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ABSTRACT

The sustainability of coronavirus 19 (COVID-19) vaccine-induced immunity against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is critical to be determined to inform public health decisions on vaccination programs and prevention measures against
COVID-19. The aim of the present study was to prospectively evaluate the kinetics of neutralizing antibodies (NAbs) and anti-S-receptor
binding domain (RBD IgGs) against SARS-CoV-2 after full vaccination with the BNT162b2 mRNA vaccine for up to 9 months in healthy
individuals (NCT04743388). The assessments were performed at the following time points after the second vaccination: 2 weeks, 1
month, 3 months, 6 months, and 9 months. The measurements were performed with the GenScript’s cPassTM SARS-CoV-2 NAbs
Detection Kit (GenScript, Inc.; Piscataway, NJ) and the Elecsys Anti-SARS-CoV-2 S assay (Roche Diagnostics GmbH; Mannheim,
Germany). Three hundred nine participants with a median age of 48 years were included. A gradual decline in both NAbs and anti-S-
RBD IgGs became evident from 2 weeks to 9 months postvaccination. Both NAbs and anti-S-RBD IgGs levels were significantly lower
at 9 months compared with the previous timepoints. Interestingly, age was found to exert a statistically significant effect on NAbs elim-
ination only during the first-trimester postvaccination, as older age was associated with a more rapid clearance of NAbs. Furthermore,
simulation studies predicted that the median NAb value would fall from 66% at 9 months to 59% and 45% at 12 and 18 months post-
vaccination, respectively. This finding may reflect a declining degree of immune protection against COVID-19 and advocates for the

administration of booster vaccine shots especially in areas with emerging outbreaks.

INTRODUCTION

The new coronavirus severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has caused a worldwide pandemic and
becomes a serious public health problem on a global scale.'?
There are 4 different primary structural proteins encoded by the
coronavirus genome, referred to as spike (S), envelope, membrane,
and nucleocapsid. Angiotensin-converting enzyme 2 receptors are
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found primarily on oral mucosal epithelial cells and alveolar lung
cells IT but also in other human tissues. The virus enters the body
via the viral S protein and attaches to the angiotensin-converting
enzyme 2 receptors.’> Coronavirus 19 (COVID-19) is a systemic
disease with short- and long-term symptoms.** The vast majority
of patients experience mild or moderate symptoms, with up to
5% to 10% having a severe or life-threatening course of disease
according to the literature. Research and development of effective
and safe vaccines and drugs, as well as innovative diagnostics and
therapeutics, has become a global priority.”

The BNT162b2 vaccine provides protection against COVID-19
infection.®’ Healthy individuals exhibit significant levels of
IgG antibodies and neutralizing antibodies (NAbs) directed
against the SARS-CoV-2 spike-receptor binding domain (anti-
SARS-CoV-2 S-receptor binding domain [RBD] or anti-S-RBD),
as well as a prolonged B-cell response in the germinal center
after immunization.'®!! It is important to note that NAbs lev-
els are associated with clinically relevant immune protection
against COVID-19.!%!3 However, even 1 month after the second
BNT162b2 injection, a slight decrease in antibody titers was
observed, while the time elapsed since the second vaccine dose
was associated with lower NAb activity against SARS-CoV-2
variants and attenuated protection against COVID-19.'4'8 The
fundamental question now is whether and when a third dose
should be administered.
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The aim of this study was to investigate the kinetics of NAbs
and anti-S-RBD IgGs against SARS-CoV-2 after full vaccina-
tion with the BNT162b2 mRNA vaccine for up to 9 months in
healthy individuals.

MATERIALS AND METHODS

Clinical study

This is a prospective study that was designed to determine the
kinetics of anti-SARS-CoV-2 antibodies after COVID-19 immu-
nization with the BNT162b2 mRNA vaccine (NCT04743388).
The ethics committee of the General Hospital Alexandra
approved the study protocol (Ref No. 15/23 December 2020).
The study was carried out in accordance with the Declaration
of Helsinki and the International Conference on Harmonization
for Good Clinical Practice standards of care. All participants
provided written informed consent at study entry.

