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ABSTRACT

BACKGROUND

Despite high vaccine coverage and effectiveness, the incidence of symptomatic
infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
been increasing in Israel. Whether the increasing incidence of infection is due
to waning immunity after the receipt of two doses of the BNT162b2 vaccine is
unclear.

METHODS

We conducted a 6-month longitudinal prospective study involving vaccinated
health care workers who were tested monthly for the presence of anti-spike IgG
and neutralizing antibodies. Linear mixed models were used to assess the dynam-
ics of antibody levels and to determine predictors of antibody levels at 6 months.

RESULTS

The study included 4868 participants, with 3808 being included in the linear
mixed-model analyses. The level of IgG antibodies decreased at a consistent rate,
whereas the neutralizing antibody level decreased rapidly for the first 3 months
with a relatively slow decrease thereafter. Although IgG antibody levels were
highly correlated with neutralizing antibody titers (Spearman’s rank correlation
between 0.68 and 0.75), the regression relationship between the IgG and neutral-
izing antibody levels depended on the time since receipt of the second vaccine
dose. Six months after receipt of the second dose, neutralizing antibody titers were
substantially lower among men than among women (ratio of means, 0.64; 95%
confidence interval [CI], 0.55 to 0.75), lower among persons 65 years of age or
older than among those 18 to less than 45 years of age (ratio of means, 0.58;
95% CI, 0.48 to 0.70), and lower among participants with immunosuppression
than among those without immunosuppression (ratio of means, 0.30; 95% CI,
0.20 to 0.46).

CONCLUSIONS

Six months after receipt of the second dose of the BNT162b2 vaccine, humoral re-
sponse was substantially decreased, especially among men, among persons 65 years
of age or older, and among persons with immunosuppression.
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S THE ROLLOUT OF VACCINES AGAINST

severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2)' is expanding world-
wide, data on the durability of protection are
limited. A randomized, controlled trial and real-
world studies have shown vaccine efficacy of
94 to 95% with the BNT162b2 vaccine (Pfizer—
BioNTech) and vaccine effectiveness in prevent-
ing symptomatic coronavirus disease 2019
(Covid-19) 7 days or more after receipt of the
second dose of vaccine.!** Real-world effective-
ness and immunogenicity data describing the
antibody kinetics over time after vaccination are
beginning to appear, but a complete picture of
the duration of immunity is not yet available. We
recently reported that breakthrough infection in
BNT162b2-vaccinated persons was correlated with
neutralizing antibody titers.® However, a thresh-
old titer that can predict breakthrough infection
has not been defined.

The BNT162b2 vaccine elicits high IgG and
neutralizing antibody responses 7 to 14 days
after receipt of the second dose. Lower antibody
levels have been shown to develop in older per-
sons, men, and persons with an immunosup-
pressed condition, which suggests that antibody
titers in these populations may decrease earlier
than in other populations.”® A decrease in anti-
spike (S) antibody levels by a factor of two was
observed from the peak (at 21 to 40 days) to 84
days after receipt of the second dose of the
BNT162b2 vaccine among 197 vaccinated per-
sons.” Here, we report the results of a large-
scale, real-world, longitudinal study involving
health care workers that was conducted to assess
the kinetics of immune response among persons
with different demographic characteristics and
coexisting conditions throughout the 6-month
period after receipt of the second dose of the
BNT162b2 vaccine.

METHODS

STUDY DESIGN AND POPULATION
We conducted this prospective longitudinal co-
hort study involving health care workers at Sheba
Medical Center, a large tertiary medical center in
Israel that includes 1600 beds and 14,739 health
care workers, including employees, students, vol-
unteers, and retired personnel. The distribution
of the health care workers at Sheba Medical Cen-
ter is as follows: 18% are physicians, 27% are

nurses or nurse aids, 21% are paramedical per-
sonnel, and 34% are administrative or logistic
employees. The study protocol was approved by
the institutional review board at Sheba Medical
Center.

