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Background: Serologic assays for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been
proposed to assist with the acute diagnosis of infection, support epidemiological studies, identify convalescent
plasma donors, and evaluate vaccine response.

Methods: We report an evaluation of nine serologic assays: Abbott (AB) and Epitope (EP) IgG and IgM, EURO-
IMMUN (EU) IgG and IgA, Roche anti-N (RN TOT) and anti-S (RS TOT) total antibody, and DiaSorin (DS) IgG. We
evaluated 291 negative controls (NEG CTRL), 91 PCR positive (PCR POS) patients (179 samples), 126 conva-
lescent plasma donors (CPD), 27 healthy vaccinated donors (VD), and 20 allogeneic hematopoietic stem cell
transplant (HSCT) recipients (45 samples).

Results: We observed good agreement with the method performance claims for specificity (93-100%) in NEG
CTRL but only 85% for EU IgA. The sensitivity claims in the first 2 weeks of symptom onset was lower (26-61%)
than performance claims based on > 2 weeks since PCR positivity. We observed high sensitivities (94-100%) in
CPD except for AB IgM (77%), EP IgM (0%). Significantly higher RS TOT was observed for Moderna vaccine
recipients then Pfizer (p-values < 0.0001). A sustained RS TOT response was observed for the five months
following vaccination. HSCT recipients demonstrated significantly lower RS TOT than healthy VD (p < 0.0001)
at dose 2 and 4 weeks after.

Conclusions: Our data suggests against the use of anti-SARS-CoV-2 assays to aid in acute diagnosis. RN TOT and
RS TOT can readily identify past-resolved infection and vaccine response in the absence of native infection. We
provide an estimate of expected antibody response in healthy VD over the time course of vaccination for which to
compare antibody responses in immunosuppressed patients.

In the US, the Moderna (ModernaTX, mRNA-1273) and Pfizer
(Pfizer-BioNTech, BNT162b2) SARS-CoV-2 messenger RNA (mRNA)

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1-11] which is an
enveloped, single-stranded RNA virus of the family Coronaviridae that
contains four structural glycoproteins: envelope (E), membrane (M),
nucleocapsid (N), and spike (S) [4,10]. As significant immunogenic
components of SARS-CoV-2, the N and S proteins serve as major antigen
targets of virus-specific antibodies [10].

vaccines were authorized by the Food and Drug Administration (FDA)
for emergency use in January 2022 and August 2021, respectively
[12,13]. These mRNA vaccines are administered in a two-injection series
(second injection at 21 and 28 days after the first for Pfizer and Mod-
erna, respectively). They elicit antibodies against the viral S protein
where the serologic response measured as SARS-CoV-2 S protein
neutralizing antibody levels has been correlated with protective
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immunity [14-16] and has been studied in neutralization escape with
viral evolution [17]. Further, the correlation of neutralizing antibody
levels to commercial anti-S levels had been demonstrated in previously
infected individuals [18-20] and vaccinated immunocompetent in-
dividuals [21].

Now widely available, serologic assays for SARS-CoV-2 have been
designed, validated, and manufactured for clinical, epidemiologic, and
research purposes [22-28]. Over 90 SARS-CoV-2 assays have received
emergency use authorization (EUA) from the FDA since the beginning of
the COVID-19 pandemic [29]. SARS-CoV-2 serology tests differ by the
antigen target (N or S protein) and the antibody detected (IgM, IgG, IgA,
or total combined), which contribute to the assay performance charac-
teristics (e.g. specificity, sensitivity). In general, the diagnostic perfor-
mance of serologic assays improves when combining SARS-CoV-2
antibody panels [21,30] and when the time from symptom onset or PCR
confirmation is > 10 days [31-33].

Based on the recommendations of professional societies, serologic
assays for SARS-CoV-2 have been proposed to (1) assist with the diag-
nosis of COVID-19 in patients with high clinical suspicion but who are
repeatedly negative for SARS-CoV-2 viral RNA, (2) determine the
prevalence of COVID-19 in the general population, particularly in
asymptomatic individuals, (3) aid in the identification of convalescent
plasma donors, and (4) evaluate vaccine response in healthy individuals
as well as those who are immunosuppressed [34-37]. Studies evaluating
immune response are of great interest to the global community as they
will help us to better understand the presence, durability, and duration
of protective immunity following infection and/or vaccination to inform
public health measures as the pandemic evolves to a pervasive endemic.

