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CORONAVIRUS

SARS-CoV-2 antibody magnitude and detectability are
driven by disease severity, timing, and assay

Michael J. Peluso'*!, Saki Takahashi'?, Jill Hakim'?, J. Daniel Kelly? Leonel Torres'?,

Nikita S. lyer?, Keirstinne Turcios', Owen Janson', Sadie E. Munter?, Cassandra Thanh?,

Joanna Donatelli?, Christopher C. Nixon®, Rebecca Hoh', Viva Tai', Emily A. Fehrman', Yanel Hernandez',
Matthew A. Spinelli', Monica Gandhi', Mary-Ann Palafox*, Ana Vallari®, Mary A. Rodgers*,

John Prostko*, John Hackett Jr.%, Lan Trinh®, Terri Wrin®, Christos J. Petropoulos®, Charles Y. Chiu®”"8,
Philip J. Norris®, Clara DiGermanio®, Mars Stone’, Michael P. Busch®®, Susanna K. Elledge'®,

Xin X. Zhou'®, James A. Wells'®"", Albert Shu®, Theodore W. Kurtz®, John E. Pak'?, Wesley Wu'?,
Peter D. Burbelo'?, Jeffrey I. Cohen'?, Rachel L. Rutishauser?, Jeffrey N. Martin?, Steven G. Deeks’,
Timothy J. Henrich®, Isabel Rodriguez-Barraquer'¥, Bryan Greenhouse'*

Interpretation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) serosurveillance studies is limited
by poorly defined performance of antibody assays over time in individuals with different clinical presentations.
We measured antibody responses in plasma samples from 128 individuals over 160 days using 14 assays. We
found a consistent and strong effect of disease severity on antibody magnitude, driven by fever, cough, hospitaliza-
tion, and oxygen requirement. Responses to spike protein versus nucleocapsid had consistently higher correlation
with neutralization. Assays varied substantially in sensitivity during early convalescence and time to seroreversion.
Variability was dramatic for individuals with mild infection, who had consistently lower antibody titers, with sen-
sitivities at 6 months ranging from 33 to 98% for commercial assays. Thus, the ability to detect previous infection
by SARS-CoV-2 is highly dependent on infection severity, timing, and the assay used. These findings have important
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implications for the design and interpretation of SARS-CoV-2 serosurveillance studies.

INTRODUCTION

Despite advances in severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) prevention and treatment, the novel coronavirus
continues to infect individuals at an unprecedented rate. Because
vaccination programs remain limited in scope, millions of individ-
uals worldwide continue to rely on natural postinfection immunity
for protection from reinfection. Serosurveillance studies measuring
the prevalence of antibodies to SARS-CoV-2 have been and will
continue to be a key means for estimating transmission over time
and extrapolating potential levels of immunity in populations, al-
though precise correlates of protection have yet to be established.
However, limited available data on the sensitivity of antibody assays
to detect prior infection—particularly in appropriately representative
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populations and over time—make it difficult to accurately interpret
results from these studies (1). For these reasons, longitudinal char-
acterization of antibody responses following SARS-CoV-2 infection
with a range of clinical presentations is an important research gap
and will be critical to interpreting seroepidemiological data and
informing public health responses to the pandemic.

Infection with SARS-CoV-2 is associated with substantial variability
in disease presentation, with severity ranging from asymptomatic
infection to the need for high-level oxygen support and mechanical
ventilation (2, 3). There appear to be important relationships be-
tween the severity of illness and the magnitude and durability of the
antibody response (4-12), but limited data are available evaluating
the contributions of demographic factors and clinical features.
Numerous platforms are available for the detection of antibody re-
sponses to SARS-CoV-2, which rely on different viral antigens and
use different assay methods, and there is no guarantee that they will
provide comparable data. With a few notable exceptions (6, 7), most
studies to date have produced antibody data from a single or limited
number of platforms to evaluate antibody responses following in-
fection (8-10, 13-15). Comparisons across platforms and assay for-
mat differences (e.g., direct versus indirect detection), including the
correlation between binding assays and neutralization capacity,
have thus far been limited (4, 7, 16).

Here, we characterize the antibody responses to SARS-CoV-2
among a diverse cohort of individuals with documented infection,
with a focus on investigating (i) the determinants of the magnitude
and durability of humoral immune responses across a spectrum of
disease severity; (ii) the relationship between antibody responses
across a wide variety of binding assay platforms (13 total) and their
correlation with neutralization capacity; and (iii) the implications
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of individual, temporal, and assay variability for serosurveillance. Our
findings provide insight into the interpretation of antibody test results
and have important implications for our understanding of humoral
immunity to natural infection as well as for serosurveillance.

RESULTS

Participant demographics and characteristics

As shown in Table 1, the cohort of 128 participants had an average
age of 48 years (range: 19 to 85 years) and was relatively balanced in
terms of sex (45% female at birth), and 26% of participants self-identified
as being of Latinx ethnicity, a group that has been identified to be at
risk for coronavirus disease 2019 (COVID-19). Common medical
comorbidities were hypertension (23%), lung disease (16%), and
diabetes (13%). Notably, 18 individuals (14%) were living with HIV
infection; 17 of 18 were on antiretroviral therapy. A total of 121
individuals (95%) reported symptoms during their COVID-19
illness, but only 31 (24%) required hospitalization. Among those
who had been hospitalized, 84% required supplemental oxygen,
42% required intensive care unit (ICU) admission, and 13% re-
quired mechanical ventilation. A minority of individuals (n =7, 5%)
were asymptomatic.

The baseline visit for participants occurred at a median of 63 days
(range: 22 to 157) after symptom onset (fig. S1). Participants
contributed a median of 2 samples each (range: 1 to 4) and were
followed up for a median of 110 days after symptom onset (range:
22to 157). A total of 267 samples from the 128 enrolled participants
were tested using at least 1 of the 14 assays evaluated; 171 samples
from 88 individuals were tested using all 14 assays (Table 2 and fig.
§2). Individuals with HIV were excluded from the Neut-Monogram
as noted in Materials and Methods.

Substantial heterogeneity in antibody responses across
individuals and assays

We observed substantial heterogeneity in measured antibody re-
sponses in individuals at baseline and throughout follow-up across
all assays (Fig. 1; raw data are available in tables S1 and S2). We
observed variable trajectories of antibody responses between assays,
with some [N-Abbott, N-Split Luc, S-Ortho immunoglobulin G (IgG),
and Neut-Monogram] showing a clear decrease over time, other
assays (S-Ortho Ig and N-Roche) showing a clear increase, and the
remainder with more stable values (Fig. 1 and table S3). When com-
paring antibody levels between individuals, responses were very
heterogeneous, with some individuals mounting strong responses
for all assays and others with weak responses even at the initial visit
(below the positivity cutoff for some assays).