All the participants were health care workers
who had been invited to participate in the study
and provide peripheral-blood samples for sero-
logic assays before receipt of the first vaccine
dose and then monthly (every 28 days, within a
window of +14 days) for 6 months after receipt
of the second vaccine dose. Written informed
consent was obtained from all study participants.

Eligibility criteria included an age of 18 years
or older, no SARS-CoV-2 infection before receipt
of the first vaccine dose (determined on the ba-
sis of either a negative anti—-SARS-CoV-2 IgG test
or the absence of a positive polymerase-chain-
reaction [PCR] assay result for SARS-CoV-2, with
no history of suspected clinical SARS-CoV-2 in-
fection), and at least one serologic assay result
after receipt of the second dose of vaccine. Data
on PCR testing are provided in Supplementary
Methods Section S1 in the Supplementary Ap-
pendix, available with the full text of this article
at NEJM.org. The end of the study for any par-
ticipant was defined as 175 days after receipt of
the second vaccine dose, a positive SARS-CoV-2
PCR or antinucleocapsid (anti-N) antibody result,
or loss to follow-up.

All the health care workers at Sheba Medical
Center were required to report a daily health
status on arrival at the hospital. If any Covid-19—
associated symptom or exposure to a SARS-
CoV-2—-infected person at work, at home, or in
the community was reported, a PCR test for
SARS-CoV-2 was required.*'" In addition, month-
ly serologic follow-up was conducted during the
study period. Participants with a substantial in-
crease in IgG antibody levels or neutralizing anti-
body titers (>4 times) between consecutive tests
were tested for anti-N antibody to rule out a
Covid-19 breakthrough infection and, if positive,
were withdrawn from the study.

Participants were notified of their personal
test results. Participants whose IgG and neu-
tralizing antibody titers decreased to below the
test cutoff level tended not to return for follow-
up visits. These and other missing outcomes
were accommodated through the linear mixed
model that was used in the analysis (described
below).
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STUDY DESIGN OF SEROLOGIC ASSAYS
Antibodies were tested during the baseline pe-
riod (defined as days 4 through 17 after receipt
of the second vaccine dose) and every 4 weeks
thereafter: during days 18 through 42 (period 1),
days 43 through 70 (period 2), days 71 through
98 (period 3), days 99 through 126 (period 4),
days 127 through 154 (period 5), and days 155
through 175 (period 6). Because we could not
perform neutralizing antibody assays in all study
participants, we selected a subgroup that included
higher proportions of persons with risk factors
of interest, such as an age of 65 years or older
and coexisting conditions. Criteria for the selec-
tion of participants for the neutralizing antibody
subgroup are listed in Supplementary Methods
Section S2. The peak period was defined as the
interval of time with the highest titers after re-
ceipt of the second dose.

A correlation between neutralizing antibody
titers and infectivity was recently reported® and
suggested that although the specific threshold
titer that can predict breakthrough infection is
still undefined, neutralizing antibodies may be
used as a correlate of protection. We therefore
assessed the probability of having a titer below
the cutoff for diagnostic positivity on the neutral-
izing antibody test (i.e., 16), as well as four titra-
tions above it: 32, 64, 128, and 256. We assessed
titers of IgG and neutralizing antibody at two
primary time points: the peak period (as defined
above) and the end of study (at 175 days).

Data on age and sex were available for all
study participants. A computer-based question-
naire about demographic characteristics and co-
existing conditions was sent electronically to all
study participants. The questionnaire and defi-
nitions of the study variables are provided in
Tables S2 and S3. Participants who did not re-
spond to the questionnaire were not included in
the mixed-model analysis.

