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Objectives: To validate the diagnostic accuracy of a Euroimmun SARS-CoV-2 IgG and IgA immunoassay
for COVID-19.
Methods: In this unmatched (1:2) case-control validation study, we used sera of 181 laboratory-
confirmed SARS-CoV-2 cases and 326 controls collected before SARS-CoV-2 emergence. Diagnostic ac-
curacy of the immunoassay was assessed against a whole spike protein-based recombinant immuno-
fluorescence assay (rIFA) by receiver operating characteristic (ROC) analyses. Discrepant cases between
ELISA and rIFA were further tested by pseudo-neutralization assay.
Results: COVID-19 patients were more likely to be male and older than controls, and 50.3% were hos-
pitalized. ROC curve analyses indicated that IgG and IgA had high diagnostic accuracies with AUCs of
0.990 (95% Confidence Interval [95%CI]: 0.983-0.996) and 0.978 (95%CI: 0.967-0.989), respectively. IgG
assays outperformed IgA assays (p¼0.01). Taking an assessed 15% inter-assay imprecision into account,
an optimized IgG ratio cut-off > 2.5 displayed a 100% specificity (95%CI: 99-100) and a 100% positive
predictive value (95%CI: 96-100). A 0.8 cut-off displayed a 94% sensitivity (95%CI: 88-97) and a 97%
negative predictive value (95%CI: 95-99). Substituting the upper threshold for the manufacturer's,
improved assay performance, leaving 8.9% of IgG ratios indeterminate between 0.8-2.5.
Conclusions: The Euroimmun assay displays a nearly optimal diagnostic accuracy using IgG against SARS-
CoV-2 in patient samples, with no obvious gains from IgA serology. The optimized cut-offs are fit for rule-
in and rule-out purposes, allowing determination of whether individuals in our study population have
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been exposed to SARS-CoV-2 or not. IgG serology should however not be considered as a surrogate of
protection at this stage. B. Meyer, Clin Microbiol Infect 2020;26:1386
© 2020 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
Introduction

High throughput and reliable serological assays detecting anti-
bodies against SARS-CoV-2 are essential to determine the propor-
tion of SARS-CoV-2 infected individuals and estimate the current
seroprevalence in the general population or in high-risk groups,
such as health care workers. Serological assays can complement
diagnostic strategies focusing on the identification of the infectious
agent during the acute phase of disease. Unlike RT-PCR, they can
identify infected individuals that remained asymptomatic or un-
diagnosed, which are both frequent conditions during SARS-CoV-2
infection, long after the initial infection. Validated serological as-
says are also key to understanding the (immuno)-pathophysiology
of COVID-19 in various patients' groups and will be critical to
characterize responses elicited by the numerous vaccine candidates
in development [1].

Designing serological testing strategies with high sensitivity and
specificity and with acceptable positive (PPV) and negative pre-
dictive values (NPV) is far from trivial, and requires taking two
major analytical aspects into account: analytical specificity and
sensitivity [2,3]. The former may largely be determined by the
degree of cross-reactivity with other CoVs, which frequently cause
common colds in humans (i.e. HCoV-229E, -NL63, -OC43 and
-HKU1) [4] resulting in seroprevalence rates usually above 90% in
adults [5].

This cross-reactivity occurs when virus-specific antigenic epi-
topes are highly similar and recognized by the same B cells. It is best
defined by the proportion of “false-positive” SARS-CoV-2 results in
individuals whowere never exposed to this pathogen. In contrast to
common cold CoVs, the seroprevalence for MERS-CoV is low even
in endemic countries [6]. Therefore, cross-reactivity between
MERS-CoV and SARS-CoV-2 is not a critical factor when assessing
population seroprevalence. Previous studies have shown that an-
tibodies against common cold CoVs can cause considerable cross-
reactivity in serological assays, depending on the type of assay
and antigens used. Particularly, whole virus- or nucleocapsid
protein-based assays showed a higher cross-reactivity compared to
whole spike or S1 domain-based assays resulting in lower speci-
ficity [4]. During the early phase of an outbreak, when SARS-CoV-2
seroprevalence is low, serological testing strategies must have a
very high specificity to reach a high positive predictive value (PPV)
and avoid false positive results.

On the other hand, analytical sensitivity is strongly influenced
by the epidemic course, the disease biology, and numerous
analytical factors. All these interrelated items are primarily influ-
enced by the intrinsic immunogenicity of the SARS-CoV-2 antigens
and the magnitude and duration of B cell responses elicited by
infection, be it asymptomatic, benign, moderate or severe [2,3].

Last but not least in the context of a pandemic, the availability of
high throughput and reliable diagnostic platforms is key for health
care systems to effectively handle the testing demand, while
respecting clinically compatible diagnostic turnaround times (TAT).
In this study, we performed an extensive validation of a high
throughput SARS-CoV-2 commercial serological platform quanti-
fying both serum IgG and IgA against the S1 protein. As reference
method, we used a whole spike-based recombinant immunofluo-
rescence assay (rIFA) [4,7,8]. Selected sera from SARS-CoV-2-
infected patients were assessed for their neutralization capacity
using a pseudovirion assay (see below).