Strong correlation between binding

and neutralization assays

We observed high levels of correlation between estimated antibody
levels at 21 days after symptom onset (random intercept) for all
assays, with Spearman correlations ranging between 0.55 and 0.96
(Fig. 2A and fig. S3). Rank correlations were consistently higher
between binding assays using the same antigenic target [spike (S)/
receptor binding domain (RBD) versus nucleocapsid (N)] than
between those using different targets, despite the variety in plat-
forms used and the measurement of responses to both targets on
some platforms [luciferase immunoprecipitation systems (LIPS),
Luminex, split luciferase]. Titers of neutralizing antibodies correlated

Peluso et al., Sci. Adv. 2021; 7 : eabh3409 30 July 2021

well with all binding assays (range: 0.60 to 0.88) and correlated most
highly with responses to the S protein (range: 0.76 to 0.88), as might
be expected given the expression of S protein on the pseudovirus
used in the neutralization assay (Fig. 2B and fig. $3). We found no
substantive differences in correlations between binding and neu-
tralization assays at time points before versus after 90 days, suggest-
ing that these relationships did not appreciably change over the
duration of observed follow-up (table S4).

Disease severity is strongly associated with the magnitude
of antibody responses

Baseline antibody responses for each study participant showed
remarkably consistent patterns across all assays when stratified by
severity class, with asymptomatic individuals having the lowest
responses, hospitalized individuals having the highest, and sympto-
matic but not hospitalized individuals having intermediate responses
(Fig. 3). While the number of asymptomatic individuals was small,
responses were substantially lower in these individuals than those
who were symptomatic but not hospitalized for multiple assays;
hospitalized individuals had significantly higher responses than
both other groups for all assays with the notable exception of the
neutralization assay (table S5). Despite these consistent patterns,
there was still substantial variation in the magnitude of responses
between participants within each severity category. Notably, age,
sex, HIV status, and Latinx ethnicity showed little association with
antibody responses after adjusting the analysis for hospitalization
(table S6).

Need for hospitalization, cough, and fever are key predictors
of antibody responses

We next examined which of the 50 individual demographic and
clinical variables were the strongest predictors of the magnitude of
the antibody response (top versus bottom half of responders for
each assay; fig. S4) using a random forest algorithm. Among the
entire cohort (n = 128), the presence and duration of cough and
fever and the need for hospitalization and supplemental oxygen
during the initial illness were the most important predictors of the
antibody response (Fig. 4A). The ranks of their importance varied
subtly but were largely consistent across the 14 assays evaluated,
and random forest models including only these six variables were
able to predict high versus low magnitude of response on each assay
with reasonably high accuracy [areas under the curve (AUCs) rang-
ing from 0.74 to 0.86; table S7]. Among those individuals who were
not hospitalized (n = 96), the presence and duration of fever and
cough remained the most important predictors of a high antibody
response (Fig. 4B). These four variables alone were predictive of
high versus low responses within this subset of individuals with
modest accuracy (all except RBD-LIPS with AUCs above 0.6).

Time to seroreversion varies considerably across platforms
and by infection severity

Using the mixed-effect model described above, we estimated the
expected time to seroreversion (when antibodies would become
undetectable for an average individual) for each platform, assuming
that antibody responses changed linearly over time. We estimated
separate times to seroreversion for hospitalized and nonhospitalized
individuals, because hospitalization status was a strong predictor of
baseline antibody status. Estimated time to seroreversion was sub-
stantially shorter for nonhospitalized versus hospitalized individuals
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Table 1. Demographic and clinical characteristics of the study participants. BMI, body mass index; ICU, intensive care unit.

Characteristic N =128 (%)
Age (years) 47.8 (range: 19-85)
Female sex at birth 57 (44.5)
Race
American Indian or Alaska Native 4(3.1)
""""""""""""""""" 15(11.7)
""""""""""""""""" 7 (5.5)
""""""""""""""""" 3(2.3)
81 (63.4)
20(15.6)
Latinxethnicey 33(25.8)
Medical comorbidities
Autoimmune disease 9(7.0)
""" Activecancer 303)
""" Dibetes 17(133)
...... HIV 18 (14.1)
""" Heartdisease 323)
""" Hypertension 29(22.7)
""" lungdisease 21(16)
""" Kidney disease 2(16)
""" Obesity (BMI>30) 38(29.7)
Clinical manifestations of COVID-19
Asymptomatic 7 (5.5)
Symptomatic 121 (94.5)
86 (70.5)
""""""""""""""""" 75 (61.5)
110(90.2)
89(73.0)
""""""""""""""""" 77 (63.1)
""""""""""""""""" 58 (47.5)
""""""""""""""""" 56 (45.9)
""""""""""""""""" 84 (68.9)
""""""""""""""""" 36 (29.5)
""""""""""""""""" 12(9.8)
""""""""""""""""" 50 (41.0)
""""""""""""""""" 82(67.2)
""""""""""""""""" 77 (63.1)
Hospitalized 31(24.2)
Required supplemental oxygen 26 (83.9)
""" Required ICU admission 13 (41.9)
""" Required mechanical ventilation 4(129)
Numbers o symptoms reported
1-3 13(10.2)
‘ 34 (26.6)
47 (36.7)

continued on next page
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Characteristic

N =128 (%)

Enrollment and follow-up

27 (21.1)

Baseline visit, days since onset (median)

Time points contributed (median)

63 (range: 22-157)
110 (range: 22-157)

2 (range: 1-4)

Table 2. Description of each assay. Unit abbreviations: S/C, sample result to calibrator result index; COI, cutoff index; AU/ml, arbitrary unit per milliliter; IDsg,
50% inhibitory dilution; RLU, relative light unit; LU, light unit; conc, relative concentration. Antigen abbreviations: N, nucleocapsid; S, spike; RBD, receptor

binding domain.

Assay Shorthand Cutpoint (units) Antigen Sensitivity Specificity Analytical scale
Commercial
Abbott ARCHITECT SARS- N-Abbott 14(5/0) N 996 100 Natural

CoV-219G

Roche Elecsys anti-SARS-

N-Roche 1.0 (COl)

CoV-2 total

N 99.5 99.8 Log

Ortho Clinical Diagnostics

VITROS anti-SARS-COV-2 total Sl A0S

Ortho Clinical Diagnostics

VITROS Anti-SARS-Cov-21gG > Ortho19G 106/0)
DiaSorin LIAISON SARS-CoV- S-DiaSorin 15.0 (AU/ml)

251/S219G
Monogram PhenoSense Assay ~ Neut-Monogram

Research use

40.0* (IDsp)

S 100 100 Natural

Natural

S1/S2 97.6 Natural

s 100 9838 Log

Split luciferase (total Ig) RBD-Split Luc

N-Split Luc

45.9 (RLV)
83.1 (RLU)

Split luciferase (total Ig)
Luciferase
Immunoprecipitation

System Assay (total Ig)

RBD-LIPS 52,000 (LU)

Luciferase
Immunoprecipitation
System Assay (total Ig)

125,000 (LU)

(
(
(
(

N(frag)-Lum

)

Luminex (I9G

0.02684 (conc)

RBD 89 100 Log

N 98 929 Log

RBD 94 100 Log

N 100 100 Log

100

*The cutpoint for Neut-Monogram is the lower limit of detection for the assay.

for all assays, consistent with the lower initial antibody titers in those
individuals. For those assays where antibody levels decreased over
time, we also observed marked variation in times to seroreversion
between assays, ranging from 96 days for N(frag)-Lum to 925 days for
S-DiaSorin; the estimated time to seroreversion is infinity for RBD-
LIPS, S-Ortho Ig, and N-Roche, which exhibited increasing mean
antibody responses over time in this dataset (Fig. 5A and table S3).

