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Abstract

Background

Since the onset of the global COVID-19 pandemic in early 2020, numerous studies have
been conducted worldwide to understand our immune response to the virus and to vaccina-
tion. This study investigates the humoral response elicited by SARS-CoV-2 infection and by
vaccination in the poorly studied population of food and retail workers. These occupations
were classified as essential by the Public Health Agency of Canada, potentially placing this
population at greater risk of infection. Such a risk requires access to reliable and adaptable
serological assays that can be rapidly deployed to guide public health strategies. Here we
investigate the benefits and limitations of applying adaptable, decentralized tests for popula-
tion-level immune surveillance in response to a pandemic, even before centralized testing is
available.
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Methods and findings

The 1.5-year study period spans from early 2021, when vaccination became available in this
region, to mid-2022, following the emergence of the first Omicron variants. The cohort of
304 food and retail workers was recruited in the Québec City area. Participants attended
five evenly spaced visits, providing blood samples as well as information on SARS-CoV-2
symptoms or risk factors, prior antigen or PCR test results and vaccination status, as well as
work-related risk factors and protective measures. Parallel COVID-19 serological assays
were performed using both a standardized chemiluminescent ELISA assay at the central-
ized platform operated in partnership with the Public Health Agency of Canada, and a semi-
automated in-house colorimetric ELISA assay developed at our decentralized site. The
YES/NO determination of SARS-CoV-2 vaccine seroconversion and/or infection events
using the SARS-CoV-2 ancestral spike protein and nucleocapsid protein validated coher-
ence of the centralized and decentralized assays. The flexibility of the decentralized assays
allowed broadening the study to determine cross-reactivity of IgG directed against the spike
protein of the SARS-CoV-2 Delta and Omicron VOCs, and IgM directed against the ances-
tral spike and nucleocapsid proteins. The nature of the data obtained in the decentralized
assays allowed treatment with a recently developed mathematical transformation to obtain
normal distribution, enabling ANOVA-Welsh statistical analysis. Although no significant dif-
ferences were observed in humoral response as related to BMI, age, level of education, or
chronic illnesses in this cohort of workers, statistically higher levels of vaccine-induced anti-
bodies were observed for restaurant workers and hardware store workers in the early stages
of the study, compared to workers in bars and grocery stores and in non-smokers versus
smokers.

Conclusions

This work highlights the importance of developing adaptable, decentralized tests for popula-
tion-level immune surveillance in response to a pandemic, even before centralized testing is
available. To our knowledge, no other study has reported such an extensive longitudinal
investigation during key periods of the COVID-19 pandemic in a cohort of food and retail
workers to analyze two types of immunoglobulin, three epitopes and antigens to three VOC.
This study will inform strategies and measures to be implemented in the event of a future
pandemic.

Introduction

Following the emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in Wuhan (China) in late 2019, the World Health Organization (WHO) declared global
pandemic status on March 11% 2020 [1-3]. Over the first three years of the pandemic, over 1.3
million confirmed cases and more than 19,000 deaths were documented in the province of
Québec alone (current population 8.6 million) [4]. Since December 2020, a growing number
of the emerging variants have been classified as “variants of concern” (VOC) by the WHO for
being highly contagious, capable of evading post-infection immunity, and by causing a higher
number of hospitalizations [5].
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Higher antibody detection in infected or vaccinated individuals has been correlated with
increased protection efficiency [6-12]. This made serosurveys a central tool for evaluating and
predicting the protection level against viral infections within various populations deemed at
risk [7]. Studies have been predominantly carried out on cohorts of healthcare workers [13-
17], immunocompromised individuals having various pre-existing conditions [18-20], hospi-
talized COVID-19 patients [13, 21-23], the elderly [24, 25] and younger individuals [26-29].

Our objective was to determine whether an easily deployable decentralized serological assay
could serve to reliably monitor a target population in a pandemic situation. Reliable decentral-
ized testing could serve as a complement to centralized assays in future pandemic events. In
particular, decentralized testing can offer greater flexibility in adapting to evolving targets such
as VOC.

Of interest, studies have reported on a higher risk of SARS-COV-2 infection in food and
retail workers during the early period (prior to vaccination) [30-34]. These workers were con-
sidered at greater risk of infection due to the customer-facing nature of their occupation,
which was classified as essential by the Public Health Agency of Canada, even during periods
of confinement in Québec [35]. To investigate this population, we performed a study on a
cohort of 304 food and retail workers that covered key periods of the pandemic, including the
initial vaccination campaigns and the emergence of the Omicron variant. Samples collected in
this work were first analyzed via a centralized laboratory platform using a standardized and
automated chemiluminescent ELISA assay (hereafter referred to as the “centralized assay”) at
the Serology and Diagnostics Facility of the University of Ottawa, which operated in partner-
ship with the Public Health Agency of Canada for COVID-19 serological assays [36]. This plat-
form performed YES/NO determination of SARS-CoV-2 vaccine seroconversion and/or
infection events by measuring the IgG antibodies targeting the Wuhan-Hu-1 ancestral strain
spike trimeric ectodomain (hereafter referred to as the “spike protein”), the receptor binding
domain (RBD) and the nucleocapsid protein [36].

