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Background: There are numerous benefits to performing salivary serology measurements for severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative pathogen for coronavirus disease 2019

(COVID-19). Here, we used a sensitive multiplex serology assay to quantitate salivary IgG against 4 SARS-CoV-2

antigens: nucleocapsid, receptor-binding domain, spike, and N-terminal domain.

Methods: We used single samples from 90 individuals with COVID-19 diagnosis collected at 0 to 42 days

postsymptom onset (PSO) and from 15 uninfected control subjects. The infected individuals were segmented in 4

groups (0–7 days, 8–14 days, 15–21 days, and >21 days) based on days PSO, and values were compared to controls.

Results: Compared to controls, infected individuals showed higher levels of antibodies against all antigens starting

from 8 days PSO. When applying cut-offs with at least 93.3% specificity at every time interval segment,

nucleocapsid protein serology had the best sensitivity at 0 to 7 days PSO (60% sensitivity [35.75% to 80.18%], ROC

area under the curve [AUC]=0.73, P=0.034). Receptor-binding domain serology had the best sensitivity at 8 to 14

days PSO (83.33% sensitivity [66.44%–92.66%], ROC AUC=0.90, P<0.0001), and all assays except for N-terminal

domain had 92% sensitivity (75.03%–98.58%) at >14 days PSO.

Conclusions: This study shows that our multiplexed immunoassay can distinguish infected from uninfected

individuals and reliably (93.3% specificity) detect seroconversion (in 60% of infected individuals) as early as the first

week PSO, using easy-to-collect saliva samples.

INTRODUCTION

Given the continued health and socioeconomic
impact of the coronavirus disease 2019 (COVID-19)

pandemic, determining its seroepidemiological

characteristics is of paramount importance for un-
derstanding seropositivity rates against severe
acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and guiding appropriate resource
management. In addition to tracking disease
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incidence and prevalence at population scale, anti-
body testing canbeused tomodeldisease transmis-
sion, screen asymptomatic infections, assess
vaccine responsiveness and durability of antibody
production post-vaccination or -natural infection
(1–8). When there is evident correlation between
antibody levels and protection, serology can also
be used to identify individuals at higher risk of re-
infection and therefore inform vaccine prioritization
strategies as needed (9).

The utility of serosurveillance is especially evi-
dent as infection with SARS-CoV-2 results in the
development of serum antibodies in 90% of in-
fected individuals within the first 2 weeks post-
symptom onset (PSO) (10–13). Although serum is
the most studied matrix for antibody detection,
venous blood sampling presents several financial
and logistical limitations to population-scale sur-
veying. On the other hand, saliva is a noninvasive
alternative with potential for self-collection that
circumvents the majority of challenges present
with serum testing. Since antibody concentration
in saliva is several orders of magnitude lower
than in serum, assays would require high analytical
sensitivity (11, 14, 15). Nevertheless, the efficacy of
saliva-based serology testing has been demon-
strated for the surveillance and diagnosis of other
pathogens (16–18).

Salivary antibodies are derived from the blood
poolof IgG that can leak into thesaliva via thegingival
crevicularfluidor areproduced locally by thesalivary
glands (19, 20). The potential for saliva as a biofluid

for anti-SARS-CoV-2 antibody sampling is sup-
ported by the strong correlation observed in
antibody responses measured in serum and sal-
iva during and post- infection (7, 11, 21–23).
Antibodies to SARS-CoV-2 have been detected in
self-collected saliva specimens transported with-
out refrigeration, viral inactivation, or preserva-
tives (24). Despite the acknowledged need for
saliva-based serology tests for SARS-CoV-2, none
are yet commercially available.
In this study, we used a hypersensitive multiplex

assay to quantitate anti-SARS-CoV-2 antibodies in
saliva. Specifically, we measured IgG reactive to 4
SARS-CoV-2 antigens: nucleocapsid, receptor-
binding domain (RBD), spike, andN-terminal domain
(NTD). Samples from individuals with COVID-19 diag-
nosis collected at 0 to 42 days PSOwere segmented
in 4 groups (0–7 days, 8–14 days, 15–21 days, and
>21 days) and compared to individuals without
COVID-19. The diagnostic performance of every as-
say at selected time intervals PSOwas also assessed.
These observations represent natural immune re-
sponses as they were measured before the rollout
of vaccines for COVID-19.

