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ABSTRACT The PARIS (Protection Associated with Rapid Immunity to SARS-CoV-2)
cohort follows health care workers with and without documented coronavirus dis-
ease 2019 (COVID-19) since April 2020. We report our findings regarding severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike-binding antibody sta-
bility and protection from infection in the pre-variant era. We analyzed data from
400 health care workers (150 seropositive and 250 seronegative at enrollment) for
a median of 84 days. The SARS-CoV-2 spike-binding antibody titers were highly variable
with antibody levels decreasing over the first 3 months, followed by a relative stabiliza-
tion. We found that both more advanced age (>40 years) and female sex were associ-
ated with higher antibody levels (1.6-fold and 1.4-fold increases, respectively). Only six
percent of the initially seropositive participants “seroreverted.” We documented a total
of 11 new SARS-CoV-2 infections (10 naive participants and 1 previously infected partici-
pant without detectable antibodies; P < 0.01), indicating that spike antibodies limit the
risk of reinfection. These observations, however, only apply to SARS-CoV-2 variants anti-
genically similar to the ancestral SARS-CoV-2 ones. In conclusion, SARS-CoV-2 antibody
titers mounted upon infection are stable over several months and provide protection
from infection with antigenically similar viruses.

IMPORTANCE SARS-CoV-2 is the cause of one of the largest noninfluenza pandemics
of this century. This exceptional public health crisis highlights the urgent need for better
understanding of the correlates of protection from infection and severe COVID-19. We
established the PARIS cohort to determine durability and effectiveness of SARS-CoV-2
immune responses. Here, we report on the kinetics of SARS-CoV-2 spike-binding antibody
after SARS-CoV-2 infection as well as reinfection rates using data collected between April
2020 and August 2021. We found that antibody levels stabilized at individual steady state
levels after an initial decrease with seroreversion being found in only 6% of the convales-
cent participants. SARS-CoV-2 infections only occurred in participants without detectable
spike-binding antibodies, indicating significant protection from reinfection with antigeni-
cally similar viruses. Our data indicate the importance of spike-binding antibody titers
in protection prior to vaccination and the wide circulation of antigenically diverse variants
of concern.
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Durability of SARS-CoV-2 Antibodies

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the coronavi-

rus disease 2019 (COVID-19) pandemic with over 430 million infections (WHO dash-
board, 25 February 2022) since it emerged in late 2019 (1, 2). In the vast majority of
individuals, infection with SARS-CoV-2 leads to the induction of a specific adaptive
immune response, including spike-binding as well as neutralizing antibodies (3, 4).
Indeed, we found that over 90% of individuals infected during the first wave in New
York City (NYC) had robust antibody titers as measured using an enzyme-linked immu-
nosorbent assay (ELISA) (>30,000 cross-sectional measurements) (4, 5). The durability
and protective effect of such antibody responses remains a topic of active investiga-
tion even as we move into the third year of the pandemic. An initial study (6) reported
fast waning of SARS-CoV-2 binding antibodies, but others report spike-binding IgG
antibodies being detectable months after infection (7-9).

The first SARS-CoV-2 infection in New York State was officially detected at the Mount
Sinai Health System in NYC on 29 February 2020, although SARS-CoV-2 had likely been
introduced to the local communities weeks to months earlier (10, 11). Indeed, the New York
metropolitan area emerged as one of the early COVID-19 epicenters in the United States.
This initial COVID-19 wave was exponential in growth and nearly overwhelmed our local
health care systems due to the high number of patients with severe COVID-19 manifesta-
tions, resulting in infection fatality rates ranging between 1% to 1.5% (11, 12). It was at that
point in time (April 2020) that we started enrollment for the PARIS (Protection
Associated with Rapid Immunity to SARS-CoV-2) cohort to follow health care workers
(HCWs) of the Mount Sinai Health System with and without documented COVID-19 over
time. Full-length spike-binding 1gG antibody titers were measured every 2 to 4 weeks
using a sensitive and specific quantitative ELISA (13). In addition, data on potential expo-
sures as well as clinical signs and symptoms suggestive of SARS-CoV-2 infection were
collected at the same time intervals.

Here, we report our findings regarding the kinetics of SARS-CoV-2 spike-binding IgG anti-
body titers over time and the protection from reinfection in a high-risk work environment.

RESULTS

We analyzed the spike-binding IgG antibody levels of 400 PARIS participants with (n = 150)
or without previous COVID-19 (n = 250) collected every 2 to 4 weeks for a median of 84 days
(interquartile range [IQR], 55 to 169) from April 2020 to August 2021. The majority of partici-
pants were female (68%) with a median age of 35 years (range, 19 to 75; IQR, 30 to 45). The
demographics of the cohort are summarized in Tables 1 and 2. Approximately one-third of
the participants self-reported as performing high-risk tasks as part of their work assignments.
Most participants with spike-binding antibodies at study enrollment (92.7%, 139/150)
were infected during the first pandemic wave when NYC was one of the epicenters of
the pandemic (March to May 2020). Of the remaining 11 participants, 7 were infected in
the summer and fall of 2020 prior to enrolling into PARIS, and 4 participants did not
recall having any symptoms suggestive of COVID-19. Two PARIS cohort data sets were
used to analyze durability and effectiveness of serological responses (protection data set
and antibody durability data set in Fig. 1A and Tables 1 and 2).

To model spike-binding antibody kinetics, we analyzed a total of 813 distinct spike-
binding measurements from 137 participants (median, 5 study visits; IQR, 4 to 8 visits
per participant, longitudinal follow-up of 2 to 6 months up to 400 days postinfection)
(see Tables 1 and 2; see also Fig. S1 in the supplemental material). The date of symp-
tom onset or positive nucleic acid amplification test (NAAT) was used as day 0 when
available. Alternatively, we used the date of first positive SARS-CoV-2 antibody assay as
day 0 for 21 participants. Spike-binding IgG antibody titers were highly variable among
COVID-19 survivors, with titers ranging between 1:80 and 1:6,400. The majority (59.1%)
of participants had SARS-CoV-2 binding antibody titers at or and above 1:800 at their
baseline visit. We noted that the antibody levels decreased over the first 3 months, fol-
lowed by a relative stabilization that persisted up to 1 year post-infection (Fig. 1B).
Given the large variation in the initial antibody levels, we modeled whether the slopes
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TABLE 1 Characteristics of the PARIS participants included in the protection data set?

