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Abstract
The concentration of SARS-CoV-2-specific serum antibodies, elicited by vaccina-
tion or infection, is a primary determinant of anti-viral immunity, which cor-
relates with protection against infection and COVID-19. Serum samples were 
obtained from 25 897 participants and assayed for anti-SARS-CoV-2 spike protein 
RBD IgG antibodies. The cohort was composed of newly vaccinated BNT162b2 
recipients, in the first month or 6 months after vaccination, COVID-19 patients 
and a general sample of the Israeli population. Antibody levels of BNT162b2 vac-
cine recipients were negatively correlated with age, with a prominent decrease in 
recipients over 55 years old, which was most significant in males. This trend was 
observable within the first month and 6 months after vaccination, while younger 
participants were more likely to maintain stable levels of serum antibodies. The 
antibody concentration of participants previously infected with SARS-CoV-2 was 
lower than the vaccinated and had a more complex, non-linear relation to age, 
sex and COVID-19 symptoms. Taken together, our data supports age and sex as 
primary determining factors for both the magnitude and durability of humoral 
response to SARS-CoV-2 infection and the COVID-19 vaccine. Our results could 
inform vaccination policies, prioritizing the most susceptible populations for 
repeated vaccination.
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1   |   BACKGROUND

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), the causative pathogen of the corona-
virus disease 2019 (COVID-19) pandemic, has rapidly 
spread worldwide, causing millions of deaths, massively 
impacting the economy and society. The BNT162b2 
vaccine, which consists of two doses of modified SARS-
CoV-2  mRNA delivered in lipid nanoparticles, was 
proven to be effective in prevention of COVID-19 both 
in randomized clinical trials and nationwide, mass-
vaccination settings.1

The humoral immune response to infection and vac-
cination relies on the production of antibodies specific to 
pathogen antigens, starting with acute-response IgM anti-
bodies, succeeded by long-term IgG antibodies, produced 
by memory B cells.2 The concentration and neutralizing 
capacity of SARS-CoV-2-specific antibodies are primary 
predictors of protection against infection and severe 
COVID-19.3

While the antibody-producing memory B-cells persist 
for over 6 months,4 serum antibody levels are rapidly de-
clining in the months following vaccination,5 a decline 
correlated with waning immunity.6

In addition to decreasing serum antibody levels, new 
emerging SARS-CoV-2 variants are increasingly more re-
sistant to antibody-mediated neutralization, when com-
pared to past strains.7

The gradual loss of humoral immunity over time, am-
plified by the rapid rise of neutralization-resistant viral 
variants, poses an unprecedented public health challenge. 
Current efforts to curb the pandemic are focused on bol-
stering humoral immunity by administration of repeated 
“booster” vaccine doses and the development of next 

generation COVID-19 vaccines, with increased efficacy 
against currently circulating SARS-CoV-2 variants.8,9

COVID-19  susceptibility and the risk for severe dis-
ease are strongly influenced age and sex, with older 
males having higher rates of infection and significantly 
worse outcomes.10 These major immunological dispari-
ties, while common to a broader range of viral infections 
and vaccines,11 are being studied in an effort to person-
alize and improve COVID-19 treatment and vaccination 
strategy.12–14

In this study, we measured the concentration of SARS-
CoV-2 RBD-specific serum antibodies in an Israeli cohort, 
composed of BNT162b2 vaccine recipients, patients re-
covering from COVID-19 and unvaccinated patients from 
the general population. We provide a statistical analysis of 
serum antibody concentrations arising from the immune 
response to vaccination and viral infection, with respect to 
symptomatic and asymptomatic individuals, and the in-
terplay with sex, age and time since vaccination.

2   |   METHODS

2.1  |  Participants' samples and study 
design

Whole blood samples were collected into SST gel tubes 
using a standard technique at Shamir Medical Center 
outpatient clinic. Specimens of blood were kept at 2–8°C 
until processing within two hours. Samples were centri-
fuged for at least 10 min at 3000 RPM for serum separa-
tion for downstream analysis. Participants' medical and 
demographic data were obtained from the hospital and 
outpatient clinic medical records.

