent was obtained from all study
participants.
IgG antibodies against SARS-CoV-2 spike S1 and nucleocapsid
protein

We used the SARS-CoV-2 Total Assay (Siemens, Eschborn, Ger-
many) to measure the IgG response against the S1 protein with a
semi-quantitative index �1 defining positivity. This cut-off for
detection gives a specificity of 100% with a sensitivity of 89%. IgG
against the nucleocapsid protein was measured by the semi-
quantitative Elecsys anti-SARS-CoV-2 assay (Roche, Mannheim,
Germany). Assays were performed according to the manufacturers'
instructions.
SARS-CoV-2especific surrogate neutralizing antibodies

We used a surrogate virus neutralization test (Medac, Wedel,
Germany) to detect surrogate neutralizing antibodies in a sample,
as described previously by us and others [10e14]. The test mimics
the interaction between the virus and the host cell by direct
proteineprotein interaction using purified RBD protein from the
viral spike protein and the host cell receptor ACE2 [14]. With a cut-
off of �30% inhibition of RBD:ACE2 binding, the test achieves 99.9%
specificity with 95% to 100% sensitivity in detecting surrogate
neutralizing antibodies.
ealth care workers in a longitudinal observational study. In total, 60 participants were
five different time points (t1et5). A bead-based analysis of antibodies against different
on against wild-type and the B.1.617.2 (delta) variant of concern were performed in a
IQR, interquartile range.
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IgG antibodies against different SARS-CoV-2 target epitopes

To identify IgG antibodies against different SARS-CoV-2 target
epitopes, a multiplex bead-based assay for the Luminex platform
(LabScreen COVID Plus, One Lambda Inc., West Hill, CA, USA) was
performed [15]. The assay detects antibodies against the SARS-CoV-
2 nucleocapsid protein and against four distinct fragments of the
SARS-CoV-2 spike protein, namely the full spike protein, spike S1,
spike S2, and the receptor-binding domain of the spike protein. The
mean fluorescence intensity was analyzed on a Luminex 200 device
(Luminex Corporation, Noord-Brabant, The Netherlands). Cut-off
values are given in Table S2.

Neutralization against wild-type and the B.1.617.2 (delta) variant of
concern

Neutralization titres were determined in titration experiments
on VeroE6 cells, as described previously [13,16]. SARS-CoV-2 virus
stocks were produced by either amplification of the BavPat1/2020
strain (European Virus Archive) or isolation and amplification of the
B.1.617.2 (delta) variant from nasopharyngeal and oropharyngeal
swabs of PCR-confirmed SARS-CoV-2-positive patients, as previ-
ously described by us and others [13,17]. For the B.1.617.2 (delta)
variant, next-generation sequencing (NGS) sequencing was per-
formed, and lineage, variant assignment, and clade classification of
the SARS-CoV-2 sequence was carried out using Pangolin and
Nextclade as part of the Nextstrain framework. Virus was amplified
in VeroE6 cells, and virus titres of stocks produced in this cell line
were determined by plaque assay. Stocks were stored at e80�C
until use.

For titration experiments, two-fold serial dilutions of vaccine
serawere incubated with 104 plaque-forming unit of wild-type and
the B.1.617.2 (delta) variant. After 1 hour at 37�C, the mixture was
added to VeroE6 cells, and cells were fixed in the plates with 5%
formaldehyde 24 hours later. Virus replication was determined by
immunostaining for the viral nucleocapsid protein using an in-cell
ELISA. Values were normalized to those obtainedwith cells infected
in the absence of patient serum (100% infection) and noninfected
cells (0% infection), the latter determining the assay background.
The ID50 equates the reciprocal of the serum dilution that reduces
infection of cells by 50%. The cut-off for detection of this immu-
nodetection assay is at a neutralization titre of 1:10.