The primary inclusion criteria were eligibility for vaccination
against COVID-19 according to the national vaccination pro-
gram, being above the age of 18 years, and being able to sign an
informed consent form. Patients with active malignant disease,
those on immunosuppressive therapy, and those with end-stage
renal disease were excluded from the study. According to the
National Immunization Program, the BNT162b2 mRNA vac-
cine was offered to anyone who was 18 years of age or older at
the time of administration. In Greece, vaccination centers for the
BNT162b2 have been created in hospitals to provide immediate
medical care in case of rare but severe adverse events such as
anaphylaxis. Consecutive vaccinated patients were enrolled in
this study.

The confidentiality of the subject data was maintained in line
with the rules of the General Data Protection Regulation. All
of the participants’ identities were kept strictly private. Names
were deidentified according to the principles of pseudoano-
nymization immediately after sample collection.

Analysis of biological samples

In this clinical study, the blood collection schedules were as
follows: on day 1 before the first vaccination, on day 8, on day
22 (the day of the second vaccination and just before receiving
the injection), and at the following time points after the sec-
ond vaccination: 2 weeks, 1 month, 3 months, 6 months, and
9 months after the second injection of the vaccine. Blood was
drawn, and serum was isolated within 4 hours of collection. The
serum was then freezed at —-80°C until the day of measurement.

Using an Food and Drug Administration (FDA)-approved
methodology, NAbs against SARS-CoV-2 were determined.
GenScript’s cPassTM  SARS-CoV-2 NAbs Detection Kit
(GenScript, Inc.; Piscataway, NJ), which allows for the indirect
detection of SARS-CoV-2 NAbs in blood, was implemented in
this study. Anti-S-RBD IgG antibodies were measured using
an FDA-approved technology, the Elecsys anti-SARS-CoV-2 S
assay, which shows response to either prior infection or immuni-
zation (Roche Diagnostics GmbH, Mannheim, Germany).

Data analysis

Patients’ demographic information, medical history, and pre-
scriptions were collected during an interview at study entry.
Weight and height were used to compute the individual’s body
mass index (BMI). All of the individuals were assigned to 1 of 3
groups based on their BMI: BMI ranges from 18.5 to 24.9 for
those who are underweight; 25 to 29.9 for those who are over-
weight; and 30 or more for those who are obese.

Hypercholesterolemia (e.g., dyslipidemia) was found in many
of the subjects, as were cardiovascular disease, diabetes, and
autoimmune diseases (e.g., psoriasis, atopic dermatitis, irritable
bowel syndrome). Other conditions found in the subjects’ med-
ical histories included allergies (e.g., bronchial asthma, prior
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reaction to drugs, chronic obstructive pulmonary disease), and
thyroid issues (e.g., Hashimoto’s depression, migraine, sleep
apnea, gastroesophageal reflux disease). Similar to this, all med-
ications received were grouped into the following categories:
hypercholesterolemia medications (e.g., statins), cardiovascular
disease medications (e.g., beta blockers, angiotensin-converting
enzyme inhibitors), insulin, oral antidiabetics, T4, immunomod-
ulators, centrally acting drugs (e.g., antidepressants, benzodiaz-
epines), and other medications.

An examination of the percent inhibition levels was conducted
using statistical methods (i.e., NAbs). The first steps in statisti-
cal analysis were the estimation of descriptive criteria such as
the mean, median, and quartiles, as well as the estimation of
dispersion metrics. Before proceed with statistical comparisons
between 2 or more groups, a normality test was performed on
each group. The Kolmogorov-Smirnov and Shapiro-Wilk tests,
as well as QQ plots, were employed to determine whether or not
the data distribution was normal. It was found that the data did
not conform to normality in all of the instances examined in this
study, and therefore nonparametric approaches were employed
for the subsequent statistical analysis. The Mann Whitney
U test was used for 2 independent group comparisons, such as
analyzing the gender effect or the influence of age groups (50
and 250 years). If there were any pairwise group comparisons,
the Wilcoxon test was used, which included the comparisons
of NAbs between 2 successive time points. The Kruskal-Wallis
approach was used to assess whether there is a difference in
NAbs titers between different age groups, such as those between
20 and 40 years old, 40 to 55 years old, and >55 years old. The
nonparametric Friedman test was used to discover variations
between individuals (e.g., in their NAbs or anti-S-RBDs) over
time (i.e., 2 weeks, 1, 3, 6, and 9 months). Each subject’s age,
gender, BMI, and medical history (i.e., comorbidities) were all
taken into consideration when determining the antibody levels
at each time point.