Protection data set parameter Total Seronegative Seropositive
No. (%) of participants 400 (100.0) 250 (62.5) 150 (37.5)
Sex (no. [%])
Female 273 (68.3) 175 (70.0%) 98 (65.3%)
Male 126 (31.5) 74 (29.6%) 52 (34.7%)
Prefer not to say 1(0.3) 1(0.4) 0(0.0)

Age (no. [%])

<40 250 (62.5) 162 (64.8) 88 (58.7)

40+ 149 (37.3) 87 (34.8) 62 (41.3)

Missing 1(0.3) 1(0.4) 0(0.0)
Days enrolled (median, IQR) 84 (55-169.25) 84 (55.25-174) 84 (55-167)
Seroreversion (no. [%]) 9(2.3) 9 (6.0)

aProtection data set (n = 400). Parameter values are presented as number (%) unless indicated otherwise.

for those with titers at or above 1:800 were different from the slopes measured for those
with lower antibodies (less than 1:800). SARS-CoV-2 spike-binding antibody kinetics
between the two groups were comparable, with the initial decay being more pronounced
in the high antibody group. The slight “wiggliness” of the fit lines from 150 to 350 days
should, however, not be attributed to a biological effect. The overlapping confidence
intervals suggest a relative stability in titers during this period (Fig. 1C).

We next tested whether demographic variables, such as sex or age, were associated with
spike antibody durability by modeling the impact of sex and age on antibody levels over the
course of the observation period. We found that more advanced age (e.g., 40 years or older)
was associated with 1.62-fold higher antibody levels (95% confidence interval [Cl], 1.20 to 2.19)
compared to those of younger participants. Sex was also associated with the level of SARS-
CoV-2 spike antibodies, with antibody levels being 1.40-fold higher in female participants (95%
Cl, 1.03 to 1.92) than in male participants (see Table S1 in the supplemental material).

While all of the participants with documented SARS-CoV-2 infection mounted de-
tectable antibody responses, we wondered whether seropositive individuals would
turn seronegative during the observation period. We found that 6% (8/137) of the ini-
tially seropositive participants in the antibody durability data set tested negative on
subsequent visits occurring over up to 11 months of study follow-up. All eight of these
participants were initially in the lower baseline antibody group (below 1:800 titer),
pointing to a significantly higher risk of seroreversion for individuals with initially lower
antibody titers (Fig. 2, Kaplan-Meier estimate).

TABLE 2 Characteristics of the PARIS participants included in the antibody durability data set?

High baseline Low baseline

Antibody durability data set parameter Total titer (800+) titer (<800)
No. (%) of participants 137 (100.0) 81 (59.1) 56 (40.9)
Sex (no. [%])

Female 89 (65.0) 59 (72.8) 30(53.6)

Male 48 (35.0) 22(27.2) 26 (46.4)
Age (no. [%])

<40 80 (58.4) 37 (45.7) 43 (76.8)

40+ 57 (41.6) 44 (54.3) 13(23.2)
Days enrolled (median, IQR) 84 (56-168) 108 (56-192) 69 (55-112)
Days between SO and enrollment 154 (91-203) 147 (63-196) 182 (133-217)
Baseline SARS-CoV-2 antibody titer® 1:730 (2.67) 1:1,419 (1.93) 1:279(1.52)
Seroreversion (no. [%]) 8(5.8) 0(0.0) 8(14.3)

aAntibody durability data set (n = 137). Parameter values are presented as number (%) unless indicated otherwise.
bSO, symptom onset.
cGeometric mean (standard deviation).
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FIG 1 Modeling SARS-CoV-2 antibody durability in PARIS participants. (A) Overview of the PARIS cohort data sets (protection, antibody durability)
selected for the analysis of humoral responses mounted upon infection. (B) Durability of SARS-CoV-2 spike-binding antibodies over time. SARS-CoV-
219G binding antibody dynamics after infection were described in 137 PARIS participants by an additive mixed model. The early waning period is
followed by stabilization. The date of SARS-CoV-2 infection was determined by a positive nucleic acid amplification test, onset of COVID-19
symptoms, or the date of first positive antibody test. Most participants were infected in the first wave of the pandemic. The limit of detection of
the SARS-CoV-2 IgG antibody ELISA is set at a titer of 1:80 (dashed black line). The brown line represents the mean antibody titer value predicted
by the model, and the light brown shaded region represents the 95% confidence interval of the mean. Individual antibody values are represented
by dots. (C) SARS-CoV-2 antibody durability depends on the initial levels of antibodies. The antibody durability group was split by the antibody
titer at enrollment (pink, =1:800, n = 81; orange, <1:800, n = 56). Both groups demonstrate broadly similar dynamics, with the early waning period
being most evident in the group with higher initial SARS-CoV-2 spike-binding antibody titers. Titers equal to or above 1:800 were defined as high.
The pink and orange lines represent the mean antibody titer value predicted by the model, and the light pink/orange shaded regions represent
the 95% confidence interval of the mean. The dashed black line represents the 1:80 cutoff value. Individual antibody values are represented by
dots (=1:800, purple; <1:800, red).
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FIG 2 Risk of seroreversion in the antibody durability data set. The Kaplan-Meier estimate indicates that
the risk of seroreversion was significantly higher for the participants with lower antibody titer at the time
of study enroliment (n = 56 < 1:800 titer [orange]; n = 81 = 1:800 titer [pink]). Of the 137 participants
included in the antibody durability data set, only eight (6%) participants seroreverted, all of which were
initially in the lower antibody titer group.

Finally, we tested whether spike-binding IgG antibodies were associated with pro-
tection from reinfection with genetically similar SARS-CoV-2 variants. Between July
2020 and August 2021, we documented a total of 11 new SARS-CoV-2 infections in
PARIS participants (Fig. 3A). Of note, 10/11 of these infections occurred at a time when
only ancestral viral variants circulated in the NY metropolitan area (Fig. 3A). All but one
of the SARS-CoV-2 infections occurred in naive participants. One infection was found in
a participant with prior COVID-19, albeit without detectable antibodies at time of rein-
fection (Fig. 3B). Thus, detectable spike-binding IgG antibodies mounted upon infec-
tion are associated with significant protection from reinfection (Fisher's exact test,
P =0.001) in this pre-vaccine and pre-Omicron era of the COVID-19 pandemic.