SEROLOGIC ASSAYS
Samples from vaccinated participants were test-
ed for antibodies against SARS-CoV-2 receptor-
binding domain with the Access SARS-CoV-2 IgG
assay (Beckman Coulter)."'? Anti-N antibodies
were tested with the Platelia SARS-CoV-2 Total
Ab Assay (Bio-Rad) according to manufacturer
instructions. The SARS-CoV-2 pseudovirus neu-
tralization assay was performed as described
previously’ with the use of a green fluorescent

protein reporter—based pseudotyped virus with a
vesicular stomatitis virus backbone coated with
SARS-CoV-2 S protein. The lower level of diag-
nostic detection for IgG is 0.62, and the lower
level that is considered neutralizing is 16. Addi-
tional information about antibody testing is pro-
vided in Supplementary Methods Section S3.

STATISTICAL ANALYSIS

We used linear mixed models to examine the
IgG and neutralizing antibody kinetics over the
6-month period after receipt of the second vac-
cine dose and to associate these changes with
the demographic characteristics and coexisting
conditions of the participants. The dependent
variable was either the IgG or neutralizing anti-
body level, which was log-transformed. Fixed-
effect covariates included sex, age group (18 to
44 years, 45 to 64 years, or >65 years), and age-
by-sex interaction. Time was modeled as a con-
stant up to 30 days after receipt of the second
dose and as a linear trend thereafter. For neu-
tralizing antibody levels, the slope of the linear
trend was allowed to change at day 70 after re-
ceipt of the second dose. Interactions of the
initial time slope (from day 30 onward) with age
group and sex were also included. In addition to
this basic model, body-mass index (BMI; the
weight in kilograms divided by the square of the
height in meters) and coexisting conditions were
added so that we could examine their relation-
ships to antibody kinetics, and interactions of
time with each of these covariates were retained
in the model only if they were significant at the
5% level after Bonferroni adjustment for multi-
ple comparisons. Individual participant level and
time trend were included as random effects.
Missing data regarding IgG or neutralizing anti-
body levels were accommodated within these
models under the “missing at random” assump-
tion. Participants with missing values for the
covariates were excluded from the analysis. Ad-
ditional details regarding the mixed-models
analysis are provided in Supplementary Methods
Sections S4 and S5.

The estimated effects of covariates are pre-
sented as ratios of means with 95% confidence
intervals on the original scale of the IgG and
neutralizing antibodies. A two-sided P value of
less than 0.05 was considered to indicate statis-
tical significance. On the basis of each fitted
model, the estimated probability of having a titer
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below the specified different neutralizing anti-
body titers at 6 months after receipt of the sec-
ond dose (with the 95% confidence interval) was
calculated for different participant profiles by
means of computer simulation.

Scatter plots of log-transformed IgG and neu-
tralizing antibody levels and the distributions of
log-transformed IgG and neutralizing antibody
levels according to time since the receipt of the
second dose were created with the use of Graph-
Pad Prism software, version 5.0 (GraphPad Soft-
ware). Correlations between IgG and neutraliz-
ing antibody levels for each period were assessed
by Spearman’s rank correlation. Statistical analy-
sis was performed with the use of SAS software,
version 9.4 (SAS Institute), and the linear mixed-
models analyses were performed with the use of
R software, version 3.6.2 (R Foundation for Sta-
tistical Computing).

RESULTS

STUDY POPULATION AND SEROLOGIC ASSAYS
The study was conducted from December 19,
2020, to July 9, 2021. Of the 12,603 vaccinated
health care workers who were eligible for the
study, 4868 were recruited for study participa-
tion (Fig. 1). During the study period, 20 partici-
pants had a breakthrough SARS-CoV-2 infection
(defined as a positive PCR result for SARS-
CoV-2), and 5 had a positive anti-N result. A total
of 14,736 IgG assays and 4521 neutralizing anti-
body assays were performed. The numbers of
persons with repeated IgG tests and neutralizing
antibody assays are shown in Figure 1. IgG levels
were evaluated at least once for all study partici-
pants during the 6 months of follow-up and at
least twice for 2631 participants (54.0%). The
neutralizing antibody subgroup included 1269
participants (26.1%) who underwent at least one
neutralizing antibody test; 955 of these partici-
pants (75.3%) were tested at least twice. Data on
age and sex were available for all study partici-
pants. Overall, 3808 participants (78.2%) respond-
ed to the computer-based questionnaire and
were included in the mixed-model analysis.