Methods

Aims

The aim of this study is to validate and define the operational
cut-off values of a commercially available ELISA-based SARS-CoV-2
serological assay that could be applied at large scales to reliably
determine the presence of specific IgG as a marker of SARS-CoV-2
infection. This study used RT-PCR confirmed cases, but the goal
was to be able to identify exposure to SARS-CoV-2 by immunoassay
alone. Therefore, the ELISA results were compared against recom-
binant immunofluorescence assay (rIFA), which was considered as
the reference method due to its demonstrated high specificity for
serology of other CoVs such as MERS-CoV [6]. The secondary goal is
to assess the potential added value of IgA in patients recently
infected with SARS-CoV-2.

Study population

Negative control serum samples (n¼326, 276 adults and 50
children) were collected in accordance with our local ethical
guidelines in 2013, 2014 and 2018 before the start of the outbreak
and thus have not been exposed to SARS-CoV-2. Samples include 84
sera from healthy blood donors and 242 sera from patients
consulting or hospitalized in our institution for whom a virological
or serological investigation was requested. Among these patients,
six have a known HBV-, one a HCV- and 10 a HIV-infection. Sera
(n¼181) of PCR-confirmed COVID-19 patients were collected at the
University Hospitals of Geneva from hospitalized patients (n¼91)
as well as from patients from the outpatient clinic (n¼90). The
number of days from symptom onset to blood collection was based
on patient historywhenever this informationwas available or could
be retrieved in a reliable way; otherwise, we used the date of RT-
PCR positivity as a surrogate for onset of symptoms. Serum sam-
ples from unmatched PCR-confirmed COVID-19 hospitalized pa-
tients were collected for routine diagnostic purposes under a
general informed consent and outpatients were asked if they were
willing to return to the hospital after their symptoms had subsided
and to donate a serum sample under written general informed
consent.

Blood sample collection

We used serum samples collected on patient admission, during
hospitalization or, when needed, left over sera used for other
routine investigations. Samples were immediately processed and
then frozen and stored at �20�C until ELISA, recombinant immu-
nofluorescence analyses, and pseudoneutralization were per-
formed (see below). Patients were sampled at different days post
onset of symptoms (dpos) or according to days post RT-PCR diag-
nosis (dpd) if the onset was not known. To compare the seroposi-
tivity between different time points, we grouped patients in the
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following dpos/dpd categories: 0-10 (n¼8, 4.4%), 11-20 (n¼112,
61.9%) and 21-39 (n¼61, 33.7%).

SARS-CoV-2 RT-PCR analyses

SARS-CoV-2 RT-PCRwas performed according tomanufacturers'
instructions on various platforms, including initially an in house
method using eMAG (bioM�erieux, Marcy l'Etoile, France) and
Charit�e RT-PCR protocol [9], then BD SARS-CoV-2 reagent kit for BD
Max system (Becton, Dickinson and Co, Franklin Lakes, USA) and
Cobas 6800 SARS CoV2 RT-PCR (Roche, Basel, Switzerland).

Serum IgG and IgA ELISA

Both IgG and IgA enzyme-linked immunosorbent assays (ELISA)
used the S1-domain of the spike protein of SARS-CoV-2 as antigen.
Sera were diluted at 1:101 and assessed with the IgG and IgA CE-
marked ELISAs (Euroimmun AG, Lübeck, Germany, # EI 2606-
9601 G and # EI 2606-9601 A) according to the manufacturer's
instructions. They were run on Dynex Agility (RUWAG Handels AG,
Bettlach, Switzerland) according to the manufacturer's protocol.
After adding the conjugate, samples' immunoreactivity was
measured at an optical density of 450 nm (OD450) and then divided
by the OD450 of the calibrator provided with each ELISA kit to
minimize inter-assay variation [8]. The quantitative results ob-
tained were then expressed in arbitrary units and interpreted as
follows: OD ratio: <0.8¼ negative;�0.8 and < 1.1¼ indeterminate;
�1.1 ¼ positive. Inter-assay variation was 15.6% for IgG at a ratio of
2.09 (n¼17) and 17.7% for IgA at a ratio of 4.85 (n¼7).