The significance level in this investigation was set at 5%,
whereas a result was considered significant if the computed
P value was less than the significance level. Python v.3.9.2 was
used to carry out the statistical analysis. Data analysis was car-
ried out using the “pandas” and “numpy” libraries, respectively.
The “matplotlib” library was used to construct the statistical
plots, while the “seaborn” library was used to implement the
statistical analysis.

Population modeling and simulations

Individual longitudinal percent inhibition values were
explored in terms of population kinetic analysis, utilizing the
stochastic approximation expectation maximization meth-
odology for nonlinear mixed effects, followed by importance
sampling approaches.!” Because the goal of this study was to
determine the pace at which NAbs was eliminated from the
body, only the dropping portion of the NAbs levels was mod-
eled. As a result, data from 2 weeks after the second immuniza-
tion up to 9 months after the second vaccine were used.

A number of structural models, including 1- and 2-com-
partment designs, were evaluated. Single exponential or linear
functions, as well as piecewise linear functions, were used to
represent the kinetics of NADbs elimination. The NAbs levels
were classified as normal or log-normal, and a variety of resid-
ual error models were examined (e.g., constant, proportional,
and combined). Following the construction of the final optimal
structural model, the impact of the individuals’ characteristics
(e.g., age, gender, BMI) on the model parameters was investi-
gated. The Wald test was performed to examine whether or not
variables could be utilized to explain variation in the parame-
ters. This was accomplished entirely by writing the appropri-
ate code in Monolix 2020R1 Mlxtran language (Lixoft, Orsay,
France). To predict NAbs concentration levels at 12, 15, and 18
months after vaccination, simulations were conducted assuming
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that the kinetic parameters remained unaltered after the ninth
month following the construction of the population model. A
number of 1000 individuals were simulated using resampling
from the same individual pool with replacement. A sample size
of 1000 individuals were used for the simulations, and the indi-
vidual model parameter values were randomly drawn to allow
for robust prediction. However, since the simulated sample size
is much larger than the original one, the individual parameter
values were drawn from the original set with replacement, that
is, each subject can be used more than once. The simulations
were carried out using Simulx (Lixoft, Orsay, France).

RESULTS

Baseline characteristics

The BNT162b2 mRNA vaccine was administered in 2 doses
to 309 participants in this trial. NAbs and anti-S-RBD levels
were measured at days 1, 8, 22 (before the second vaccine), as
well as 1, 3, 6, and 9 months later. Table 1 lists the demographic
information collected from the study participants. The median
age was 48.0 years, whereas women made up nearly two-thirds
(202, namely 65.4%) of the group. Almost half of the subjects
(47.90%) had normal weight, followed by overweight (33.01%)
and obese (14.24%). The underweight subjects referred to the
small portion of 4.85%.

Neutralizing antibodies and anti-S-RBDs levels

Figure 1 shows the percentage inhibition of NAbs and the
anti-S-RBDs levels after 2 weeks, 1 month, 3 months, 6 months,
and 9 months of full vaccination with the BNT162b2. Two
weeks after the second vaccination, the highest NAbs values are
observed (median 97.24%) (Figure 1A). From this point on, a
steady, gradual decline is observed, with the following median
NAbs titers observed at subsequent measurement time points:
96.35%, 92.27%, 80.79%, and 66.23%, respectively. Paired
comparisons between NAbs levels at 9 months with those at 6
months, 3 months, and 1 month resulted in statistically signifi-
cant differences (P < 0.001, Wilcoxon test). This finding further
underlines the significant decrease in NAbs.