DISCUSSION

Several studies have evaluated the durability of serum SARS-CoV-2 IgG antibodies
(14). While immune responses to SARS-CoV-2 infection and vaccination and their respective
protective effects have been analyzed at rapid speed and in much detail, many open ques-
tions remain. We leveraged the fact that most seropositive PARIS participants were infected
in the first pandemic wave (March to April 2020) with very homogenous SARS-CoV-2 strains
(15). An additional strength of the PARIS cohort is the frequent, longitudinal sample and
data collection (every 2 to 4 weeks), which allows for a high level of granularity in the model-
ing of the durability and effectiveness of SARS-CoV-2 antibody responses. We first evaluated
the stability of spike-binding IgG antibody titers over time. Typical antibody responses to
infection are characterized by an initial strong peak, driven by short-lived plasmablasts in
the peripheral blood circulation, followed by a decline and an eventual stabilization at a level
of antibody that is produced by long-lived plasma cells in the bone marrow (16-19). This
was exactly the pattern that we observed in our analysis: high SARS-CoV-2 antibody titers
declined initially but stabilized over the following months. Overall, seroreversion was rare,
with only 6% of the COVID-19 survivors having antibody levels wane to below the level of
detection of our sensitive full-length spike IG binding antibody ELISA. Interestingly, there
were large differences in the spike-binding antibody titers across participants, with those
40 years and older having higher antibody titers compared to those of younger individuals.
This phenomenon has been observed before (20, 21). Our observation that female partici-
pants have higher antibody titers than male participants stands in contrast to several previ-
ous studies reporting that males have higher SARS-CoV-2 antibody levels (4). The PARIS cohort
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A Ancestral SARS-CoV-2 variants Delta VOC
Month Nov-20 Dec-20 Jan-21 Aug-21
# Primary Infections 3 4 2 1
# Re-infections 0 1 0 0
Female 1 4 1 1
COVID-19 severity mild mild mild mild
8 L 2R R R R R IR IR R B IR IR R R IR B R R ER 4
L 2K 2K SR 2K 2R 3R 2R 2K 3R 23X N SE 2R 2 2R 2R 2R 23X 2R 4
L 2R KRR R R IR R R AR B KR B R BR R R A AR 2
L 2R 2R 2R K 3R BR 2R 2R ER 2R R 2R 3R JX 2R 2R 3R 3K R 4
D 2R 2R IR KRR R IR SR IR IR B BR R AR AR IR 2R 2R 2K 4
L 2R 2K 2R 2R SR SR 2R 2R 3R 3R 3K 2R SR SE R BR 3R 3R 3R 4
DR 2R IR R R R R AR IR IR AR ER KR IR AR IR AR 2K 4
L 2K 2R 2R 2K 2R 3R 2R 2R 3R 2K 2R 2R 3R X 2R 2R 3R 3K 2R 4
L 2K 2R 2R 2K 2R 2R 2R 2R BR 2R 3R 2R 3R 23X 2R 2R 3R 23X 2R 4
L BRI IR R JR 2R 2R 2R 2R BE 2E 2R 3R 2R 2R 3R 2
IR 2R IR R R IR KRR R R R R R R R R IR AR K
DR R R R SRR RIS R IR IR R BR R AR 4
DR 2R 2 2R N IR R AR 2R 2R KR B B BR IR R R R 2
L 2K 2K 2R 2K 2R BR 2R 2K 3R 2K 2R 2K 3R 2R 2R 2R BR 2K R 2
L 2R 2R 2R 2K 2R 3R 2R 2K 3R 2K 3R 2K 3R 2R R 2R BR JK R 2
L 2R 2R 2R 2R 3R B 2R 2R BR 3R R 2R 3R 2R 2R 2R 3R 3K 2R 4
L 2R 2R 2R R R R 2R 2R ER 3R 2R 2R BR 2R 2R 2R 3R 3K R 2
L R R R R R R 2R R R R K R R R R R R R R 2
L 2K 2R 2K 2K 2R SR 3R 2R 2R 2R 2R 3R 3R R BE BR R K IR 2
L 2R R 2R K 2R B SR 2K 2R 2K 2R 2K 3R 2R R 2R SR 2R SR 2
€ Naive (n=250)
¥ Ab+ at Baseline, Seropositive Throughout (n=141)
<9 Ab+ at Baseline, Sero-reversion (n=9)
@ Infection on Study (n=11)

FIG 3 SARS-CoV-2 infections occurring in PARIS participants. (A) Summary of the new infections documented
in the protection data set (n = 400). The circulating viral variants, the month of infection, the sex of the
infected participants, and COVID-19 severity is listed for the 11 SARS-CoV-2 infections documented in the
protection data set between April 2020 and August 2021. (B) Graphic representation of the frequency of
SARS-CoV-2 infections in the seropositive (n = 149, orange diamonds) and seronegative (n = 251, blue
diamond) study participants. Each diamond symbol represents a distinct study participant. Participants
who seroreverted are indicated by orange/blue symbols. On-study infections occurred in 11 study
participants without detectable SARS-CoV-2 spike-binding antibodies (turquoise circles). 10/11 participants
were naive (blue diamond symbols). One participant had a documented prior SARS-CoV-2 infection but
displayed no antibodies at the time of infection.

comprises mostly younger and overall healthy health care workers with almost exclusively
mild infections, so it is conceivable that this sex difference becomes less apparent when more
severe COVID-19 manifestations, known to result in higher antibody levels (21), are included in
the analysis. Of note, other than the magnitude, there was no sizable difference in the
kinetics of antibody levels depending on age or sex. Additional studies in longitudinal
cohorts with as frequent sampling as done in the PARIS cohort are needed to independ-
ently replicate our observations.

Several studies from the pre- (21-27) and post-Delta (B.1.617.2) (28, 29) era suggest
that protection from reinfection ranges around 80 to 90% if the circulating SARS-CoV-2
variants are antigenically similar to the ones responsible for the initial infections. Only the
appearance of Omicron has led to an increase of reinfections (29, 30). Our cohort study
supports this notion since we did not document any reinfections in study participants
who were previously infected and maintained detectable levels of spike-binding antibod-
ies. Indeed, 10 naive individuals and one individual with an initially low titer who serore-
verted prior to reinfection were infected during the observation period. These findings
suggest significant protection from reinfection and hint at the importance of the level of
spike-binding antibody titers in protection. Of note, the presence of spike-binding antibod-
ies was also correlated with protection in several other studies (22, 31-33). Antibody titers
against the receptor binding domain and the full-length spike, as well as neutralizing anti-
bodies, have recently been proposed as correlates of protection of vaccine-induced
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immunity (34-36). Importantly, the data in these studies were generated before the
Omicron variants started to circulate at larger scale in our community. Similarly, the current
analysis was conducted prior to the circulation of SARS-CoV-2 variants of concern in the
NYC metropolitan area. Our data underscores that spike-binding antibodies protect
against infection with antigenically similar viral strains. Protection against heterologous,
antigenically distinct variants, such as Omicron, is likely limited based on the pronounced
reduction in virus neutralization (37-40).

This study has several strengths. First, the prospective nature of the cohort allowed us
to assess how antibody responses against SARS-CoV-2 following natural infection changed
over time. Second, the repeated sampling/testing of this study provides a perspective on a
much more granular scale than previous analyses. Finally, this study is based on data col-
lected prior to the introduction of SARS-CoV-2 vaccines and the wide circulation of variants
of concern that are highly antigenically distinct (e.g., Omicron). As such, it provides a useful
baseline against which newer data can be compared to answer important questions
regarding the relative severity of new variants, the strength and durability of antibody
responses against SARS-CoV-2 variants, and the impact of immune histories on the
breadth of immune responses.