Sensitivity of assays to detect prior infection varies

as a function of time and infection severity

We next assessed how sensitivity of each platform varied as a
function of time and disease severity. Because the sample size of

Peluso et al., Sci. Adv. 2021; 7 : eabh3409 30 July 2021

asymptomatic individuals was small, they were grouped with
other nonhospitalized individuals for this analysis (fig. S5). We
found considerable heterogeneity in sensitivity between assays and
as a function of illness severity and time since infection. Across
all 14 assays, sensitivity at each time point was higher in the hospi-
talized subset of the cohort than in the nonhospitalized subset, the
latter group representing the majority of infections in the general
population (Fig. 5B and table S8). The magnitude of this differ-
ence varied between assays and also over time and was often consider-
able (fig. S6). Estimated sensitivity declined over time for 11 of the
14 assays but increased for RBD-LIPS, S-Ortho Ig, and N-Roche,
consistent with the observed increase in magnitude of response
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Fig. 1. Longitudinal antibody kinetics. Time since symptom onset is shown on the x axis versus the measured antibody response for each assay. For asymptomatic
individuals, the time since the first positive polymerase chain reaction (PCR) test was used. Black points indicate individual time points, and longitudinal samples are
connected with gray lines. y axes are transformed as indicated in Table 2. Assay units are as follows: S-Lum (conc, relative concentration), RBD-Lum (cong, relative concen-
tration), RBD-LIPS (LU, light unit), RBD-Split Luc (RLU, relative light unit), S-Ortho IgG (S/C, sample result to calibrator result index), S-Ortho Ig (S/C, sample result to calibrator
result index), S-DiaSorin (AU/ml, arbitrary unit per milliliter), N(full)-Lum (conc, relative concentration), N(frag)-Lum (conc, relative concentration), N-LIPS (LU, light unit),
N-Split Luc (RLU, relative light unit), N-Abbott (S/C, sample result to calibrator result index), N-Roche (COI, cutoff index), and Neut-Monogram (IDsg, 50% inhibitory
dilution). Red dotted lines indicate cutoff values for positivity, as indicated in Table 2.
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Fig. 2. Correlation of responses between assays. (A) Spearman correlation of random intercepts derived from a mixed-effects model, representing responses at 21 days
after symptom onset for each individual from the longitudinal data. Assays are sorted by hierarchical clustering using average distance clustering. Darker blue indicates
higher correlation; colored label box indicates antigen for each binding assay and the neutralizing assay. (B) Pairwise scatterplots showing the random intercepts for the

neutralizing assay (x axis) versus the random intercepts for each of the other assays (y axis). Assay units are indicated in Table 2.

over time for these assays. Overall, RBD-LIPS showed the most
consistently high sensitivity over time and the smallest difference
between hospitalized and nonhospitalized individuals, ranging from
88% (95% credible interval: 81 to 94%) at month 0 to 99% (95%
credible interval: 96 to 100%) at month 6 in nonhospitalized indi-
viduals. Of the remaining research-use assays, N-LIPS, RBD-Split
Luc and N-Split Luc, and RBD-Lum and S-Lum showed a similar
pattern, with high sensitivity initially followed by a decline in sensi-
tivity among nonhospitalized individuals over time; N(full)-Lum and
N(frag)-Lum had consistently poor sensitivity for nonhospitalized

Peluso et al., Sci. Adv. 2021; 7 : eabh3409 30 July 2021

individuals. All commercial assays performed similarly well during
early convalescence, albeit with lower sensitivity for nonhospitalized
individuals for S-DiaSorin and S-Ortho Ig. N-Abbott showed the
greatest decline in sensitivity with time and the greatest difference
between hospitalized and nonhospitalized participants, with sen-
sitivity varying from 100% (95% credible interval: 100 to 100%) in
hospitalized individuals soon after infection to 33% (95% credible
interval: 24 to 42%) in nonhospitalized individuals at 6 months. Of
note, neutralization titers remained detectable for nearly all hospi-
talized individuals up to 6 months but were estimated to become
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undetectable on this assay for nearly half of nonhospitalized in-
dividuals by this time point.

Varying assay sensitivity affects interpretation of individual
antibody test results

Last, negative predictive values were calculated for the commercial
assays to illustrate the potential effects of these changes in sensitivity
if the assays were used to ascertain prior infection in individuals
(assuming values of specificity as reported by the manufacturers).
As expected, negative predictive values decreased with increasing
prevalence, except for S-Ortho Ig and N-Roche (Fig. 6).

DISCUSSION

This study documents the large heterogeneity in longitudinal anti-
body responses to SARS-CoV-2 across a large number of commer-
cial and research assays in a diverse cohort of individuals. Measured
responses in all binding assays correlated well with each other and,
particularly for those measuring responses to spike protein, with
pseudovirus neutralization. For all assays, we found a consistent,
strong, and dose-dependent effect of disease severity on antibody magni-
tude. Despite these similarities, assays performed quite differently in
terms of sensitivity to detect prior infection and in the durability of
measured responses, leading to large discrepancies in sensitivity be-
tween assays in the months following infection. Thus, the ability to
detect previous infection by SARS-CoV-2 using an antibody test
is highly dependent on the severity of the initial infection, when
the sample is obtained relative to infection, and the assay used.
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Prior work has shown that antibody responses in individuals
with symptomatic COVID-19 have, in some cases, been associated
with disease severity (4-12). We observed significant variability in
antibody responses between study participants, which was largely
explained by the self-reported symptom constellation and the se-
verity of the acute illness. A few simple variables consistently
predicted the magnitude of the antibody responses across multiple
assay platforms and antigen targets; these symptoms (e.g., fever and
cough) are similar to those recently described in a population-based
Icelandic cohort (6). In contrast to that cohort, characteristics like
age and sex were not predictive of these responses, after accounting
for disease severity, although some univariate associations with
antibody responses were significant. This suggests that disease severity
may underlie some of these apparent relationships or could alterna-
tively be explained by nonrepresentative enrollment in the Long-term
Impact of Infection with Novel Coronavirus (LIINC) study.