To greatly expand the information held in the samples, we then used a semi-automated in-
house colorimetric ELISA assay developed at our decentralized site at the Université de Mon-
tréal (hereafter referred to as the “in-house assay”) [37]. We first validated the coherence of
this method by performing YES/NO detection similar to those of the centralized method,
using the SARS-CoV-2 Wuhan-Hu-1 ancestral spike protein and nucleocapsid protein. We
then took advantage of the flexibility of the in-house assay, broadening the study to determine
the cross-reactivity of IgG directed against the spike protein of the SARS-CoV-2 Delta and
Omicron VOCs, and assessed the IgM directed against the Wuhan-Hu-1 ancestral spike and
nucleocapsid proteins. Importantly, we tuned the assay parameters to be amenable to the inte-
gration of a recent mathematical model [38] that allowed the transformation of the dataset for
normalization. This enabled the calculation of statistical differences in antigen levels between
vaccinated and unvaccinated individuals and between individuals having different job catego-
ries or potential risk factors.

This work is part of a collective effort and stresses the importance of rapidly developing
adaptable, decentralized tests for population-level immune surveillance in response to a pan-
demic, even before centralized testing is available [37, 39]. To our knowledge, no other study
has reported such an extensive longitudinal investigation during the key periods preceding
and following the emergence of Omicron in a cohort of highly vaccinated food and retail
workers to analyze two types of immunoglobulin, three types of epitope, and antigens to three
VOC [40-42]. This study will inform strategies and measures to be implemented in the event
of a future pandemic. In particular, by providing the means to rapidly monitor populational
seroprevalence, the population can be informed of disease progression, which can improve
populational compliance with respect to vaccine uptake, practices of self-isolation, social
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distancing, mask-wearing and hand-washing, respect of curfews and travel restrictions [43]; in
the future, we envisage that decentralized testing will facilitate comparison of seroprevalence
in different populations and conditions, to inform policymakers on effectiveness of specific
measures.

Materials and methods

1. Cohort composition and sample collection

All recruitment, data collection interviews, and sample collection activities were carried out at
the Centre Hospitalier Universitaire (CHU) de Québec-Université Laval and have been
described in detail [39]. Briefly, the cohort included 304 food and retail workers residing in
either the Capitale Nationale (76%) or the Chaudiére-Appalaches (24%) administrative regions
in the province of Quebec, Canada. Individuals provided written informed consent (approved
by the “Comité d’éthique de la recherche du CHU de Québec-Université Laval”, registration
number 2021-5744). The Canadian Immunity Task Force (CITF) questionnaire [44] was used
for data collection, and data collected during interviews have been reported [39]. With an aver-
age age of 41.3 years, 58% were female and 42% were male; nearly half (49%) worked in restau-
rants or bars, 37% in grocery stores and 14% in hardware stores. None had a history of
hospitalization linked to SARS-CoV-2 [39].

The recruitment and observation period spanned 1.5 years, from April 1%, 2021, to October
,2022. A total of 121 participants reported at least one positive test during the study period.
Participants attended five evenly-spaced visits between April 2021 and October 2022. A blood
sample and information on SARS-CoV-2 risk factors, symptoms, results of antigen or PCR
tests, and vaccination status were collected at every visit. In addition, information regarding
potential risk factors (i.e., demographic, socioeconomic, behavioral, clinical, and occupational)
was obtained, allowing multifactor analysis of the cohort; specifically, these included the type
of work, age, sex, education level, weight, comorbidities, smoking habits, work region, weekly
working hours, social gatherings, travel and number of people in the household. All data col-
lected is available in a downloadable file at [45].

At each visit, a 30 mL blood sample was collected in 6 mL tubes (BD Vacutainer 367815).
Sera collected between June 4™ and 9™, and between July 2" and 8", 2020, from eight individ-
uals (aged between 20-55 years old; 7 females and 1 male) who had never tested positive for
SARS-CoV-2 were pooled and used as the negative control. Individuals provided written
informed consent (approved by the “Comité d’éthique de la recherche du CHU de Québec-
Université Laval”, registration number 2021-5241). Sample tubes were gently inverted, held at
room temperature for 15-30 min to allow clotting, and spun at 1600 g for 15 min. Serum sam-
ples (1 mL aliquots) were transferred into cryovials (Sarstedt Inc., product 72.694.006), frozen
in an upright position at -20°C and stored at -80°C until shipment on dry ice to the assay site,

3rd

where they were maintained at -80°C until use.

2. SARS-CoV-2 viral antigens

The National Research Council of Canada (NRC) provided trimeric recombinant SARS-CoV-
2 spike proteins (Wuhan-Hu-1 (SmT1, lot PRO1-429), Delta (SmT1v3 (B.1.617.2)), and Omi-
cron BA.1 (SmT1(BA.1), lot PRO7911-2]), as well as the spike receptor-binding domain (319-
541 RBD) produced as described previously [46, 47]. The NRC also supplied the SARS-CoV-2
nucleocapsid NCAP-1 [48].
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3. In-house ELISA (Enzyme-linked Immunosorbent assays)