This analysis did, however, also have a few limitations. First, since we started enrollment
during the first wave, a good portion of participants were unable to get molecular tests at
the time of infection, and we relied on retrospective reports of clinical signs and symptoms
suggestive of COVID-19 for illness onset date. As such, recall bias in reported illness onset
is a possibility. However, we anticipate that this exerted only a minor impact on our con-
clusions given the relatively homogenous exposures of participants who are all health care
workers. Second, with health care worker vaccination beginning in December 2020, we
were unable to effectively assess how circulating variants of concern may affect one’s risk
of reinfection following natural infection. The increase in vaccinated participants (excluded
from this analysis), while fortunate, also resulted in a smaller sample size at the end of the
follow-up period extending into August 2021.

In conclusion, our study shows that SARS-CoV-2 infection provides strong protec-
tion from reinfection, and this protection may be associated with the presence of
spike-binding antibodies. In addition, it suggests that antibody levels induced by infec-
tion with ancestral SARS-CoV-2 variants are relatively stable over time and that the rate
of seroreversion is low when measuring SARS-CoV-2 spike-binding IgG antibodies.

MATERIALS AND METHODS

Description of the PARIS cohort. The PARIS study enrolled health care workers with and without
prior SARS-CoV-2 infection to study the durability and effectiveness of the immune response to SARS-
CoV-2. A total of 501 participants were enrolled between April 2020 and August 2021. The study proto-
col was reviewed and approved by the Mount Sinai Hospital Institutional Review Board (IRB-20-03374).
All participants provided written informed consent. Samples were coded prior to processing and testing.
Blood was collected at 2- to 4-week intervals regardless of the serostatus at enrollment. For this analysis,
the cohort was restricted to 400 participants enrolled prior to SARS-CoV-2 vaccination with at least 4
weeks of follow-up or two study visits prior to vaccination. At the time of enroliment, 150/400 partici-
pants were seropositive for SARS-CoV-2 spike-binding antibodies while 250/400 were seronegative.
Most participants had no known immunosuppressive conditions/comorbidities. We used the data from
2,106 distinct study visits from these 400 participants to evaluate risk of SARS-CoV-2 infection and seror-
eversion. From this data set, we selected a subset of 137 participants with known dates of COVID-19
(symptom onset, positive SARS-CoV-2 nucleic acid amplification test [NAAT], or positive SARS-CoV-2 anti-
body test results) and at least two pre-vaccine study visits with SARS-CoV-2 antibody measurements.
The data of 813 distinct study visits from these 137 seropositive participants provide the basis for the
modeling SARS-CoV-2 spike-binding IgG antibody durability.

Identification of new SARS-CoV-2 infections in PARIS. One of the 11 participants who were
infected during the observation period was diagnosed as part of the study using viral diagnostic NAAT,
while nine participants tested positive for SARS-CoV-2 outside of the Mount Sinai Health System. One
asymptomatic infection was identified by seroconversion (from negative to a titer of 1:400).

SARS-CoV-2 full-length spike-binding antibody measurements. Antibody titers were determined
using a two-step ELISA protocol (13), in which serum samples are screened at a single dilution (1:50) for IgG
against the recombinant receptor binding domain (RBD) of the spike protein from SARS-CoV-2 (Wuhan-Hu-1),
followed by detection of antibodies against the full-length spike protein (also Wuhan-Hu-1). End-point titers
were determined by serially diluting serum (from 1:80/1:100 to 12,800). Briefly, 96-well microtiter plates
(Thermo Fisher) were coated with 50 wL/well of recombinant RBD (2 wg/mL) overnight at 4°C. Plates were
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washed three times with phosphate-buffered saline (PBS) (Gibco) supplemented with 0.1% Tween 20 (PBS-T)
(Fisher Scientific) using an automatic plate washer (BioTek). Plates were then blocked with PBS-T containing
3% milk powder (American Bio) for 1 h. Serum was heat-inactivated and serially diluted (2-fold) in PBS-T 1%-
milk powder, starting at 1:50 initial dilution for RBD ELISA and at 1:80/1:100 dilution for full-length spike ELISA.
Samples were added to the plates and incubated for 2 h. Plates were washed three times with PBS-T, and
50 uL/well of anti-human IgG (Fab-specific) horseradish peroxidase antibody (produced in goat; Sigma; A0293)
diluted to 1:3,000 in PBS-T, 1% milk powder, were added to each well. After 1 h incubation at room tempera-
ture, plates were washed three times with PBS-T, and 100 uL/well of SigmaFast o-phenylenediamine dihydro-
chloride (Sigma) was added for 10 min, followed by addition of 50 uL/well of 3 M hydrochloric acid (Thermo
Fisher) to stop the reaction. Optical density was measured at a wavelength of 490 nm using a plate reader
(BioTek). Endpoint titers, expressed as the last dilution before the signal dropped below an optical density at
490 nm (OD,,) of 0.15, were calculated in excel, and data were plotted using GraphPad Prism 9. True-positive
samples were defined as samples that exceeded an OD,,, value of 0.15 at a serum dilution of 1:80 (11).

Assessment and modeling of SARS-CoV-2 spike-binding antibody durability over time. To
assess how spike antibody titers changed over time, we fit an additive mixed model using the mgcv
package (version 1.8-36) for R (version 4.1.1). Participants were excluded from the model if they never
developed a detectable titer (at least 1:80) during follow-up or if the data regarding when they were
infected (illness onset, NAAT positive, or antibody positive date) was missing. Day 0 was defined as the
reported symptom onset date or the date of positive SARS-CoV-2 diagnostic test.

Spike titers (ranging from 1:80 to 1:6,400) were transformed to the log, scale so that a 1-unit increase
corresponded to a doubling of antibody titer. Sex (female, male), age (<40 years, 40+ years), and baseline titer
(<1:800, =1:800) were included as covariates in the model, along with a random intercept for participant ID to
account for repeated measures. Finally, a penalized spline term was included to model antibody titer over
time. We fit this model in the following two ways: (i) assuming that antibody decay occurred at the same rate
over time regardless of baseline titer, and (i) allowing antibody decay over time to vary by baseline titer. In the
second model, a distinct smoothing function was fit for each baseline titer group. Data is available upon
request, and the code used for modeling is available on GitHub at https://github.com/jkubale/paris.

Determination of the frequency of spike-binding antibody seroreversion. Seropositive partici-
pants who initially had measurable spike-binding antibodies but subsequently had spike-binding antibody lev-
els below the limit of detection (1:80) on two consecutive visits were defined as having seroreverted. We exam-
ined the probability of seroreversion over time for those with low (<1:800) and high (=1:800) baseline titers
by calculating the probability of survival (not seroreverting) via the Kaplan-Meier estimator.