Richard Eimert Research Fund on 
Solid Tumors; Collaborative clinical 
Bioinformatics research of the Edmond 
J. Safra Center for Bioinformatics 
and Faculty of Medicine at Tel Aviv 
University; Djerassi-Elias Institute of 
Oncology; Canada-Montreal Friends 
of Tel Aviv University; Donations from 
Harold H. Marcus, Amy Friedkin, 
Natalio Garber, Tal Zohar; Kirschman 
Dvora Eleonora Fund for Parkinson's 
Disease; Joint funding between Tel 
Aviv University and Yonsei University; 
Israeli Ministry of Science and 
Technology, Israeli–Russia; The Center 
for Combating Pandemics at Tel Aviv 
University; Aufzien Family Center 
for the Prevention and Treatment of 
Parkinson's Disease; and a generous 
donation from the Adelis Foundation

K E Y W O R D S

antibodies, COVID-19, SARS-CoV-2, severity, vaccination, vaccine



      |  3 of 11SHAPIRA et al.

COVID-19 serological tests were performed using the 
following commercially available, FDA approved, auto-
mated immunoassays, The LIAISON® SARS-CoV-2 S1/S2 
IgG was in use for the first three month and till March 
2021, The LIAISON® SARS-CoV-2  TrimericS IgG assay 
was in use starting March 2021 till present, all tests were 
performed on the Liaison XL Diasorin:

•	 The LIAISON® SARS-CoV-2 S1/S2 IgG (311450, 
DiaSorin, Saluggia, Italy): A chemiluminescent im-
munoassay (CLIA) for quantitative determination 
of anti-S1 and anti-S2  specific IgG antibodies using 
magnetic beads coated with S1 and S2 antigens. 
SARS-CoV-2 S1/S2 IgG antibody concentrations are 
automatically calculated and expressed as arbitrary 
units (AU/ml), with a positive cutoff level of 15.0 AU/
ml (according to manufacturer declaration diagnostic 
sensitivity above 15 days of symptoms onset is 97.4% 
and specificity is 98.9%).

•	 The LIAISON® SARS-CoV-2  TrimericS IgG assay 
(Emergency Use Authorization, EUA) is able to iden-
tify patients diagnosed for COVID-19 by virus vari-
ants (Lineage B.1.1.7 and Lineage P.1). SARS-CoV-2 
S1/S2 IgG antibody concentrations are automatically 
calculated and expressed as arbitrary units (AU/ml), 
with a positive cutoff level of 15.0 AU/ml. The princi-
pal components of the test are paramagnetic particles 
(solid phase) coated with recombinant trimeric SARS-
CoV-2 spike protein and a conjugate reagent containing 
an anti-human IgG mouse monoclonal antibody linked 
to an isoluminol derivative (according to manufacturer 
declaration the test clinical sensitivity is 98.7% and spec-
ificity is 99.5%).

The data for these two assays was pooled together and 
was not treated separately as previous studies have shown 
that the two assays are in strong agreement and highly 
correlated.15

2.2  |  Data processing and filtering

All analyses were performed using R 4.1.0, on a 64-bit 
Linux system, the libraries used and their respective ver-
sions are listed in the Supporting Information (S2).

Some observations were incomplete, missing parame-
ters such as sex and time since vaccination. In order to 
retain as much data as possible, only the largest subset of 
complete data was used on a per-analysis basis.

Epitools 0.5-10.1 was used for contingency testing and 
odds ratio calculation, while adjusted odds ratios (aOR) 
were derived from a multivariate, binomial regression 
model.

Modeling antibody levels was performed using gen-
eralized Poisson models and visualized using ggeffects 
1.1.1. Grouping by age ranges was done empirically, using 
percentiles. Correlation analysis was performed using 
Pearson tests and group-wise comparisons were per-
formed using Wilcox or kruskal tests, as stated in the text. 
All confidence intervals (textual or graphical) were made 
with 95% confidence.