The semi-automated in-house colorimetric ELISA was performed as described in [49] and
[37] with some modifications by adapting a semi-quantitative ELISA protocol from previous
work [50-52]. Briefly, 96-well immunoassay plates were coated with 100 puL of the relevant
SARS-CoV-2 antigen and incubated overnight at 4 °C. They were then washed and blocked
with 100 pL of 3% (w/v) skimmed milk powder for 1h at room temperature (RT) and then
washed again. The human serum samples were inactivated by incubating them in a block
heater at 56 °C for one hour and diluted as specified (1: 15,000 for anti-spike IgGs, 1: 200 for
anti-nucleocapsid IgGs, and 1: 100 for anti-spike and anti-nucleocapsid IgMs). Aliquots

(100 pL) of the inactivated, diluted human serum samples were then added in the prepared
immunoassay plates and incubated at RT for one hour. The plates were washed, and 100 uL of
the appropriately diluted host-specific secondary antibody was added (1: 30,000 Goat anti-
human IgG HRP Life Technologies (Invitrogen) Catalog #31413 or 1: 10,000 Goat anti-human
IgM (pu-chain specific) HRP Sigma-Aldrich Catalog # A6907), covered to block out light, incu-
bated at RT for 1h, and then washed again. 100 pL of 3,3',5,5 - tetramethylbenzidine (TMB)
was then added and incubated at RT for 1h, followed by the addition of 100 pL of 2 M HCI for
color development. Absorbance was measured at 450 nm.

Quality control was performed using a calibration standard to ensure inter-day reproduc-
ibility throughout the testing period. The calibration standard consisted of pooled clinical sam-
ples from participants who were confirmed COVID-19-positive by PCR test. Independent
replicates (n = 45, performed on different assay plates over several months) performed for
each antigen and immunoglobulin type determined the standard signal range for each antigen.
The standard was included on each ELISA plate (3 wells on each 96-well plate). When the
value obtained for the standard fell outside of the acceptable range (+/- 25% of the median
value), assay results for that plate were excluded. We note that the median value was deter-
mined retrospectively in that the 45 independent replicates were performed alongside the
query samples. According to that median, we then retrospectively evaluated which 96-well
plates should be excluded. Those assays were repeated. The COVID-19-negative control
(described above) was also included on each ELISA plate. Repeatability was assessed for both
the positive and negative controls, for ELISA of IgG to ancestral spike protein run by a single
operator within 3 months. We found an average OD,s of 1.63 +/- 0.17 (n = 50) for the positive
control and of 0.127 +/- 0.019 (n = 49) for the negative control.

Independent replicates performed for each specific antigen and immunoglobulin type
(n = 45, performed on different assay plates over several months) established the negative con-
trol range for each target. Positivity thresholds were established as values above the mean of
negative controls for a given target plus one standard deviation. Again, positivity thresholds
were determined retrospectively.

4. ELISA (Enzyme-linked Immunosorbent assays) at the uOttawa High
Throughput Serology and Diagnostic Facility

The automated chemiluminescent ELISA, referred to as the ‘centralized assay’, was described
in [36]. Briefly, automated chemiluminescent ELISAs were performed using MicroLab Star
robotic liquid handlers (Hamilton, USA) and a 405 TS/LS LHC2 plate washer (Biotek Instru-
ments; all wash steps included four washes with 100 uL PBST). All incubations were done at
room temperature with shaking at 500 rpm. Antigens (Wuhan-Hu-1 ancestral spike, 319-541
RBD, and NCAP-1 nucleocapsid) were diluted in PBS and dispensed into the wells of a
384-well high-binding polystyrene Nunc plate (Thermo Fisher Scientific, #460372) at a final
amount of 50 ng/well. The plates were centrifuged at 216 x g for 1 min to ensure even coating,
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incubated overnight, rocking at 4°C, and washed. Wells were blocked with 80 pL of 3% w/v
skim milk powder dissolved in PBST for 1 h and then washed. Samples and controls were
diluted as indicated to a final concentration of 1% w/v skim milk powder in PBST, and 10 puL
was added to each well from a 96-well source plate. Plates were incubated for 2 h, and wells
were washed. Secondary antibodies (as in the colorimetric assay) were diluted as indicated in
1% w/v skim milk powder in PBST, and 10 pL was added to each well. After incubation for 1
h, the wells were washed, and 10 pL of ELISA Pico Chemiluminescent Substrate (Thermo Sci-
entific; diluted 1:2 in MilliQ H,0) was dispensed into each well. After a 5 min incubation with
shaking, plates were read on a Neo2 plate reader (BioTek Instruments) at 20 ms/well and a
read height of 1.0 mm [36].

5. Data transformation and statistical analysis

Standard curve of the ELISA standard. For calibration purposes, a parent solution
referred to as the “standard” and consisting of a pool of 13 COVID-19-positive samples, was
created and used throughout the study. To model the relationship between absorbance and
concentration, a 12-step serial dilution of the standard was prepared. As the actual antibody
concentration of the standard was unknown, the most diluted sample was arbitrarily set at a
concentration of 1. Each subsequent sample was assigned a relative concentration twice that of
the previous sample. Consequently, the serial dilutions included relative concentrations (R.) of
1,2,4...to02048. ELISA of the serial dilutions was performed against each relevant antigen, in
quadruplicate on each of three separate plates for a total of 12 replicates of each dilution. Each
serial dilution plate also contained a negative control (pool of COVID-negative samples) and a
blank control (buffer only).

