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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Vaccines, to limit SARS-CoV-2 infection, were produced and reliable assays are needed for
Serological standard their evaluation. The WHO produced an International-Standard (WHO-IS) to facilitate the standardization/
WHO comparison of serological methods. The WHO-IS, produced in limited amount, was never tested for reproduc-
(S:[(\)l\{/SI]-)Ci(l’\g/-z ibility. This study aims at developing a reproducible and accessible working standard (WS) to complement the
Comi . WHO-IS.

omlrnaty vaccine R . . L.
Neutralization Materials and methods: Sera from vaccinated individuals were used to produce the WSs. The WHO-IS, the WSs and

single serum samples (n = 48) were tested on 6 quantitative serological devices. Neutralization assays were
performed for the 48 samples and compared with their antibody titers.

Results: The WS carry an antibody titer 20-fold higher than the WHO-IS. It was reproducible, showed both good
linearity and insignificant intra- and inter-laboratory variability. However, the WSs behave differently from the
WHO-IS. Analysis of the 48 samples showed that single correlation factors are not sufficient to harmonize results
from different assays. Yet, all the devices predict neutralization activity based on the antibody titer.
Conclusions: A reproducible and highly concentrated WS, specific for IgG against SARS-CoV-2 Spike-glycoprotein
was produced. Such characteristics make it particularly suited for the harmonization of commercially available
assays and the consequent evaluation of post-vaccinated individuals.

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the
aetiological agent of the Coronavirus Disease 2019 (COVID-19), has
threatened the health of the world’s population, leading to an unprec-
edented social and economic burden since the end of 2019. On January
30th, 2020, the World Health Organization (WHO) declared COVID-19 a
Public Health Emergency of International Concern, and a Pandemic on
March 11th. As of July 10th nearly 190 million people have been
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infected and less than 4 million have died as a result [1]. Exceptional
research efforts led to the rapid development of several vaccines [2,3],
some of which have already been distributed to the general population
[4-8]. The response to vaccination can be monitored by means of
quantitative serological assays detecting serum antibodies recognizing
the viral Spike glycoprotein (S-protein). However, most of the
commercially available devices are based on different technologies,
evaluate different types of immunoglobulins and use a plethora of
different S-protein targets: monomeric soluble form, trimeric form,
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receptor binding domain (RBD) motif [9-11]. To date, 55 serological
assays have received emergency use authorization from the Food and
Drug Administration [12] and their different readouts make all possible
comparisons challenging; even when comparing analogue immuno-
globulin isotypes or when using the same S-protein domain as target
[10,11,13,14]. Thus, development and harmonization of quantitative
serological assays for COVID-19 antibodies are pivotal in evaluating the
vaccine response/efficacy and potentially assessing the acquired
immunity.

In this regard, the National Institute for Biological Standards and
Control (NIBSC), and WHO adopted on December 10th 2020 an Inter-
national Standard (IS) to allow the accurate calibration of assays into an
arbitrary unit, in order to reduce inter-laboratory variation [15,16]. The
WHO-IS is based on a pool of human plasma from eleven convalescent
patients [15]. It was lyophilized in 3500 ampoules and each aliquot,
after reconstitution with 0.25 mL of distilled water, was arbitrary
assigned 250 international units (IU) for neutralizing activity and 1000
binding antibody units (BAU) per mL for binding assays.

As mentioned above, the aim of the WHO-IS is to provide a bench-
mark for the serological assays detecting an immunoglobulin class spe-
cific for the same molecular target. Because of the limited amount of IS
ampoules, the intended purpose of the WHO-IS is to provide a standard
reference for further calibration of secondary reference standards to be
used worldwide [17]. Unfortunately, not all of the serological standards
described so far fit the attribute of commutability [17]. In this specific
case, commutability between secondary reference reagents and the
WHO-IS might be hindered by the antibody variability observed in
subjects recovered from SARS-CoV-2 [18] as well as by the presence of
different viral variants undergoing adaptive selection, described to date
[19]. In our opinion, such a problem can be partly mitigated by devel-
oping novel reference standards from sera of vaccinated subjects.