Recombinant immunofluorescence assay

The IgG antibody response against the spike protein of SARS-
CoV-2 was assessed by rIFA as described and previously validated
for MERS-CoV [6,7]. Briefly, Vero B4 cells were transfected with the
mammalian expression vector pCG1-SCoV2-S (kindly provided by
M. Hoffmann and S. P€ohlmann, DPZ, G€ottingen, Germany) using
Fugene HD (Promega, Madison, USA, #E2311). After 24 h of incu-
bation cells were detached and residual trypsin was removed by
centrifugation at 300 � g for 5 min. 50 ml of transfected cells were
seeded at a density of 2 � 105 cells/ml on multi-test glass slides
(DUNN Labortechnik GmbH, Asbach, Germany, #40-412-05) and
incubated for 6 h at 37�C, 5% CO2. Afterwards slides werewashed 2x
with PBS and fixed for 10 min using ice-cold Acetone/Methanol
(ratio 1:1). For rIFA staining, slides were rehydrated for 10 min
using PBSþ 0.1% Tween20 (PBS-T) and blockedwith 5%milk in PBS-
T for 30 min at RT. Sera were diluted 1:40 in blocking buffer, 30 ml
were applied on each spot and incubated for 60 min at 37�C or RT.
After 3x washing with PBS-T, secondary goat anti-human-IgG
antibody conjugated with Alexa488 (Jackson ImmunoResearch,
Ely, UK, #109-545-088) was diluted 1:200 in PBS and 25 ml were
applied to each spot. The secondary antibody was incubated for
45 min at 37�C and slides were washed 3x with PBS-T afterwards.
Slides were briefly rinsed with dH2O and mounted using glycerol.
rIFA results were judged by 3 observers independently and the
inter-observer kappa correlation was 0.59 (95%CI: 0.31-0.87) be-
tween observer 1 and 2, 0.62 (95%CI: 0.33-0.91) between observer 2
and 3 as well as 0.75 (95%CI: 0.52-0.99) between observer 1 and 3,
which could be considered a substantial level of agreement [10].

Vesicular stomatitis virus (VSV)-based pseudo-neutralization assay

VeroE6 cells were seeded in 96-well plates at 2 � 104 cells/well
and grown into confluent monolayer overnight. Sera from patients
were inactivated at 56�C for 30min and diluted 1:5 in 120 ml DMEM
2% FCS in the first column of a 96-well plates (in duplicate).
Remaining wells were filled with 60 ml of DMEM 2% FCS. Two-fold
dilutions were performed until 1:80 was reached by moving 60 ml
from one well column to the following one. VSV-based SARS-CoV-2
pseudotypes (generated according to Berger, Rentsch, and Zimmer
[11] and Torriani et al. [12]) expressing a 19 amino acids C-terminal
truncated spike protein [13] (NCBI Reference sequence:
NC_045512.2) were diluted in DMEM 2% FCS in order to have
MOI¼0.01 in 60 ml volume and added on top of serum dilutions
(final serum dilutions obtained were from 1:10 to 1:160). The virus-
serum containing plate was incubated at 37�C, for 2 h. Vero E6 were
then infected with 100 ml of virus-serummixtures. After incubation
at 37�C for 1.5 h, cells were washed once with PBS and DMEM 10%
FCS was added. After 16-20 h of incubation at 37�C, 5% CO2 cells
were fixed with 4% formaldehyde solution for 15 min at 37�C and
nuclei stained with 1 mg/ml DAPI (AppliChem GmbH, Darmstadt,
Germany, #A4099) solution. GFP positive infected cells were
counted with ImageXpress® Micro Widefield High Content
Screening System (Molecular Devices, San Jose, USA) and data
analyzed with MetaXpress 5.1.0.41 software.

Statistical analyses

Analyses were performed with Graph Pad Prism version 8.3.1
software using Fisher's bilateral exact test, Students t-test and
ManneWhitney U-test where appropriate. ROC analyses were
performed using analyse-it™ software for Excel (Microsoft, Red-
mond, WA, USA) to: (i) confirm the cut-off values, prospectively
proposed by themanufacturer, when compared to IFA results as the
reference method (samples with very weak fluorescence signal just
above background were deemed putative negatives, and were
considered as negative for the purpose of this analysis); (ii)
compare the diagnostic accuracy of IgG alone, IgA alone, or both
combined; and (iii) determine the optimal rule-in cut-off (PPV of
100%), a rule-out cut-off with a NPV above 95%, and an indeter-
minate interval, taking into account the analytical imprecision-
derived least significant change (LSC). The LSC represents the
smallest significant detectable difference between two measure-
ments based given the analytical imprecision, and is conventionally
defined as 1.96 � √2 � VC [14,15]. AUC comparisons were per-
formed according to the nonparametric approach proposed by
DeLong et al. [16]. Sensitivity (SE), specificity (SP), PPV and NPV
with the respective 95% CIs are given. A value of p<0.05 was
considered statistically significant.

Results

The baseline demographic characteristics of the participants are
summarized in table S1. There was a higher proportion of males
(61.3%) vs females (38.7%) in COVID-19 patients compared to con-
trols (Fisher's exact test, p¼0.007). Among COVID-19 patients, we
included an equal representation of hospitalized patients (n¼91,
50.3%) and outpatients (n¼90, 49.7%).