Similar findings are observed for the anti-S-RBD levels
(Figure 1B). Two weeks after the second vaccination, the median
anti-S-RBD titers were 2257 units/mL and from this point on,
a continuous decline was observed, with median anti-S-RBD
values at 1, 3, 6, and 9 months being 1495, 764.15, 523.8, and
367.1 units/mL, respectively. Paired comparisons between anti-
S-RBD at 9 months and previous time-points revealed statisti-
cally significant differences for all comparisons (P < 0.05).

To illustrate the gradual decline of NAbs over time, the pro-
portion of individuals with NAbs below 30% and 50% was
recorded and shown in Figure 2A, B, respectively. Figure 2A
depicts that there is an almost continuous increase of vaccinated

Characteristics of the Participants in the Study

Participant Characteristic Value*
Sample size 309
Gender
Men 107 (34.6%)
Women 202 (65.4%)
Age (median) 48.0
Body mass index (median) 24.8
Underweight (n, %) 15 (4.85%)

Normal weight (n, %) 148 (47.90%)
Overweight (n, %) 102 (33.01%)
Obese (n, %) 44 (14.24%)

*Values in parentheses refer to percentages
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Figure 1. Percentage of SARS-CoV-2 binding inhibition (NAbs) (A) and
anti-S-RBD levels (B) for the study population. The asterisk (*) denotes
a statistically significant difference between the ninth month levels and the
previous timepoints (P < 0.05). The boxplot borders correspond to the dis-
tribution’s quartiles. NAbs = neutralizing antibodies; RBD = receptor binding domain.

people at risk (i.e., NAbs < 30%). Presumably there would be a
continuous increase over time, but because of the limited sample
size, minor variations are observed due to chance (e.g., there
are none at 3 months). The situation becomes clear in subjects
with NAbs < 50% (Figure 2B), where an exponential increase in
incidences is observed.

The same calculations were also performed in the case of
anti-S-RBDs, and the results are depicted in Figure 2C, D. In
this case, 2 thresholds were considered: 90 units/mL and 140
units/mL, which correspond to situations where there is not a
high level of protection or where protection is not very high.
In both plots, an almost exponential increase in the number of
incidences is observed.

Figure 3 shows the % inhibition of NAbs on each day of
measurement for the entire study population, divided by (a) age
group: 20-40, 40-55, and =55 years (Figure 3A) and (b) gen-
der (Figure 3B). Because the primary goal of this study was to
describe the elimination kinetics of NAbs, only the results from
2 weeks after the second immunization, when the maximal inhi-
bition has been achieved, are presented. Statistically significant
differences, among the 3 age groups, were observed at 1, 3, and
6 months. At 2 weeks and 9 months, no significant differences
were identified in terms of age.
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Regarding the role of gender, no significant differences
in NAbs score were found at all examined timepoints. Nine
months after vaccination, the median percentage inhibition was
66.11% for males and 66.23% for females. Quite similar per-
centages between the 2 groups were observed for all examined
timepoints (Figure 3B).

To quantify the decrease in NAbs and anti-S-RBD levels
as a function of each subject age group, Figure 4 was con-
structed to show the percentage decrease in NAbs and anti-
S-RBD levels at 9 months postfull vaccination compared
with the humoral response at previous timepoints in each
age group. As expected, the greatest percentage decrease in
NAbs is shown between 9 months and 2 weeks after the sec-
ond vaccination, when the highest NAbs values are observed
(Figure 4A). The decrease is higher in the age group of 40 to
55 years, where a decline of 36.41% is observed, followed by
the 255-year-old and the 20- to 40-year-old group. A similar
pattern is shown for the comparisons between 9 months and
1 month, 3 months, and 6 months, respectively, although the
magnitude of the decrease becomes smaller toward the latter
time points. Again, the percentage decline is highest in the
40- to 55-year-old group, followed closely by the >55-year-
old group and then by the 20- to 40-year-old group. Figure 4B
shows the decline in anti-S-RBD levels at 9 months compared
with previous timepoints. Similar to NAbs, the largest differ-
ences are shown between the 9-month and the 2-week com-
parisons, whereas the magnitude of the decrease becomes
smaller toward the latter time points. However, the decline
at each time point is almost the same for all age categories.
This means that while the NAbs values may be influenced
by the subject’s age, no such effect can be suggested for the
anti-S-RBDs.