We also observed substantial heterogeneity between assays in
terms of overall sensitivity, particularly over time. These findings
build upon prior work showing differences in sensitivity during
early convalescence (7, 10). This finding may also provide insight
into apparent discrepancies in previous studies that have reported
different durabilities of antibody responses (13, 17). Differences in
performance were particularly pronounced among nonhospitalized
individuals, who have lower antibody responses and comprise the
majority of those infected with SARS-CoV-2. Notably, antibody
responses in such individuals are expected to be reliably detectable
over 6 months in only two of the commercial binding assays
tested—S-Ortho Ig and N-Roche—which were the only ones to use
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direct detection format of antibodies (to different viral targets).
These two assays, along with a research-use assay using direct
detection (RBD-LIPS), were the only ones to demonstrate increasing
rather than decreasing antibody signal over time, possibly due to
continued affinity maturation of the antibody response (18) playing
a larger role in detection with this format. This is in contrast to the in-
direct format assays and neutralization assay, all of which demonstrated
waning over time. Another possible explanation for discrepancies
between assays is that only assays with the highest signal-to-noise
ratio are able to consistently detect antibodies above background in
those with the lowest titers, i.e., those multiple months out from
mild infections. This variation in sensitivity is relevant for several
reasons. First, it provides further evidence that use-cases need to be
considered when evaluating performance of antibody tests. While
all evaluated assays had near-perfect sensitivity for detecting anti-
body responses among hospitalized individuals and therefore could
be useful as an indirect diagnostic tool in that setting, their sensitivity
to detect responses in the general population, where most infections
are mild, is much lower and quite variable (I). Second, it implies
that using assays with decreasing sensitivity over time for popula-
tion seroprevalence studies will underestimate the true proportion
of previously infected individuals and that this underestimation will
be more substantial as the amount of time that has passed since
infection increases. Third, it shows dramatic differences between the
sensitivity reported by test manufacturers, often limited to validation
sample sets from hospitalized and/or recently infected individuals that
were readily available early in the pandemic, and the expected sen-
sitivity in the general population. Because of this, our study provides
information that could be useful for assay selection when planning
future serosurveys and could help correct the interpretation of large-
scale population-based seroprevalence studies that have used some
of these assays. Last, individual patients or providers using these
assays to assess the presence or absence of prior infection and/or
immune status should take these considerations into account, given
the poor negative predictive value of some tests.

This analysis has several notable strengths, including the utiliza-
tion of a broad array of antibody platforms at multiple time points
in a diverse cohort of individuals with varying degrees of illness
severity and rich clinical phenotyping. However, there are several
limitations. The cohort was not population-based and therefore not
truly representative of all individuals with SARS-CoV-2 infection.
Despite this, we endeavored to recruit a cohort that spanned the
spectrum of SARS-CoV-2 infection. Second, this analysis included
only a small number of asymptomatic individuals, which are likely
to differ from symptomatic patients in terms of initial and possibly
longitudinal responses based on our limited data and prior results
(11). Additional studies in larger numbers of asymptomatic and
paucisymptomatic individuals will be necessary to inform accurate
interpretation of serosurvey results. Third, the current analysis is
limited to samples obtained up to 4 months after infection. Data
from longer follow-up times will be very useful to estimate the
longer-term kinetics of antibody responses in all platforms with more
certainty. The assumption of linearity, while empirically appropri-
ate on the time scales of data that we have here, may not be accurate
for extrapolation into the distant future as antibody responses often
follow more complex dynamics of boosting and waning over time
(19). Last, it is important to recognize that assays optimally suited
for serosurveillance may not be equally suitable for other use-cases,
such as identifying recent infection, detecting reinfection, determining
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protective capacity, or determining potency of COVID-19 con-
valescent plasma (20). Evaluating the performance of assays for
each of these use-cases will require different study designs and
sample sets.

As SARS-CoV-2 vaccination becomes a reality, many sero-
surveillance efforts will need to increasingly rely on assays that can
distinguish vaccination from natural infection, especially when it is
not possible to obtain additional information on the vaccination
status of participants. Currently distributed vaccines in the United
States are based on S protein; thus, responses to S-based assays will
likely reflect a combination of natural infection and vaccination,
whereas assays based on N will reflect only natural infection. While
several of the N-based assays we evaluated performed well, one of
the two commercially available N-based assays demonstrated
substantial waning of sensitivity over time, which will affect estimates
of the seroprevalence of natural infection but could be a more useful
indicator of recent infection along with other potential markers
such as IgM. Further studies will be needed to characterize the
performance of these and other assays for serosurveillance in the
presence of vaccine-induced immunity.

In this study, we demonstrated substantial differences in the
detectability of antibody responses to SARS-CoV-2 related to illness
severity, time since infection, and assay platform. These results will be
important in choosing and interpreting serologic assays for evaluating
infection and immunity in population surveillance studies.

MATERIALS AND METHODS

Study cohort

Participants were volunteers in the University of California, San
Francisco-based LIINC natural history study (NCT04362150). All
volunteers signed informed consents for the study. LIINC is an
observational cohort that enrolls individuals with SARS-CoV-2
infection documented by clinical nucleic acid amplification testing
who have recovered from the acute phase of infection. Volunteers are
recruited by clinician or self-referral. They are eligible to enroll be-
tween 14 and 90 days after onset of COVID-19 symptoms and are
offered monthly visits until 4 months after illness onset; they are
then seen every 4 months thereafter.

Clinical data from the initial LIINC study visit were used for this
analysis. At this visit, LIINC participants underwent a detailed clinical
interview conducted by a study physician or research coordinator
using a standardized data collection instrument. Demographic data
collected included age, sex, gender, race, ethnicity, education level,
income level, and housing status. Data related to SARS-CoV-2
infection included the date and circumstances of diagnosis, illness,
and treatment history. Each participant was asked to estimate the date
of symptom onset in relation to the timing of their first SARS-CoV-2
nucleic acid amplification test result. Participants were questioned
regarding the presence, duration (in days), and current status of a
list of COVID-19 symptoms and additional somatic symptoms
derived from the Patient Health Questionnaire (21), as well as mea-
sures of quality of life derived from the EQ-5D-5L Instrument (22).
We determined from medical records whether each individual was
hospitalized (defined as spending >24 hours in the emergency
department or hospital) and whether they required supplemental
oxygen, admission to an ICU, or mechanical ventilation. Past
medical history was ascertained, and concomitant medications
were recorded.
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At each visit, blood was collected by venipuncture. Serum and
plasma were isolated via centrifugation of nonanticoagulated and
heparinized blood, respectively, and stored at —80°C. For the
current analyses, we included 128 participants who were enrolled
between April and July 2020 and who had at least one measurement
on a binding assay or neutralization platform.

Antibody assays

Table 2 describes each of the assays performed as part of this analy-
sis, including their sensitivity and specificity (as reported by the
manufacturers for commercial assays or by validation testing for
noncommercial research assays). Commercially available platforms
included the Abbott ARCHITECT (IgG), Ortho Clinical Diagnostics
VITROS (IgG and total Ig), DiaSorin LIAISON (IgG), Roche Elecsys
(total Ig), and Monogram PhenoSense (neutralizing antibodies)
assays according to the manufacturer’s specifications. Individuals
living with HIV infection were excluded from analyses involving
the Monogram PhenoSense assay, which uses an HIV backbone for
the pseudovirus. Noncommercial research use assays included the
LIPS assay (total Ig) targeting the N protein and the RBD of the
S protein performed in the Burbelo laboratory (additional raw data
on responses to full S protein, highly correlated with RBD responses,
are included in tables S1 and S2) (23); the split luciferase assay (total
Ig) targeting N and S performed in the Wells laboratory (24); and
the Luminex assay (IgG) targeting N (one full-length and one frag-
ment), S, and RBD performed in the Greenhouse laboratory.

For the research use Luminex assay, we used a published proto-
col with modifications (25). Plasma samples were diluted to 1:100 in
blocking buffer A (1x phosphate-buffered saline, 0.05% Tween,
0.5% bovine serum albumin, and 0.02% sodium azide). Antigens
were produced using previously described constructs (26, 27). Anti-
gen concentrations used for COOH-bead coupling were as follows:
S, 4 ug/ml; RBD, 2 pg/ml; and N, 3 ug/ml. Concentration values
were calculated from the Luminex median fluorescent intensity
(MFI) using a plate-specific standard curve consisting of serial
dilutions of a pool of positive control samples. Any samples with
MFIs above the linear range of the standard curve were serially
diluted and rerun until values fell within range to obtain a relative
concentration. A cutoff for positivity was established for each anti-
gen above the maximum concentration value observed across
114 prepandemic SARS-CoV-2 negative control samples tested on
the platform.