Taking advantage of our ongoing multicenter longitudinal study
Covidiagnostix, “health technology assessment in COVID-19 serological
diagnostics” (funded by the Italian Ministry of Health), which in-
vestigates the antibody responses of thousands of healthcare pro-
fessionals [8,20], we explored the possibility of developing an
inexpensive, reproducible and easily available working standard (WS),
specific for post-vaccination evaluation and following the same criteria
used for the WHO-IS. The WS utilizes serum collected 21 days after the
first dose of the Comirnaty vaccine, from subjects showing high anti-
body titers. The WS was calibrated against the WHO-IS and then
analyzed by six quantitative serological testing devices located in
different laboratories.

2. Material and methods
2.1. Laboratories involved in the study and devices used

The centers involved in the study were all based in Italy: the IRCCS
San Raffaele Hospital (OSR), Milan; the IRCCS Galeazzi Orthopedic
Institute (I0G), Milan; the IRCCS Casa Sollievo della Sofferenza Hospital
(CSS), San Giovanni Rotondo and the IRCCS Bambino Gesui Children’s
Hospital (BG), Rome. The centers were all part of the Covidiagnostix
study. The study was approved by the OSR Institutional Ethical Review
Board (which has jurisdiction also on IOG), the CSS Ethical Review
Board and the BG Ethical Review Board.

The six quantitative serological tests and devices used in the study
were:

1) The Roche Anti-SARS-CoV-2-S test, run on COBAS 601 platform
(Roche, Basel, Switzerland): an electrochemiluminescence immuno-
assay (ECLIA) detecting total Immunoglobulins (IgTot: IgA, IgG and
IgM) against the receptor binding domain (RBD) of the viral S-protein.
The quantification range is between 0.4 and 250.0 U/mL which is
further extended to 2500.0 U/mL by a 1:10 dilution of the sample
automatically performed by the instrument. Specificity and sensitivity
(>14 days after diagnosis) are, 99.98% and 98.8%, respectively, when
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the manufacturer’s suggested cutoff of 0.8 U/mL is used. The instrument
was available at both OSR and BG.

2) The Diasorin LIAISON SARS-CoV-2 S1/S2 IgG (Diasorin, Saluggia,
Italy), a chemiluminescence immunoassay (CLIA) detecting IgG specific
for the S1/S2 viral S-protein. The quantification range is between 3.8
and 400.0 AU/mL. Specificity and sensitivity (>15 days after diagnosis)
are, 98.5% and 97.4%, respectively, when the manufacturer’s suggested
cutoff > 15 U/mL is used. Results between 12.0 and 15.0 U/mL are
considered borderline. The instrument was available at OSR.

3) The Diasorin LIAISON SARS-CoV-2 Trimerics IgG (Diasorin, Sal-
uggia, Italy), a CLIA detecting IgG specific for the Trimeric Spike
Glycoprotein. The quantification range is between 1.85 and 800 U/mL.
Specificity and sensitivity (>15 days after diagnosis) are 99.5% and
98.7%, respectively, when the manufacturer’s suggested cutoff > 13 U/
mL is used. The instrument was available at BG.

4) The Atellica IM SARS-CoV-2 IgG (COV2G) assay, run on the
Atellica IM Analyzer (Siemens Healthineers, Erlangen, Germany), a
CLIA detecting IgG specific for the S-protein RBD. The quantification
range is between 0.05 and 150 U/mL which is further extended to 750.0
U/mL by a 1:5 dilution of the sample automatically performed by the
instrument. Specificity and sensitivity (>14 days after diagnosis) are
100% and 99.8%, respectively, when the manufacturer’s suggested
cutoff > 1 U/mL is used. The instrument was available at IOG.

5) The Diesse CHORUS SARS-CoV-2 “NEUTRALIZING” Ab (Diesse-
Diagnostica Senese, Siena, Italy), a competition assay which detects
IgTot specific for the S1 subunit of the viral S-protein. The instrument
was available at I0G. The quantification range is between 20 and 1500
U/mL (or BAU/mL). The manufacturer’s suggested cutoff is 20 U/mL (or
BAU/mL).