The demographic characteristics and data on
coexisting conditions in the study participants
are provided in Table S1, in both the overall
population and the neutralizing antibody sub-
group. The mean (+SD) age of the participants
was 46.9%13.7 years in the overall population
and 52.7+14.2 years in the neutralizing antibody
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subgroup. The distributions of the demographic
characteristics and coexisting conditions among
the participants according to study period and
IgG and neutralizing antibody assays are pro-
vided in Tables S4 and S5.

SARS-COV-2 ANTIBODY KINETICS AFTER RECEIPT
OF SECOND VACCINE DOSE

Antibody response and kinetics were assessed
for 6 months after receipt of the second vaccine
dose (Figs. 2A and 2B and S1 and Table S6). The
highest titers after the receipt of the second
vaccine dose (peak) were observed during days
4 through 30, so this was defined as the peak
period. The expected geometric mean titer (GMT)
for IgG for the peak period, expressed as a
sample-to-cutoff ratio, was 29.3 (95% confi-
dence interval [CI], 28.7 to 29.8). A substantial
reduction in the IgG level each month, which
culminated in a decrease by a factor of 18.3 after
6 months, was observed. Neutralizing antibody
titers also decreased significantly, with a de-
crease by a factor of 3.9 from the peak to the end
of study period 2, but the decrease from the start
of period 3 onward was much slower, with an
overall decrease by a factor of 1.2 during periods
3 through 6. The GMT of neutralizing antibody,
expressed as a 50% neutralization titer, was
557.1 (95% CI, 510.8 to 607.7) in the peak period
and decreased to 119.4 (95% CI, 112.0 to 127.3)
in period 6.

DIFFERENTIAL DECAY ACCORDING TO AGE AND SEX
IgG and neutralizing antibody kinetics showed
differences in immunogenicity according to age
group and sex (Fig. 2C through 2F). The rate of
IgG decay in all subgroups defined according
to age and sex was constant throughout the
6-month period, whereas neutralization was sub-
stantially reduced up to period 3, followed by a
slower decrease thereafter. Participants 65 years
of age or older had lower IgG and neutralizing
antibody levels than persons 18 to less than 45
years of age during the peak period and also had
a greater decrease, up to approximately 3 months
(end of period 2), in the neutralizing antibody
titer (Fig. 2C and 2D, and see Supplementary
Results Sections S1 and S2).

PREDICTORS OF PEAK AND END-OF-STUDY
ANTIBODY TITERS

In the peak and end-of-study periods, significant-
ly lower IgG titers were associated with older
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14,739 Health care workers were working
at Sheba Medical Center

¥

12,672 Were vaccinated with 2 doses

69 Were excluded owing to being positive for
SARS-CoV-2 before receiving vaccine
42 Received diagnosis on basis of PCR test
27 Received diagnosis on basis of 1gG serologic test

L

12,603 Were eligible for the study

1

4868 Underwent =1 serologic test
after receiving second dose of vaccine

i

4868 Were tested for presence of
1gG antibodies

4368 (100%) Underwent =1 test
2631 (54.0%6) Underwent =2 tests
2078 (42.7%6) Underwent =3 tests
1781 (36.6%) Underwent =4 tests
1495 (30.7%) Underwent =5 tests
1190 (24.4%) Underwent =6 tests
693 (14.2%) Underwent 7 tests

1269 Were tested for presence of
neutralizing antibodies

1269 (100%) Underwent =1 test
955 (75.3%) Underwent =2 tests
776 (61.2%) Underwent =3 tests
594 (46.8%) Underwent =4 tests
441 (34.8%) Underwent =5 tests
306 (24.1%) Underwent =6 tests
180 (14.2%) Underwent 7 tests

| | |

L i ¥

i

Baseline Period 1 Period 2
(days 4-17) (days 18—42) (days 43-70)
3991 Were tested 2690 Were tested 1829 Were tested
for 1gG for 1gG for 1gG
antibodies antibodies antibodies
681 Were tested 622 Were tested 724 Were tested
for neutralizing| for neutralizing for neutralizing|
antibodies antibodies antibodies