Statistical analyses
Comparing individuals across assays and estimating time
to seroreversion
For each assay, we fit a linear mixed-effects model that included a
patient-specific random intercept. Given the longitudinal nature of
our dataset, we fit mixed-effects models to explicitly account for the
repeated measurement of individuals over time. We log-transformed
the response variable for a subset of the assays based on assessment
of their correlations with log-transformed neutralization titers
(Table 2). For observation k for individual i, we modeled their anti-
body response Yj; on each assay as follows
Yni = Ps+ ATimep; + uo; + ep; (D

In Eq. 1, B; represents the overall mean for severity class s, where

s was dichotomized into whether an individual was hospitalized or
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not hospitalized; A represents the fixed effect of Timey;, where Timep;
is data on the time since symptom onset (if symptomatic) or since
positive polymerase chain reaction (PCR) test (if asymptomatic). In
addition, ug; represents an individual-level random effect that is
normally distributed with a mean of 0 and an SD of 1, and ey, rep-
resents the residual error that is normally distributed with a mean of
0 and an SD of 6. We also considered models that included addi-
tional fixed effects for covariates such as age, ethnicity, sex, and HIV
status (table S6). We did not find consistent differences in the slope
of the antibody responses (A) by hospitalization status across the
majority of the assays used here; therefore, we used a single slope for
each assay throughout (table S9).

Because the timing of the baseline visit was variable between
individuals, to directly compare the magnitude of measured re-
sponses for individuals on each assay, we used the mixed-effects
model to estimate the antibody response that each person would
have at 21 days after symptom onset (random intercept); we chose
this value as the time origin to reflect the time from symptom onset
to seroconversion (28). For comparability across assays, we also
used the model estimates to calculate the mean time to seroreversion
T for severity class s on each assay, given the cutoff value for positiv-
ity (Table 2), as follows

Ts = (cutoff — Bs) /A (2)

We performed bootstrapping to obtain 95% confidence intervals
of T; for each of the 14 assays. We used the time to seroreversion
as the outcome here rather than alternative quantities such as the
half-life, as the serologic responses obtained here did not all neces-
sarily represent direct measurements of antibody titers. The calcu-
lation of time to seroreversion assumes that the slope, A, is maintained
over time. These models were fit using the Ime4 package using the
R statistical software (www.R-project.org/).

Random forest modeling of demographic/clinical predictors
and antibody responses

For each assay, we used random forests to model antibody responses
based on 50 demographic and clinical predictors (table S10). We
dichotomized the antibody response for each individual on each
assay based on whether their estimated random intercept was in the
top half or the bottom half of all fitted random intercepts on that
assay. We first fit models to these dichotomized antibody responses
using all available predictors; subsequently, we fit models to these
dichotomized antibody responses on a down-selected set of predic-
tors selected based on variable importance (i.e., mean decrease in
accuracy). We quantified prediction accuracy using the out-of-bag
error rate and the AUC. These models were built using the random-
Forest package using the R statistical software (version 3.5.3).
Estimating time-varying assay sensitivity

For each assay, we fit an extension of the linear mixed-effects
models described in Eq. 1 above in a Bayesian hierarchical model-
ing framework, where we allowed the SD of the random intercept
() to be severity specific (now referred to as t). For parsimony, we
assumed the slopes, A, to again be shared across all individuals as
described above. To estimate changes in assay sensitivity over time,
we simulated population distributions of Y by iteratively sampling
values from each of the posterior distributions of B, A, 15, and ©. For
each sampled value of 1, and o, we then sampled draws of ug; and ej;
and determined the assay sensitivity at various time points (0, 60,
120, and 180 days after seroconversion) as the proportion of overall
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draws where Y was above the cutoff value for positivity. We ran four
Markov chain Monte Carlo chains of length 2000 each using the
Stan programming language (https://mc-stan.org/) and assessed
convergence using the Gelman-Rubin Rhat statistic. We used un-
informative priors for all parameters and hyperparameters. Data
and code to reproduce all analyses are available at https://github.
com/EPPIcenter/liinc-Ab-dynamics.

Ethical considerations

All participants signed a written informed consent form. The study was
approved by the University of California, San Francisco Institutional
Review Board.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/31/eabh3409/DC1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1.

S.Takahashi, B. Greenhouse, |. Rodriguez-Barraquer, Are seroprevalence estimates
for severe acute respiratory syndrome coronavirus 2 biased? J Infect Dis 222, 1772-1775
(2020).

. W.-J. Guan, Z-Y. Ni, Y. Hu, W-H. Liang, C.-Q. Ou, J.-X. He, L. Liu, H. Shan, C-L. Lei,

D.S.C. Hui, B. Dy, L-J. Li, G. Zeng, K--Y. Yuen, R.-C. Chen, C.-L. Tang, T. Wang, P.-Y. Chen,
J. Xiang, S.-Y. Li, J-L. Wang, Z-J. Liang, Y.-X. Peng, L. Wei, Y. Liu, Y.-H. Hu, P. Peng,
J.-M.Wang, J.-Y. Liu, Z. Chen, G. Li, Z-J. Zheng, S.-Q. Qiu, J. Luo, C.-J. Ye, S.-Y. Zhu,

N.-S. Zhong; China Medical Treatment Expert Group for Covid-19, Clinical characteristics
of Coronavirus Disease 2019 in China. N. Engl. J. Med. 382, 1708-1720 (2020).

. S.Richardson, J. S. Hirsch, M. Narasimhan, J. M. Crawford, T. McGinn, K. W. Davidson; the

Northwell COVID-19 Research Consortium, D. P. Barnaby, L. B. Becker, J. D. Chelico,

S.L. Cohen, J. Cookingham, K. Coppa, M. A. Diefenbach, A. J. Dominello, J. Duer-Hefele,
L. Falzon, J. Gitlin, N. Hajizadeh, T. G. Harvin, D. A. Hirschwerk, E. J. Kim, Z. M. Kozel,

L. M. Marrast, J. N. Mogavero, G. A. Osorio, M. Qiu, T. P. Zanos, Presenting characteristics,
comorbidities, and outcomes among 5700 patients hospitalized with COVID-19

in the New York city area. JAMA 323, 2052-2059 (2020).

. J.Seow, C. Graham, B. Merrick, S. Acors, S. Pickering, K. J. A. Steel, O. Hemmings,

A.O'Byrne, N. Kouphou, R. P. Galao, G. Betancor, H. D. Wilson, A. W. Signell, H. Winstone,
C. Kerridge, I. Huettner, J. M. Jimenez-Guardefio, M. J. Lista, N. Temperton, L. B. Snell,

K. Bisnauthsing, A. Moore, A. Green, L. Martinez, B. Stokes, J. Honey, A. Izquierdo-Barras,
G. Arbane, A. Patel, M. K. I. Tan, L. O'Connell, G. O'Hara, E. MacMahon, S. Douthwaite,

G. Nebbia, R. Batra, R. Martinez-Nunez, M. Shankar-Hari, J. D. Edgeworth, S. J. D. Neil,

M. H. Malim, K. J. Doores, Longitudinal observation and decline of neutralizing antibody
responses in the three months following SARS-CoV-2 infection in humans. Nat. Microbiol.
5,1598-1607 (2020).