The evaluation of many assays have been published previously, but
most studies lack comprehensive validation of multiple manufacturers
using sample cohorts necessary to evaluate the performance across the
wide-breath of applications considered [30,32,33,38-54]. In general,
prior studies are limited to distinct evaluations of 1-4 different manu-
facturer’s methods, lacking robust clinical cohorts representing the
intended populations, and do not provide sufficient detail to compare
the performance of most major manufacturer’s methods available on the
market today across various timepoints post infection or vaccination.
We report a detailed assessment of our comprehensive evaluation of
nine commercially available SARS-CoV-2 serologic assays produced by
manufacturers of high-volume automated instrumentation commonly
found in clinical diagnostic laboratories in comprehensive cohorts to
evaluate the clinical and epidemiologic utility proposed by professional
societies. Here, we evaluated methods detecting various immunoglob-
ulin classes and antigen targets in pre-pandemic negative controls (NEG
CTRL), COVID-19 patients confirmed by RT-PCR for SARS-CoV-2 (PCR
POS), and eligible convalescent plasma donors (CPD). Further, following
the adoption of the Roche Elecsys Anti-N and Anti-S SARS-CoV-2 total
immunoglobulin methods in clinical practice, we demonstrate their
performance in the evaluation of vaccine response in apparently healthy
vaccinated donors (VD) more than five months past completion of the
initial vaccination series, and a cohort of allogeneic hematopoietic stem
cell transplant (HSCT) recipients.

2. Methods

Brigham and Women’s Hospital (BWH) is a 783-bed tertiary care
academic hospital in Boston, MA and one of the founding members of
Mass General Brigham (MGB) health system (previously Partners
Healthcare) which is affiliated with the Dana-Farber Cancer Institute.
All studies were conducted under the approval of the MGB Institutional
Review Board (IRB 2020P001074). In the clinical chemistry laboratory,
the Roche cobas 8000 chemistry analyzer series and an Abbott i1000
were used for evaluating Elecsys Anti-N and Anti-S SARS-CoV-2 total
immunoglobulin and Abbott SARS-CoV-2 IgG and IgM methods. The
immunology laboratory evaluated both the Epitope IgG and IgM as well
as the EUROIMMUN IgG and IgA manual plate-based methods. The
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microbiology laboratory is equipped with a DiaSorin LIASION on which
the IgG method evaluation was performed.

2.1. Study design

We evaluated the performance of nine commercially available anti-
SARS-CoV-2 assays in five different population cohorts, as shown in
Fig. 1: NEG CTRL samples, PCR POS hospitalized patients, and eligible
CPD with a history of PCR-confirmed COVID-19 infection within the
previous 6 months. Subsequently, we evaluated the Roche anti-N and
anti-S SARS-CoV-2 total immunoglobulin methods for clinical use, to
include an extended set of eligible CPD, apparently healthy VD, and
fully-vaccinated HSCT recipients. Due to limited sample volume and not
wanting to introduce any sample instability variables (prolonged time
refrigerated or freeze-thaw cycles that would otherwise be required for
coordinating testing across three separate specialty laboratories) not all
samples were run on each assay (Table S1 provides detailed informa-
tion). Note that borderline results have been excluded from the sensi-
tivity calculations for EP and EU methods.

2.2. Study cohorts

2.2.1. Negative controls (NEG CTRL)

The NEG CTRL cohort was used to evaluate the analytical specificity
of methods. The performance of methods in this cohort can be helpful to
project the rates of false-positive results reported in the general popu-
lation and impact on epidemiological studies. Pre-pandemic negative
control specimens included 91 residual serum samples from HIV positive
individuals collected and stored frozen at —20C our institution before
the emergence of SARS-CoV-2 in 2019. Another 200 pre-pandemic
serum samples obtained from the MGB Biobank, stored frozen at
—80C, were included and consisted of consented donors: 100 healthy
individuals and 100 individuals with non-SARS-CoV-2 upper respiratory
infections (12 with bacterial pneumonia within the past 14 days, 20 with
viral pneumonia and/or influenza within the past 60 days or with un-
specified pneumonia within the past 31 days, 50 with any upper respi-
ratory infection within the past 60 days, and 18 where a viral panel was
ordered within the past 31 days).