3   |   RESULTS

3.1  |  Study population

Serum samples were collected between November 8, 
2020, and May 5, 2021, from a cohort of 25 097 patients, 
and an additional cohort of 800 participants was tested 
6  months after vaccination, August 5th to September 
14th, 2021. The cohort is composed of 1652 patients re-
covering from symptomatic (PCR-verified) COVID-19, 
2339 BNT162b2 vaccine recipients (received at least 
one vaccine dose) and 21 104 samples from the general 
population of patients visiting the hospital for regular 
checkups and other non-COVID-19 related reasons. 
An additional cohort of 800 participants was sampled 
6 months after receiving the second dose of the vaccine, 
with an additional N protein antibody assay, to verify 
they were not infected by the virus.

Samples taken before the Israeli national vaccination 
campaign (which started on 20/12/2020) are guaranteed 
to be unvaccinated, therefore, seropositive general popu-
lation samples from this timespan are assumed to origi-
nate from an asymptomatic infection. We split the general 
population samples into subgroups named: “General un-
vaccinated” and “General vaccinated”, for unvaccinated 
(N = 8180) and possibly vaccinated (N = 12 926) individ-
uals, respectively. The general population cohorts were 
collected primarily from hospital patients; therefore they 
are not representative of the wider population (Table 1).

IgG antibodies against S1/S2 SARS-CoV-2 antigens 
were measured from serum samples, yielding AU/ml val-
ues in the 4.9-800 range, with 15 AU/ml being the cutoff 
for seropositivity (see Section 2).

3.2  |  Differences in humoral response to 
vaccination and infection

The fraction of seropositive participants varied signifi-
cantly between the groups. The mixed, general popula-
tion group was 28.4% seropositive, participants recovering 
from symptomatic COVID-19 were 73.5% seropositive 
(OR = 6.98 [95% CI = 6.23–7.82]) and vaccine recipients 
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were 94% seropositive (OR = 39.5 [95% CI = 33.3–47.2]) 
(Figure 1C) (Table S1).

Among the seropositive participants, serum concentra-
tions of IgG antibodies were also highly correlated with 
their group association. Individuals that were previously 
infected with SARS-CoV-2, but remained asymptomatic 
had the lowest antibody concentrations, 59 ± 1.8 AU/ml 
(Mean  ±  CI 95%), while those recovering from a recent 
symptomatic disease, had significantly higher concentra-
tions and variance: 110 ± 20.2 AU/ml (Figure 1A).

Serum antibody concentrations of the vaccinated group, 
316.3 ± 27.9 AU/ml, were significantly higher than the un-
vaccinated and with greater variance. Antibody levels of 
vaccinated participants were significantly higher for double-
vaccinated (395 ± 53.6 AU/ml), compared to participants 
who received a single dose (244 ± 20.9 AU/ml) (Figure 1B).

The distribution of antibody concentrations in the gen-
eral population group undergoes a major shift after the in-
troduction of the BNT162b2 vaccine. While the pre-vaccine 
group is centered around a single low-to-moderate peak, the 
post-vaccine group has a bimodal distribution, with an added 
peak around the higher value range, in agreement with re-
sults from recently vaccinated participants (Figure 1A).

Some participants had antibody concentration that 
is higher than the assay's upper limit of detection (>800 
AU/ml; see Section 2), these results were commonly seen 
in the vaccinated groups and a minority of recovering 
COVID-19 patients, but not in asymptomatic infections 
(Figure 1A,B).

3.3  |  BNT162b2-elicited short-term 
antibody response

We focus on twice-vaccinated participants only, due to 
their greater relevance to long-term immunity and avail-
ability of exact vaccination dates (N = 772).

Antibody levels of second vaccine dose recipients dis-
played a distinct, two-phase pattern of a rapid increase 
in antibody levels in the seroconversion phase, followed 
by stabilization or decline. A week after the second vac-
cine dose, all participants were seropositive, save for one 
(Figure 2A).