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

K. Su, F. Zhang, J. Gong, B. Wu, X.-M. Liu, J.-J. Li, J.-F. Qiu, J. Chen, A-L. Huang, Clinical
and immunological assessment of asymptomatic SARS-CoV-2 infections. Nat. Med. 26,
1200-1204 (2020).

. D.F.Gudbjartsson, G. L. Norddahl, P. Melsted, K. Gunnarsdottir, H. Holm, E. Eythorsson,

A.O. Arnthorsson, D. Helgason, K. Bjarnadottir, R. F. Ingvarsson, B. Thorsteinsdottir,

S. Kristjansdottir, K. Birgisdottir, A. M. Kristinsdottir, M. |. Sigurdsson, G. A. Arnadottir,

E. V. lvarsdottir, M. Andresdottir, F. Jonsson, A. B. Agustsdottir, J. Berglund, B. Eiriksdottir,
R. Fridriksdottir, E. E. Gardarsdottir, M. Gottfredsson, O. S. Gretarsdottir, S. Gudmundsdottir,
K. R. Gudmundsson, T. R. Gunnarsdottir, A. Gylfason, A. Helgason, B. O. Jensson,

A. Jonasdottir, H. Jonsson, T. Kristjansson, K. G. Kristinsson, D. N. Magnusdottir,

O.T. Magnusson, L. B. Olafsdottir, S. Rognvaldsson, L. le Roux, G. Sigmundsdottir,

A. Sigurdsson, G. Sveinbjornsson, K. E. Sveinsdottir, M. Sveinsdottir, E. A. Thorarensen,

B. Thorbjornsson, M. Thordardottir, J. Saemundsdottir, S. H. Kristjansson, K. S. Josefsdottir,
G. Masson, G. Georgsson, M. Kristjansson, A. Moller, R. Palsson, T. Gudnason,

U. Thorsteinsdottir, I. Jonsdottir, P. Sulem, K. Stefansson, Humoral immune response

to SARS-CoV-2 inIceland. N. Engl. J. Med. 383, 1724-1734 (2020).

. P.Naaber, K. Hunt, J. Pesukova, L. Haljasmégi, P. Rumm, P. Peterson, J. Hololejenko,

I. Eero, P. Jogi, K. Toompere, E. Sepp, Evaluation of SARS-CoV-2 IgG antibody response
in PCR positive patients: Comparison of nine tests in relation to clinical data. PLOS ONE
15, 0237548 (2020).

. Y.Chen, A. Zuiani, S. Fischinger, J. Mullur, C. Atyeo, M. Travers, F. J. N. Lelis, K. M. Pullen,

H. Martin, P. Tong, A. Gautam, S. Habibi, J. Bensko, D. Gakpo, J. Feldman, B. M. Hauser,
T. M. Caradonna, Y. Cai, J. S. Burke, J. Lin, J. A. Lederer, E. C. Lam, C. L. Lavine,

Peluso et al., Sci. Adv. 2021; 7 : eabh3409 30 July 2021

20.

21.

22.

23.

24,

M. S. Seaman, B. Chen, A. G. Schmidt, A. B. Balazs, D. A. Lauffenburger, G. Alter,
D. R. Wesemann, Quick COVID-19 healers sustain anti-SARS-CoV-2 antibody production.
Cell 183, 1496-1507.e16 (2020).

. X.Chen, Z.Pan, S.Yue, F. Yu, J. Zhang, Y. Yang, R. Li, B. Liu, X. Yang, L. Gao, Z. Li, Y. Lin,

Q. Huang, L. Xu, J. Tang, L. Hu, J. Zhao, P. Liu, G. Zhang, Y. Chen, K. Deng, L. Ye, Disease
severity dictates SARS-CoV-2-specific neutralizing antibody responses in COVID-19.
Signal Transduct. Target. Ther. 5, 180 (2020).

. E.Kowitdamrong, T. Puthanakit, W. Jantarabenjakul, E. Prompetchara,

P. Suchartlikitwong, O. Putcharoen, N. Hirankarn, Antibody responses to SARS-CoV-2
in patients with differing severities of coronavirus disease 2019. PLOS ONE 15, e0240502
(2020).

. Q.Lei, Y.Li,H-Y.Hou, F. Wang, Z.-Q. Ouyang, Y. Zhang, D.-Y. Lai, J.-L. Banga Ndzouboukou,

Z.-W.Xu, B. Zhang, H. Chen, J.-B. Xue, X.-S. Lin, Y.-X. Zheng, Z.-J. Yao, X.-N. Wang, C.-Z. Yu,
H.-W. Jiang, H.-N. Zhang, H. Qi, S.-J. Guo, S.-H. Huang, Z.-Y. Sun, S.-C. Tao, X.-L. Fan,
Antibody dynamics to SARS-CoV-2 in asymptomatic COVID-19 infections. Allergy 76,
551-561 (2021).

. J.Zhao, Q. Yuan, H. Wang, W. Liu, X. Liao, Y. Su, X. Wang, J. Yuan, T. Li, J. Li, S. Qian,

C.Hong, F.Wang, Y. Liu, Z. Wang, Q. He, Z. Li, B. He, T. Zhang, Y. Fu, S. Ge, L. Liu, J. Zhang,
N. Xia, Z. Zhang, Antibody responses to SARS-CoV-2 in patients with Novel Coronavirus
Disease 2019. Clin. Infect. Dis. 71, 2027-2034 (2020).

. F.J.Ibarrondo, J. A. Fulcher, D. Goodman-Meza, J. Elliott, C. Hofmann, M. A. Hausner,

K. G. Ferbas, N. H. Tobin, G. M. Aldrovandi, O. O. Yang, Rapid decay of anti-SARS-CoV-2
antibodies in persons with mild Covid-19. N. Engl. J. Med. 383, 1085-1087 (2020).

. F. Muecksch, H. Wise, B. Batchelor, M. Squires, E. Semple, C. Richardson, J. McGuire,

S. Clearly, E. Furrie, G. Neil, G. Hay, K. Templeton, J. C. C. Lorenzi, T. Hatziioannou, S. Jenks,
P. D. Bieniasz, Longitudinal analysis of clinical serology assay performance

and neutralising antibody levels in COVID19 convalescents. medRxiv
10.1101/2020.08.05.20169128 (2020).

. National SARS-CoV-2 Serology Assay Evaluation Group, Performance characteristics

of five immunoassays for SARS-CoV-2: A head-to-head benchmark comparison. Lancet
Infect. Dis. 20, 1390-1400 (2020).

. E.H.Y.Lau, O.T.Y.Tsang, D.S. C. Hui, M. Y. W. Kwan, W.-H. Chan, S. S. Chiu, R. L. W. Ko,

K.H.Chan, S. M. S. Cheng, R. A. P. M. Perera, B. J. Cowling, L. L. M. Poon, M. Peiris,
Neutralizing antibody titres in SARS-CoV-2 infections. Nat. Commun. 12, 63 (2021).