MATERIALS AND METHODS

Sample Collection

A total of 105 retrospectively collected saliva spec-
imens (collected from March 2020–September

IMPACT STATEMENT

This study shows the sensitivity and specificity of salivary serology measurements for severe acute respira-

tory syndrome coronavirus 2 using a multiplexed immunoassay. Given the benefits of saliva as a biofluid for

analyte quantitation (e.g., ease of sampling and processing) coupled with the automated fashion of our multi-

plexed technology, this assay can be used for population-wide seropositivity testing in severe acute respira-

tory syndrome coronavirus 2 infection.
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2020, prior to the broad availability of SARS-CoV-2
vaccines) were obtained under approval of the
Sinai Health System Research Ethics Board (REB
no. 02-0118 U). Of these, 15 samples were col-
lected from non-COVID-19 patients (no prior
COVID-19 diagnosis and negative SARS-CoV-2 PCR
test) and 90 from patients who were diagnosed
with COVID-19 by clinical nasopharyngeal swab or
midturbinate nasal swab-based PCR at a network
of hospitals including Sinai Health System,
Sunnybrook Health Centre, North York General
Hospital, and Michael Garron General Hospital
(Toronto, Canada). Samples were randomly col-
lected at different time points PSO (ranging from
0–42 days), or at other disease diagnosis for the
non-COVID-19 samples.

Patients were asked under informed consent to
spit into a sterile 50 mL-specimen container
(2.5 mL of saliva), which was topped with 2.5 mL
of phosphate-buffered saline. Sampleswere trans-
ported to the microbiology laboratory at Sinai
Health System, where they were treated with 1%
Triton X 100 at room temperature for 1 h before
freezing at −80°C, within 8 h from time of collec-
tion, using a standardized protocol. Samples
were stored for 2 to 8months (median=7months,
interquartile range=2 months). Prior to process-
ing, all samples were subsequently thermally inac-
tivated by incubation at 65°C for 30 min.

Serology Measurements

Sample preparation has been previously de-
scribed (25). Serology measurements were col-
lected using kits and reagents that are
commercially available from Meso Scale
Discovery® (MSD). On the day of sample testing,
saliva was thawed at room temperature and cen-
trifuged briefly to pull down any food particles or
mucus. To assess sample quality, samples were
visually verified to be saliva and not predominantly
phlegm or mucus.

Prior to analysis, saliva samples were further di-
luted 5-fold with sample diluent (MSD® Diluent 2).

Samples were assayed in a 96-well plate format
using MSD V-PLEX® COVID-19 Coronavirus Panel
2 kits for measuring IgG antibody responses
(K15369U). Each well of the plates included an
antigen array that enabled the multiplexed meas-
urement of antibody responses against 9 different
coronavirus antigens as well as BSA as a negative
control. These included 4 SARS-CoV-2 antigens
(nucleocapsid, spike, RBD, andNTD) and spike pro-
teins from 5 other coronaviruses (SARS-CoV-1 and
endemic coronaviruses 229E, HKU1, NL63, and
OC43). Assay protocols were run according to
the manufacturer’s protocol except for the use
of sample diluents and dilution factors (as de-
scribed previously) that were optimized for saliva.
For quantitation of antibody responses, an

8-point calibration curve was run in duplicate on
all plates and the signals for each antigen reactivity
were fit to a 1/Y2-weighted 4-parameter logistic
curve. Samples were run in duplicate, and the anti-
body concentration against each antigen was in-
terpolated from the 4-parameter logistic curve
and corrected for dilution. The concentrations
were presented in arbitrary intensity units per
mL (IU/mL) that were defined relative to the as-
signed values of the reference standard.

Measurement of Total Antibody Levels

Total levels of IgG, IgM, and IgA immunoglobulin
in saliva were measured using MSD’s Isotyping
Panel 1 Human/NHP Kit (K15203D) according to
the manufacturer’s directions. Samples were di-
luted 1000-fold, and levels are reported in µg/
mL. Calibration and quantitation were carried
out as described in the serology measurements
section.