Statistics

Data are given as median and IQR or number and percent.
Continuous variables were compared using the Mann-Whitney U
test or the Kruskal-Wallis test with Dunn's post-test. Categorical
data were compared using Fisher's exact test or the c2 test.
Spearman's rho as a nonparametric measure of rank correlation
was calculated to describe the relationship between two different
tests analyzing humoral immunity. Statistical significance was
assumed at a p value of <0.05. The statistical analysis was per-
formed using GraphPad Prism version 9.0.0 (GraphPad Software,
San Diego CA, USA).

Results

Study population

From December 29, 2020 to September 17, 2021, we prospec-
tively enrolled 60 health care workers who had received BNT162b2
SARS-CoV-2 vaccination. The vaccination interval was a median
(IQR) of 20 (20e20) days. The median (IQR) age of the full study
cohort was 46 (35e57) years, and 44 (73%) participants were fe-
male. Median (IQR) age and sex of the participants did not signifi-
cantly differ from the full study cohort at any time point (t1et5)
(p ¼ 0.90 and p ¼ 0.75, respectively; Table S1).

Kinetics of SARS-CoV-2especific antibodies over an 8-month follow-
up period after first vaccination with BNT162b2

After the first vaccine dose, anti-S1 IgG and surrogate
neutralizing antibodies were detectable above predefined thres-
holds for detection in 40 of 41 (98%) and 39 of 41 (95%) study
participants, respectively. After the second vaccine dose and at all
follow-up time points, anti-S1 IgG and surrogate neutralizing
antibodies remained above the threshold for detection in all study
participants.

Median (IQR) anti-S1 IgG levels increased significantly from 9
(6e19) after the first vaccination (t1) to 147 (102e298) 3 weeks
after the second vaccination (t2; p < 0.001). Subsequently, anti-S1
IgG levels decreased to 115 (59e218), 43 (24e70), and 8 (4e13)
8 weeks (t3), 4 months (t4), and 8 months (t5) after the first
vaccination, respectively (Fig. 2A). Median (IQR) inhibition for
surrogate neutralizing antibodies increased significantly from 69%
(55%e76%) after first vaccination (t1) to 97% (96%e98%) after sec-
ond vaccination (t2; p < 0.001). Surrogate neutralizing antibody
levels remained high at all follow-up time points, with a median
(IQR) inhibition of 97% (93%e98%) at 8 weeks (t3), 93% (88%e95%)
at 4 months (t4), and 92% (80%e96%) at 8 months (t5) after the first
vaccination, respectively (Fig. 2B). During the first 8 weeks after
first vaccination, anti-S1 IgG and surrogate neutralizing antibody
levels did not decrease significantly, whereas anti-S1 IgG levels and
surrogate neutralizing antibodies were significantly lower
4 months (t4) and 8 months (t5) after first vaccination when
compared tomaximum levels 3 weeks (t2) after second vaccination
(p < 0.001 for all; Figs. 2A and B).

Antibodies against various SARS-CoV-2 target epitopes were
assessed in 36 and 53 individuals who had received two-dose
BNT16b2 vaccination at 6 weeks (t2) and 8 months (t5) after first
vaccination, respectively. Median (IQR) mean fluorescence in-
tensity decreased from 23 439 (23 119e23 977) to 22 157
(20 881e22 987) for the full spike,16 876 (14 732e18 409) to 11670
(9616e12 855) for the spike S1, 20 159 (19 023e21 628) to 15 324
(13 055e17 288) for the RBD of the spike S1 protein, and 9933
(6399e12 431) to 1834 (1114e4869) for the spike S2 protein
(p < 0.001 for all; Figs. 2C and Fig. S1). Antibodies against the
nucleocapsid protein were not detectable during follow-up in any
individual, confirming no prior SARS-CoV-2 infection or infection
during follow-up.