Modeling the relationship between absorbance and concentration. For each antigen,
the mean ELISA absorbance of each dilution of the standard was then related to the dual log of
its relative concentration (R.) to plot a nonlinear calibration curve of O.D. versus log,[R.]. To
describe this relationship, we used a five-parameter logistic regression model [38]:

Log,[R | = Log, % (1)
[(OTL;—BB)Z - 1]

Two of the 5 model parameters (B and T) were fixed (B = median of blank controls,

T = technical limit of the spectrophotometer). The three further parameters (A = curve skew-
ness, I = R, at the inflection point, I = R, at the inflection point if A = 1) were predicted using
the R script published in [38]. The script uses the Levenberg-Marquardt algorithm and the
nlsLM function from R’s minpack.Im package [38].

Quality control of the model for each antigen. To confirm the robustness of this
method, we reintroduced the serial dilution data (O.D.) from the ELISA for each antigen into
the equation using the parameters predicted by the model (again using the code available in
[38]) to compare the trend of the experimental data points to the model, confirming the accu-
racy of each model.

Data transformation and analysis. The experimental ELISA data were fed into their
respective antigen model for transformation. The limits of these models are their asymptotes.
Any data point below the bottom asymptote could not be transformed and was removed from
statistical analysis. There were no data points above the top asymptote. The number of data
points removed for each antigen dataset is available in S1 Table in S1 File.
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Results

An overview of seropositivity and IgG levels in food service and retail
workers from April 2021 to October 2022

During the 1.5-year study period, blood samples from 304 food and retail workers were col-
lected at five visits, each spanning a period of 4 to 7 months (Fig 1). In total, 1299 samples were
collected. The cohort composition is summarized under Methods, and complete details of the
recruitment method and data collected by interview have been reported [39]; all data collected
is available in a downloadable file at [45]. The percentage of fully vaccinated participants
(defined by the Canadian government as having received at least two doses of one or a combi-
nation of approved vaccines [53]) was already 48% by the first visit and reached 97% at visit 5
(S2 Table in S1 File).

Seroprevalence in the population of workers over the timeline of the study

We applied a previously established in-house ELISA to determine IgG and IgM levels specific
to the spike protein ectodomain and the SARS-CoV -2 nucleocapsid protein for the ancestral
strain and the Delta and Omicron VOCs [37, 49]. It is advisable to use the spike protein as a
reference in population-based seroprevalence studies, as the humoral immune responses it
elicits are strong [55], and it is the antigen used for nearly all approved COVID-19 vaccines.
The use of a calibration standard made up of pooled clinical samples from PCR-diagnosed
COVID-positive participants ensured reproducibility. The standard was included on each
ELISA plate, enabling the retrospective establishment of a standard signal range (median +/-
25%) for each antigen. Only plates where the standard signal was within this range were con-
sidered valid; invalid assays were repeated as needed. A pool of eight pre-COVID-19 serum
samples was used as a negative control and was tested with each specific antigen and immuno-
globulin type.

For validation of our decentralized assay, the monthly means of anti-spike (ancestral
Wuhan-Hu-I strain) and anti-nucleocapsid IgG levels obtained with the in-house ELISA (Fig

Alpha variant Defta varlant Omicron vartant Alpha variant Delta variant Omicron variant
dominance H dominance : dominance N i : i 4
0.8+ A : :srddose 4th dose ond dose ! ] 4th dose - 150
2nd dose | : \ \ 10000~ ! '
] ' y )
E 0.6 ' ' 8000 =]!st dose ; i
: : ' - 100
2 f : 5 = : @
T 0.4+ A ! £ 6000+ i >
. : : = : 3
Q: » @ 4000+ ' F50 ©
O 0.2+ 1 : i
3 i —e— Ancestral Omicron 2000 —e— Ancestral
1 1 —— Della  —#— Nucleocapsid —=—  Nucleocapsid
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WY PR I P & RGN » 0(90 W@ s P Q FE TP B s o%e
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Fig 1. Overview of ELISA from all samples assayed over 18 months (n = 1290). A) In-house ELISA, reporting the mean monthly O.D.450. IgG
levels for the ancestral, delta and Omicron spike protein variants and the nucleocapsid were measured (see colored legend). Positivity threshold:
ancestral spike = 0.031; delta spike = 0.033; Omicron spike = 0.040; nucleocapsid = 0.048. B) Centralized ELISA, reporting the mean antibody
units per mL (BAU mL™). IgG levels for the ancestral spike protein and the nucleocapsid were measured (see colored legend). Visits at which
samples were taken are indicated in different colors under each graph. The approximate availability of vaccine doses to the general population in
the province of Québec is indicated by arrows [54]. Note the scales on the y-axes of (B): left axis for ancestral spike (black), right axis for
nucleocapsid (green).

https://doi.org/10.1371/journal.pone.0314499.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0314499 December 16, 2024 7/21


https://doi.org/10.1371/journal.pone.0314499.g001
https://doi.org/10.1371/journal.pone.0314499

PLOS ONE SARS-CoV-2 serology in retail workers using ELISA dataset transformation

1A, mean O.D. values) were compared with the centralized ELISA (Fig 1B, mean BAU/mL).
Concordant trends of seroprevalence were observed by both methods for ELISA to the ances-
tral variant: anti-spike IgG levels peaked around July/August 2021 during Alpha variant domi-
nance, coincident with the 2™ mass vaccination campaign in the region, and in February to
July 2022 during Omicron dominance, coincident with the 3™ mass vaccination campaigns in
the region. These observations are consistent with the trends observed more broadly in the
Canadian population over the same period [56]. Concordant trends with the anti-nucleocapsid
IgG levels (Fig 1A and 1B) were also observed: nucleocapsid signal remained low because rela-
tively few people were infected (Table 1) until the highly infectious Omicron variant was
reported in Québec on November 29" 2021 [5]. The individual ELISA results are provided in
S1 Fig in S1 File (in-house ELISA) and S2 Fig in S1 File (centralized ELISA). All data is avail-
able in a downloadable file at [45].