6) The Euroimmun Anti-SARS-CoV-2 (Euroimmun, Liiebeck, Ger-
many), an enzyme-linked immunosorbent assay which detects IgG spe-
cific for the S1 subunit of the viral S-protein. The quantification range is
between 3.2 and 348 U/mL (or BAU/mL). Specificity and sensitivity
(>10 days after diagnosis) are 99.8% and 90.3%, respectively, when the
manufacturer’s suggested cutoff > 35.2 U/mL (or BAU/mL) is used.
Results between 25.6 and 35.2 U/mL (or BAU/mL) are considered
borderline. A solution used for diluting samples above 348 U/mL was
included in the measurement kits. The instrument was available at CSS.

A seventh device, the CLIA Diasorin LIAISON SARS-CoV-2 S1/S2 IgM
(Diasorin, Saluggia, Italy) detecting IgM specific for the S1/S2 viral S-
protein, was used exclusively to test for the presence of IgM and was not
compared with the above listed six instrumentations. No quantification
range was defined by the manufacturer. Results < 1.1 AU are considered
as negative (no presence of IgM), whereas results > 1.1 AU are consid-
ered as positive (presence of IgM).

2.1.1. U/mL to BAU/mL conversion factors

Binding antibody units per milliliter (BAU/mL) proposed by the
WHO to standardize any device to the WHO-IS were calculated by
applying the conversion factors suggested by the manufacturers,
whenever it was possible. Roche, Euroimmun and Diesse all claim a
conversion factor of 1. Therefore, their results in U/mL correspond to
BAU/mL (BAU/mL = U/mL*1). In this regards, Diesse and Euroimmun
manufacturer’s datasheets claim readouts in BAU/mL for both assays.
Siemens provides a conversion factor of 21.8 (BAU/mL = U/mL*21.8),
whereas Diasorin Trimerics specifies a conversion factor of 2.6 (BAU/
mL = U/mL*2.6). No conversion factor was available for Diasorin S1/
S2.

2.2. WS preparation and samples

At OSR>5000 healthcare professionals were offered the Comirnaty
mRNA BNT162b2 vaccine within the first two months of 2021 and were
included in the Covidiagnostix study. Blood samples were withdrawn at
different time points, as previously described [21]; time 0 (Tp), 1-2 min
before receiving the first vaccination dose, to discriminate subjects with
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or without natural presence of anti-SARS-CoV-2 antibodies, and at time
1 (Ty), 21 days after Ty, 1-2 min before the injection of the second dose.

Discrimination between naturally seropositive and seronegative
subjects at Top was carried out using the Elecsys Anti-SARS-CoV-2
(ECLIA) run on a COBAS 601 platform (Roche, Basel, Switzerland)
which detects IgTot specific for the viral nucleocapsid-protein. Thanks
to an instrument query upon a positive result, the samples were further
tested on the same platform with the Roche anti-SARS-CoV-2-S test
(Spike protein). The latter assay was also used to evaluate vaccine
response at T1. For a limited number of subjects (n = 1100) a third blood
sample was collected 21 days after the second vaccination dose (T2) and
evaluated with the Roche Anti-SARS-CoV-2-S test.

2.2.1. WS1 preparation

Ten randomly chosen T; serum samples (1 mL each) fulfilling the
single inclusion criteria of having antibody titers (Roche Anti-SARS-
CoV-2-S) above the 2500 U/mL upper instrument limit were pooled
together in order to obtain the WS1 (“solution 0”). A 1:10 dilution was
performed using a pool of pre-pandemic sera to obtain instrument
readouts within the quantification range of the majority of the utilized
devices (solution 1). Further 1:2 dilutions (from 1:20 to 1:10240; cor-
responding to solution 2 to 11) were performed using a pool of pre-
pandemic sera for the purpose of testing the linearity of the various
assays. The ten samples were all from naturally seropositive subjects.

2.2.2. WS2 preparation

Fifty-two randomly chosen T; samples (1-2 mL each), fulfilling the
single inclusion criteria of having antibody titers (Roche Anti-SARS-
CoV-2-S) above the 2500 U/mL upper instrumental limit, were the
starting material to produce the WS2. The 52 samples were pooled
together (in different proportions) in order to obtain the second working
standard solution (WS2: “solution 0”) matching the antibody titer of
WS1 “solution 0” (according to the Roche Anti-SARS-CoV-2-S assay). As
for WS1, a 1:10 dilution with a pool of pre-pandemic sera was performed
to make solution 1. Further 1:2 dilutions with pre-pandemic serum were
done to prepare solutions 2 to 11. Of the 52 subjects, 46 were from
naturally seropositive subjects whereas 6 were seronegative at Ty thus
showing no evidence of previous SARS-CoV-2 infection.