2.2.2. SARS-CoV-2 Positive Patients (PCR POS)

The PCR POS cohort was used to evaluate the analytical sensitivity of
methods and determine the biases introduced when manufacturer’s base
performance claims on data using time since symptom onset versus first
PCR positivity. The performance of methods in this cohort directly
demonstrates their varying ability to assist with the diagnosis of acute
COVID-19 infection. Over the period from April 3 to April 17, 2020,
residual serums samples were collected from 91 hospitalized patients
diagnosed with COVID-19 by RT-PCR for SARS-CoV-2 using nasopha-
ryngeal swab samples. Aliquots were made, depending on the amount of
residual sample volume, and were frozen and maintained at —20C until
the day of testing. A total of 164 serum samples were collected,
including serial serum samples from 28 patients over this 14-day period
and an additional 15 paired plasma samples for the purposes of vali-
dating plasma sample type for clinical testing. Electronic medical re-
cords (EMR) were reviewed for all patients to include first-time PCR
positive results and date of symptom onset [55].

2.2.3. Convalescent Plasma Donors (CPD)

The CPD cohort was designed to evaluate the ability to quickly
screen individuals for potential convalescent plasma donation prior to
enduring the cost of directly evaluating patients for neutralizing anti-
body titers. Initial evaluation across all nine antibody assays was per-
formed using 60 samples collected from participants at least 1 week after
confirming SARS-CoV-2 infection by PCR, who were eligible for
convalescent plasma donation. An additional 66 CPD were included in
the subsequent Roche anti-N and anti-S validation studies. As previously
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Fig. 1. Evaluation of nine commercially available anti-SARS-CoV-2 assays in five different population cohorts. Samples included pre-pandemic negative controls (n
= 291) comprised of apparently healthy normal donors (n = 100), HIV positive patients (n = 91), and individuals with non-SARS-CoV-2 upper respiratory infections
(n = 100); SARS-CoV-2 PCR positive hospitalized patients (n = 91); CPD (n = 126); vaccination donors (n = 27), and fully-vaccinated HSCT recipients (n = 20). Note:
not all samples were run on each assay, additional information is presented in Table S1.

described [21], this CPD cohort was comprised of patients who were
eligible for convalescent plasma donation with a history of PCR-
confirmed COVID-19 infection within the previous 6 months. All pa-
tients with neutralizing antibody titers of IDso > 100 were eligible for
enrollment, following the minimum neutralizing titer recommended by
the FDA [56,57]. These samples were collected from consenting patients
and samples were stored frozen at —80F until the day of testing.

2.2.4. Healthy vaccinated donors (VD)

The VD cohort was designed to evaluate the ability to monitor vac-
cine response in healthy individuals. Consenting VD included adults >
18 years old at BWH (n = 27) who received a 2-dose series of either
Pfizer (n = 11) or Moderna (n = 16) mRNA vaccines [21]. As previously
reported, exclusion criteria included: immunosuppressive conditions,
asplenia, HIV with CD4 count < 200 and/or detectable HIV viral load in
the last year, receipt of systemic immunosuppressive or immune-
modifying therapies for > 14 days within 6 months of enrollment, or
pregnancy [21]. Samples were collected at baseline at the time of initial
vaccination dose (D1), approximately 2 weeks (D1 + 2) after the first
dose, at the time of receiving the second dose (D2) (approximately 21
days and 28 days for Pfizer and Moderna vaccinations, respectively),
and again approximately 4 weeks (D2 + 4), 12 weeks (D2 + 12), and 22
weeks (D2 + 22) after receiving the second dose. Samples were stored
frozen at —80F until the day of testing.