Modeling the kinetics of neutralizing antibodies

To describe the elimination kinetics of NAbs, a population
kinetic model was developed. The final best model obtained
from the population study comprised a piecewise function
for the elimination constant, as well as a proportional error
model (Table 2). The first elimination constant (kell) was
0.016 NAbs/day (standard error = 0.0014) and corresponded
to the early decay period lasting up to 3 months. Following
that, the elimination constant was calculated to be kel2 =
0.099 NAbs/day (standard error = 0.0076). This result shows
that the NAbs disappear relatively slow at first, but that their
removal becomes around 6 times greater from the third to the
sixth month, indicating that they are eliminated much more
quickly. In the period between the sixth and ninth month, the
elimination rate constant is 0.071 NAbs/day (standard error
= 0.0065), which is almost 4.5 times higher than in the first
trimester and 30% less than in the third to sixth trimester.
This finding indicates a decrease in the elimination capacity of
NAbs, which is a desirable feature, as individuals retain NAbs
for a longer period.

According to the findings, age has a significant impact only on
the elimination ability of the first trimester (beta kell = 0.019,
P = 0.0037) implying that age does not contribute significantly
in the elimination of NAbs after the third month. This relation-
ship, on the other hand, was statistically significant (P < 0.001)
only during the first phase of the study (up to 3 months). The
mathematical model describing the influence of age on the elim-
ination constant is as following: log(kell) = log(0.016) + eta_
kell, where eta_kell refers to the random effect for intersubject
variability of the elimination constant. Other variables such as
gender, BMI were not shown to have a statistically significant
impact on antibody kinetics. Between kell and kel2, it was
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ninth month (P = 0.0699), as well as for the impact of gender on inhibition levels.

discoveredthattherewasapositiveassociation (coefficient=0.78).
No correlation was found between the third elimination con-
stant and any of kell and kel2.

The goodness of fit and validation plots, of the final model,
are depicted in Figure 5. Figure 5A shows 3 representative
individual profiles of NAbs values (% inhibition) versus
time. The solid lines indicate the model’s anticipated val-
ues, whereas the circles show the observed NAbs levels. The
close proximity of the model’s predicted line to the actual
points demonstrates the model’s high descriptive ability. In

Figure 5B, the individual observed versus predicted NAbs
values are depicted for the 3 age groups, namely, 20 to 40, 40
to 55, and >55-year-old category. The nice predictive perfor-
mance can be validated by the fact that the vast majority of
values are lying within the 90% prediction interval (dashed
lines in Figure 5B).

Simulations and predictions
Aiming to predict NAbs levels at 12, 15, and 18 months fol-
lowing the second vaccination, simulations were carried out
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Figure 4. Percentage decrease in NAbs (A) and anti-S-RBDs (B) at 9 months post vaccination compared with the corresponding values after 2
weeks, 1 month, 3 months, and 6 months. NAbs = neutralizing antibodies; RBD = receptor binding domain.

using the final population model, assuming that the removal of
NAbs would be the same as that found in the last trimester (i.e.,
from sixth to ninth month) after the second vaccination. The
simulation results are depicted in Figure 6.

Figure 6A shows the simulation prediction for 9 months for
which we already have experimental data. The predicted average
value of NAbs is 67.1%, which is quite close to the observed
value of 65.7% (Figure 1). This result confirms the predictive
ability of the model, at least for time points close to 9 months. To
address the current fundamental global question of whether and
when a third dose should be administered, our simulations were
extended to 12, 15, and 18 months. Presumably, the accuracy
of the predictions might decrease with increasing duration, as
currently there is no information about the elimination ability
of NAbs from the human body in long term. Nevertheless, it

was worthwhile to make the predictions for longer time periods
to gain insight into what we can expect in the future. In this
context, Figure 6B predicts that the average percent inhibition of
NAbs would be 59% 1 year after the second vaccination. This
value will further decrease to 52% after 15 months (Figure 6C)
and reach a value of 45% 18 months after the second vaccina-
tion (Figure 6D). These results suggest that at 1 year after full
vaccination with BNT162b2, a large portion of people (around
41%) would not be highly protected. At 15 and 18 months, the
risk would be even higher, as the percentage of individuals who
are not highly protected might be as high as 48% and 55%,
respectively.
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Parameter Estimates for the Final Best Model Describing the
Kinetics of NAb