We further investigated seroprevalence in this population by monitoring the IgM directed
against the Wuhan-Hu-1 ancestral spike and nucleocapsid using the in-house ELISA assay.
The pattern of rapid production and decline of anti-SARS-CoV-2 IgM is consistent with other
reports [37, 57-59] and the IgM ELISA signals were consistently lower than the corresponding
IgG signals (S3 Fig in S1 File), as in prior studies [37, 57]. This confirms the utility of reporting
on IgM to monitor populational seroprevalence shortly after vaccination or infection events
while illustrating the greater overall practicality of reporting on IgG over longer observation
periods.

Seropositivity in the population of workers over the timeline of the study

The ELISA data obtained at our decentralized platform were first used for the determination
of a YES/NO answer to SARS-CoV-2 vaccine seroconversion or infection. Assay repeatability
was ensured by including the positive control, also used as the calibration standard (below),
and the negative control on each ELISA plate (see Methods); repeatability was found to be +/-
10% for the positive control and +/- 15% for the negative control. Positivity thresholds (YES)
were established as values above the mean of negative controls for a given target plus one stan-
dard deviation. The positivity thresholds were determined retrospectively after most samples
had been tested (see Methods).

Validation of the YES/NO results obtained with the in-house ELISA was achieved by ana-
lyzing the same clinical samples at the centralized testing site using antigens from the same
source (Table 1; S1 and S2 Figs in S1 File). Seropositivity was determined at the centralized
testing site by ELISA to IgG against both the ancestral Wuhan-Hu-1 strain spike protein ecto-
domain and receptor-binding domain (RBD) and against the nucleocapsid protein [24, 36]. A
World Health Organization (WHO) reference standard was used to calibrate the assay [36].
The scaled luminescence values were measured and converted to titer in the form of antibody
units per mL [24]. The sensitivity (true positive rate) and specificity (true negative rate)

Table 1. Comparison of vaccine and natural seroprevalence in vaccinated participants between in-house and centralized ELISA.

Visit 1 Visit 2 Visit 3 Visit 4 Visit 5
ELISA method In-house | Centralized | In-house | Centralized | In-house | Centralized | In-house | Centralized | In-house | Centralized
Total samples 304 304 297 296 291 289 194 198 194 194
Vaccine Immunity ' 83% 79% 72% 93% 88% 92% 93% 98% 95% 99%
Natural immunity 2 22% 9% 10% 8% 38% 16% 56% 52% 42% 59%

! Defined by positive anti-spike signal for in-house ELISA or the combination of positive anti-spike and anti-RBD signals for the centralized ELISA.

% Defined by positive anti-nucleocapsid signal for in-house ELISA and the combination of positive anti-nucleocapsid and anti-RBD signals for the centralized ELISA.

https://doi.org/10.1371/journal.pone.0314499.t001
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reported for this centralized assay for IgG against the ancestral spike protein were 94% and
81%, respectively, and against the nucleocapsid protein were 79% and 99% [36].

In this standard YES/NO analysis, concordant patterns of vaccine seroprevalence (anti-
spike IgG, ancestral strain) were observed between the in-house and centralized ELISA meth-
ods. A strong correspondence was also observed for naturally acquired seroprevalence (anti-
nucleocapsid IgG) (Table 1). Furthermore, the anti-nucleocapsid IgG data is fully consistent
with infection data, including reports of PCR-positive tests or positive self-tests, where infec-
tion among this cohort was low (fewer than 5 cases per 100 person-years) during the first
waves, rapidly increasing with the emergence of Omicron (peaking at 80 cases per 100 person-
years during the fifth wave) [39]. The sensitivity (true positive rate) and specificity (true nega-
tive rate) of the in-house assay, calculated using the data from the centralized assay as reference
values (Methods), were 88% and 52%, respectively, for vaccine immunity and 68% and 81%,
respectively, for natural immunity (S3 Table in S1 File). We note that the sensitivity and speci-
ficity reflect the design of either assay. Specifically, the in-house colorimetric ELISA assay was
designed to maximize absorbance readings within the linear detection range of the instrument
(S1 Fig in S1 File). Although this comes at the cost of weakening the discrimination between
YES/NO responses, it provides an unbiased assessment of antibody levels. This is in contrast
with the chemiluminescent centralized ELISA assay, where a greater YES/NO discrimination
was obtained by maximizing positive signals at the cost of linearity (S2 Fig in S1 File). Though
the sensitivity and specificity of the in-house ELISA assay do not reach the stringent levels
required for individual diagnosis, they reinforce the validity of using in-house ELISA as a reli-
able instrument for populational studies during the early phases of a pandemic [37].