Statistical Analysis

Data were processed in Excel. Further data
transformation, statistical analyses, and data visu-
alization were performed in Prism (GraphPad). For
every assay, concentrations below the lower limit
of detection were set to the lower limit of
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detection, defined as the concentration resulting
in a signal 2.5 DS above the assay background.
Concentrations above the upper limit of quantita-
tion were set to the values of the top calibrator.
The infected subjects were segmented in 4 groups
(0–7 days, 8–14 days, 15–21 days, and >21 days)
based on the time interval PSO. Differences be-
tween time intervals PSO and controls were ana-
lyzed with a Kruskal–Wallis test, followed by
pairwise multiple comparisons using Dunn test.
Differences in the total levels of IgG between
time intervals PSO and controls were assessed
with a Brown–Forsythe and Welch ANOVA test fol-
lowed by multiple comparisons using the Dunnett
test. For all analyses, statistical significance was set
to P<0.05.

Diagnostic Performance and Determination
of Cut-off Values

A ROC curve analysis was performed to
evaluate percent sensitivity and specificity of
anti-SARS-CoV-2 serology measurements at vari-
ous cut-off values for every time interval PSO.
Moreover, the ROC area under the curve (AUC)
was used to assess the assay’s overall accuracy
in classifying seropositive subjects from controls.
Finally, the ROC curve was used to select the opti-
mum cut-off concentration for every assay at se-
lected time-interval segments (0–7, 8–14, >14
days, all time points combined), based on the fol-
lowing criteria: (a) at least 93% specificity and the
maximum identifiable likelihood ratio were
achieved; (b) cut-off values were the same (or ap-
proximately the same, with less than 15% vari-
ation) across all time-interval segments for the
same assay. By applying the first criterion (a), the
candidate cut-off values were the same across all
time points and resulted in the highest sensitivity
value. Thus, for every assay we achieved the max-
imum Youden’s index (Specificity + Sensitivity −1)
for our given specificity, which is a common meth-
od for selecting cut-off points (26, 27). Spike was
an exception, as 2 cut-off values were determined,

although with less than 15% difference between
time intervals (see results). Percent specificity
and sensitivity values are reported with 95% CI va-
lues; IU/mL values were converted to standard
WHO values for nucleocapsid, spike, and RBD
proteins by multiplying the IU/mL values with
their conversion factor (nucleocapsid=0.00236,
spike=0.00901, RBD=0.02720), as previously es-
tablished (28). Statistical significance was set to
P<0.05.

RESULTS

Relevant Time Points of Detectable
Immunity against SARS-CoV-2 Antigens

Salivary IgG levels reactive to four SARS-CoV-2
antigens (nucleocapsid, spike, RBD, and NTD) for
noninfected and infected individuals are shown
in Fig. 1. Overall, IgG levels rose significantly be-
yond 8 to 14 days PSO as compared to uninfected
controls. The most significant difference between
controls and 8 to 14 days PSO occurred with
anti-RBD levels (P=0.008) (Fig. 1, B), followed by
anti-spike levels (P=0.0010) (Fig. 1, C), anti-
nucleocapsid levels (P=0.0022) (Fig. 1, A), and,
lastly, anti-NTD levels (P=0.0341) (Fig. 1, D). The
trend of increasing antibody levels continued
throughout the time window of our study (up to
42 days PSO) for all antigens, and such levels
were significantly higher compared to controls.