Period 3 Period 4 Period 5 Period 6
(days 71-98) (days 99-126) (days 127-154) (days 155-175)

1732 Were tested 1606 Were tested 1518 Were tested 1370 Were tested
for 1gG for 1gG for IgG for 1gG
antibodies antibodies antibodies antibodies

559 Were tested 697 Were tested 721 Were tested 517 Were tested

for neutralizing for neutralizing| for neutralizing for neutralizing
antibodies antibodies antibodies antibodies

respiratory syndrome coronavirus 2.

Figure 1. Recruitment of Participants, Testing, and Follow-up.

This study involved a prospective cohort of health care workers who had received the BNT162b2 vaccine and underwent at least one se-
rologic assay after receipt of the second dose of vaccine. During the study period (December 19, 2020, to July 9, 2021), participants were
followed monthly for 6 months after receipt of the second dose. PCR denotes polymerase chain reaction, and SARS-CoV-2 severe acute

age, male sex, the presence of two or more co-
existing conditions (i.e., hypertension, diabetes,
dyslipidemia, or heart, lung, kidney, or liver
disease), the presence of autoimmune disease,
and the presence of immunosuppression. Sig-
nificantly lower neutralizing antibody titers were
associated with older age, male sex, and the pres-
ence of immunosuppression in both periods, and
significantly higher neutralizing antibody titers
were associated with a BMI of 30 or higher (obe-

sity) as compared with a BMI of less than 30 in
both study periods. Our results show that al-
though the IgG and neutralizing antibody titers
were significantly lower in participants with two
or more specific coexisting conditions than in
those with no specific coexisting condition dur-
ing the peak period, no significant differences
in neutralizing antibody titers were observed at
the end of study. In addition, participants with
autoimmune disease had a significantly lower

N ENGL ] MED NEJM.ORG




The NEW ENGLAND JOURNAL of MEDICINE

A IgG in Overall Population B Neutralizing Antibody in Overall Population
Observed — Observed GMT Observed — Observed GMT
— Expected GMT — Expected GMT
100.00 16,384.00
31.62- & 4,096.00
o) =
BE  10.00+ 5 1,024.00+
o .2
= % 3.16 E 256.00 \‘_
23 =
= ; 1.00- s 64.00-]
AN I XTI B TR - 2RO 7] 1)
E £ 032 z 1600 s == mer mi i e
oo £ 0.104 § 4,00
g i . bt o
-]
0.03- S 1.00-
0‘01 T T T T T T T T 1 0'25 T T T T T T T T 1
0 20 40 60 &0 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Days since Second Dose of Vaccine Days since Second Dose of Vaccine
C IgG According to Age Group D Neutralizing Antibody According to Age Group
Observed Expected GMT Observed Expected GMT
o <45 yr — <45 yr o <45 yr — <45yr
45to<65yr —— 4510 <65yr 45to<65yr — 45to<65yr
=65 yr — =65 yr =65 yr — =65yr
100.004 16,384.00 N
3162 8§ 4,096.00
) b =
%% 10004 s 102400
5 316 T 256001
= =
c 3 w©
& ¥ 1.00 5 64.00]
a s E ;
E %’L 0324 z 16.00
w E : R
9 E 0.104 3 4.004
0.03 _8:’ 1.004 .
0‘01 I U I 1 I I I I 1 0'25 I 1 I U I 1 I 1 I
0 20 40 60 &0 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Days since Second Dose of Vaccine Days since Second Dose of Vaccine
E 1gG According to Sex F Neutralizing Antibody According to Sex
Observed Expected GMT Observed Expected GMT
Female —— Female Female —— Female
Male — Male Male — Male
100.00+ 16,384.00-
31.62 8 4,096.00
) F
%E 1000 = 1,024.00]
= o
oo E=
£F 36 8 256007 M
- =
€3 w©
& ¢ 100 5 64.00]
ad [EeVeediees et iRl H
o 2 0.324 z 16.00-
=g N e e
oo
g3 010 =) 4.00-
0.03- g 1.00-]
0.01 T T T T T T T T 1 0.25 T T T T T T T T 1
0 20 40 60 &0 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Days since Second Dose of Vaccine Days since Second Dose of Vaccine