2.2.3. WHO International standard

An aliquot (0.25 mL after reconstitution with distilled water) of the
WHO-IS for anti-SARS-CoV-2 (code: 20/136) was obtained from NIBSC
(Hertfordshire, UK). As stated by the WHO [16], the assigned potency of
the WHO-IS was 250 IU/ampoule for neutralizing antibody activity.
After reconstitution, the final concentration is 1000 IU/mL. For binding
antibody assays, an arbitrary measure of 1000 binding antibody units
(BAU/mL) can be used to assist in the comparison of assays detecting the
same class of immunoglobulins with the same specificity. Due to the
scarcity of material, the reconstituted WHO-IS was diluted 1:2 (500
BAU/mL), using a pool of pre-pandemic sera, to reach the minimal
volume needed for measurements on the Roche and Siemens assays.
Further 1:4 dilutions (pre-pandemic sera) were performed five times to
test the WHO-IS linearity (125, 31.25, 7.81, 1.95 and 0.49 BAU/mL).

For the Diasorin Trimerics and Euroimmun devices the reconstituted
WHO-IS was diluted 1:4.4 (228.6 BAU/mL) using a pool of pre-
pandemic sera to reach the minimal volume needed for the measure-
ments. Further 1:4 dilutions (pre-pandemic sera) were performed five
times to test the WHO-IS linearity (82.14, 22.32, 5.58, 1.39 and 0.22
BAU/mL).

2.3. Individual samples and neutralization assay

Forty-eight Ty samples (1-2 mL) from both naturally seropositive
and seronegative subjects, chosen to cover a broad antibody titer range
(Roche Anti-SARS-CoV-2-S), were serologically tested with the six de-
vices used in this study as well as for neutralization activity. Samples
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showing antibody titers exceeding the upper instrument limits were
diluted with a pool of pre-pandemic sera in order to obtain test results
within the quantification range.

2.4. Micro-neutralization experiments

Vero E6 cells were seeded into 96-well plates 24 h before the
experiment was performed at 95% cell confluency for each well. Serum
samples were decomplemented by incubation at 56 °C for 30 min,
diluted 1:80 and incubated with SARS-CoV-2 G614 strain at 0.001
multiplicity of infection (MOI) for 1 h at 37 °C. Virus-serum mixtures
and positive infection control were applied to Vero E6 monolayers after
washing cells with PBS 1 x, and virus adsorption was carried out at 37 °C
for 1 h. Cells were then washed with PBS 1 x to remove cell-free virus
particles and virus-containing mixtures, while controls were replaced
with complete DMEM supplemented with 2% FBS. The plates were
incubated at 37 °C in the presence of CO; for 72 h. The experiments were
performed in triplicate. Neutralization activity was evaluated by
comparing the percentage of cytopathic effect (CPE) presence detected
in the virus-serum mixtures with the positive infection control.
Neutralization activity was ranked as follow: 100%, 66.7%, 33.3% and
0% if all, two, one and none of the triplicate experiments showed
neutralization, respectively.

2.5. Statistical analysis

WS and WHO-IS measurements were performed in triplicate. Values
are expressed as arithmetic average + standard deviation (SD). Com-
mutability between WS1 and WS2 was assessed by Passing and Bablok
regression [22] using the software Excel (Microsoft, Redmond, WA,
USA). A significant (p < 0.05) bias was deemed to be present if the 95%
confidence interval (CI) of the bias did not include zero (intercept) or
one (slope). The linearity of the WS and the WHO-IS as well as the single
samples instrument-to-instrument correlations were evaluated by sta-
tistical linear regression using the Sigmaplot software (Systat-Software,
San Jose, CA, USA). The receiver operating characteristic (ROC) curves
analyses were performed using R software v4.1.0 (R Core Team, Wien,
Austria). Thresholds were calculated to minimize the optimality crite-
rion ((1-sensitivities)"2+(1-specificities)"2). ROC curves were compared
using Venkatraman statistic [23] with 500 permutations. P values <
0.05 were considered statistically significant.