Diagnostic Performance

The diagnostic performance for every assay at
every time interval was determined by the assay’s
efficacy to classify seropositive subjects from non-
infected controls based on the ROC curve analysis
and the AUC metric. Specifically, we constructed
ROC curves and identified the AUC and associated
P-value for every SARS-CoV-2 marker at every time
interval (0–7 days, 8–14 days, 15–21 days, and >21
days) (Fig. 2). As early as 7 days PSO, all assays
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except for NTD distinguished significantly (albeit
moderately) infected from uninfected individuals
(AUCNucleocapsid= 0.73, P= 0.034; AUCSpike=0.76,

P=0.017; AUCRBD= 0.74, P=0.03; AUCNTD=0.66,
P=0.14). From 8 days PSO onwards, all assays dis-
tinguished infected from uninfected controls, and

Fig. 1. Log-transformed concentration [intensity units/mL (IU/mL)] of IgG against SARS-CoV-2 (CoV-2):
nucleocapsid (A), spike (B), RBD (C), and NTD (D) proteins as measured in uninfected individuals (con-
trol) and individuals infected with SARS-CoV-2 at various time points PSO (0–7, 8–14, 15–21, >21
days). *P-value<0.05, **P-value<0.01, ***P-value<0.001, **** P-value<0.0001.
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this performance improved as time PSO advanced
(Fig. 2; 8–14 days, 15–21 days, > 21 days PSO
intervals).

Determination of Cut-off Points

ROC curves were also used to determine time
point-specific percent sensitivity, specificity, and
likelihood ratio profiles at various cut-offs. The
same cut-off threshold was applied to all time in-
tervals PSO except for spike, for which we derived
2 thresholds (see later discussion). Table 1 shows
percent sensitivity (and related likelihood ratios) of
serological measurements for each SARS-CoV-2
antigen at selected time intervals PSO (0–7 days,
8–14 days, >14 days, and all time points com-
bined), with at least 93% specificity (see methods).
More specifically, the cut-off for nucleocapsid was
0.295 IU/mL (6.962×10−4 WHO IU/mL [same
across all time intervals]); for spike, 0.23 IU/mL
(2.0723×10−3 WHO IU/mL [for time intervals

0–7, 8–14 days, and all time points combined])
and 0.26 IU/mL (5.388× 10−3 WHO IU/mL [for
time intervals >14 days]); for RBD, 0.075 IU/
mL (2.04× 10−3 WHO IU/mL [same across all
time intervals]); and for NTD, 0.11 IU/mL (no
WHO equivalent available [same across all
time intervals]).
At the classification cut-points, IgG against

SARS-CoV-2 nucleocapsid protein can identify
60% of the infected individuals by 7 days PSO,
followed by IgG against spike protein (53.33%).
By 14 days, IgG against RBD can identify
83.33% of infected individuals, followed by nu-
cleocapsid (76.67%) and spike protein (73.33%).
After 14 days PSO, IgG against nucleocapsid,
spike, and RBD proteins have 92% sensitivity
(75.03%–98.58%). All time-point sensitivity was
highest for nucleocapsid and RBD (78.57%
[67.61%–86.56%], likelihood ratio=11.79), fol-
lowed by spike (75.71% [64.50%–84.25%], likeli-
hood ratio= 11.36) (Table 1). Sensitivity of NTD

Fig. 2. Diagnostic performance of serology measurements against SARS-CoV-2 proteins at various time
points PSO. ROC curves alongwith AUC and P-values indicate efficacy of serologymeasurements in dis-
tinguishing seropositive subjects from noninfected controls. Symbol x indicates cut-off thresholds as
reported in Table 1.
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serology was overall 18.7% lower compared to
the other 3 proteins combined.

Immunity against SARS-CoV-2 and Other
Coronaviruses in Control Subjects

Control subjects (who were not diagnosed with
COVID-19) had high levels of antibodies to the 4
pre-COVID-19 endemic coronaviruses 229E,
HKU1, NL63, and OC43 compared to IgG against
SARS-CoV-2, further confirming absence of IgG
against SARS-CoV-2 (Fig. 3). As expected, in this
group anti-SARS-CoV-2 and SARS-CoV-1 IgG levels
were multiple log values lower than IgG against
other circulating coronaviruses. Specifically, con-
trol samples showed significantly higher levels of
antibodies to endemic viruses compared to all
SARS-CoV-2 antigens (Fig. 3 shows statistical differ-
ences only against SARS-CoV-2 spike [229E:
P= 0.0001; HKU1: P< 0.0001; NL63: P=0.0004;
OC43: P<0.0001]), but there was no significant
difference between levels of IgG against
SARS-CoV-1 and SARS-CoV-2 spike (P> 0.9999).