2.2.5. Hematopoietic stem cell transplant (HSCT) recipients

As opposed to the vaccine response from apparently healthy VDs, the
HSCT cohort was tested to evaluate the variable response in immuno-
suppressed individuals. Consenting adult allogeneic HSCT who were >
18 years old and > 100 days after transplantation were included in the
study and received the 2-dose series of either the Pfizer (n = 15) or
Moderna (n = 5) mRNA vaccines [58]. None had a reported history of
COVID-19 before enrollment or during the study or had received
intravenous immunoglobulin within 3 months of vaccination. Samples
were collected at D1 and approximately D2 + 4 for a total of 45 speci-
mens. Samples were stored frozen at —80F until the day of testing.

2.3. Anti-SARS-CoV-2 methods

The nine-method comparison included the anti-SARS-CoV-2 IgG and
IgM assays from Abbott Laboratories (Abbott Park, IL) and Epitope Di-
agnostics, Inc. (San Diego, CA), IgG and IgA assays from EUROIMMUN
(Lubeck, Germany), anti-N and anti-S total antibody assays from Roche
Diagnostics (Indianapolis, IN), and the IgG assay from DiaSorin (Sal-
uggia, Italy).
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2.3.1. Abbott SARS-CoV-2 IgG and IgM

The automated, two-step Abbott (AB) IgG and IgM methods are
qualitative chemiluminescent microparticle immunoassays that detect
IgG or IgM binding to the SARS-CoV-2 N protein in serum and plasma.
The AB IgG assay can be qualitatively interpreted as positive with a
signal to cutoff ratio (S/CO) > 1.4. The diagnostic specificity reported in
the instructions for use (IFU) is 99.4% in 176 pre-pandemic specimens
including donors with potentially interfering medical conditions and
respiratory illnesses. According to the IFU, while the sensitivity was
reported to be 100% in 88 subjects>14 days after PCR confirmed SARS-
CoV-2 infection, the sensitivity was 61.8% in 34 subjects collected
within the first two weeks since PCR positivity. The AB IgM assay
qualitatively reported as positive with a S/CO > 1.0 and the specificity is
demonstrated to be 99% in a total of 207 negative control subjects. In
the same cohort, the AB IgM assay sensitivity is reported as 95% in
samples collected from subjects 14 — 30 days after PCR positivity, but
63.8% in 130 subjects within 14 days of PCR positivity.

2.3.2. DiaSorin LIAISON SARS-CoV-2 S1/52 IgG

The DiaSorin (DS) method is an indirect qualitative chemilumines-
cent immunoassay designed to qualitatively detect IgG antibodies
against recombinant S1 and S2 antigens in serum and plasma. The
DiaSorin assay can be interpreted as positive (>15.0 AU/mL) or negative
(<15.0 AU/mL). The diagnostic specificity is reported in the IFU to be
98.2% in 168 pre-pandemic negative controls. While the sensitivity was
reported in the IFU to be 97.6% in subjects>14 days after PCR confirmed
SARS-CoV-2 infection, the sensitivity was 59.1% in 93 samples collected
from subjects within 14 days of PCR positivity.

2.3.3. Epitope Diagnostics SARS-CoV-2 IgG and IgM

The Epitope (EP) methods utilize a microtiter plate-based enzyme
immunoassay developed for the qualitative measurement of the human
anti-COVID-19 IgG and IgM antibody directed towards a recombinant
full-length form of the viral N protein. Results are interpreted in context
of the average absorbance of the negative control (xNC). EP IgG positive
samples are those greater than the positive cutoff of 1.1*(xNC + 0.18);
negative samples are less than or equal to the negative cutoff of 0.9*
(xNC + 0.18); and borderline results are those between the negative and
positive cutoffs. The diagnostic specificity was determined to be 99.8%
in 624 pre-pandemic negative samples. The sensitivity was reported in
the IFU to be 98.4% in 187 PCR confirmed COVID-19 positive patients,
but without any indication of the time since symptom onset or PCR test
positivity. The EP IgM assay is reported as positive when the results are
above the positive cutoff of 1.1*(xNC + 0.10); negative when less than
or equal to 0.9(xNC + 0.10); and borderline results are those between
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the negative and positive cutoffs. In the same 624 pre-pandemic nega-
tive samples, the EP IgM is reported to have a specificity of 99.8% ac-
cording to the IFU. Again, sensitivity was 73.2% in 41 PCR confirmed
COVID-19 patients without information on time since PCR positivity
according to the IFU.