Assessment of protection against reinfection. We explored whether participants with a detectable
antibody titer had a lower probability of incident SARS-CoV-2 infection. New SARS-CoV-2 infections were
identified by positive NAAT or by SARS-CoV-2 antibody seroconversion. The participant immune status
was based on the most recent spike-binding antibody titer preceding the infection. Participants with de-
tectable spike-binding antibody titers were compared to those without detectable titers using Fisher’s
Exact Test. All analyses were performed using R version 4.1.1. All figures were rendered using seaborn
version 0.11.1, matplotlib version 3.3.4, and Python version 3.9.5.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.1 MB.
TABLE S1, DOCX file, 0.04 MB.

ACKNOWLEDGMENTS

We thank the study participants for their generosity and willingness to participate in
longitudinal COVID-19 research studies. None of this work would be possible without
their contributions.

We are very appreciative of the support of Mount Sinai's leadership throughout the
COVID-19 pandemic. We want to especially thank Peter Palese, Carlos Cordon-Cardo, Dennis
Charney, David Reich, and Kenneth Davis. We also thank Daniel Caughey for expert
administrative assistance and Andrew Brouwer for his thoughtful comments and suggestions.

This work is part of the PARIS/SPARTA studies funded by NIAID Collaborative Influenza
Vaccine Innovation Centers (CIVIC) contract 75N93019C00051. In addition, this work was also
partially funded by the NIAID Centers of Excellence for Influenza Research and Response
(CEIRR) contract 75N93021C00014 as well as by anonymous donors. This work is part of the
NIAID SARS-CoV-2 Assessment of Viral Evolution (SAVE) program.

The PARIS Study Team includes the following team members: Hala Alshammary, Angela
A. Amoako, Dalles Andre, Mahmoud H. Awawda, Katherine F. Beach, Dominika A. Bielak,
Maria C. Bermudez-Gonzalez, Gianna Y. Cai, Rachel L. Chernet, Christian Cognigni, Emily D.
Ferreri, Daniel L. Floda, Joshua Hamburger, Hisaaki Kawabata, Giulio Kleiner, Neko Lyttle,
Wanni A. Mendez, Lubbertus C. F. Mulder, Ismail Nabeel, Annika Oostenink, Ariel Raskin,

September/October 2022 Volume 13 Issue 5

10.1128/mbio.01784-22

mBio

8

Downloaded from https://journals.asm.org/journal/mbio on 06 January 2026 by 38.131.234.245.


https://github.com/jkubale/paris
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01784-22

Durability of SARS-CoV-2 Antibodies

mBio

Aria Rooker, Kayla Russo, Ashley Beathrese T. Salimbangon, Miti Saksena, Levy A. Sominsky,
Daniel Stadlbauer, Johnstone Tcheou, Ania Wajnberg.
The Icahn School of Medicine at Mount Sinai has filed patent applications relating to
SARS-CoV-2 serological assays (U.S. provisional application numbers 62/994,252, 63/
018,457, 63/020,503, and 63/024,436) and NDV-based SARS-CoV-2 vaccines (U.S.
provisional application number 63/251,020), which list Florian Krammer as co-inventor.
Viviana Simon is also listed on the serological assay patent application as coinventor.
Patent applications were submitted by the Icahn School of Medicine at Mount Sinai.
Mount Sinai has spun out a company, Kantaro, to market serological tests for SARS-CoV-2.
Florian Krammer has consulted for Merck and Pfizer (before 2020) and is currently
consulting for Pfizer, Third Rock Ventures, Seqirus, and Avimex. The Krammer laboratory
is also collaborating with Pfizer on animal models of SARS-CoV-2. Aubree Gordon serves
on a scientific advisory board for Janssen and has consulted for Gilead Sciences.

REFERENCES

1.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X,
Cheng Z, Yu T, Xia J, Wei Y, Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo
L, Xie J, Wang G, Jiang R, Gao Z, Jin Q, Wang J, Cao B. 2020. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395:
497-506. https://doi.org/10.1016/50140-6736(20)30183-5.

. Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li B,

Huang C-L, Chen H-D, Chen J, Luo Y, Guo H, Jiang R-D, Liu M-Q, Chen Y,
Shen X-R, Wang X, Zheng X-S, Zhao K, Chen Q-J, Deng F, Liu L-L, Yan B,
Zhan F-X, Wang Y-Y, Xiao G-F, Shi Z-L. 2020. Addendum: a pneumonia
outbreak associated with a new coronavirus of probable bat origin. Na-
ture 588:E6. https://doi.org/10.1038/s41586-020-2951-z.

. Fafi-Kremer S, Bruel T, Madec Y, Grant R, Tondeur L, Grzelak L, Staropoli I,

Anna F, Souque P, Fernandes-Pellerin S, Jolly N, Renaudat C, Ungeheuer
M-N, Schmidt-Mutter C, Collongues N, Bolle A, Velay A, Lefebvre N, Mielcarek
M, Meyer N, Rey D, Charneau P, Hoen B, De Seze J, Schwartz O, Fontanet A.
2020. Serologic responses to SARS-CoV-2 infection among hospital staff with
mild disease in eastern France. EBioMedicine 59:102915. https://doi.org/10
.1016/j.ebiom.2020.102915.

. Wajnberg A, Mansour M, Leven E, Bouvier NM, Patel G, Firpo-Betancourt

A, Mendu R, Jhang J, Arinsburg S, Gitman M, Houldsworth J, Sordillo E, Paniz-
Mondolfi A, Baine |, Simon V, Aberg J, Krammer F, Reich D, Cordon-Cardo C.
2020. Humoral response and PCR positivity in patients with COVID-19 in the
New York City region, USA: an observational study. Lancet Microbe 1:
€283-e289. https://doi.org/10.1016/52666-5247(20)30120-8.

. Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ, Mansour M, McMahon

M, Meade P, Mendu DR, Muellers K, Stadlbauer D, Stone K, Strohmeier S,
Simon V, Aberg J, Reich DL, Krammer F, Cordon-Cardo C. 2020. Robust neutral-
izing antibodies to SARS-CoV-2 infection persist for months. Science 370:
1227-1230. https://doi.org/10.1126/science.abd7728.

. Long Q-X, Tang X-J, Shi Q-L, Li Q, Deng H-J, Yuan J, Hu J-L, Xu W, Zhang Y,

Lv F-J, Su K, Zhang F, Gong J, Wu B, Liu X-M, Li J-J, Qiu J-F, Chen J, Huang A-L.
2020. Clinical and immunological assessment of asymptomatic SARS-CoV-2
infections. Nat Med 26:1200-1204. https://doi.org/10.1038/541591-020-0965-6.

. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, Grifoni A, Ramirez SI,

Haupt S, Frazier A, Nakao C, Rayaprolu V, Rawlings SA, Peters B, Krammer
F, Simon V, Saphire EO, Smith DM, Weiskopf D, Sette A, Crotty S. 2021.
Immunological memory to SARS-CoV-2 assessed for up to 8 months after
infection. Science 371:abf4063. https://doi.org/10.1126/science.abf4063.

. Grandjean L, Saso A, Ortiz AT, Lam T, Hatcher J, Thistlethwayte R, Harris M,

Best T, Johnson M, Wagstaffe H, Ralph E, Mai A, Colijn C, Breuer J, Buckland M,
Gilmour K, Goldblatt D, COVID-19 Staff Testing of Antibody Responses Study
(Co-Stars) Team. 2022. Long-term persistence of spike protein antibody and
predictive modeling of antibody dynamics following infection with SARS-
CoV-2. Clin Infect Dis 74:1220-1229. https://doi.org/10.1093/cid/ciab607.

. Carrefio JM, Mendu DR, Simon V, Shariff MA, Singh G, Menon V, Krammer

F. 2021. Longitudinal analysis of severe acute respiratory syndrome coro-
navirus 2 seroprevalence using multiple serology platforms. iScience 24:
102937. https://doi.org/10.1016/j.is¢i.2021.102937.

. Hernandez MM, Gonzalez-Reiche AS, Alshammary H, Fabre S, Khan Z, van

De Guchte A, Obla A, Ellis E, Sullivan MJ, Tan J, Alburquerque B, Soto J, Wang
C-Y, Sridhar SH, Wang Y-C, Smith M, Sebra R, Paniz-Mondolfi AE, Gitman MR,
Nowak MD, Cordon-Cardo C, Luksza M, Krammer F, van Bakel H, Simon V,

September/October 2022 Volume 13 Issue 5

Sordillo EM. 2021. Molecular evidence of SARS-CoV-2 in New York before the
first pandemic wave. Nat Commun 12:3463. https://doi.org/10.1038/s41467
-021-23688-7.

. Stadlbauer D, Tan J, Jiang K, Hernandez MM, Fabre S, Amanat F, Teo C,

Arunkumar GA, McMahon M, Capuano C, Twyman K, Jhang J, Nowak MD,
Simon V, Sordillo EM, van Bakel H, Krammer F. 2021. Repeated cross-sec-
tional sero-monitoring of SARS-CoV-2 in New York City. Nature 590:
146-150. https://doi.org/10.1038/s41586-020-2912-6.

. Yang W, Kandula S, Huynh M, Greene SK, Van Wye G, Li W, Chan HT,

McGibbon E, Yeung A, Olson D, Fine A, Shaman J. 2021. Estimating the
infection-fatality risk of SARS-CoV-2 in New York City during the spring
2020 pandemic wave: a model-based analysis. Lancet Infect Dis 21:203-212.
https://doi.org/10.1016/51473-3099(20)30769-6.

. Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO, Chromikova V,

McMahon M, Jiang K, Arunkumar GA, Jurczyszak D, Polanco J, Bermudez-
Gonzalez M, Kleiner G, Aydillo T, Miorin L, Fierer DS, Lugo LA, Kojic EM, Stoever
J, Liu STH, Cunningham-Rundles C, Felgner PL, Moran T, Garcia-Sastre A,
Caplivski D, Cheng AC, Kedzierska K, Vapalahti O, Hepojoki JM, Simon V,
Krammer F. 2020. A serological assay to detect SARS-CoV-2 seroconversion in
humans. Nat Med 26:1033-1036. https://doi.org/10.1038/s41591-020-0913-5.

. Egbert ER, Xiao S, Colantuoni E, Caturegli P, Gadala A, Milstone AM,

Debes AK. 2021. Durability of spike immunoglobin G antibodies to SARS-
CoV-2 among health care workers with prior infection. JAMA Netw Open
4:22123256. https://doi.org/10.1001/jamanetworkopen.2021.23256.

. Gonzalez-Reiche AS, Hernandez MM, Sullivan MJ, Ciferri B, Alshammary H,

Obla A, Fabre S, Kleiner G, Polanco J, Khan Z, Alburquerque B, van de
Guchte A, Dutta J, Francoeur N, Melo BS, Oussenko |, Deikus G, Soto J,
Sridhar SH, Wang Y-C, Twyman K, Kasarskis A, Altman DR, Smith M, Sebra
R, Aberg J, Krammer F, Garcia-Sastre A, Luksza M, Patel G, Paniz-Mondolfi A,
Gitman M, Sordillo EM, Simon V, van Bakel H. 2020. Introductions and early
spread of SARS-CoV-2 in the New York City area. Science 369:297-301. https://
doi.org/10.1126/science.abc1917.

. Laidlaw BJ, Ellebedy AH. 2022. The germinal centre B cell response to

SARS-CoV-2. Nat Rev Immunol 22:7-18. https://doi.org/10.1038/541577-021
-00657-1.

. Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, Hansen L,

Haile A, Klebert MK, Pusic |, O'Halloran JA, Presti RM, Ellebedy AH. 2021. SARS-
CoV-2 infection induces long-lived bone marrow plasma cells in humans. Na-
ture 595:421-425. https://doi.org/10.1038/541586-021-03647-4.

. Wrammert J, Smith K, Miller J, Langley WA, Kokko K, Larsen C, Zheng N-Y,

Mays I, Garman L, Helms C, James J, Air GM, Capra JD, Ahmed R, Wilson PC.
2008. Rapid cloning of high-affinity human monoclonal antibodies against
influenza virus. Nature 453:667-671. https://doi.org/10.1038/nature06890.

. Isho B, Abe KT, Zuo M, Jamal AJ, Rathod B, Wang JH, Li Z, Chao G, Rojas

OL, Bang YM, Pu A, Christie-Holmes N, Gervais C, Ceccarelli D, Samavarchi-
Tehrani P, Guvenc F, Budylowski P, Li A, Paterson A, Yue FY, Marin LM,
Caldwell L, Wrana JL, Colwill K, Sicheri F, Mubareka S, Gray-Owen SD, Drews
SJ, Siqueira WL, Barrios-Rodiles M, Ostrowski M, Rini JM, Durocher Y, McGeer
AJ, Gommerman JL, Gingras AC. 2020. Persistence of serum and saliva anti-
body responses to SARS-CoV-2 spike antigens in COVID-19 patients. Sci Immu-
nol 5:eabe5511. https://doi.org/10.1126/sciimmunol.abe5511.