Quality of Samples

As previously established (24), we found that
saliva samples had expected levels of immunoglo-
bulins to indicate sample integrity and to conclude
that the detected salivary antibodies did not
result from oral bleeding. Median levels of total
salivary IgG were 3.4 µg/mL, 1.9 µg/mL, 1.8 µg/mL,
3.4 µg/mL, and 4.2 µg/mL for subjects in the con-
trol, 0 to 7 days, 8 to 14 days, 15 to 21 days, and
>21 days groups, respectively. These concentra-
tions werewithin the range of total salivary IgGpub-
lished previously (0.4–93 µg/mL) (29) and similar to
the median value reported for self-collected saliva
(9.92 µg/mL). Also, total salivary IgG levelswere stat-
istically similar between all groups (Brown–Forsythe
and Welch ANOVA P=0.1494).

DISCUSSION

In this study, we quantified the levels of salivary
IgG against 4 proteins (full length or domains) of

Table 1. Percent (%) sensitivity (with 95% CI and likelihood ratio) for serology measurements against
SARS-CoV-2 proteins at selected time intervals PSO.

SARS-CoV-2 protein
target [cut-off value] Diagnostic metric 0–7 days (n=15) 8–14 days (n=30) >14 days (n=25) All time points (n= 70)

Nucleocapsid % Sensitivity 60.00 76.67 92 78.57

[0.295 IU/mL] 95% CI 35.75–80.18 59.07–88.21 75.03–98.58 67.61–86.56

Likelihood Ratio 9.00 11.50 13.80 11.79

Spike % Sensitivity 53.33 73.33 92 75.71

[0.23 IU/mL] 95% CI 30.12–75.19 55.55–85.82 75.03–98.58 64.50–84.25

[0.26 IU/mL] Likelihood Ratio 8.00 11.00 13.80 11.36

RBD % Sensitivity 46.67 83.33 92 78.57

[0.075 IU/mL] 95% CI 24.81–69.88 66.44–92.66 75.03–98.58 67.61–86.56

Likelihood Ratio 7.00 12.50 13.80 11.79

NTD % Sensitivity 40.00 63.33 76 62.86

[0.11 IU/mL] 95% CI 19.82–64.25 45.51–78.13 56.57–88.50 51.15–73.23

Likelihood Ratio 6.00 9.50 11.40 9.429

Specificity is at least 93.3% (70.2%–99.7%). N refers to number of samples in the SARS-CoV-2-infected groups. For all assays, the same cut-off value
was applied to all time intervals PSO except for spike, for which 0.23 IU/mL was applied for time intervals <14 days as well as for all time points
column, whereas 0.26 IU/mL was applied to time interval >14 days PSO. For WHO IU/mL equivalents see results section.
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SARS-CoV-2 (nucleocapsid, spike, RBD, andNTD) in
a cohort of infected individuals and uninfected
controls using an ultrasensitive multiplexed im-
munoassay. This assay can detect antibodies
against nucleocapsid, NTD, RBD, and spike as low
as 0.046 IU/mL (1.09×10−4 WHO IU/mL),
0.003 IU/mL (no WHO equivalent), 0.035 IU/mL
(9.52×10−4 WHO IU/mL), and 0.049 IU/mL (4.41

×10−4 WHO IU/mL), respectively (28). There are
multiple benefits to using saliva to establish
seropositivity in SARS-CoV-2 infection, including
noninvasive and straightforward sampling and
processing, and specimen stability at physiological
temperatures (24) and freezing-temperature
(−20°/−80°C) conditions (30, 31). These, coupled
with the use of a quantitative multiplexed

Fig. 3. Absence of antibodies against SARS-CoV-2 proteins in uninfected controls. Log- transformed con-
centrations of IgG against SARS CoV-2 antigens (nucleocapsid, RBD, spike, NTD, SARS-CoV-1, and NL63-,
HKU1-, 229E-, and OC43- Spike protein collected from SARS-CoV-2 negative individuals). ***P-value <
0.001, **** P-value < 0.0001.
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immunoassay that can be automated, provide un-
ique benefits for population-wide seropositivity
testing.