. A.S.lyer, F. K. Jones, A. Nodoushani, M. Kelly, M. Becker, D. Slater, R. Mills, E. Teng,

M. Kamruzzaman, W. F. Garcia-Beltran, M. Astudillo, D. Yang, T. E. Miller, E. Oliver,

S. Fischinger, C. Atyeo, A. J. lafrate, S. B. Calderwood, S. A. Lauer, J. Yu, Z. Li, J. Feldman,
B. M. Hauser, T. M. Caradonna, J. A. Branda, S. E. Turbett, R. C. LaRocque, G. Mellon,

D. H.Barouch, A. G. Schmidt, A. S. Azman, G. Alter, E. T. Ryan, J. B. Harris, R. C. Charles,
Persistence and decay of human antibody responses to the receptor binding domain
of SARS-CoV-2 spike protein in COVID-19 patients. Sci Immunol. 5, eabe0367 (2020).

. C.Gaebler, Z.Wang, J. C. C. Lorenzi, F. Muecksch, S. Finkin, M. Tokuyama, A. Cho,

M. Jankovic, D. Schaefer-Babajew, T. Y. Oliveira, M. Cipolla, C. Viant, C. O. Barnes, Y. Bram,
G. Breton, T. Hagglof, P. Mendoza, A. Hurley, M. Turroja, K. Gordon, K. G. Millard, V. Ramos,
F.Schmidt, Y. Weisblum, D. Jha, M. Tankelevich, G. Martinez-Delgado, J. Yee, R. Patel,

J. Dizon, C. Unson-O'Brien, I. Shimeliovich, D. F. Robbiani, Z. Zhao, A. Gazumyan,

R. E. Schwartz, T. Hatziioannou, P. J. Bjorkman, S. Mehandru, P. D. Bieniasz, M. Caskey,

M. C. Nussenzweig, Evolution of antibody immunity to SARS-CoV-2. Nature 591, 639-644
(2021).

. A.T.Huang, B. Garcia-Carreras, M. D. T. Hitchings, B. Yang, L. C. Katzelnick, S. M. Rattigan,

B. A.Borgert, C. A.Moreno, B. D. Solomon, L. Trimmer-Smith, V. Etienne, |. Rodriguez-Barraquer,
J. Lessler, H. Salje, D. S. Burke, A. Wesolowski, D. A. T. Cummings, A systematic review

of antibody mediated immunity to coronaviruses: Kinetics, correlates of protection,

and association with severity. Nat. Commun. 11, 4704 (2020).

Denise M. Hinton, Chief Scientist, Food and Drug Administration, Office of the Assistant
Secretary for Preparedness and Response, Office of the Secretary, U.S. Department of
Health and Human Services, Letter of Authorization, Reissuance of Convalescent Plasma
EUA February 4, 2021 (2021); www.fda.gov/media/141477/download.

K. Kroenke, R. L. Spitzer, J. B. W. Williams, The PHQ-15: Validity of a new measure

for evaluating the severity of somatic symptoms. Psychosom. Med. 64, 258-266 (2002).

M. Herdman, C. Gudex, A. Lloyd, M. Janssen, P. Kind, D. Parkin, G. Bonsel, X. Badia,
Development and preliminary testing of the new five-level version of EQ-5D (EQ-5D-5L).
Qual. Life Res. 20, 1727-1736 (2011).

P. D. Burbelo, F. X. Riedo, C. Morishima, S. Rawlings, D. Smith, S. Das, J. R. Strich,

D.S. Chertow, R.T. Davey, J. |. Cohen, Sensitivity in detection of antibodies

to nucleocapsid and spike proteins of severe acute respiratory syndrome coronavirus 2

in patients with Coronavirus Disease 2019. J Infect Dis 222, 206-213 (2020).

S.K. Elledge, X. X. Zhou, J. R. Byrnes, A. J. Martinko, I. Lui, K. Pance, S. A. Lim, J. E. Glasgow,
A. A. Glasgow, K. Turcios, N. lyer, L. Torres, M. J. Peluso, T. J. Henrich, T. T. Wang, C. M. Tato,
K. K. Leung, B. Greenhouse, J. A. Wells, Engineering luminescent biosensors for point-of-care
SARS-CoV-2 antibody detection. medRxiv 10.1101/2020.08.17.20176925 (2020).

110f 12


https://mc-stan.org/
https://github.com/EPPIcenter/liinc-Ab-dynamics
https://github.com/EPPIcenter/liinc-Ab-dynamics
http://advances.sciencemag.org/cgi/content/full/7/31/eabh3409/DC1
http://advances.sciencemag.org/cgi/content/full/7/31/eabh3409/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abh3409
https://www.fda.gov/media/141477/download

SCIENCE ADVANCES | RESEARCH ARTICLE

25. L.Wu, T. Hall, I. Ssewanyana, T. Oulton, C. Patterson, H. Vasileva, S. Singh, M. Affara,

J. Mwesigwa, S. Correa, M. Bah, U. D'Alessandro, N. Sepulveda, C. Drakeley, K. K. A. Tetteh,
Optimisation and standardisation of a multiplex immunoassay of diverse Plasmodium
falciparum antigens to assess changes in malaria transmission using sero-epidemiology.
Wellcome Open Res. 4, 26 (2019).

26. F.Amanat, D. Stadlbauer, S. Strohmeier, T. H. O. Nguyen, V. Chromikova, M. McMahon,
K.Jiang, G. A. Arunkumar, D. Jurczyszak, J. Polanco, M. Bermudez-Gonzalez, G. Kleiner, T. Aydillo,
L. Miorin, D. S. Fierer, L. A. Lugo, E. M. Kojic, J. Stoever, S. T. H. Liu, C. Cunningham-Rundles,
P. L. Felgner, T. Moran, A. Garcia-Sastre, D. Caplivski, A. C. Cheng, K. Kedzierska,

0. Vapalahti, J. M. Hepojoki, V. Simon, F. Krammer, A serological assay to detect
SARS-CoV-2 seroconversion in humans. Nat. Med. 26, 1033-1036 (2020).

27. G.Pilarowski, P. Lebel, S. Sunshine, J. Liu, E. Crawford, C. Marquez, L. Rubio, G. Chamie,

J. Martinez, J. Peng, D. Black, W. Wu, J. Pak, M. T. Laurie, D. Jones, S. Miller, J. Jacobo,
S.Rojas, S. Rojas, R. Nakamura, V. Tulier-Laiwa, M. Petersen, D. V. Havlir, J. DeRisi; The
CLIAHUB Consortium, Performance characteristics of a rapid severe acute respiratory
syndrome Coronavirus 2 antigen detection assay at a public plaza testing site in San
Francisco. J Infect Dis 223, 1139-1144 (2021).