Prevalence of IgG seropositivity according to rIFA

An in-house developed recombinant immunofluorescence assay
(rIFA) using the whole spike protein of SARS-CoV-2 as antigen was
used to assess spike-specific serum IgG. Since rIFA was used as a
confirmatory assay, we maximized its specificity by interpreting
putative negatives as negative to avoid false positive results. Among
negative control samples, we found no positive, six putative
negative (1.8%) and 320 (98.2%) negative samples indicating a
specificity of 100%. Among COVID-19 samples there were 165
(91.2%) positive, two (1.1%) putative negative and 14 (7.7%) negative
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samples, indicating an overall detection rate of 91.2%. We found
that rIFA seropositivity was low at 0-10 dpos/dpd (12.5%) but
increased to 92.0% and 100% in sera collected at 11-20 and 21-39
dpos/dpd, respectively (Table 1). Similar results were found in
hospitalized and outpatients. Thus, in our sample of 181 COVID-19
patients, rIFA proved a robust method for the detection of SARS-
CoV-2 spike-specific IgG.
Diagnostic accuracies of IgG and IgA ELISA against rIFA

Overviews of OD ratios for IgG and IgA are shown in Fig. 1 A and
B, respectively. In control sera, we found four positive (1.2%), eight
(2.5%) indeterminate and 314 (96.3%) negative samples for IgG, and
26 (8.0%) positive, 22 (6.7%) indeterminate and 278 (85.3%) nega-
tive samples for IgA according to the manufacturer defined cut-off
(EI cut-offs) (Table 1). Considering the indeterminate values as
positive resulted in a specificity of 96.3% (IgG) and 85.3% (IgA),
respectively. Analysis of COVID-19 samples revealed 154 (85.1%)
positive, one (0.6%) indeterminate and 26 (14.4%) negative samples
for IgG, and 164 (90.6%) positive, four (2.2%) indeterminate and 13
(7.2%) negative samples for IgA. This resulted into an overall
significantly higher seropositivity for IgA (90.6%) than IgG (85.1%)
in the S1-based ELISA (p¼ 0.041).

Next, we analysed the seropositive rates of both ELISAs at
different dpos or dpd (Fig. 1E) according to the EI cut-offs. Sera
collected 21 dpos/dpd had a similarly high seropositivity (above
ratio 1.1) for both IgG (96.7%) and IgA (96.7%) (p>0.99). A higher
seropositivity was observed for IgA compared to IgG for sera
collected at 11-20 dpos/dpd (91.1% vs 84.8%, p¼ 0.0264) but not 0-
10 dpos/dpd (37.5% vs 0%, p¼ 0.2). No significant difference was
found between hospitalized and outpatients in IgG or IgA ELISA (p¼
0.833, and p¼ 1.000, respectively).

ROC curve analysis (Fig 1; C and D) indicated that overall, both
IgG and IgA had a high diagnostic accuracy with respective AUCs of
0.990 (95%CI: 0.983-0.996) and 0.978 (95%CI: 0.967-0.989),
respectively. Although modest, this AUC difference was found to be
significant according to the de Delongmethod (p¼0.01). Combining
IgG and IgA ELISAs together (AUC 0.986; 95%CI: 0.976-0.995) did
not increase the diagnostic accuracy of the model when compared
to IgG alone (p¼0.215), but outperformed IgA alone (p<0.0001).
Although these differences were modest, our results indicate that
IgG ELISA displays the optimal fit with IgG rIFA and that IgA did not
Table 1
Reactivity of negative control and COVID-19 patient samples using a Spike-based recom

Samples Total No. (%) S-rIFA IgG No. (%) ELISA

Negative Putative Neg. Positive Nega

Negative Controls 326 (100) 320 (98.2) 6 (1.8) 0 (0) 314 (
COVID-19 Patient
All 181 (100) 14 (7.7) 2 (1.1) 165 (91.2) 26 (1
0-10 dpos/dpd 8 (4.4) 6 (75.0) 1 (12.5) 1 (12.5) 8 (10
11-20 dpos/dpd 112 (61.9) 8 (7.1) 1 (0.9) 103 (92.0) 17 (1
21-39 dpos/dpd 61 (33.7) 0 (0) 0 (0) 61 (100) 1 (1.6

COVID-19 Outpatients
All 90 (100) 8 (8.9) 0 (0) 82 (91.1) 14 (1
0-10 dpos/dpd 5 (5.6) 4 (80) 0 (0) 1 (20) 5 (10
11-20 dpos/dpd 41 (45.6) 4 (9.8) 0 (0) 37 (90.2) 8 (19
21-39 dpos/dpd 44 (48.8) 0 (0) 0 (0) 44 (100) 1 (2.3