Standard % Relative

Parameter Value Error Standard Error
Fixed effects

NO 96.05 1.690 1.76

kel 0.017 0.001 8.48

beta_kel1_Age* 0.020 0.002 9.27

kel2 0.111 0.008 7.63

kel3 0.071 0.007 9.16
Standard deviation of the random effects

omega_NO 0.016 0.002 12.8

omega_kell 1.37 0.099 7.25

omega_kel2 0.98 0.067 6.86

omega_kel3 1.10 0.081 7.36
Correlations

corr_kel2_kell 0.78 0.037 4.68
Error model parameters

b 0.043 0.001 2.79

*Indicates a statistically significant (P = 0.0037 < 0.05) contribution of “age” as a covariate to the
first-phase elimination rate constant.

b = the proportional error term of the model residual variability; beta_kel1_Age = constant for the
contribution of “age” on kel1; corr_kel2_kel1 = the correlation coefficient between kel1 and kel2;
kel1 = elimination rate constant of the first trimester (zero to third month); kel2 = elimination rate
constant of the second trimester (third to sixth month); kel3 = elimination rate constant of the third
trimester (sixth to ninth month); NAbs = neutralizing antibodies; NO = average initial NAbs value;
omega = between-subject variability estimate for each parameter.

DISCUSSION

The goal of this study was to examine the kinetics of NAbs
and anti-S-RBDs against SARS-CoV-2 in 309 healthy individ-
uals, after full vaccination with the BNT162b2 mRNA vac-
cine for up to 9 months. The maximum levels of NAbs were
observed 2 weeks after the second vaccination, whereas there
was a statistically significant decline thereafter up to 9 months.

At 9 months, the median % inhibition was found to be
66.23%, while the number of subjects with NAbs levels <50%
was 58 (18.77%). In other words, almost one-fifth of individ-
uals is not highly protected against SARS-CoV-2 at 9 months
after vaccination. Furthermore, 10 vaccinated individuals
(3.24%) had a NAb titer below 30% and, therefore, they were
considered at particular risk for COVID-19. A continuous
increase (almost exponential in time) of vaccinated people being
not highly protected was observed. The proportions of partici-
pants with NAbs < 50% were 0.32%, 0.65%,2.59%, 10.36%,
and 18.77% at 2 weeks, 1 month, 3 months, 6 months, and 9
months after the second vaccination, respectively. The results for
the anti-S-RBD antibodies, where a stable decline in the anti-S-
RBD levels was observed, are in line with the above-mentioned
findings. It is worth noting that the anti-S-RBDs at 9 months
were around 25% (i.e., 367.1/1495) of those observed at 2
weeks after vaccination.

Our findings are consistent with previous research on the
persistence of antibody responses after 2 doses of this mRNA
vaccine. 4182022 Although SARS-CoV-2 antibody neutralization
ability decreased over time, it remained adequately higher than
the positive threshold values. Similar to BNT162b2, a declining
but detectable humoral response has been also reported at 6
months following vaccination with the mRNA-1273 COVID-19
vaccine.?%¢ Clinical trials have shown that BNT162b2 offers a
declining but robust protection from COVID-19 at 6 months
postfull vaccination.?” Real-world data from Israel showed
that the protective immunity against the delta variant of SARS-
CoV-2 waned after a few months following full vaccination with
the BNT162b2.'* However, the protection against COVID-19,
and especially against severe disease, remain as compared with
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unvaccinated individuals.'®*” Accumulating data have shown
that mRNA COVID-19 vaccines induce humoral and cellular
memory against both the wild-type SARS-CoV-2 and variants
of concern, including the delta variant, and may offer a declin-
ing degree of protection against the infection that persist for at
least 6 months postvaccination.!228 Therefore, maintaining a
high level of immune response would be essential for persisting
protection against COVID-19.2! In this context, the adminis-
tration of a third vaccine shot with the BNT162b2 at least §
months post the completion of the 2-dose BNT162b2 vaccina-
tion offered a significant protection against severe COVID-19-
related outcomes including hospital admission, severe disease,
and death due to COVID-19.%