It has been previously shown that saliva and
blood serology measurements for SARS-CoV-2
correlate (7, 11, 21, 22, 29, 32). Most recently, we
showed improved sensitivity of salivary serological
testing in a cohort of self-reported infected indivi-
duals using a multiplexed immunoassay (24). Here
we extend these observations by establishing the
clinical sensitivity and specificity of our assay at
relevant time points of COVID-19. Using the
same multiplexed assay, the classification cut-offs
for nucleocapsid, spike, and RBD were established
previously as 3.2 IU/mL, 0.96 IU/mL, and 0.24 IU/
mL, respectively, to encompass 98% of control va-
lues (24). Here, the classification cut-off values for
nucleocapsid, spike, and RBD at 0 to 7 and 8 to 14
days PSO were 0.295 IU/mL (6.962×10−4 WHO
IU/mL), 0.23 IU/mL (2.0723×10−3 WHO IU/mL),
and 0.075 IU/mL (2.04×10−3 WHO IU/mL), which
were orders of magnitudes lower than previously
established (24), and, while they encompass
93.33% of control samples, they exhibit over 77%
of sensitivity (ranging from 73.33% [spike] to
83.33% [RBD]). The thresholds identified here
may be lower than previously measured due to
the differences in saliva collection and processing.
Samples were diluted (2×) with PBS containing
Triton and heat inactivated, which has been
shown to lower detectable antibody levels (7, 11).
Moreover, here the samples were stored in the
freezer (−80oC) for a longer duration, which may
have resulted in some IgG degradation (31).
These findings emphasize the notion that classifi-
cation thresholds should be established based
on the collection method and study design, al-
though such practice contributes to well-known
challenges around comparing seropositivity find-
ings across various studies (33).

When considering all time intervals PSO, we con-
clude that the best performing serology markers
were for nucleocapsid and RBD proteins, whereas

NTD serology had the lowest diagnostic value.
Serology against nucleocapsid protein can identify
60% of symptomatic individuals as early as up to 7
days PSO. IgG against RBD can identify 83.33% of
symptomatic patients within 2 weeks PSO. After 2
weeks, the diagnostic value of nucleocapsid, spike,
and RBD serology is the same, identifying 92% of
symptomatic individuals. Taken together, these ob-
servations suggest that salivary serology measure-
ments against nucleocapsid, RBD, and spike
proteins can provide the highest diagnostic value
in the assessment of seropositivity for SARS-CoV-2,
followed by anti-NTD IgG measurements.
The diagnostic performance of our assay in sal-

iva vs serum remains to be established. However,
based on previous studies using comparable ex-
perimental design but in serum samples (i.e.,
same multiplexed technology for the same
SARS-CoV-2 proteins, assessed during similar dis-
ease time frames), showed overall higher sensitiv-
ity than our current salivary serology assay (34, 35).
Notably, in the study by Nandakumar et al. at time
points < 7 days post-PCR testing, the sensitivity of
serum serology was similar to our saliva serology,
with values ranging between 37.8% and 56.8% (at
99.5% specificity) (34). In the study by Johnson
et al., the sensitivity of serum serology for spike,
RBD, and nucleocapsid at 0 to 7 days PSO was
higher than the present study, with values ranging
from 60% to 75% (at 92%–97% specificity) (35).
Taken together, these studies suggest that overall
serum serology for SARS-CoV-2 proteins might
have improved clinical sensitivity compared to sal-
iva, but the assay’s sensitivity depends on the tim-
ing of sample collection relative to disease onset.
Furthermore, a direct comparison of the multi-
plexed assays in serum vs saliva using the same
samples is needed to accurately establish the as-
say’s diagnostic performance in both biofluids.
Some limitations are important to mention. The