The scope of the study was broadened by monitoring Delta and Omicron anti-spike IgG
levels using the in-house ELISA assay, highlighting the adaptability of this method to the
appearance of the VOC (Fig 1A). Before December 2021, during the period where serological
response resulted predominantly from vaccination using ancestral spike antigen and before
the appearance of the Omicron VOC, the IgG ELISA response using the Delta spike antigen
was indistinguishable from that using the ancestral Wuhan-Hu-1 spike antigen. This is consis-
tent with prior reports of effective cross-reactivity between these strains [37, 60, 61]. As the
study progressed, the Omicron variant became dominant. In contrast with the Delta variant,
and also consistent with a prior report, cross-reactivity with the Omicron spike antigen was
weaker but nonetheless consistent with immune protection even as the viral strains continued
to evolve (Fig 1A and 1B) [62].

Statistical correlation between vaccination and antigen levels

COVID-19 vaccines were made available to the general adult population in Québec beginning
in March 2021 [54], coinciding with the beginning of this study. The Astra Zeneca COV-
ISHIELD (Vaxzevria) was rapidly followed by the Pfizer-BioNTech and Moderna Spikevax
RNA-based vaccines; all were based on the ancestral spike antigen. Over the course of this
1.5-year longitudinal study, vaccination status increased: at the first visit (V1), 48% (146 of 304
the study participants) were fully vaccinated (had received at least two doses of one or a combi-
nation of the approved vaccines [53]), V3 saw 65% (188/291 participants) fully vaccinated and
V5 saw 97% (188/194) fully vaccinated (S2 Table in S1 File). The increase in vaccination status
from V3 to V5 resulted entirely from the drop from 291 to 194 study participants. Interest-
ingly, all who withdrew from the study between V3 and V5 were non-vaccinated. Thus, vacci-
nation status was strongly correlated with long-term engagement in the study.

The in-house ELISA datasets were statistically analyzed to determine correlations between
antibody levels and vaccination. The design of the in-house ELISA assay conditions was
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essential for this procedure. As mentioned above, we designed the colorimetric ELISA assay to
maximize absorbance readings within the linear detection range of the instrument (S1 Fig in
S1 File) to provide an unbiased assessment of antibody levels.

The quality of the dataset thus allowed performing statistical analysis of the in-house ELISA
dataset by Welch’s ANOVA test. First, mathematical data curation and transformation were
performed, fulfilling the requirement that datasets adopt a normal distribution; the unequal
variances of the resulting dataset precluded the application of ANOVA and indicated Welch’s
ANOVA as appropriate. Then, the relationship between ELISA absorbance and relative IgG
concentration was modeled using a COVID-19-positive standard and applying a regression
model, as previously reported by others; the data fit a five-parameter logistic function, detailed
in Methods [38]. For statistical analysis, calibration curves were obtained by serial dilution of
the standard [37, 38]. As the standard solution was of unknown concentration, the most
diluted sample was arbitrarily set at a concentration of 1, hence the term “relative concentra-
tion, R.”. This transformation made it possible to normalize and statistically analyze the data
using Welch’s ANOVA, which is only applicable to normally distributed data, yet allows for
variance inequality (see Methods) [38].

Comparison of ELISA standard curves to the model for each antigen shows excellent con-
cordance (Fig 2). Having confirmed the accuracy of each model, the in-house ELISA datasets
were transformed using their respective antigen model and statistically analyzed by Welch’s
ANOVA test; the transformed datasets are available in a downloadable file at [45].

ELISA reporting on IgG using the Wuhan-Hu-1 ancestral spike, Omicron spike, and nucle-
ocapsid antigens were analyzed to determine the correlation between vaccination events and
seroconversion, and the impact of viral evolution to the Omicron VOC on cross-reactivity.
We observed clear statistical differences in anti-spike IgG levels between unvaccinated individ-
uals and those who have received a greater number of doses, up to a maximum of four doses
(Fig 3). Analysis of cross-reactivity with the Omicron variant spike antigen gave similar results,
although the statistical significance was generally greater. When the analysis was repeated with
the inclusion of samples following seroconversion for anti-nucleocapsid IgG, the trend was
conserved with an increase statistical difference (54 Fig in S1 File). Although this may be due
to the greater number of datapoints analyzed, it is more likely due to the additional immunity-
provoking event of the infection in the nucleocapsid-seroconverted individuals. In addition to
providing an additional event of antigen exposure, vaccination and infection together have
been shown to provide a greater response than either alone [63]. We note that following sero-
conversion for anti-nucleocapsid IgG in any individual, further samples from that individual
were excluded to eliminate the impact of infection on the immune response.

It is important to note that the samples were collected without regard for the dates of vacci-
nation of the individuals. Therefore, the observed serological response is averaged over many
months post-vaccination for this population. This is seen in the modest increase (below statis-
tical significance) in signal resulting from two doses of vaccine (‘primovaccination’) compared
to non-vaccinated. Since sampling continued for months prior to the 3" vaccination cam-
paign, it should not be interpreted as poor serological response as it is subject to the expected
waning of humoral response over time following primovaccination [64]. A marked increase in
median anti-spike IgG levels in samples following 3 or 4 vaccine doses was observed, consis-
tent with other reports [65]. We note that the dataset included few participants having received
a single vaccine dose, as many participants had already been vaccinated twice at their first sam-
ple collection visit.