COVID-19 Hospitalized
All 91 (100) 6 (6.6) 2 (2.2) 83 (91.2) 12 (1
0-10 dpos/dpd 3 (3.3) 2 (66.7) 1 (33.3) 0 (0) 3 (10
11-20 dpos/dpd 71 (78.0) 4 (5.6) 1 (1.4) 66 (93.0) 9 (12
21-39 dpos/dpd 17 (18.7) 0 (0) 0 (0) 17 (100) 0 (0)

dpos days post onset of symptoms, dpd days post diagnosis, rIFA recombinant immunofl
1 EI cut-offs: <0.8 ¼ negative; �0.8 and < 1.1 ¼ indeterminate; �1.1 ¼ positive.
2 GE cut-offs: <0.8 ¼ negative; �0.8 and < 2.5 ¼ indeterminate; �2.5 ¼ positive.
improve diagnostic value. We also calculated ROC curves for hos-
pitalized and outpatients which displayed very similar AUCs of
0.993 (95%CI: 0.986-0.999) for hospitalized, and 0.987 (95%CI:
0.976-0.998) for outpatients. Interestingly, hospitalized patients
had a higher mean OD ratio than outpatients (7.51 ± 4.7 vs.
4.3 ± 3.37, p<0.0001). In a subgroup analysis considering only sera
harvested before 21 days after symptoms onset (n¼120), ROC curve
analyses displayed similar results - with an AUC of 0.981 for the IgG
ratio and of 0.965 for the IgA ratio. At these early time-points, the
AUC difference between IgG and IgA ratio was not significant
(p¼0.19).

Thirteen patient samples had discrepant or potentially
discrepant results, i.e. were negative or indeterminate in ELISA and
putative negative or positive in rIFA. To investigate this discor-
dance, we performed a VSV-based pseudovirus neutralization assay
(pseudo-NT) for 1) these 13 samples (n¼13), 2) five negative con-
trol samples, including one sample that showed putative negative
results in rIFA, and 3) seven patient samples that were positive by
ELISA IgG, IgA and rIFA (Table 2). All samples that showed negative
and putative negative rIFA results were confirmed negative,
whereas all rIFA positive samples were confirmed as positive by the
pseudo-NT assay (Table 2). These findings support the accuracy of
the rIFA and our decision to count putative negative rIFA results as
negative.
Optimizing the threshold for IgG serology

Taking into account the variation coefficient (VC) of 15% at a low
positivity IgG ratio (2.09), the minimal LSC would be 0.42. Added to
the highest ratio of a negative control sample (2.1), an IgG ratio cut-
off of 2.5 (2.1 þ 0.42) would be the lowest able to secure 100% PPV
while taking into account the analytical imprecision. Furthermore,
an LSC of 0.42 also indicates that the indeterminate zone proposed
by the manufacturer (between 0.8 and 1.1) should be reconsidered,
as it falls within the analytical imprecision range. At the 2.5 IgG
ratio cut-off, ROC curve analyses indicated that the SE was 73%, the
SP 100%, and the NPV 89%. Thus, selecting a 2.5 cut-off, rather than
the recommended 1.1 cut-off for IgG seropositivity, allows the
securing of a PPV of 100% despite a 15% imprecision. Higher VCs
would translate into a higher seropositivity cut-off to secure an
identical PPV. For rule-out purposes (i.e. the seronegativity lower
cut-off), the best trade-off IgG ratio cut-off was found to be < 0.8. At
binant Immunofluorescence analysis and the IgG ELISA

IgG No. (%) EI cut-offs1 ELISA IgG No. (%) GE cut-offs2

tive Indeterminate Positive Negative Indeterminate Positive

96.3) 8 (2.5) 4 (1.2) 314 (96.3) 12 (3.7) 0 (0)

4.4) 1 (0.6) 154 (85.1) 26 (14.4) 33 (18.2) 122 (67.4)
0) 0 (0) 0 (0) 8 (100) 0 (0) 0 (0)
5.2) 0 (0) 95 (84.8) 17 (15.2) 22 (19.6) 73 (65.2)
) 1 (1.6) 59 (96.7) 1 (1.6) 11 (18.0) 49 (80.3)

5.6) 0 (0) 76 (84.4) 14 (15.6) 23 (25.6) 53 (58.9)
0) 0 (0) 0 (0) 5 (100) 0 (0) 0 (0)
.5) 0 (0) 33 (80.5) 8 (19.5) 14 (34.1) 19 (46.3)
) 0 (0) 43 (97.7) 1 (2.3) 9 (20.4) 34 (77.3)

3.2) 1 (1.1) 78 (85.7) 12 (13.2) 10 (11.0) 69 (75.8)
0) 0 (0) 0 (0) 3 (100) 0 (0) 0 (0)
.7) 0 (0) 62 (87.3) 9 (12.7) 8 (11.3) 54 (76.1)

1 (5.9) 16 (94.1) 0 (0) 2 (11.8) 15 (88.2)

uorescence assay.