3. Results
3.1. WS analysis and comparison with WHO-IS

WS1 and WS2 were prepared by mixing serum samples from 10 and
52 subjects, respectively (solution 0). Such subjects mounted an
exceptionally high immune response after the first vaccination dose;
thus, a pool of their sera represents a source of very concentrated anti-
bodies specific for the viral S-protein. For the WS1, all the 10 subjects
had previously been infected by SARS-CoV-2 whereas for WS2, 6 sub-
jects (11.5%) had never experienced COVID-19. After a 1:10 dilution
with pre-pandemic serum, the back-calculated WS1 and WS2 “solution
0” titers (Roche Anti-SARS-CoV-2-S) were between 18810 + 970 and
19230 + 476 U/mL (Table 1). Similar to what was observed in previous
studies (4,6,8), the corresponding antibody titers at T (before vacci-
nation) of the seropositive subjects were, on average, 35.6 + 32.7 U/mL
(Roche Anti-SARS-CoV-2-S), representing 0.19% of the “solution 0”
antibody titers. Thus, vaccination increased their S-protein specific
antibody titers by approximately 500-fold. No S-protein specific IgM
were present in both WS1 and WS2 (Diasorin LIAISON SARS-CoV-2 S1/
S2 IgM, data not shown).

Solutions 1 to 11 were used to evaluate the linearity of the different
assays in different laboratories for both WS1 and WS2. Fig. 1 and Table 1
show that all the devices displayed a good linearity (R? > 0.977) except
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Table 1
WS1 and WS2 average measurements + SD performed with the six different assays used in the study. The manufacturer’s suggested cutoff levels are highlighted in
yellow. “Negative” results (i.e., below the cutoff level) are highlighted in light blue.
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ROCHE (U/mL) Diasorin Trimerics Diasorin $1/S2 Siemens Diesse Euroimmun
(UimL) (UimL) (UimL) (UimL) (UimL)
Cutoff | 0.8 13 15 1 50 35.2
Center | OSR WS1 BG Ws1 OSR Ws2 BG Ws1 BG Ws2 OSR Ws1 OSRWS2 | IOGWS1 | IOGWS2 | I0G Ws1 10G Ws2 CSS Ws2
Sol.1 1881.7+97.2 1923.0+47.6 1922.0+48.7 | 382.7+#22.7 | 389.0£5.7 | 327.3+51.4 | 3155+32.1 | 26.7+0.2 | 26.9+0.3 1404.5+11.2 1440.5+61.8 | 758.4+70.6
Sol.2 979.7+33.9 1019.0+22.5 | 994.7+10.0 176.7£12.3 | 182.5+5.4 | 189.3+10.7 | 190.0.5+8.9 | 12.3+0.5 11.9+0.1 1141.6+36.5 1334.5+6.8 335.2+33.3
Sol.3 521.3+5.5 535.3+8.0 523.7+£9.0 81.2+3.3 76.240.5 | 11444 95.3+3.3 5.3+0.2 5.20.1 857.6+102.9 | 1020.4+164.9 | 217+71.8
Sol.4 274.3+3.5 282.7+4.5 258.0+4.6 34.1+0.8 33.2+0.1 63.7+2.1 54.9£1.7 2.48+0.04 | 2.5+0.01 303.8+16.5 591.0+86.9 74.945.3
Sol.5 131+4.3 150.0+2.6 135.3+0.6 15.3+0.15 14.6+0.7 | 31.9+2.0 29.05+0.4 1.25+0.13 | 1.264+0.02 | 123.9+6.8 201.3+37.0 40.9+2.0
Sol.6 70.3+0.9 78.4+0.9 76.1+0.3 7.68+0.25 7.31£0.07 | 14.1+0.50 14.5+0.42 0.62+0.00 | 0.63+0.02 | 20.6+0.8 62.2+18.1 26.9+8.5
Sol.7 36.9+0.7 415403 38.0+0.6 4.13+0.16 4.17+0.00 | 5.99+0.14 6.73+0.04 0.29+0.01 | 0.34+02 |0 37.63.1 11.3+1.
Sol.8 19.3+0.21 22.0+0.06 19.7+0.1 2.39+0.01 2.45+0.05 | 0 3.85+0.01 0.14£0.01 | 0.20+0.04 | 0 0 5.68+60.53
Sol.9 10.2+0.06 11.9+0.06 9.4+0.06 0 0 0 0 0 0.08+0.01 | 0 0 3.17+0.46
Sol.10 5.5+0.02 4.7+0.01 4.7+0.08 0 0 0 0 0 0 0 0 0
Sol.11 2.9+0.03 2.5+0.04 2.5+0.03 0 0 0 0 0 0 0 0 0
Slope 19104 19607 19412 3726 3785 3457 3326 259.4 259.6 16774 18386 7449
R2 0.998 0.998 0.999 0.996 0.994 0.977 0.985 0.998 0.993 0.776 0.636 0.995
2000 30 Fig. 1. Graphical representation of the WS1 and
Roche: Siemens: WS.Z measurements showed in .Table 1. Dilution
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for the Diesse assay which exhibited a poor linearity (Fig. 1) consistent
with an R = 0.776, in the selected range. Both WS1 and WS2 have been
tested on the Roche, Diasorin (both S1/S2 and Trimerics), Siemens and
Diesse devices. In all cases, except for Diesse, the two WSs were statis-
tically identical as demonstrated by Passing Bablock regression. WS1
was not tested on the Euroimmun device because we have run out of
material. It must be noted that, for the Roche device, the equivalence
between WS1 and WS2 was maintained even when measurements were
performed on devices located at different centers (OSR and BG) (Fig. 1,
Table 1).