N ENGL) MED NEJM.ORG




WANING IMMUNE HUMOBRAL RESPONSE TO BENT162BE2

Figure 2 (facing page). Distribution of Antibodies 6 Months
after Receipt of Second Dose of the BNT162b2 Vaccine.

Panels A and B show the geometric mean titers (GMTs)
of IgG and neutralizing antibody, respectively, in the
entire study population, and Panels C through F show
GMTs according to age group and sex. Antibodies were
tested monthly throughout seven periods after receipt
of the second dose of vaccine. Dots represent individual
observed serum samples. The dashed line in each panel
indicates the cutoff for diagnostic positivity. I bars indi-
cate 95% confidence intervals. RBD denotes receptor-
binding domain.

IgG titer but not neutralizing antibody titer dur-
ing both the peak and end-of-study periods than
did those without autoimmune disease. An age-
by-sex interaction was found; the difference by
which the titers in men 45 years of age or older
were lower than the titers in men younger than
45 years of age was larger than the difference
between the corresponding female groups.

At the end of study, the mixed-model analysis
showed decreases in IgG and neutralizing anti-
body concentrations of 38% and 42%, respec-
tively, among persons 65 years of age or older as
compared with participants 18 to less than 45
years of age and of 37% and 46%, respectively,
among men 65 years of age or older as compared
with women in the same age group (Table 1).
Participants with immunosuppression had de-
creases in the IgG and neutralizing antibody
concentrations of 65% and 70%, respectively, as
compared with participants without immuno-
suppression. Obese participants (those with a
BMI of >30) had a 31% increase in neutralizing
antibody concentrations as compared with non-
obese participants (Table 1).

For IgG levels, the correlation between indi-
vidual participants’ peak levels and their slopes
of the decrease was positive but weak (0.17; 95%
CI, 0.11 to 0.24); the rates of decay were not
strongly related to initial levels. However, for neu-
tralizing antibody, the correlation was strongly
negative (—0.63; 95% CI, —0.70 to —0.55). After
adjustment for other factors, participants with a
higher initial level tended to have a decrease that
was faster up to approximately 70 days after re-
ceipt of the second dose. Beyond that time, rates
of decay were modest and did not vary much
among participants.

We used the mixed model to predict the prob-
ability in different subgroups of reaching a neu-
tralizing antibody titer lower than the test cutoff
for diagnostic positivity (i.e., <16) by 6 months
after receipt of the second dose. We also used the
model to predict the probability of a decrease to
below different neutralizing antibody titers (<32,
<64, <128, or <256) (Table 2). Among healthy
women and men in the three age groups (18 to
<45 years, 45 to <65 years, and >65 years of age),
the probability of having a neutralizing antibody
titer of less than 256 at 175 days after receipt of
the second dose were as follows: 0.68, 0.79, and
0.81, respectively, among women and 0.75, 0.89,
and 0.92, respectively, among men. The proba-
bility of having a neutralizing antibody titer of
less than 16 in these three age groups (18 to <45
years, 45 to <65 years, and >65 years of age)
were as follows: 0.02, 0.05, and 0.06, respectively,
among women and 0.04, 0.11, and 0.15, respec-
tively, among men. Overall (regardless of sex
and age group), obese participants were at lower
risk for having lower neutralizing antibody titers
than nonobese participants. Participants with im-
munosuppression were more likely than healthy
participants to have a below-average neutraliz-
ing antibody titer (Table 2).