2.3.4. EUROIMMUN SARS-CoV-2 IgG and IgA

The EUROIMMUN (EU) method is a microtiter plate-based enzyme-
linked immunosorbent assay that provides a qualitative determination
of SARS-CoV-2 IgG and IgA against recombinant structural protein (S1
domain) of SARS-CoV-2 S protein in serum or plasma. Results can be
derived from the ratio of the absorbance of the sample over that of the
calibrator. The SARS-CoV-2 IgG or IgA can be interpreted as positive
(ratio > 1.1), borderline (ratio < 1.1 to > 0.8), or negative (ratio < 0.8).
The EU IgG method has a reported diagnostic specificity of 98.6% in
1445 pre-pandemic negative controls according to the IFU. Despite
reporting a 100% sensitivity in 6 subjects at least 21 days after symptom
onset, the EU IgG sensitivity was 29.1% in 55 patients with symptom
onset of PCR confirmed SARS-CoV-2 infection within the prior two
weeks, according to the IFU. The EU IgA method was reported in the IFU
to have a diagnostic specificity of 92.5% in 200 samples and a very
limited dataset (n = 9) of PCR-confirmed positive patients was used to
report a diagnostic sensitivity of 100% (>10 days after onset of symp-
toms) in the IFU. However, in the 6 samples that were collected within
14 days of symptom onset, a 66.7% sensitivity can be derived from the
IFU.

2.3.5. Roche Elecsys Anti-N and Anti-S SARS-CoV-2 total immunoglobulin

The automated Roche Elecsys methods for anti-N (RN TOT) and anti-
S (RS TOT) employ a high throughout double-antigen sandwich assay
electrochemiluminescence assay format that uses a recombinant protein
representing the SARS-CoV-2 N or receptor binding domain (RBD) of the
S antigen to detect antibodies (including IgG, IgA, and IgM) to SARS-
CoV-2 in serum and plasma. The threshold for positivity is a cutoff
index (COI) > 1.0 and is > 0.8 U/mL for RN TOT and RN TOT,
respectively. For the RN TOT assay, the reported specificity is 99.8% in
5272 pre-pandemic negative controls including potentially cross-
reactive infectious respiratory diseases, according to the IFU. While
the sensitivity was reported in the IFU to be 100% in 29 samples
collected at or after 14 days after PCR confirmed SARS-CoV-2 infection,
the method was 73.1% sensitive in 175 samples collected within the first
two weeks of PCR positivity, according to the IFU. For the RS TOT assay,
the analytic specificity was reported in the IFU as 100% in 1100 pre-
pandemic negative controls. The sensitivity was 96.6% in 233 samples
collected at least 15 days after PCR positivity but 88.1% in 109 samples
collected within two weeks of a SARS-CoV-2 PCR positive test result,
according to the IFU.
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2.4. Data analysis

Data analysis and visualization was performed using RStudio
(RStudio 2022.07.1, PBC, Boston, MA, USA) and the Rlab v4.0 package.
Statistical analysis was performed using GraphPad (GraphPad Software,
San Diego, CA, USA). A p-value of < 0.05 is defined as significant for the
two-tailed unpaired t-test comparison of populations.

3. Results
3.1. Evaluation of nine commercial anti-SARS-CoV-2 assays

A summary of the number of samples run by each method, the
number of false-positive (FP) and -negative (FN) results, and the
calculated specificity and sensitivity in each patient cohort: NEG CTRL,
PCR POS, CPD, VD, and HSCT recipients are shown in Table S1.