Table 1 shows that the cutoff levels suggested by different manu-
facturers impact the discrimination between positive and negative
samples. For the Roche device, all the 11 solutions used in this study
were considered as positive whereas for the remaining 5 assays, solu-
tions 6 to 11 were considered as negative except for WS2 “solution 6”
measured on the Diesse device (Table 1).

The Roche device, which shows a manufacturer’s suggested U/mL to
BAU conversion factor for the WHO-IS equal to 1 (Table 2), was used to
calibrate the WS against the WHO-IS. Fig. 1 shows that, after calibration,
the other assays revealed some discrepancy. Because of the limited
amount sent by NIBSC, the WHO-IS was not tested on the Diesse device.
Such differences have been summarized in Table 2 which displays the
comparison between the WHO-IS U/mL to BAU conversion factors (both
suggested by the manufacturers and experimentally calculated in our
study) and the WS. Experimentally calculated conversion factors, either
for WS or WHO-IS, were obtained as ratios between the slopes of the
linear regressions showed in Fig. 1. The experimentally calculated WHO-
IS conversion factors were remarkably similar to those suggested by the
manufacturers (Table 2). In contrast, the Siemens assay displayed a large
discrepancy between the WHO-IS and the WS conversion factors, with a
ratio equal to 3.4 (Table 2). Similar, albeit lower, discrepancies were
observed in the other devices (Table 2), except for the Diesse assay
which showed similar conversion factors (1 and 1.1 for the WHO-IS and
WS, respectively (Table 2)).

Through the analysis of the WS slopes (Table 1) and the manufac-
turers’ suggested U/mL to BAU conversion factors (Table 2), we calcu-
lated the instrument-to-instrument U/mL to U/mL conversion factors for
every type of conversion between the six assays (Table 3).

3.2. Single samples analysis

In parallel to the WS analysis, 48 T, serum samples were analyzed
with the six devices. Samples were chosen to cover a wide range of
antibody titers (Table 18S). For instance, we chose 24 samples showing
antibody titers within the Roche device range (0.4-2500 U/mL) and 24
above the 2500 U/mL instrument limit. Samples exceeding the

Table 2

U/mL to BAU conversion factors. “WHO-IS” column: manufacturers’ suggested
WHO-IS conversion factors (the same conversion factors experimentally evalu-
ated in our study are displayed in brackets); “WS” column: conversion factors
experimentally evaluated in our study using the WS; “WS/WHO” column: ratio
between the manufacturers’ suggested WHO-IS conversion factors and the cor-
responding WS ones.