Fig. 1. A and B OD ratio of negative control samples (n¼326) and PCR-confirmed CoVID-19 patients (n¼181) were determined using an IgG and IgA ELISA. C and D ROC curve
analysis for IgG and IgA OD ratio results including the area under the curve (AUC) and 95% confidence intervals. E IgG OD ratios of COVID-19 patients at different days post onset of
symptoms (dpos, dots) or days post diagnosis (dpd, triangles). Red dots or triangles show samples that are confirmed by whole spike recombinant immunofluorescence analysis.
Dotted and dashed lines indicate the Euroimmun- (EI) or Geneva- (GE) cut-offs for negative, indeterminate and positive samples, respectively.
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Table 2
Analysis of the neutralizing activity of sera with discrepant results in IgG ELISA and S-rIFA using a Pseudovirus neutralisation test

Sample Code dpos/dpd Type Result Reciprocal Endpoint Titre

ELISA IgG S-rIFA IgG ELISA IgA Pseudo-NT 90 Pseudo-NT 50

8 NA Neg. Ctrl. 0.79 NEG 1.29 <10 <10
9 NA Neg. Ctrl. 0.31 NEG 0.56 <10 <10
10 NA Neg. Ctrl. 0.57 NEG 0.79 <10 <10
11 NA Neg. Ctrl. 0.97 NEG 2.72 <10 <10
56 NA Neg. Ctrl. 0.81 Putative NEG 0.47 <10 <10

209 8 COVID-19 Pat. 0.73 POS 3.66 20 �160
30181704 22 COVID-19 Pat. 1.08 POS 0.77 20 �160
30189617 16 COVID-19 Pat. 0.60 POS 9.99 20 80
30186069 14 COVID-19 Pat. 0.55 POS 2.94 20 80
30193397 11 COVID-19 Pat. 0.56 POS 4.21 10 80
30193613 11 COVID-19 Pat. 0.51 POS 0.92 80 �160
30193717 11 COVID-19 Pat. 0.41 POS 1.02 10 40
30197451 14 COVID-19 Pat. 0.57 POS 3.85 �160 �160
30197527 16 COVID-19 Pat. 0.46 POS 0.67 <10 20
30202986 18 COVID-19 Pat. 0.58 Putative NEG 1.53 <10 <10
30208864 14 COVID-19 Pat. 0.47 POS 0.33 20 80
30208885 7 COVID-19 Pat. 0.39 Putative NEG 0.48 <10 <10
30251875 27 COVID-19 Pat. 0.36 POS 0.51 10 80

202 16 COVID-19 Pat. 6.02 POS 10.70 160 �160
205 11 COVID-19 Pat. 13.08 POS 10.93 �160 �160
30175134 15 COVID-19 Pat. 14.64 POS 10.41 �160 �160
30175147 15 COVID-19 Pat. 13.90 POS 10.41 �160 �160
30175152 18 COVID-19 Pat. 13.67 POS 10.41 �160 �160
30175157 15 COVID-19 Pat. 9.74 POS 9.65 �160 �160
30193442 11 COVID-19 Pat. 1.40 POS 6.48 20 80

dpos days post onset of symptoms, dpd days post diagnosis, rIFA recombinant immunofluorescence assay, NA not applicable, Pseudo-NT 90 and 50: pseudovirus neutralization
test using 90% or 50% reduction as cut-off.

Table 3
Calculation of Sensitivity, Specificity, PPV and NPV at different cut-offs for the IgG ELISA

Cut-Offs Sensitivity (95%) Specificity (95%) Positive predictive value (95%) Negative predictive value (95%)

All samples (n¼507)
IgG ratio
AUC: 0.990
(95%CI: 0.983-0.996)

GE cut-offs1

�2.5 (rule-in) 73% (66-80) 100% (99-100) 100% (96-100) 89% (85-92)
<0.8 (rule-out) 94% (88-97) 97% (94-98) 97% (88-96) 97% (95-99)

EI cut-offs2

>1.1 (rule in) 93% (87-96) 99% (97-100) 97% (93-99) 97% (94-98)
<0.8 (rule out) 94% (88-97) 97% (94-98) 97% (88-96) 97% (95-99)

<21dpos/dpd (n¼120)
IgG ratio
AUC: 0.981
(95%CI: 0.961-1.00)

GE cut-offs1

�2.5 (rule-in) 69% (59-77) 100% (76-100) 100% (94-100) 33% (21-49)
<0.8 (rule-out) 91% (84-96) 100% (76-100) 100% (95-100) 64% (43-81)

EI cut-offs2

�1.1 (rule in) 89% (81-94) 100% (76-100) 100% (95-100) 59% (39-77)
<0.8 (rule out) 91% (84-96) 100% (76-100) 100% (95-100) 64% (43-81)

dpos days post onset of symptoms, dpd days post diagnosis, AUC area under the curve.
1 GE cut-offs: <0.8 ¼ negative; �0.8 and < 2.5 ¼ indeterminate; �2.5 ¼ positive.
2 EI cut-offs: <0.8 ¼ negative; �0.8 and < 1.1 ¼ indeterminate; �1.1 ¼ positive.
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this value, the SE was 94%, the SP 97%, the NPV 97% and the PPV 97%
(Table 3). This defines an indeterminate range between IgG ratios of
0.8 and 2.5, which represented 45 cases (8.9%) of our samples
(including 12 control and 33 COVID-19 samples). In this indeter-
minate zone, all 12 sera from controls were confirmed as negative
(n¼11) or putative negative (n¼1) by rIFA. For indeterminate
samples of COVID-19 patients, all 33 were positive by rIFA.