Age, sex, and the number of days that passed from vac-
cine administration, were all significantly associated with 
antibody concentration results, both independently and 
in interaction with each other (p < e−16). The most sig-
nificant factor influencing antibody concentration is age, 
which is negatively correlated with antibody concentra-
tion (p < 1e−16), followed by a negative correlation with 
the male sex (p < 1e−16). The effects of age and sex on 
the antibody response are significant from seroconver-
sion, when the increase in antibodies is steeper in young T
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F I G U R E  1   S1/S2 IgG antibody serum concentration (AU/ml) of seropositive participants from (A) The general population before and 
after the introduction of the vaccine, patients recovering from COVID-19 and BNT162b2 vaccine recipients, with the latter expanded to (B) 
participants who received a single dose and those who received two doses of vaccine. The lines mark the range of detection for serology 
results (15–800), with the subset of high concentrations displayed above the line. (C) Bar plots of seropositivity between the groups. General 
population and vaccinated sub-groups are similar in their seropositive fractions and are therefore combined

F I G U R E  2   Predicted S1/S2 IgG antibody serum concentration (AU/ml) by sex (A, B) and age group (C, D), in the initial 10 days 
seroconversion phase after the second vaccine dose (A, C) and in the subsequent decline, over a 35-day period (B, D)
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vaccine recipients, with females having higher concentra-
tions compared to their male counterparts (Figure 2A).

After seroconversion, 7–10 days after vaccination, an-
tibody concentrations reach their peak in all groups and 
remain significantly lower in males (250 ± 51.1 AU/ml vs. 
409 ± 94.1 AU/ml; Wilcox p < .005) and older participants 
(Pearson = −0.31; p < 3e−5).

At the latter phase, 7–35 days after vaccination, we see 
significant waning of antibody concentrations in all par-
ticipants, but seropositivity persists and remains relatively 
high. Despite maintaining relative stability, antibody de-
cline is more pronounced and significant in older partici-
pants (p < 1e−16) and males (p < 1e−16).

3.4  |  BNT162b2-elicited long-term 
antibody response

To examine the long-term durability of humoral an-
tibodies following vaccination with BNT162b2, we 
tested serum samples of 800 participants, 6  months 
after receiving the second vaccine. All participants 
were also tested for lack of IgG antibodies specific to 
SARS-CoV-2 Nucleocapsid protein, to assure none were 
infected by the virus and the humoral response was as-
sociated with the vaccine alone.

We found that 42/800 (5.2%) of participants were sero-
negative 6 months after vaccination, compared with 2/455 
(0.4%) who were tested within the first 7–35 days.

Seropositive participants, while having significantly 
decreased antibody concentrations within the 6  months 
period, maintained a mostly stable and less variable an-
tibody concentration across age groups (Figure  4). Age 
alone remains the most significant factor influencing 
antibody concentrations (p  <  1e−16), followed by time 
since vaccination (p < 1e−16). The reduction of antibody 
concentration in males is less significant in the 6-months 
group and more age-dependent, as evident by the greater 
negative correlation between age and antibody concen-
tration in males at the 6-months group (pearson = −1.18; 
p = .003), compared with their female counterparts (pear-
son = −0.09; p = .03).

3.5  |  Serum antibodies elicited by SARS-
CoV-2 infection

We compared results from seropositive convalescent in-
dividuals recovering from symptomatic COVID-19, with 
seropositive unvaccinated individuals suspected to have 
had asymptomatic COVID-19.

There is a distinct U-curve association between age and 
antibody concentration in both groups, starting with high 

concentrations in children, declining to a stable low level 
in young adults, then rising again around age 35 (Figure 3).

Regardless of age, individuals recovering from symp-
tomatic COVID-19 had significantly higher antibody levels 
compared to asymptomatic ones (Kruskal p = 2.3e−09). 
Among males the difference between the symptomatic 
and asymptomatic COVID-19 groups is highly significant 
(Kruskal p = .0005), while in females, it is weak and only 
marginally significant (Kruskal p = .06). Symptom-related 
differences in antibody levels of males are significant after 
age 30 (Kruskal p  =  8e−6), while in females the differ-
ence is apparent much later, in ages 50 or older (Kruskal 
p  =  6e−4). A closer examination reveals that the differ-
ence in antibody levels between the symptomatic and as-
ymptomatic groups is generally insignificant in ages 30 or 
younger (Kruskal p = .44), but becomes highly significant 
after the age of 30 (Kruskal p = 7.1e−11).