first limitation of our study is the relatively small
sample size and incomplete annotation of the
samples. Additionally, we cannot directly confirm
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that the infected individuals are seropositive for
anti-SARS-CoV-2 antibodies. Of note, cut-off
thresholds were set based on controls who were
noninfected (PCR result negative) and had no anti-
bodies against SARS-CoV-2 (levels of saliva anti-
bodies against SARS-CoV-2 proteins were
multiple log values lower than antibodies against
common cold coronaviruses; Fig. 3). As such, for
determining the diagnostic value of our assays
based on ROC-identified classification cut-offs, a
fundamental assumption was that all SARS-CoV-2
individuals developed antibodies against the virus,
which is an overestimation. Indeed, it has been
shown that seroconversion occurs in 90% of in-
fected persons within 2 weeks PSO (10–13).
Therefore, assuming the observations in the cur-
rent study are representative of the larger popula-
tion, we can expect that the true sensitivity profile
of our assay will improve in larger cohorts. Another
limitation is that the relatively long duration of
sample storage prior to quantitation may have in-
fluenced the detectable levels of antibodies. While
saliva is relatively stable in freezing temperatures,
analyzing samples after 3 months of storage for
the detection of IgG antibodies is not recom-
mended (31). Of note, at the time of sample collec-
tion (March–September 2020), the incidence of
COVID-19 was relatively low and access to
SARS-CoV-2-positive samples had logistical chal-
lenges, resulting in longer sample storage.
However, given that the total IgG concentration
was within the expected range, IgG degradation
(if any) due to extended sample storage was min-
imal. Additionally, because the collection of control
samples was concurrent to COVID-19-positive
samples, it is expected that any storage effects
were normalized across all study groups.

When interpreting the results of this study, the
timing of sample collection relative to the
COVID-19 pandemic is important. During that
time (March–September 2020), the disease preva-
lence was low in most parts of the world, and vac-
cines were unavailable. For example, in Canada,

cumulatively 4200/1 million of population cases
were reported by the end of September 2020,
compared to the current cumulative total
of 105000/1 million cases (June 2022) (36).
Therefore, the uninfected controls in the present
study were truly seronegative, and the responses
in the infected individuals represent natural hu-
moral responses, most likely primary. However,
as of the writing of this article (June 2022), not
only has the total cumulative incidence of
COVID-19 increased, but also most of the world’s
population has received at least one COVID-19
vaccine dose (36). Relatedly, the current serologic
profile against SARS-CoV-2 at a population-wide
scale is more complex compared to the time of
sample collection, consisting of antibodies that
represent, in the simplest scenario (37, 38), (a)
natural primary or secondary humoral responses
following first or subsequent infection, (b)
vaccine-induced humoral responses, (c) a combin-
ation of the previous, or (d ) no detectable anti-
bodies due to waning of immunity or absence of
infection/vaccination. Thus the IgG concentrations
reported in this study are relevant to the timing of
sample collection and should not be used as an
absolute benchmark to classify seropositivity in
the post-vaccination phase of the pandemic.
Notwithstanding, the present study presents

important strengths. Specifically, we show
the successful application of a multiplexed
technology for the quantitation of antibodies
against 4 common SARS-CoV-2 proteins, using
easy-to-collect saliva samples from symptomatic
PCR-confirmed subjects. We further characterize
the diagnostic performance of the salivary ser-
ology assays at clinically relevant time intervals
from symptom onset, illustrating that clinical
sensitivity and accuracy change during the dis-
ease course. Lastly, to establish accurate cut-off
points, special care was taken to select
negative controls that were not infected by
SARS-CoV-2 and lacked antibodies against the
4 SARS-CoV-2 proteins.
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In conclusion, we show the high sensitivity and
specificity profile of salivary SARS-CoV-2 serology
in symptomatic individuals, based on the
detection of IgG against nucleocapsid, spike,
RBD, and NTD proteins, using a multiplexed
immunoassay. We conclude that IgG against

nucleocapsid, RBD, and spike proteins have the
highest diagnostic value by detecting as many
as 83.33% (24.81%–92.66%) and 92% (75.03%–

98.58%) of infected individuals within the first 2
weeks from symptom onset and thereafter,
respectively.

Nonstandard Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease
2019; PSO, post-symptom onset; RBD, receptor-binding domain; NTD, N-terminal domain; MSD, Meso Scale Discovery®; IU/
mL, intensity units per mL; AUC, area under the curve.
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