In the subgroup of patients whose samples were taken before 21
dpos, using the manufacturer IgG ratio seropositivity cut-off (1.1),
the SE was 89%, the SP 100%, the PPV 100%, and the NPV 59%. At the
manufacturer seronegative cut-off (<0.8), the SE was 91%, the SP
100%, the PPV 100%, and the NPV 64% (Table 3). Importantly, no
patient displayed a ratio between 0.8 and 1.1 in this subgroup,
preventing us from estimating the importance of the indeterminate
cases.

Using the aforementioned optimized IgG ratio cut-off for IgG
seropositivity (2.5), the SE was 69%, the SP 100%, the PPV 100%, and
the NPV 33%. At the cut-off for IgG seronegativity (<0.8), the SE was
91%, the SP 100%, the PPV 100%, and the NPV 64% (Table 3). The
number of undetermined cases between 0.8 and 2.5 IgG ratio values
represented 27.5% (33/120) of the subgroup. Taken together, these
results indicate that if the seropositivity cut-off of 2.5 for the IgG
ratio would be suitable for patients with sample taken <21 days
post symptoms onset, the seronegative cut-off of 0.8 would display
a non-optimal NPV for rule-out purposes. The optimal seronegative
(NPV 100%) cut-off would have been <0.4, at the cost of a modest
increase of indeterminate cases to 31% (37/120). Thus, this assay
performs best for convalescent samples taken as of 21 dpos.

Discussion

The key finding of this validation study, derived from a large
cohort of laboratory-confirmed SARS-CoV-2 cases and unmatched
negative controls, is that the present CE-IVD marked immunoassay
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for IgG has a good diagnostic accuracy with an AUC of 0.99 and
outperformed IgA according to ROC curve comparisons. These re-
sults parallel the ones obtained by two other smaller studies [8,17],
which tested the non CE-marked ELISA version and showed
potentially better diagnostic performances of IgG compared to IgA
ELISA but lower AUCs compared to this study. Our improved results
might result from the higher number of negative controls and
COVID-19 patient sera tested, and from the decreased non-specific
background relative to that observed in the earlier studies.
Compared to the Wantai total Ig ELISA and Diasorin Liason assay
the Euroimmun IgG ELISA has a similar specificity. Also the sensi-
tivity for samples taken >14dpos was comparable between all three
assay, for sample taken before 14dpos the sensitivity of the Euro-
immun assay was lower than for theWantai assay but a higher than
for the Diasorin assay [18].

Despite the greater performance of the Euroimmun IgG based
ELISA, it was reassuring to see that the IgA results correlated well
with the IgG results and gave very similar AUCs upon ROC analyses.
However, knowing if and how IgA could be used in clinical practice
to further refine rule-in our rule-out strategies still remains elusive.
Interestingly, despite higher mean IgG ratios in hospitalized pa-
tients compared to outpatients, i.e. milder cases, ROC analysis did
not reveal a lower performance of the assay for mild cases. As all
COVID19 patients in this study displayed at least mild symptoms, it
remains to be investigated how the Euroimmun ELISA performs on
sera from asymptomatic patients and if the cut-offs need to be
adapted for this group of patients. Also, the potential earlier waning
of antibodies in asymptomatic/mild cases could potentially influ-
ence the performance of immunoassays and should be considered
for future seroprevalence studies.

The second notable finding of this study is that the current
manufacturer cut-offs are prone to misinterpretations and should
not be used without proper evaluation before routine testing.
Keeping inmind the challenges of developing a serological assay for
a new viral disease in an emergency situation; securing both rule-in
and rule-out cut-offs is key to mitigate the unavoidable risk of false
positive and false negative results due to the combination of a
highly dynamic pre-test probability variation, with a suboptimal
seroconversion time when studies are undertaken at the peak of an
epidemic. Our analyses revealed the following limitations of the
manufacturer's seropositivity cut-off. First, with an inter-assay
imprecision of 15% assessed at an IgG ratio of 2.09 translating
into a LSC of 0.42 IgG ratio, our results indicate that the analytical
imprecision is higher than the range of the indeterminate zone
proposed by the manufacturer, which encompasses a delta of 0.3
IgG ratio. This implies that any result within the 0.8-1.1 IgG ratio
range could be randomly either above, within or below these values
just because of analytical imprecision. Secondly, with a LSC of 0.42
our results indicated that a higher IgG ratio cut-off value was
needed to secure an optimal specificity and PPV. Adding the 0.42
LSC to the highest ratio shown by a negative control sample (2.1)
yielded a 2.5 ratio as the IgG seropositivity cut-off with a PPV of
100%, the lower end of the 95%CI still being compatible with a 96%
rule-in strategy. Notably, using this cut-off in the subgroup of pa-
tients under 21 dpos/dpd, the SP and PPV were still 100%, however,
with broader confidence intervals. The negative predictive value at
the rule-out cut-off of 0.8 IgG ratio, as suggested by the manufac-
turer was in linewith an overall NPV of 97%, with a 95% at the lower
end of the 95%CI. In the subgroup of patients under 21 dpos/dpd
this interval was found to be substantially larger (95%CI: 43-81).
Taken together, these results indicate that at this stage the optimal
rule-in cut-off should be set at �2.5 of IgG ratio for seropositivity
and at <0.8 of IgG ratio for rule-out purposes (seronegativity). With
these optimized “Geneva's" cut-offs, the indeterminate zone rep-
resented 8.9% of the cases overall (12 controls and 33 COVID-19
samples), representing a volume easily amenable to further
confirmation tests like rIFA.