CORRELATION BETWEEN IGG AND NEUTRALIZING
ANTIBODY LEVELS

We assessed the correlation between IgG and
neutralizing antibody levels. Although a strong
correlation between IgG and neutralizing anti-
body titers was maintained throughout the
6 months after receipt of the second dose of vac-
cine (Spearman’s rank correlation between 0.68
and 0.75) (Fig. S2), the regression relationship
between the IgG and neutralizing antibody lev-
els depended on the time since the second dose
of vaccine, a finding that was probably due to
the different kinetics between IgG and neutral-
izing antibody levels (Fig. 2).

DISCUSSION

In this prospective longitudinal study, we found
a significant waning of humoral responses
within 6 months after receipt of the second dose
of BNT162b2 vaccine in a large cohort of 4868
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Table 1. Mixed-Model Analysis of Variables Associated with IgG and Neutralizing Antibody Titers after Receipt of the Second Vaccine Dose.*

Variable

Age groupf
<45 yr
45 to <65 yr
=65 yr
Sexy
Female
Male
Coexisting condition
Body-mass index =30
No
Yes
No. of specific coexisting conditions:
0
1
=2
Autoimmune diseasef
No
Yes
Immunosuppression§
No
Yes
Interactions between age and sex
Age <45 yr
Femnale sex
Male sex
Age 45 to <65 yr
Female sex
Male sex
Age =65 yr
Female sex

Male sex

Peak Titer

lgG
(N =3808)

Reference
0.80 (0.77-0.84)
0.61 (0.56-0.66)

Reference

0.98 (0.98-0.98)

Reference

1.05 (0.99-1.11)

Reference
1.02 (0.96-1.08)
0.82 (0.75-0.89)

Reference

0.88 (0.81-0.95)

Reference

0.35 (0.29-0.42)

Reference

0.89 (0.84-0.95)

Reference

0.88 (0.82-0.94)

Reference

0.70 (0.61-0.80)

Neutralizing Antibody
(N =1149)

ratio of mean titer (95% Cl)

Reference
0.52 (0.43-0.64)
0.59 (0.47-0.75)

Reference

0.64 (0.52-0.80)

Reference

1.31 (1.14-1.51)

Reference
0.88 (0.70-1.11)
0.59 (0.44-0.79)

Reference

1.15 (0.94-1.39)

Reference

0.30 (0.20-0.46)

Reference

0.53 (0.36-0.79)

Reference

0.79 (0.54-1.15)

Reference

0.64 (0.45-0.89)

End-of-Study Titer
1gG Neutralizing Antibody
(N = 3808) (N =1149)
Reference Reference

0.81 (0.78-0.85)
0.62 (0.57-0.68)

Reference

0.99 (0.97-1.00)

Reference

0.99 (0.93-1.05)

Reference
1.02 (0.96-1.08)
0.82 (0.75-0.89)

Reference

0.88 (0.81-0.95)

Reference

0.35 (0.29-0.42)

Reference

0.96 (0.89-1.03)

Reference

0.87 (0.81-0.94)

Reference

0.63 (0.54-0.73)

0.66 (0.57-0.76)
0.58 (0.48-0.70)

Reference

0.64 (0.55-0.75)

Reference

1.31 (1.14-1.51)

Reference
0.96 (0.834-1.17)
0.88 (0.71-1.09)

Reference

1.15 (0.94-1.39)

Reference

0.30 (0.20-0.46)

Reference

0.81 (0.60-1.08)

Reference

0.62 (0.50-0.77)

Reference

0.54 (0.41-0.73)

#* The peak period was defined as days 4 through 30 after receipt of the second dose of vaccine, and the end of study as day 175 after

receipt of the second dose.