28. Q-X.Long, B.-Z.Liu, H.-J. Deng, G.-C. Wu, K. Deng, Y.-K. Chen, P. Liao, J.-F. Qiu, Y. Lin,
X.-F. Cai, D.-Q. Wang, Y. Hu, J.-H. Ren, N. Tang, Y.-Y. Xu, L.-H. Yu, Z. Mo, F. Gong,
X-L.Zhang, W.-G. Tian, L. Hu, X.-X. Zhang, J.-L. Xiang, H.-X. Du, H.-W. Liu, C.-H. Lang,
X.-H. Luo, S.-B. Wu, X.-P. Cui, Z. Zhou, M.-M. Zhu, J. Wang, C.-J. Xue, X.-F. Li, L. Wang,
Z.-).Li, K. Wang, C-C. Niu, Q-J. Yang, X.-J. Tang, Y. Zhang, X.-M. Liu, J.-J. Li, D.-C. Zhang,
F.Zhang, P. Liu, J. Yuan, Q. Li, J.-L. Hu, J. Chen, A.-L. Huang, Antibody responses
to SARS-CoV-2 in patients with COVID-19. Nat. Med. 26, 845-848 (2020).

Acknowledgments: We are grateful to the LIINC study participants and the clinical staff who
provided care to these individuals during their acute illness period. We acknowledge the LIINC
study team members T. Abualhsan, M. Arreguin, J. Bautista, M. Deswal, H. Hartig, M. Kerbleski,
L. Ngo, R. Diaz Sanchez, F. Ticas, and M. Williams for contributions to the program. We are
grateful to K. Anglin, G. Bronstone, J. Chen, M. Davidson, K. Donohue, P. Ellis, S. Goldberg, S. Lu,
J. Massachi, S. Mathur, I. Mehdi, V. Wong Murray, E. Martinez Ortiz, J. Pineda-Ramirez,

M. Romero, P. Rugart, H. Sans, J. Shak, J. Tavs, and J. Weiss for assistance with data entry and
validation. We thank H. Tanner (Vitalant Research Institute) for technical assistance. Funding:
This work was supported by the National Institute of Allergy and Infectious Diseases [NIH/
NIAID 3R01AI141003-0351 (to T.J.H.) and NIH/NIAID RO1AI158013 (to M.G. and M.A.S.)] and the
Zuckerberg San Francisco Hospital Department of Medicine and Division of HIV, Infectious
Diseases, and Global Medicine. M.J.P. was supported by NIH T32 Al60530-12 and by the UCSF
Resource Allocation Program. S.T. was supported by the Schmidt Science Fellows, in
partnership with the Rhodes Trust. .R.-B. and S.T. acknowledge research funding from the
MIDAS Coordination Center COVID-19 Urgent Grant Program (MIDASNI2020-5) by a grant
from the National Institute of General Medical Science (3U24GM132013-0252). |.R.-B. was
supported by R35 GM138361-02. P.D.B. was supported by the Intramural Research Program of
the National Institute of Dental and Craniofacial Research. J.I.C. was supported by the National
Institute of Allergy and Infectious Diseases. C.Y.C. was supported, in part, by NIH grants RO1

Peluso et al., Sci. Adv. 2021; 7 : eabh3409 30 July 2021

HL105704 from the National Heart, Lung, and Blood Institute, R33-29077, and Abbott
Laboratories. X.X.Z. received postdoctoral fellowship support from a Merck Fellowship of the
Damon Runyon Cancer Research Foundation (DRG-2297-17) and a NIH K99/R00 award
(1K99EB030587-01). B.G. and J.A.W. were supported, in part, by the Chan Zuckerberg Biohub
Investigator Fund. Author contributions: M.J.P., J.D.K, R.LR. JN.M, S.GD. T.JH, .R-B. and
B.G. oversee the LIINC cohort, which is funded by M.A.S., M.G,, S.G.D., and TJ.H. M.J.P,, ST, JH.,
TJH. LR-B., and B.G. designed the study and analysis plan. M.J.P., L.To., RH., V.T.,, EAF. and
Y.H. collected clinical data using study instruments designed by M.J.P., J.D.K, RH., S.G.D., and
JN.M.LT,NS.I, KT, 0J,SEM, CT, J.D, and C.C.N. processed and stored biological
specimens. L.To, N.S.I, KT, OJ, SEM, CT, CCN, M-AP, AV, MAR, J.P,JH.Jr, LTo, TW, CJP,
CY.C,PJN,CD,MS,MPB,SKE., XX.Z, JAW,AS, TWK, JEP, WW., P.D.B, JIC, TJH,
I.R.-B., and B.G. performed or oversaw the performance of antibody measurements in their
respective laboratories. M.J.P., S.T., J.H, TJH., |.R-B., and B.G. analyzed and interpreted the raw
data and drafted the manuscript. J.D.K,, M.-A.P., AV, MAR,, J.P., JHJr, TW, CJ.P, CY.C,PJN.,,
CD., MS, MPB,SKE., JAW, TWK, P.D.B., R.LR., JN.M, and S.G.D. provided substantial
scientific critiques and recommendations regarding the interpretation of the data. All authors
edited and approved the final version of the manuscript. Competing interests: M.-AP., AV.,
M.AR., J.P., and J.H. are employees of Abbott Laboratories, which produces one of the
commercially available assays included in this study. L.T., T.W., and C.J.P. are employees of
Monogram Biosciences Inc., a division of LabCorp, which produces the neutralizing assay
included in this study. C.Y.C. is the director of the UCSF-Abbott Viral Diagnostics and Discovery
Center (VDDC) and receives research support funding from Abbott Laboratories. S.K.E., X.X.Z.,
and J.A.W. have filed a provisional patent on the solution-based spLUC assay. T.J.H. reports
grants from Merck and Co., Gilead Biosciences, and Bristol-Myers Squibb outside the
submitted work. MJ.P,, S.T., J.H, J.DK, LT,NS.I, KT, OJ,SEM, CT,JD,CCN,RH, VT,
EAF,YH,MAS, MG, AS, TWK, JEP, WW,, RLR, JN.M, S.G.D,, I.R-B., and B.G. declare
that they have no competing interests. Data and materials availability: Raw antibody data at
the participant and visit level are provided in tables S1 and S2. All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from the authors.

Submitted 2 March 2021
Accepted 16 June 2021
Published 30 July 2021
10.1126/sciadv.abh3409

Citation: M. J. Peluso, S. Takahashi, J. Hakim, J. D. Kelly, L. Torres, N. S. lyer, K. Turcios, O. Janson,
S. E. Munter, C. Thanh, J. Donatelli, C. C. Nixon, R. Hoh, V. Tai, E. A. Fehrman, Y. Hernandez,
M. A. Spinelli, M. Gandhi, M.-A. Palafox, A. Vallari, M. A. Rodgers, J. Prostko, J. Hackett Jr, L. Trinh,
T. Wrin, C. J. Petropoulos, C. Y. Chiu, P.J. Norris, C. DiGermanio, M. Stone, M. P. Busch, S. K. Elledge,
X.X.Zhou, J. A. Wells, A. Shu, T.W. Kurtz, J. E. Pak, W. Wu, P. D. Burbelo, J. I. Cohen, R. L. Rutishauser,
J.N. Martin, S. G. Deeks, T. J. Henrich, |. Rodriguez-Barraquer, B. Greenhouse, SARS-CoV-2
antibody magnitude and detectability are driven by disease severity, timing, and assay. Sci. Adv. 7,
eabh3409 (2021).

120f 12