The distribution of NEG CTRL results of the nine methods is shown in
Fig. 2 as compared to the threshold for positivity (dashed line) for each
method, along with the calculated specificity: 100% for AB IgG, AB IgM,
EP IgM, RN TOT and RS TOT; 98% for EU IgG; 93% for DS IgG, EP IgG;
but only 85% for EU IgA with the highest rate of false-positive results in
this cohort (8 of 52; 15%). As compared to the manufacturer’s package
inserts (Table S1), we observed a slightly lower specificity for DS I1gG
(93% vs. claim of 98.2%), EP IgG (93% vs. claim of 99.8%), and EU IgA
(85% vs. claim of 92.5%).

The distribution of results for each the NEG CTRL, PCR POS, and CPD
cohorts is shown in Fig. 3, in relation to the method threshold for pos-
itivity (dashed line). A wide distribution is observed for PCR POS as this,
not unexpectedly, varies as a function of time since symptom onset
(Fig. 4) which is also seen for the time since PCR positivity (Fig. S1).
Here, we observe a number of samples throughout three weeks since
symptom onset where various methods remain negative despite PCR
positivity (below the cut-off shown as a horizontal dashed line).
Considering only samples collected within the first 2 weeks since
symptom onset, EU IgA has the highest sensitivity at 93%, followed by
EP IgG and EU IgG at 61%, AB IgM at 54%, RS TOT at 50%, EP IgM at
49%, AB IgG at 43%, RN TOT at 38% and DS IgG with the lowest
sensitivity at 26% for this cohort (Table S1). As compared to sensitivity
derived from the IFU, results obtained for patients in the two weeks
following the first PCR positive result documented within the EMR are in
good agreement (Table S1), with the exception for RN TOT (53% vs.
claim of 73.1%), RS TOT (60% vs. claim of 88.1%), DS IgG (42% vs.
claim of 59.1%), and a much higher sensitivity for EU IgG than reported
(69% vs. claim of 29.1%). We generally observed acceptable assay
performance in the ability to detect antibodies in CPD with neutralizing
antibody titers of IDso > 100 following native SARS-CoV-2 infection. In
this cohort, we found sensitivities of 100% for AB IgG, DS IgG, EU IgG,
and RS TOT; 99% for RN TOT; 94% for EP IgG and EU IgA, and 77% for
AB IgM, but EP IgM demonstrated 0% sensitivity (Table S1).

0 Fig. 2. Distribution of results for nine anti-
€0 100% 100% 93% 93% 100% 98% 85% 100% 100% SARS'COV'2 assays in pre_pandemic nega_
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line results have been excluded for sensitivity
and specificity calculations.
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Fig. 4. Distribution of results for each of the nine methods evaluated in SARS-CoV-2 PCR positive patients. Results are shown as a function of time (in weeks) since

symptom onset, as reported in the medical record.

3.2. Validation of Roche methods for clinical use

Subsequently, the RN TOT and RS TOT were implemented clinically
(cobas e601), given their ability for high-throughput automation, high
specificity in negative controls, and excellent sensitivity in CPD. Addi-
tionally, linearity studies using commercial materials (CalCheck Anti-
SARS-CoV-2 S, Roche Diagnostics) and standard manual dilution
studies of patient samples were conducted to allow for robust determi-
nation of COI or concentration for both assays, as well as, extend the
upper limit of the reportable range from 2500 U/mL to 25,000 U/mL for

64

the anti-S assay (data not shown).
3.3. Examination of Roche anti-SARS-CoV-2 methods

The performance of RN TOT (Fig. 5A) and RS TOT (Fig. 5B) assay is
shown in NEG CTRL, POS PCR, CPD (including an additional 66 pa-
tients), VD (across nine timepoints throughout the vaccination series)
and HSCT cohorts (at three timepoints throughout the vaccination se-
ries). VD and HSCT recipients were all negative for RN TOT, consistent
with the reported history of no native COVID-19 infection before or
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during the study period. Statistically significant differences in antibody
concentrations were observed between donors receiving Moderna and
Pfizer vaccinations (Fig. 6, Table S2) for all timepoints beyond the initial
dose (p < 0.0001), where the median antibody concentrations and
interquartile range (IQR) for each are detailed in Table S2. We observed
sustained antibody responses for both vaccination types more than five
months following vaccination series completion. Further, HSCT
demonstrated significantly lower antibody responses as compared to
healthy VD (Moderna and Pfizer combined) at D2 and D2 + 4 (p <
0.0001) (Fig. 6, Table S2). This was a result of 4 of 16 HSCT recipients
not mounting an antibody response by series completion whereas the 16
who did, had a median (IRQ) concentration of 744 (185-3375) U/mL.