10.1128/mbio.01784-22 9

Downloaded from https://journals.asm.org/journal/mbio on 06 January 2026 by 38.131.234.245.


https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1038/s41586-020-2951-z
https://doi.org/10.1016/j.ebiom.2020.102915
https://doi.org/10.1016/j.ebiom.2020.102915
https://doi.org/10.1016/S2666-5247(20)30120-8
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1093/cid/ciab607
https://doi.org/10.1016/j.isci.2021.102937
https://doi.org/10.1038/s41467-021-23688-7
https://doi.org/10.1038/s41467-021-23688-7
https://doi.org/10.1038/s41586-020-2912-6
https://doi.org/10.1016/S1473-3099(20)30769-6
https://doi.org/10.1038/s41591-020-0913-5
https://doi.org/10.1001/jamanetworkopen.2021.23256
https://doi.org/10.1126/science.abc1917
https://doi.org/10.1126/science.abc1917
https://doi.org/10.1038/s41577-021-00657-1
https://doi.org/10.1038/s41577-021-00657-1
https://doi.org/10.1038/s41586-021-03647-4
https://doi.org/10.1038/nature06890
https://doi.org/10.1126/sciimmunol.abe5511
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01784-22

Durability of SARS-CoV-2 Antibodies

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Bag Soytas R, Cengiz M, Islamoglu MS, Uysal BB, Ikitimur H, Yavuzer H, Yavuzer
S. 2021. Does the COVID-19 seroconversion in older adults resemble the
young? J Med Virol 93:5777-5782. https://doi.org/10.1002/jmv.27106.

Maier HE, Kuan G, Saborio S, Carrillo FAB, Plazaola M, Barilla C, Sanchez N,
Lopez R, Smith M, Kubale J, Ojeda S, Zuniga-Moya JC, Carlson B, Lopez B,
Gajewski AM, Chowdhury M, Harris E, Balmaseda A, Gordon A. 19 August
2021. Clinical spectrum of severe acute respiratory syndrome coronavirus
2 infection and protection from symptomatic reinfection. Clinical Infec-
tious Diseases https://doi.org/10.1093/cid/ciab717.

Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, Wellington E,
Cole MJ, Saei A, Oguti B, Munro K, Wallace S, Kirwan PD, Shrotri M, Vusirikala
A, Rokadiya S, Kall M, Zambon M, Ramsay M, Brooks T, Brown CS, Chand MA,
Hopkins S, SIREN Study Group. 2021. SARS-CoV-2 infection rates of antibody-
positive compared with antibody-negative health-care workers in England: a
large, multicentre, prospective cohort study (SIREN). Lancet 397:1459-1469.
https://doi.org/10.1016/S0140-6736(21)00675-9.

Pilz S, Chakeri A, loannidis JP, Richter L, Theiler-Schwetz V, Trummer C,
Krause R, Allerberger F. 2021. SARS-CoV-2 re-infection risk in Austria. Eur J
Clin Invest 51:e13520. https://doi.org/10.1111/eci.13520.

Lumley SF, O'Donnell D, Stoesser NE, Matthews PC, Howarth A, Hatch SB,
Marsden BD, Cox S, James T, Warren F, Peck LJ, Ritter TG, de Toledo Z,
Warren L, Axten D, Cornall RJ, Jones EY, Stuart DI, Screaton G, Ebner D,
Hoosdally S, Chand M, Crook DW, O’'Donnell A-M, Conlon CP, Pouwels KB,
Walker AS, Peto TE, Hopkins S, Walker TM, Jeffery K, Eyre DW. 2021. Anti-
body status and incidence of SARS-CoV-2 infection in health care workers.
N EnglJ Med 384:533-540. https://doi.org/10.1056/NEJM0oa2034545.
Sheehan MM, Reddy AJ, Rothberg MB. 2021. Reinfection rates among patients
who previously tested positive for coronavirus disease 2019: a retrospective
cohort study. Clin Infect Dis 73:1882-1886. https://doi.org/10.1093/cid/ciab234.
Hansen CH, Michimayr D, Gubbels SM, Mglbak K, Ethelberg S. 2021. Assess-
ment of protection against reinfection with SARS-CoV-2 among 4 million PCR-
tested individuals in Denmark in 2020: a population-level observational study.
Lancet 397:1204-1212. https://doi.org/10.1016/S0140-6736(21)00575-4.
Harvey RA, Rassen JA, Kabelac CA, Turenne W, Leonard S, Klesh R, Meyer
WA, Kaufman HW, Anderson S, Cohen O, Petkov VI, Cronin KA, Van Dyke
AL, Lowy DR, Sharpless NE, Penberthy LT. 2021. Association of SARS-CoV-
2 seropositive antibody test with risk of future infection. JAMA Intern
Med 181:672-679. https://doi.org/10.1001/jamainternmed.2021.0366.
Pouwels KB, Pritchard E, Matthews PC, Stoesser N, Eyre DW, Vihta K-D,
House T, Hay J, Bell JI, Newton JN, Farrar J, Crook D, Cook D, Rourke E, Studley
R, Peto TEA, Diamond |, Walker AS. 2021. Effect of Delta variant on viral burden
and vaccine effectiveness against new SARS-CoV-2 infections in the UK. Nat
Med 27:2127-2135. https://doi.org/10.1038/s41591-021-01548-7.

Pulliam JRC, van Schalkwyk C, Govender N, von Gottberg A, Cohen C, Groome
MJ, Dushoff J, Mlisana K, Moultrie H. 2021. Increased risk of SARS-CoV-2 rein-
fection associated with emergence of the Omicron variant in South Africa.
medRxiv https://doi.org/10.1101/2021.11.11.21266068.

Altarawneh HN, Chemaitelly H, Hasan MR, Ayoub HH, Qassim S, AIMukdad S,
Coyle P, Yassine HM, Al-Khatib HA, Benslimane FM, Al-Kanaani Z, Al-Kuwari E,
Jeremijenko A, Kaleeckal AH, Latif AN, Shaik RM, Abdul-Rahim HF, Nasrallah
GK, Al-Kuwari MG, Butt AA, Al-Romaihi HE, Al-Thani MH, Al-Khal A, Bertollini R,
Tang P, Abu-Raddad LJ. 2022. Protection against the Omicron variant from
previous SARS-CoV-2 infection. N Engl J Med 386:1288-1290. https://doi.org/
10.1056/NEJMc2200133.

Krammer F. 2021. Correlates of protection from SARS-CoV-2 infection.
Lancet 397:1421-1423. https://doi.org/10.1016/S0140-6736(21)00782-0.
Letizia AG, Ge Y, Vangeti S, Goforth C, Weir DL, Kuzmina NA, Balinsky CA,
Chen HW, Ewing D, Soares-Schanoski A, George MC, Graham WD, Jones F,

September/October 2022 Volume 13 Issue 5

33.

34.

35.

36.

37.

38.

39.

40.

mBio

Bharaj P, Lizewski RA, Lizewski SE, Marayag J, Marjanovic N, Miller CM,
Mofsowitz S, Nair VD, Nunez E, Parent DM, Porter CK, Santa Ana E, Schilling M,
Stadlbauer D, Sugiharto VA, Termini M, Sun P, Tracy RP, Krammer F, Bukreyev
A, Ramos |, Sealfon SC. 2021. SARS-CoV-2 seropositivity and subsequent infec-
tion risk in healthy young adults: a prospective cohort study. Lancet Respir
Med 9:712-720. https://doi.org/10.1016/52213-2600(21)00158-2.