Using the same mathematically transformed ELISA dataset, we monitored for any statistical
differences in seroprevalence to the spike antigen as a result of the type of vaccine adminis-
tered. Two vaccine doses (no matter the combination of vaccine products used) resulted in no
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Fig 2. Comparison of serial dilution ELISA data with model prediction. ELISA data for IgG were compared with model predictions for A) ancestral
spike, B) nucleocapsid, C) delta spike and D) Omicron spike antigens. X-axis: dual logarithm of the relative concentration of serial dilutions
(experimental data points in black, model predicted points in red). Y-axes: O.D. of serial dilutions.

https://doi.org/10.1371/journal.pone.0314499.9002

statistical difference with the unvaccinated individuals (Fig 4A). For three vaccine doses, a sta-
tistical difference between unvaccinated individuals and fully vaccinated participants was
observed for the combination of three RNA-based vaccines (no matter the combination of
Moderna/Pfizer-BioNTech products used); cross-reactivity with the Omicron spike antigen
gave a higher statistical significance. Although the trend was maintained for the combination
of Astra-Zeneca/2RNA vaccines, it was not statistically significant (Fig 4B). However, upon
including the nucleocapsid-positive individuals in the analysis (S5A and S5B Fig in S1 File),
greater statistical differences were seen. As above, this could be due to the greater number of
datapoints analyzed and to the additional immunity-provoking event of the infection in the
nucleocapsid-seroconverted individuals.

Our findings are consistent with the report that seroconversion using those vaccine combi-
nations is roughly comparable, reaching around 90% seroconversion when the two doses
administered are from an mRNA vaccine (i.e. Pfizer and Moderna), or when the first dose
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Fig 3. Comparative assessment of humoral immune response in unvaccinated and vaccinated, nucleocapsid-
negative individuals. ELISA assays measuring ancestral or Omicron anti-spike IgG levels were analyzed collectively
(all visits together). Each grouping includes all data collected (n is given) for that number of vaccine doses (0 to 4, x-
axis); ‘n’ excludes samples of individuals following determination of seropositivity for anti-nucleocapsid IgG and
includes any sample taken at different visits for the same individual whose vaccination status did not change. X-axis:
number of vaccine doses received (minimum 7 days post-vaccination). Y-axis: data points after logarithmic
transformation. The median (solid line) and quartiles (dashed lines) are shown in the violin plots; no outliers were
removed. Statistical significance: *, p < 0.05; **, p < 0.01; ****, p < 0.0001.

https://doi.org/10.1371/journal.pone.0314499.9003

administered is AstraZeneca (viral vector vaccine) but followed by a second dose with an
mRNA vaccine [66].

Statistical analysis of antigen levels in relation to the workplace in an
under-reported yet highly exposed population

Our focus on the humoral immunological response of the underrepresented yet highly
exposed group of food service and retail workers has yielded a comprehensive dataset span-
ning the 18-month period during which vaccination was deployed, and the virus evolved into
several VOCs. We solicited the participation of individuals working in bars, restaurants, gro-
cery stores, and hardware stores because these jobs require contact with customers and are
therefore considered at greater risk than other types of work. Workers in these sectors in Qué-
bec often have below-average incomes and no health-related benefits [39]. A certain variability
of risk exists in this cohort: while grocery stores and hardware stores remained open through-
out the pandemic in Québec, bars and restaurants were periodically closed by health authori-
ties. However, the use of protective equipment was better enforced in grocery and retail stores
than in restaurants and bars, where clients stayed longer and removed masks to consume food
and beverages [39].

We observed no overall statistical difference in humoral response between the different
occupations according to ELISA when the data from all visits were analyzed collectively (all
visits together) (Fig 5A and 5B). However, certain trends emerged upon stratification by visit
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(Fig 5C and 5D), specifically over the period of the two first visits, during which the cohort
mostly became fully vaccinated (Fig 1) but where the rate of infection-acquired immunity (nat-
ural immunity) was low (Table 1). At visit 1, ancestral strain anti-spike IgG levels were statisti-
cally higher for the individuals working in restaurants, and at visit 2, anti-spike IgG levels were
statistically higher in those working in restaurants and hardware stores (Fig 5C). Contrary to
grocery and hardware stores that were never closed down in the region investigated, bars were
closed in the region investigated for 3 of the 10 months spanning visit 1, coincident with even-
ing curfews; this measure of health protection appears to have been successful in reducing
exposure of bar workers relative to the other areas of occupation as nucleocapsids levels for
this group are lower than for the others (Fig 5D). Restaurants were also open, although with
limited capacity by periods. Interestingly, while restaurant and hardware store workers had the
highest level of anti-nucleocapsid IgG response at visit 1, bar and grocery store workers had
higher levels from visit 2 onward (although only statistically significant for visit 2 itself) (Fig
5D).