4. Discussion

We have demonstrated a comprehensive evaluation of nine
commercially available anti-SARS-CoV-2 assays across five study co-
horts to help support or oppose their effectiveness for use in (1) aiding in
the diagnosis of acute SARS-CoV-2 infection (2) epidemiologic studies
estimating the prevalence of infection (3) identifying eligible CPD and
(4) evaluating vaccine response in healthy and immunosuppressed
individuals.

First, while anti-SARS-CoV-2 assay sensitivity is commonly reported
in terms of days after PCR positivity, we find that this is generally a less
meaningful timeline given that symptom onset can be days, if not weeks,
before seeking medical care and obtaining a PCR test confirming
infection. The reported sensitivities in the IFU range from 96.6 to 100%
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Fig. 6. Roche anti-S SARS-CoV-2 total immunoglobulin results in VD administered Moderna (blue) and Pfizer (green) vaccinations, as compared to HSCT (orange)
recipients and CPD (black). Distribution of VD samples are shown as a function of time after D1 or D2 in weeks. Statistically significant differences in antibody
concentrations were observed between donors receiving Moderna and Pfizer vaccinations for all timepoints beyond the initial dose (p < 0.0001) and strong responses
were seen for both vaccination type cohorts more than five months post series completion. HSCT demonstrated significantly lower antibody responses from healthy
VD (Moderna and Pfizer combined) at both D2 and D2 + 4 (p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)



N.V. Tolan et al.

in the nine methods evaluated. However, not only is this derived from
testing hospitalized individuals more than two weeks since their initial
PCR positive result, but it may also be weeks since symptom on set and
even longer since initial infection. As shown in Fig. 4 and Table S1, we
observed sensitivities ranging from 26 to 61% when using days since
reported symptom onset; which we believe more accurately reflects the
expected performance of these assays in their use aiding in the diagnosis
of acute infection despite repeatedly negative PCR results. We did
observe a 93% sensitivity of the EU IgA method, however, given a
specificity of 85% and a high rate of false-positives, these results are less
reliable. It is also important to consider that patients with intrinsic or
acquired immune suppression may have a limited antibody response and
may return negative results despite recent native infection.

Second, the prevalence of SARS-CoV-2 infection in epidemiologic
studies is highly dependent upon the performance of the assay used.
Confirming initial findings [59,60], our data suggests against the use of
IgM or IgA assays, demonstrating sensitivities of 0% for EP IgM, 77% for
AB IgM and 94% for EU IgA (with known higher rates of false-positivity,
8/52 NEG CTRL) in CPD with neutralizing antibody titers IDso > 100
following native infection. Considering the time to mount a serologic
response to infection, even with highly sensitive IgG or total antibody
assays, testing>1-2 weeks post exposure or possible infection may be
necessary in surveillance studies to reduce false-negatives. This can be
particularly challenging for population-wide screening, including
asymptomatic individuals, where repeated testing may be required for
accurate estimates.

Third, the rapid identification of individuals who are eligible for
convalescent plasma donation would benefit from a high-throughput,
automated method with high sensitivity, with testing occurring at
least two weeks since symptom onset following native infection; where
more time consuming and costly neutralizing antibody titers would then
serve as confirmation. Our findings suggest that the EP IgM, AB IgM, EP
IgG, and EU IgA assays would not be suited as screening methods with
sensitivities ranging from 0 to 94% in the CPD cohort. More recently,
NIH has indicated that there is insufficient evidence for administering
convalescent plasma in hospitalized COVID-19 patients with impaired
humoral immunity [61]. However, we demonstrate that given the cor-
relation between anti-SARS-CoV-2 assays and neutralizing antibody
assays, some methods (not all) could have been used to identify potential
donors more rapidly and efficiently that direct neutralization testing, to
preferentially select those expected to have the highest antibody titers
[14-16,39]. The CPD cohort is helpful to demonstrate the performance
of these assays in PCR-confirmed COVID-19 patients with neutralizing
antibody titers IDsp > 100 through 6 months following infection.