Addetia A, Crawford KHD, Dingens A, Zhu H, Roychoudhury P, Huang M-
L, Jerome KR, Bloom JD, Greninger AL. 2020. Neutralizing antibodies cor-
relate with protection from SARS-CoV-2 in humans during a fishery vessel
outbreak with high attack rate. J Clin Microbiol 58:€02107-20. https://doi
.org/10.1128/JCM.02107-20.

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, Subbarao
K, Kent SJ, Triccas JA, Davenport MP. 2021. Neutralizing antibody levels are
highly predictive of immune protection from symptomatic SARS-CoV-2 infec-
tion. Nat Med 27:1205-1211. https://doi.org/10.1038/s41591-021-01377-8.
Goldblatt D, Fiore-Gartland A, Johnson M, Hunt A, Bengt C, Zavadska D,
Snipe HD, Brown JS, Workman L, Zar HJ, Montefiori D, Shen X, Dull P, Plotkin
S, Siber G, Ambrosino D. 2022. Towards a population-based threshold of pro-
tection for COVID-19 vaccines. Vaccine 40:306-315. https://doi.org/10.1016/j
vaccine.2021.12.006.

Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, Kent SJ,
Triccas JA, Khoury DS, Davenport MP. 2022. Neutralising antibody titres
as predictors of protection against SARS-CoV-2 variants and the impact of
boosting: a meta-analysis. Lancet Microbe 3:e52-e61. https://doi.org/10
.1016/52666-5247(21)00267-6.

Cameroni E, Bowen JE, Rosen LE, Saliba C, Zepeda SK, Culap K, Pinto D,
VanBlargan LA, De Marco A, di lulio J, Zatta F, Kaiser H, Noack J, Farhat N,
Czudnochowski N, Havenar-Daughton C, Sprouse KR, Dillen JR, Powell AE, Chen
A, Maher C, Yin L, Sun D, Soriaga L, Bassi J, Silacci-Fregni C, Gustafsson C, Franko
NM, Logue J, Igbal NT, Mazzitelli |, Geffner J, Grifantini R, Chu H, Gori A, Riva A,
Giannini O, Ceschi A, Ferrari P, Cippa PE, Franzetti-Pellanda A, Garzoni C,
Halfmann PJ, Kawaoka Y, Hebner C, Purcell LA, Piccoli L, Pizzuto MS, Walls AC,
Diamond MS, et al. 2022. Broadly neutralizing antibodies overcome SARS-CoV-2
Omicron antigenic shift. Nature 602:664-670. https://doi.org/10.1038/d41586
-021-03825-4.

Carrefio JM, Alshammary H, Tcheou J, Singh G, Raskin AJ, Kawabata H,
Sominsky LA, Clark JJ, Adelsberg DC, Bielak DA, Gonzalez-Reiche AS,
Dambrauskas N, Vigdorovich V, Srivastava K, Sather DN, Sordillo EM, Bajic
G, van Bakel H, Simon V, Krammer F, PSP-PARIS Study Group. 2022. Activ-
ity of convalescent and vaccine serum against SARS-CoV-2 Omicron. Na-
ture 602:682-688. https://doi.org/10.1038/s41586-022-04399-5.
Dejnirattisai W, Huo J, Zhou D, Zahradnik J, Supasa P, Liu C, Duyvesteyn
HME, Ginn HM, Mentzer AJ, Tuekprakhon A, Nutalai R, Wang B, Dijokaite
A, Khan S, Avinoam O, Bahar M, Skelly D, Adele S, Johnson SA, Amini A, Ritter
TG, Mason C, Dold C, Pan D, Assadi S, Bellass A, Omo-Dare N, Koeckerling D,
Flaxman A, Jenkin D, Aley PK, Voysey M, Costa Clemens SA, Naveca FG,
Nascimento V, Nascimento F, Fernandes da Costa C, Resende PC, Pauvolid-
Correa A, Siqueira MM, Baillie V, Serafin N, Kwatra G, Da Silva K, Madhi SA,
Nunes MC, Malik T, Openshaw PJM, Baillie JK, Semple MG, ISARIC4C Consor-
tium, et al. 2022. SARS-CoV-2 Omicron-B.1.1.529 leads to widespread escape
from neutralizing antibody responses. Cell 185:467-484. https://doi.org/10
.1016/j.cell.2021.12.046.

Muik A, Lui BG, Wallisch A-K, Bacher M, Miihl J, Reinholz J, Ozhelvaci O,
Beckmann N, Guimil Garcia RdIC, Poran A, Shpyro S, Finlayson A, Cai H,
Yang Q, Swanson KA, Tireci O, Sahin U. 2022. Neutralization of SARS-
CoV-2 Omicron by BNT162b2 mRNA vaccine-elicited human sera. Science
375:678-680. https://doi.org/10.1126/science.abn7591.

10.1128/mbio.01784-22 10

Downloaded from https://journals.asm.org/journal/mbio on 06 January 2026 by 38.131.234.245.


https://doi.org/10.1002/jmv.27106
https://doi.org/10.1093/cid/ciab717
https://doi.org/10.1016/S0140-6736(21)00675-9
https://doi.org/10.1111/eci.13520
https://doi.org/10.1056/NEJMoa2034545
https://doi.org/10.1093/cid/ciab234
https://doi.org/10.1016/S0140-6736(21)00575-4
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.1038/s41591-021-01548-7
https://doi.org/10.1101/2021.11.11.21266068
https://doi.org/10.1056/NEJMc2200133
https://doi.org/10.1056/NEJMc2200133
https://doi.org/10.1016/S0140-6736(21)00782-0
https://doi.org/10.1016/S2213-2600(21)00158-2
https://doi.org/10.1128/JCM.02107-20
https://doi.org/10.1128/JCM.02107-20
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1016/j.vaccine.2021.12.006
https://doi.org/10.1016/j.vaccine.2021.12.006
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1016/S2666-5247(21)00267-6
https://doi.org/10.1038/d41586-021-03825-4
https://doi.org/10.1038/d41586-021-03825-4
https://doi.org/10.1038/s41586-022-04399-5
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1016/j.cell.2021.12.046
https://doi.org/10.1126/science.abn7591
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01784-22

	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Description of the PARIS cohort.
	Identification of new SARS-CoV-2 infections in PARIS.
	SARS-CoV-2 full-length spike-binding antibody measurements.
	Assessment and modeling of SARS-CoV-2 spike-binding antibody durability over time.
	Determination of the frequency of spike-binding antibody seroreversion.
	Assessment of protection against reinfection.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