3.6  |  Hyper-responders

A small fraction of participants had antibody concentra-
tions beyond the upper limit of detection (800 AU/ml), 
we shall name them hyper-responders. Hyper-responders 
were most prevalent in the vaccinated groups, making 
up 5.2% of participants in both the vaccinated group and 
general population samples taken after the vaccination 
campaign (122/2339 and 681/12926). Among those in-
fected with the virus, only 1.2% were hyper-responders 
(21/1652), all of which had symptomatic COVID-19.

Among the vaccinated, hyper-responder were younger 
(45  ±  2.8 vs. 55.1  ±  0.6 (Mean  ±  CI 95%); aOR  =  0.96; 
p < 2e−6) and more likely to have taken the second vac-
cine (aOR = 2.8; p < 6e−6).

The group of hyper-responders recovering from COVID-19 
was too small to draw statistically conclusive results. No sig-
nificant sex-biases were detected in any of the groups.

A small minority of hyper-responders can also be 
found in the cohort tested 6  months after vaccination 
(1.3%; 11/800), a rather surprising discovery, consider-
ing the substantial reduction in antibody concentrations, 
which was significant regardless of age and sex. The small 
group of persistent hyper-responders, 6 months after vac-
cination, were not significantly different in terms of age or 
sex when compared with non-hyper-responders.

4   |   DISCUSSION

In this study, we characterized the antibody response to 
the BNT162b2 vaccine and SARS-CoV-2 infection, in rela-
tion to age, sex and the presence of COVID-19 symptoms. 
The study was conducted between November 2020 and 
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May 2021, whilst the population was exposed mainly to 
the B.1.617.2 (Delta clade) and B.1.1.7 (Alpha clade) vari-
ants of concern.16

Serum anti-RBD IgG antibodies are highly accurate 
markers of infection17 and strongly correlate with neu-
tralizing activity18 and disease severity,3 but they cannot 

F I G U R E  3   Levels of serum S1/S2 antibodies (AU/ml) in unvaccinated convalescent individuals, grouped by sex, split to individuals 
recovering from symptomatic and suspected asymptomatic COVID-19
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be used as sole predictors for anti-SARS-CoV-2 neu-
tralizing ability.19 Convalescent individuals recovering 
from symptomatic COVID-19 typically have low plasma 
titers of RBD-specific antibodies, however, the antigen-
specific memory B cells that facilitate the antibody re-
sponse, maintain and enhance their potency for at least 
a year.4,18,20

In agreement with previous studies, levels of IgG 
serum antibodies elicited by the mRNA vaccine were 
significantly higher than those of convalescent individu-
als18 and inversely correlated with age21 (Figure 1). In the 
month following the second BNT162b2 dose, older indi-
viduals had lower antibody levels in the seroconversion 
phase, followed by a steeper decline compared to younger 
age-groups (Figure 2). In agreement with past reports, this 
age-dependent decline was more significant among male 
vaccine recipients22 (Figure 3). Despite apparent decreas-
ing quantities, the potency of the antibodies is mostly un-
affected by aging,23 and neutralizing activity is present at 
much lower concentrations.18 Taken together with the re-
sults of large-scale epidemiological studies,24 our current 

analysis suggests that BNT162b2 maintains its efficacy in 
older age groups.

Among unvaccinated convalescent individuals, anti-
body levels were highest in young children, decreasing 
to low levels in young adulthood, then increasing again 
during adulthood (Figure  4). The prevalent association 
between antibody levels and increased COVID-19 sever-
ity is contradicted by the highest antibody concentration 
levels belonging to the youngest and least vulnerable age-
group25—children (age). The elevated antibody levels 
might be partially explained by greater specificity of IgG 
antibodies for the S protein.26

Overall, seropositive unvaccinated individuals recover-
ing from symptomatic COVID-19 had higher antibody lev-
els than their asymptomatic counterparts, this difference 
was highly sex and age-dependent (Figure 4). Among chil-
dren and young adults, there was a slight, insignificant in-
crease in antibody levels of symptomatic patients, which 
was previously associated with asymptomatic and mild 
COVID-19.27 In later adulthood, the antibody levels of 
symptomatic COVID-19 patients increased significantly 