Finally, our data confirms that the RN TOT and RS TOT are highly
effective assays for differentiating recent past-resolved infection (posi-
tive RN TOT and RS TOT) and vaccine response in the absence of native
infection (negative RN TOT and positive RS TOT). However, with
continued resurgence of SARS-CoV-2, it’s important to consider the
pattern of serologic results expected with recent infection in the vacci-
nated population. In the case of RS TOT positive results, unless the de-
gree of response to vaccination has been documented just prior to
infection, this would be indistinguishable from a recent native infection
without vaccination response as antibody titers of vaccinated in-
dividuals and unvaccinated individuals with SARS-CoV-2 infection has
many contributing factors, including the type of vaccination received,
number of vaccination doses, and time since last vaccination or infec-
tion. RN TOT may be an effective marker of native infection in vacci-
nated individuals, however, the durability of this serologic response is
not well known, particularly in recurrent infections. Clearly, additional
work is needed to monitor the effects of increasing mutations in
contemporary strains on the performance of these assays. While a large
systematic review including most of the major manufacturers with
samples from more recently infected PCR POS patients is desired, like
our study, it is challenging to coordinate the analysis on every platform
for true sample-to-sample comparison of assay performance.
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Further, we provide an estimate of the expected antibody response
for RS TOT in healthy donors along the time course of vaccination
(Fig. 6, Table S2). Our results support previous findings of immuno-
logical responses to vaccination [21,62,63] but also expand upon this
work to demonstrate the immunological responses through more than
five months following the completion of the two-injection series of both
Moderna and Pfizer vaccinations in apparently health VDs as compared
to immunosuppressed HSCT patients and CPD with neutralizing anti-
body titers ID5g > 100. While the CDC does not recommend population-
wide testing for vaccination response [37], there is an interest to
routinely evaluate the efficacy of vaccination in immunosuppressed
patients, in order to actively manage their risk of exposure. We observed
a reproducible response distribution for RS TOT along the various points
measured throughout the vaccination series in apparently healthy
vaccination donors, establishing a curve to compare antibody responses
in immunosuppressed individuals against. Further studies are necessary
to establish the correlation of RS TOT concentrations in immunosup-
pressed individuals and neutralization assays, as correlates of infection
protection. This is a heterogenous cohort with complex immune char-
acteristics and many variables that impact response to vaccination.
Further, non-antibody mediated immune protection must be considered
carefully when interpreting anti-SARS-CoV-2 results. However,
achieving an expected antibody response along the course of vaccination
would be reassuring to these individuals, particularly when immuno-
suppressive drugs are withheld prior to and during the vaccination se-
ries, when considering the reduction in risk of severe COVID-19.

5. Conclusions

Most methods, aside from those targeting only IgA and IgM and those
with poor specificity/high false-positive rates, are capable of detecting
serologic response to native infection for the purposes of epidemiologic
studies, and identifying potential CPD. Further, we have demonstrated
the ability to monitor vaccine response using RS TOT in immunosup-
pressed individuals as compared to apparently healthy vaccinated do-
nors. However, we find that most methods are not suitable for aiding in
the acute diagnosis of SARS-CoV-2 infection due to poor clinical sensi-
tivity early in the course of disease. We recommend evaluating the
performance of serologic assays in the first 1-2 weeks post symptom
onset as it is a more accurate reflection of how these assays will perform
in clinical use, where the anti-SARS-CoV-2 assay is thought to help
elucidate an underlying COVID-19 infection in patients who have
cleared the virus and are repeatedly PCR negative. Our data suggests
that if the serologic test is positive, it may be helpful, so long as the
specificity of the assay is acceptable.
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