Neutralizing antibody activity against the B.1.617.2 (delta) variant
8 months after first vaccination with BNT16b2

Live virus neutralization against wild-type and the B.1.617.2
(delta) variant was assessed in 36 and 53 individuals with two-
dose BNT162b2 vaccination 6 weeks (t2) and 8 months (t5) after
first vaccination, respectively. The median (IQR) ID50, which cor-
responds to the serum dilution that inhibits 50% of infectivity,
decreased significantly from 160 (160e320) to 20 (10e40) for
neutralization against wild-type and from 160 (80e320) to 40
(20e40) for neutralization against the B.1.617.2 (delta) variant
(p < 0.001 for both; Fig. 3A). The cut-off for detection (1:10) of
neutralizing antibody activity against wild-type and the B.1.617.2
(delta) variant was exceeded in all 36 (100%) individuals 6 weeks
after the first vaccination (t2). Eight months after first vaccination
(t5), 10 of 53 (19%) showed no neutralizing activity against wild-



Fig. 2. Anti-S1 IgG, surrogate neutralizing, full spike, spike S1, spike receptor-binding domain, and spike S2 antibodies in health care workers at different time points after BNT162b2
vaccination. (A) SARS-CoV-2 IgG antibodies were determined by a chemiluminescent immunoassay at five different time points after BNT162b2 vaccination. The x-axis displays the
different time points (t1et5), and the y-axis shows the anti-S1 IgG index, represented logarithmically. The dashed black line indicates the cut-off for detection. A semiquantitative
index �1 was classified as positive. (B) Surrogate neutralizing antibodies as determined by a surrogate virus neutralization test at five different time points after BNT162b2
vaccination. The x-axis displays the different time points (t1et5), and the y-axis shows the percent binding inhibition. The dashed black line indicates the cut-off for detectionwith a
cut-off of �30% defining positivity. (C) Antibodies against different SARS-CoV-2 target epitopes, namely the SARS-CoV-2 full spike, spike S1, spike receptor-binding domain (RBD)
and spike S2 protein 3 weeks (t2) and 7 months (t5) after second vaccination in a representative subgroup as determined by a bead-based multiplex assay. The dashed black line
indicates the cut-off for detection for each respective target. Cut-offs are given in the Supplementary Data. MFI, mean fluorescence intensity; RBD, receptor-binding domain; t, time
point; ***p < 0.001; **p < 0.01; *p < 0.05.
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type and 3 of 53 (6%) showed no cross-neutralizing activity
against the B.1.617.2 (delta) variant.

Correlation between live virus neutralization and anti-S1 IgG,
surrogate neutralizing, and anti-receptor-binding domain
antibodies

We correlated the results of commercially available assays ob-
tained at t2 and t5 to the neutralizing activity against wild-type and
the B.1.617.2 (delta) variant as determined by live virus neutrali-
zation. Spearman's rank correlation was 0.88 and 0.86 for anti-S1
IgG, 0.86 and 0.84 for surrogate neutralizing, and 0.80 and 0.77
for anti-RBD antibodies to neutralization against wild-type and the
B.1.617.2 (delta) variant, respectively (Fig. 3B).
Discussion

Waning humoral immunity after COVID-19 vaccination and
emerging variants of concern such as the B.1.617.2 (delta) variant
with partial immune escape increasingly lead to breakthrough in-
fections [4e8]. Longitudinal data on cross-neutralization against
the B.1.617.2 (delta) variant are urgently needed to determine the
need and strategies for booster vaccinations.

This is one of the first studies to determine live virus neutral-
izing antibodies against the B.1.617.2 (delta) variant over an 8-
month follow-up period. We demonstrate a steady decline in
anti-S1 IgG, surrogate neutralizing, and anti-RBD antibodies dur-
ing the 8-month follow-up after two-dose BNT162b2 vaccination.
At peak levels, neutralization against wild-type and cross-