There is some evidence in the literature that masks provide useful protection against expo-
sure to the virus [67]. We analyzed self-reported mask-wearing habits at the workplace, finding
no statistical difference in the level of anti-nucleocapsid IgG (infection-induced immunity)
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https://doi.org/10.1371/journal.pone.0314499.9005

with the exception of visit 4 (Fig 6), during the peak of the highly infectious Omicron variant
(Fig 1). Here, more people (65) reported not wearing masks than in previous visits (5 in visit 1,
11 in visit 2 and 21 in visit 3), and their anti-nucleocapsid IgG levels were significantly higher
than those of people wearing masks during the same period. We hypothesize that the incidence
of the Omicron variant and more relaxed mask-wearing habits contributed to the observed
difference.

We found no significant differences for participants who used public or private transport to
get to and from the workplace (S6 Fig in S1 File) or for those who reported being in contact
with infected people (S7 Fig in S1 File).
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Statistical findings unrelated to work-related activities

While the main focus of this study was to analyze the effects of vaccination and exposure for
this cohort, we had the opportunity to examine other factors thanks to the information pro-
vided by participants during the survey at each visit. No statistically significant differences
were found for level of education (Fig 7A), chronic illnesses (Fig 7B), age (Fig 7C), body mass
index (BMI) (Fig 7D and S8 Fig in S1 File), and participants’ smoking habits (Fig 7E) in this
cohort. However, statistically higher ancestral anti-spike IgG response was observed in non-
smokers than in smokers (p < 0.05). This difference was not observed in the case of natural
immunity (anti-nucleocapsid IgG). This is consistent with prior observations that smokers
generally show lower antibody titers or a more rapid decline of vaccine-induced IgG levels
than non-smokers [68]. The results shown above were analyzed collectively (all visits together);
no significant difference was observed when the statistical analysis was stratified by visit.

Discussion

This 1.5-year longitudinal study of the humoral response elicited by vaccination and by
SARS-CoV-2 infection in a cohort of 304 essential workers from food service and retail in the
Québec City area continues to highlight the capacity for a decentralized approach to effectively
monitor the humoral response to infection. The impact of this study is amplified because
cohort studies of highly vaccinated adults without pre-existing severe health problems who
were not hospitalized for COVID-19 are scarce [40, 41] and because few COVID-19 studies
have reported longitudinal data from sampling of the same individuals over a long period [42].
We demonstrated coherence between the centralized and decentralized assays with the
standard YES/NO determination of SARS-CoV-2 vaccine seroconversion and infection events.
This confirmed high rates of seroconversion concomitant with each subsequent vaccination
campaign and allowed to clearly observe seroconversion resulting from infection in this popu-
lation of essential workers. We then obtained key information to quantify the extent of
humoral response. This required that the flexible in-house (decentralized) colorimetric ELISA
protocol be tuned to minimize absorbance datapoints that exceed the linear instrument range,
enabling observation of the continuum of immunoglobulin concentrations to track serological
progression. However, this approach came at the cost of blurring the distinction between
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https://doi.org/10.1371/journal.pone.0314499.g007

weakly positive and negative samples. This can be contrasted with the centralized assay,
designed to maximize positive signals to provide high sensitivity and specificity at the cost of
losing some information on immunoglobulin levels [36]. To enable robust statistical analysis
using Welch’s ANOVA test that requires normally distributed datasets, we applied data trans-
formation to achieve the normal distribution; again, tuning the ELISA protocol was essential
to produce unbiased transformed data.

The measure of reproducibility, entailing reproducing the study at an independent site, was
not undertaken and constitutes a limitation of this work. Other limitations include variation
in the distribution of certain factors within the cohort; for example, grocery store workers
were younger (i.e., mean age: 44.2 vs. 48.2 years), included more overweight or obese partici-
pants (i.e., 72.3% vs. 46.5%) and lived in more crowded households (i.e., proportion with > 3
residents: 49.1% vs. 25.6%) than hardware store workers [39], which may serve as confounding
factors. Also, the low proportion of racial minorities (i.e., 3.0%) in the cohort limits the use of
these data to study racial determinants of SARS-CoV-2 immunity; we note that the cohort
composition was consistent with the visible minority population in the Québec census metro-
politan area (i.e., 4.9%).

In conclusion, the adaptability of the in-house colorimetric ELISA allowed rapid analytical
intake of the new SARS-CoV-2 variant antigens as they became relevant to this population. By
those means, we verified strong cross-reactivity between the ancestral and delta spike antigens,
and slightly weaker cross-reactivity with the Omicron spike antigen. The results of ANOVA-
Welch statistical analysis are concordant with statistical differences reported for more widely
studied cohorts such as healthcare workers, in the number of events of exposure to the antigen

PLOS ONE | https://doi.org/10.1371/journal.pone.0314499 December 16, 2024 16/21


https://doi.org/10.1371/journal.pone.0314499.g007
https://doi.org/10.1371/journal.pone.0314499

PLOS ONE

SARS-CoV-2 serology in retail workers using ELISA dataset transformation

(vaccination or infection), in the effectiveness of vaccine types, and smoking. We further
revealed differences related to occupational sectors over the period of the two first visits, dur-
ing which the cohort mostly became fully vaccinated but where the rate of infection-acquired
immunity was low. The flexibility of the decentralized analysis in rapidly integrating new itera-
tions of the spike antigen and the ease of undertaking measurements in small laboratories at
decentralized test sites will make this an essential complement to centralized testing in future
epidemic or pandemic events.
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