The kinetics of antibody response following mRNA-based
vaccine immunization are similar with the kinetics of antibodies
against SARS-CoV-2 in convalescent persons. Anti-SARS-CoV-2
S, S-RBD, nucleocapsid (N), N-RBD antibodies, and NAbs per-
sist but decline in time up to 8 months post COVID-19 onset.*-
32 Although more severe COVID-19 cases may have a superior
antibody response, humoral and cellular activity against SARS-
CoV-2 remains evident even among asymptomatic and mild
cases at 9 months postsymptom onset.>*»*"-33-35 This pattern of
humoral response is accompanied by persistent changes in the
cellular response, as well.* The decrease in antibody titers is
more rapid during the first 6 months from COVID-19 diagno-
sis compared with the subsequent time period.*® Interestingly, a
recent study including 2653 fully vaccinated individuals with
the BNT162b2 and 4361 convalescent patients with prior
COVID-19 showed that the latter had a lower elimination rate
of anti-SARS-CoV-2 IgG antibodies in time (5%/month ver-
sus 40%/month for convalescent and vaccinated individuals,
respectively).>”

A population kinetic model was developed to describe the
elimination kinetics of NAbs. The best model consists of a
compartment (the whole body), linear kinetics, and a piecewise
function for the elimination constant. It is worth noting that 3
different kinetic phases were identified depending on the time
period after vaccination. It appears that after the second vacci-
nation, there is a relatively slow elimination of antibodies up to
3 months. It should be mentioned that this apparent slow elim-
ination during the first trimester after vaccination may be due
to the fact that NAbs levels are quite high (>90%) and in some
cases may exceed the linear phase of the assay. Therefore, this
part of the analysis may not be absolutely quantitative. From
that point on, elimination increases >6-fold, which means that
the NAbs disappear from the body very quickly. Hopefully, this
rapid elimination slows down after 6 months and during the
last trimester of the study (i.e., from month 6 to month 9), the
rate of elimination decreased by about 30% compared with that
observed in the second trimester.

Previous studies have shown that older age is associated with
an inferior humoral response after either exposure to SARS-
CoV-2 or vaccination.’*3$4 QOlder individuals may present an
impaired ability of antibody production compared with younger
persons.®® A study has suggested that more than one-third of
older vaccinated individuals may lose their NAD activity against
the delta variant of concern at 6 months postfull vaccination with
the BNT162b2 compared with <1% among younger adults.*!
Even though the age of the subjects has a statistically significant
impact on NAbs production, which is reflected on the NAbs
values 2 weeks after completion of vaccination, this effect fades
with time in our study. Age was found to exert a statistically
significant influence only in the first trimester, as older age was
associated with a more rapid clearance of NAbs. Furthermore,
the percentage decrease in NAbs levels at a given timepoint and
age group compared with the maximum NAbs levels observed
2 weeks after vaccination was found to be the highest for the
40 to 55 group and the =55 group, while the decrease is lower
for the younger people (<40-year-old). However, no statistically
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significant effect of “age” on elimination ability can be demon-
strated, as both using the kinetic modeling approach and the
classical statistical comparisons, the P value is above the 5%
significance threshold. Regarding anti-S-RBDs, there was no
signal suggesting an age-dependent effect on antibody kinetics
over time. Age may be one of the several factors, including also
prior COVID-19 infection, immune deficiency, and vaccination
schedule, that differentiate the magnitude and the kinetics of
humoral response following COVID-19 vaccination between
individuals.!$:17:42-46