Fig. 3. Live virus neutralization against wild-type and the B.1.617.2 (delta) variant of concern 6 weeks and 8 months after first vaccination in a representative subgroup of health
care workers. (A) Neutralization against wild-type and the B.1.617.2 (delta) variant was determined in a SARS-CoV-2 infection assay using VeroE6 target cells and serial two-fold
dilutions of sera from 36 and 53 health care workers at 6 weeks (t2) and 8 months (t5) after first vaccination. The ID50 is defined as the serum dilution that inhibits 50% of the
infectivity. The dashed black line indicates the cut-off for detection. (B) Spearman's rank coefficient of correlation between anti-S1 IgG index (left panel), surrogate neutralizing
antibodies (middle panel), and anti-receptor binding domain (RBD) antibodies (right panel) with the live virus neutralization of wild-type (red) and the B.1.617.2 (delta) variant
(turquoise). MFI, mean fluorescence intensity; RBD, receptor-binding domain; t, time point; ***p < 0.001.
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neutralization against the B.1.617.2 (delta) variant was detectable
in all participants with high ID50 levels. However, at the 8-month
follow-up, 19% and 6% did not show neutralization against wild-
type or cross-neutralization against the B.1.617.2 (delta) variant,
respectively. Our results for live virus neutralization at peak levels
after second vaccination are in concordance with the current
literature, showing only a slightly impaired vaccine-induced hu-
moral response to the B.1.617.2 (delta) variant after two-dose
vaccination [9,18,19]. Poorer cross-neutralization is seen in vari-
ants of concern with mutations resulting in amino acid sub-
stitutions K417N, E484K, and N501Y in the receptor-binding site
as demonstrated for example for the immune-escaping B.1.351
(beta) variant [20,21].

Understanding the protection achieved through vaccination is
crucial to efficiently determine the extent of population protection
and to adapt booster vaccination strategies [22]. To help define hu-
moral or cellular cut-off values that confer protective immunity,
Khoury et al. [23] modelled SARS-CoV-2 immune protection by
analyzing the relationship between in vitro neutralization levels and
the observed protection from SARS-CoV-2 infection across different
convalescent and vaccine studies. They estimated a “50% protective
neutralization level” at an in vitro neutralization titre (ID50) between
1:10 and 1:30, which best predicted protection against severe
COVID-19 [23]. Feng et al. recently reported a strong correlation
between higher anti-spike IgG, anti-RBD IgG, and neutralizing anti-
body titres and a lower risk of symptomatic disease [24]. Because no
breakthrough infections were detected in our study cohort, we were
unable to estimate correlates of protection in our cohort. Considering
the recent literature, our data on live virus neutralization suggest
better protection from severe COVID-19 infection with higher anti-
body levels 3 weeks after second vaccination compared to the lower
levels at 8-month follow-up. Because commercially available tests
correlate strongly with neutralizing activity determined by live virus
neutralization, these tests may aid in clinical decision-making
regarding additional booster vaccinations.

Booster vaccinations are one strategy to counteract waning
humoral immunity against COVID-19. Falsey et al. recently reported
an increase in the magnitude and breadth of neutralization against
the B.1.617.2 (delta) variant with a third BNT162b2 vaccine dose
[18]. Furthermore, Bar-On et al. reported 5.4- and 11.3-times lower
rates of confirmed infections and of severe illness among partici-
pants who had received a booster BNT162b2 vaccination compared
to those with only two vaccine doses [26]. However, when dis-
cussing additional booster vaccinations in high-income countries,
we should not forget the ongoing global disparity in COVID-19
vaccination, prolonging the pandemic not least because of the
emergence of new variants of concern [27].

A limitation of our study is possible selection bias that may have
been introduced in this longitudinal study design because serum
was not available for all study participants at all time points. We
reduced this bias by only including individuals with �3 sera
available during follow-up. Another limitation is the lack of data on
vaccine-induced cellular immunity and the effect of the B.1.617.2
(delta) variant on T-cell response. However, Cassaniti et al. showed
that SARS-CoV-2 T-cell response 3 weeks after a second BNT162b2
vaccine dose is not significantly affected by mutations in the
B.1.617.2 (delta) variant [28]. Furthermore, Woldemeskel et al.
showed only a modest decline in T-cell frequency 6 months after
mRNA vaccination [29].

Although humoral immunity wanes after two-dose BNT162b2
vaccination, our results show that most healthy individuals still
exhibit vaccine-induced neutralizing activity against the B.1.617.2
(delta) variant after 8 months. Commercially available tests may
help to guide additional booster vaccinations.
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