T Shown is the marginal effect from the mixed model without the age-by-sex interaction.
i Specific coexisting conditions included hypertension, diabetes, dyslipidemia, heart disease, lung disease, kidney disease, and liver

disease.

| Any participant with an autoimmune disease who also received an immunosuppressive drug was also considered to have immuno-

suppression.
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participants. We observed a continuous decrease
in anti-S IgG titers at a relative stable rate with-
in 6 months. The decrease in neutralizing anti-
body titers was brisk initially, in the period of up
to 70 to 80 days, but slowed thereafter. Antibody
titers were associated with age, sex, and coexist-
ing conditions. Particularly vulnerable popula-
tions with lower neutralizing titers were older
men and participants with immunosuppression.

Published work about many vaccines, such as
those against measles, mumps, and rubella, has
shown a small decrease each year of 5 to 10% in
the neutralizing antibody levels.'** We found
that a significant and rapid decrease in humoral
response to the BNT162b2 vaccine was observed
within months after vaccination.

Neutralizing antibodies have been shown to
correlate with protection.®" Yet, neutralizing as-
says are complex and time-consuming. Thus, the
correlation between anti-S IgG and neutralizing
antibody levels reported here are useful. Although
we found a consistently strong correlation, the
regression relationship between IgG and neu-
tralizing antibody was dependent on time. Thus,
relating IgG levels to neutralizing ability de-
pends on time since the second dose.

Using a mixed model, we analyzed the asso-
ciation of age, sex, and coexisting conditions
with immunogenicity, both at the peak and at
6 months after receipt of the second dose. We
found that antibody levels in both periods were
higher in women than in men and decreased
with age, as has been previously shown for the
first month after receipt of the second dose.*®
Similar to the findings in other reports,” a
significantly lower antibody response was found
consistently through the observation period
among participants with immunosuppression,
who had neutralizing antibody titers that were
lower by a factor of 5 than those among partici-
pants without immunosuppression.

Obese persons (BMI, >30) had a significantly
higher neutralizing antibody titer during long-
term follow-up than nonobese participants. Obe-
sity is associated with severe Covid-19,° and dis-
ease severity is associated with a higher Covid-19
humoral immune response. A recent study
showed that SARS-CoV-2 neutralizing antibodies

are positively associated with BML.*! Yet, it is still
unclear whether vaccinated obese persons are at
higher or lower risk for breakthrough infection
and whether the relatively high humoral re-
sponse to the vaccine is protective.

Several studies on the durability of humoral
response in persons who have recovered from
SARS-CoV-2 infection showed that both IgG and
neutralizing antibody levels decrease only mod-
estly at 8 to 10 months after the infection.?>*
This striking difference in antibody kinetics be-
tween convalescent persons and vaccinated per-
sons may be the reason for the substantially lower
incidence of breakthrough infection among pre-
viously infected persons than among vaccinated
persons.”*?® Overall, the accumulating evidence
from our study and others?* shows that long-
term humoral response and vaccine effectiveness
in previously infected persons were superior to
that in recipients of two doses of vaccine.

Our study was conducted in a cohort of health
care workers, who were mostly healthy persons
and therefore may not represent the general
population. To overcome this limitation, although
IgG tests were performed in the entire study
population, neutralizing antibody tests were
performed in a subgroup that included higher
proportions of older persons or of persons with
coexisting conditions in order to better repre-
sent the general population.

Our data provide important insights into the
longitudinal dynamics of the immune response
to BNT162b2 vaccination. As this pandemic con-
tinues to evolve, the importance of determining
immune correlates of protection after vaccina-
tion becomes clearer. Strategies to prolong host
immunity need to be evaluated in order to pro-
tect the population against SARS-CoV-2 and its
variants.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

A data sharing statement provided by the authors is available
with the full text of this article at NEJM.org.

We thank Dr. Gert Zimmer, of the Institute of Virology and
Immunology, Mittelhiusern, Switzerland, for providing the
green fluorescent protein reporter—based pseudotyped virus
with a vesicular stomatitis virus backbone coated with severe
acute respiratory syndrome coronavirus 2 spike protein; and
Ms. Yael Becker-llany and Ms. Hanaa Jaber for technical as-
sistance.
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