In this respect, the 13 discordant cases between IgG ELISA and
rIFA were tested using the pseudo-NT assay. This indicated that all
non-positive samples (negative and putative negative) by rIFAwere
negative in the pseudo-NT assay, and that all positive samples by
rIFA (but IgG ELISA negative) were positive in the pseudo-NT assay.
One sample that was indeterminate in IgG ELISA and positive in
rIFAwas also positive in pseudo-NT. These findings may indicate an
earlier IgG antibody response, which could better mediate virus
neutralization, against the S2 domain of the spike protein, as pre-
viously suggested for SARS-CoV-1 neutralizing antibodies targeting
the S2 domain [19e22]. Although based upon a limited number of
observations which prevents us from drawing final conclusions,
these results suggest that rIFA may be an appropriate confirmatory
assay in the future.

Regarding potential limitations, we need to highlight several
additional points. We evaluated an ELISA assay measuring anti-
bodies against the S1 domain of the spike protein and not against
the full protein, which may contain other highly relevant epitopes
from the S2 domain. Such factors could potentially explain why
some samples were negative by ELISAs but positive by rIFA, as the
whole-spike protein is used in rIFA. Secondly, we strongly
emphasize two important cut-off limitations related to the
analytical imprecision. At the level of the analytical imprecision, the
SARS-CoV-2 IgG intra-individual biological variation being un-
known, we had to use the LSC instead of the reference change value
[23], which most likely would have translated into a higher sero-
positivity cut-off. Along the same line, because the intra-lot
imprecision of the reagents is still undetermined, but expected to
be higher than 15%, this could have a similar impact on cut-off
determination. Nevertheless, these cut-offs implemented in
routine testing at the Geneva University Hospitals (GE-cut-offs)
proved useful in the management of a number of clinically
compatible COVID-19 patients with negative PCR results.

Importantly, this study is a diagnostic accuracy validation study
and not a seroprevalence study. This implies that the current
seropositivity cut-off has to be considered with caution in popu-
lation studies. Indeed, the 100% PPV achieved in this study was due
to combined effect of a 100% specificity and a 2:1 distribution of
control and samples form patients with positive SARS-CoV-2 PCR.
Therefore, in population seroprevalence studies with a lower ex-
pected proportion of COVID-19, the PPV at the 2.5 cut-off will likely
decrease. In this context, increasing the rule-in IgG cut-off to a
higher value or using a secondary specific confirmatory assay may
become necessary. Due to this limitation, at this stage we recom-
mend the confirmation of all positive ELISA results (including ratios
above 2.5) using a second serological assay such as rIFA for sero-
prevalence studies with a low pre-test probability, and the confir-
mation of doubtful ELISA results in settings with a pre-test
probability around 35%. A summary of our proposed testing strat-
egy is given in Fig. 2.

In conclusion, in this validation study performed on 507 sera, of
which 35.7% came from patients with COVID-19, we demonstrate a
close to optimal diagnostic accuracy of IgG SARS-CoV-2 serology of
the Euroimmun assay, without any obvious gains from IgA serology.
Taking analytical imprecision into account, we propose optimized
cut-offs allowing a PPV of 100% and a NPV of 97% to be secured with
an indeterminate zone comprising about 8.9% of the results, for
which additional rIFA analyses are currently necessary. Ongoing
seroprevalence studies will be instrumental to further refine the
optimal rule-in and rule-out cut-offs, as well as the optimal testing
strategy, which may require a highly specific confirmatory assay.
For the time being, this assay seems to be fit for the purpose of
enabling authorities to make informed decisions regarding



Fig. 2. Graphical overview or serological testing strategies in low (<10%) and high (>35%) pre-test probability settings. PPV: positive predictive value; NPV: negative predictive
value; rIFA: recombinant immunofluorescence assay; 95%CI: 95% confidence intervals.
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measures to be taken in order to manage the SARS-CoV-2
pandemic. Using the GE cut-offs could also allow the determina-
tion of whether individuals have been exposed or not to SARS-CoV-
2 with high confidence. As a final caution, at this time simple IgG
levels determined by ELISA or rIFA cannot be considered as a sur-
rogate of protection for individual patients. This implies that risk
mitigation decisions may not yet be based only on SARS-CoV-2
ELISA/rIFA serology.
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