It is known that comorbidities can reduce the anticipated
immunogenicity after COVID-19 vaccination, but such an asso-
ciation was not found in the period between 2 weeks and 9
months. A larger number of subjects in each category may be
needed to detect further significant changes in antibody kinetics.
However, it should be noted that we excluded individuals with
major comorbidities such as cancer from the present analysis.
Active treatment with immunosuppressive drugs has been iden-
tified as a key factor for an inferior humoral response following
COVID-19 vaccination.*”!
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To predict NAbs levels at 9, 12, 15, and 18 months after the
second vaccine shot, simulations were conducted using the final
population model, assuming that NAbs elimination would be
the same as found in the last trimester (i.e., from the sixth to
ninth month) after the second vaccine. In the future, similar
studies involving time points after 9 months (at least one more)
would provide a more accurate assessment of the elimination
ability of NAbs. In this study, the simulations revealed that the
average value of percent inhibition of NAbs would be 59%
1 year after the second vaccination. This value would further
decrease to 52% after 15 months and reach a value of 45% 18
months after the second vaccination. These results mean that
at 1 year after completion of vaccination, 41% of individuals
would not be highly protected. This percentage would be even
higher and reach 55% at 18 months.

The significance of our findings stems from the prognostic
value of NAbs levels in terms of immunological protection
against symptomatic COVID-19."2 As a result, the described
NADs reduction in time may inform public health policy for the
use of booster doses. Despite the fact that emerging SARS-CoV-2
variants pose a threat to the high rate of immune protection

following vaccination,!®*? a booster vaccine dose combined with
transmission-reducing behaviors remains effective in preventing
COVID-19.5* It should be noted that in our simulations, we
used the identical kinetic parameter values for the extrapolation
period after 9 months that we discovered in the 6- to 9-month
interval. This option was chosen because it is considered the saf-
est for forecasts, as there are no robust observations on kinetics
after 9 months in either the data or the literature. As a result,
this option would avoid significant over- or underestimation of
NAbs values.

One limitation of this study is the relatively small sample
size which can hamper the investigation of specific pathophys-
iological disorders, such as autoimmune illnesses. Therefore,
subgroup analyses should be considered rather exploratory.
However, the sample size was adequate enough to reveal sig-
nificant differences in antibody titers among the examined
timepoints. Concerning the role of gender in the numerous
comparisons in this analysis, it should be emphasized that men
and women were given unequal sample sizes. Women outnum-
ber men by nearly a factor of 2. In general, unequal sample
sizes can lead to biased comparisons, but in our case, this is
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not a problem because the imbalance is not extreme but rather
reasonable (34.6% versus 65.4%), and the Mann-Whitney
test, in particular, can perform well with unequal sample sizes.
Taking also into consideration that a larger study including
3808 individuals showed that male gender was associated with
a more rapid decline of NAb titers during the first 6 months
following vaccination,?? the null effect of gender in our study
should be interpretated with caution. In addition to the earlier,
we did not perform laboratory evaluations for asymptomatic
SARS-CoV-2 infections by means of either polymerase chain
reaction or antigen-based assays at the examined timepoints.
In this context, we cannot not rule out the occurrence of
asymptomatic breakthrough infections that would increase the
durability of anti-SARS-CoV-2 humoral response. A possible
approach would have been to evaluate the presence of anti-N
antibodies in individuals with substantial increase in antibody
titers between consecutive measurements.”> However, none of
the participants in our study showed a >4-fold increase in anti-
body titers during the study period; thus, the potential impact
of unrecognized asymptomatic breakthrough infections on our
results is low. It should also be mentioned that simulations use
the information provided by the experimental data to make
predictions. The more representative the original data is of
the entire population, the more reliable the simulations will
be. A larger sample with more men or patients with several
comorbidities would allow for a more accurate investigation
and thus more robust simulations. Furthermore, we did not
evaluate the kinetics of T-cell responses over time. The sus-
tainability of cellular response against SARS-CoV-2 following
vaccination may impact both humoral response and protection
against COVID-19.1855-57 Future research could investigate the
neutralizing efficacy of anti-SARS-CoV-2 antibodies against
variants of concern as well as the role of anti-S-RBDs toward
COVID-19 infection.

In conclusion, our prospective study showed a sustained but
declining humoral immunity against SARS-CoV-2 at 9 months
postvaccination with BNT162b2 among 309 healthy indi-
viduals. This effect may reflect a declining degree of immune
protection against COVID-19 and advocates for the administra-
tion of booster vaccine shots especially in areas with emerging
outbreaks.
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