F I G U R E  4   Levels of serum S1/S2 antibodies (AU/ml) in recipients of the BNT162b2 vaccine, by age, tested 7–35 days or 6 months after 
administration of the second dose, (A) as measured in our cohort and (B) as predicted by a generalized Poisson model. (A) Horizontal lines 
mark the upper (800 AU/ml) and lower (15 AU/ml) limits of detection. Trends are illustrated by loess curves, with 95% confidence intervals
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more than the asymptomatic group and the gap between 
the two grew wider with age.

Among females, the difference in antibody lev-
els between the symptomatic and asymptomatic 
COVID-19 groups was the most significant at age 50 and 
older, while in males this separation occurs much ear-
lier, around 35  years of age. Higher antibody levels are 
significantly correlated with greater protection against 
COVID-19 following vaccination,28 but among infected 
adults, they are indicative of severe disease and excessive 
inflammation.29

Females are at significantly lower risk of developing 
severe COVID-19, this is the result of several factors, in-
cluding the immunomodulatory effect of estrogen, which 
serves as a positive protective factor30 along with other 
factors like genetic differences31 and cultural habits.32 
According to our results, the increase in antibody levels 
of women recovering from symptomatic COVID-19 starts 
at age 50, coinciding with menopause.33 It requires addi-
tional studies in order to ascertain whether the rising an-
tibody levels in women over the age of 50  might be the 
result of the menopausal drop in estrogen.34

Following this conclusion, it can be postulated that 
the earlier separation of antibody levels between the 
symptomatic and asymptomatic males reflects increased 
susceptibility, coinciding with increased COVID-19  sus-
ceptibility. It is currently estimated that male testosterone 
levels decrease significantly by age 40,35 approximately 
matching with the age at which the antibody concentra-
tion difference between symptomatic and asymptomatic 
males becomes significant.

The previous association of higher testosterone with 
immunosuppression and weaker antiviral response sug-
gests that a similar association might explain the higher 
COVID-19 mortality in males,36,37 however, the results of 
current COVID-19 studies do not support this association. 
Preliminary studies found that lower serum testosterone 
increased the risk of COVID-19 hospitalization and mor-
tality in males,38,39 suggesting that, in contrast to other 
viral diseases such as influenza, low testosterone is a risk 
factor for severe disease. This is further supported by our 
findings, indicating that antibody response to vaccination 
is lower in males, but the difference becomes significant 
only among the older age groups, after the age-related de-
cline in testosterone (Figure 3).

In conclusion, the humoral response to SARS-CoV-2 in-
fection and vaccination is distinct and strongly influenced 
by age, sex and COVID-19  symptoms, and is correlated 
to findings in previous studies.40,41 Large-scale antibody 
testing42 could be beneficial for prioritization of suscep-
tible individuals, increasing the effectiveness of vaccine 
distribution.43 Disparities in antibody levels between the 
various groups are reflective of numerous under-explored 

phenomena with potential clinical implications, such as 
the pediatric immune response to SARS-CoV-2 infection, 
disease severity, hospitalization time, and the status of un-
derlying impaired immunity deficiencies such as MS and 
other autoimmune diseases.44,45

5   |   LIMITATIONS

The study has several limitations. First, the exclusion of 
some clinical, demographic and lifestyle parameters, such 
as ethnicity, BMI, smoking and medical conditions, which 
were previously shown to affect the magnitude and dura-
tion of the humoral response. Second, the generalization of 
COVID-19 patients to symptomatic and asymptomatic is 
reductive and not very indicative of disease severity or out-
come. Furthermore, the exact timing of sample collection 
relative to initial infection and hospitalization is not known. 
Third, the relatively few young vaccine recipients (a result 
of national vaccine prioritization policy) made them under-
represented in the analysis. Finally, it is highly probable that 
at least some members of the cohort had undocumented 
and possibly asymptomatic COVID-19 in the past, leading 
to altered response to repeat infection and/or vaccination.
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