U/mL to BAU conversion factors

WHO-IS WS WS/WHO
Roche 1019 1° 1°
Siemens 21.8 (20.8) 74.7 3.4
Diasorin Trimerics 2.6 (2.5) 5.2 2.0
Diasorin $1/52” 5.7
Diesse 1 1.1 1.1
Euroimmun 1(1.1) 2.6 2.6

@ the perfect agreement between the WHO-IS and the WS for the Roche device
is the consequence of having used the latter assay as the calibration reference.

b no manufacturer’s suggested conversion factors were proposed for the WHO-
IS.

148

Clinica Chimica Acta 522 (2021) 144-151

instrument limits of any of the six devices used in this study were diluted
1:50 with a pool of pre-pandemic sera (Table 1S) in order to get readouts
within the instrument quantification range.

Fig. 2 shows the correlations between the serological results obtained
with the different assays. The linear regressions showed that the best
correlation was observed when the Roche and the Siemens devices were
compared R%= 0.831, Fig. 2), whereas the weakest was observed when
the Diasorin Trimerics assay was compared to the Euroimmun (R? =
0.127, Fig. 2).

Fig. 2 also shows the slopes (and their corresponding 95% CI) of the
linear regression calculated for each instrument-to-instrument correla-
tion. These slopes correspond also to the “instrument-to-instrument” (U/
mL to U/mL) conversion factors. When compared with either the WHO-
IS or the WS conversion factors (Table 3) 5 out of 10 of the WS con-
version factors (Diasorin S1/S2 was not considered because of the
missing WHO-IS conversion factor) fell within the 95% ClIs (Siemens vs
Euroimmun; Siemens vs Diasorin Trimerics; Siemens vs DS; Diesse vs
Roche; Diesse vs Diasorin Trimerics). In contrast, only 4 out of 10 WHO-
IS conversion factors fell within the same 95% CIs (Siemens vs Euro-
immun; Diesse vs Roche; Diesse vs Diasorin Trimerics.; Diasorin Tri-
merics vs Euroimmun). Furthermore, the 5 WS conversion factors not
included within the 95% CIs showed values which were different from
the single samples calculated conversion factors by: 27.8% (Siemens vs
Roche), 37.3% (DS vs Euroimmun), 29.0% (Diasorin Trimerics vs
Roche), 100.0% (Diasorin Trimerics vs Euroimmun) and 123.5%
(Euroimmun vs Roche), respectively. In contrast, the 6 WHO-IS con-
version factors not included within the 95% CI showed higher differ-
ences: 155.0% (Siemens vs Roche), 60.0% (Siemens vs Diasorin
Trimerics), 228.6% (Siemens vs DS), 71.5% (DS vs Euroimmun), 280%
(Diasorin Trimerics vs Roche), and 488.2% (Euroimmun vs Roche),
respectively.

3.3. Neutralization assays

The 48 T, samples described above in section 3.2 were also tested for
neutralizing activity against the SARS-CoV-2 G614 strain (supplemen-
tary Table 1S). The ROC curves (Fig. 3) showed that neutralization ac-
tivity correlates well with the antibody titers for all the six assays.
Table 4 shows that the highest AUC was observed in the Siemens assay
(93.8%), whereas the lowest in the Diasorin Trimerics (88.9%). Never-
theless, no statistically significant differences were observed between
the ROC curves of the six considered devices. Table 4 additionally dis-
plays thresholds representing the antibody titers which maximize both
specificity and sensitivity for each assay, expressed in U/mL.

4. Discussion

In the current COVID-19 vaccination era, quantitative serological
assays play a crucial role in determining the individual’s immunization
status which may predict immunity from future infection. Nevertheless,
there is currently a lack of harmonization/standardization among the
devices produced by different manufacturers. Most assays report their
outcomes in arbitrary-units which often differ substantially from one
assay to another. The only currently available standard was produced by
the WHO before the vaccines became accessible. It was prepared in
limited amount using serum from post-convalescent subjects and, to the
best of our knowledge, its reproducibility has never been demonstrated.

Using the serum from vaccinated subjects we produced a WS specific
for serological assays targeting the S-protein. The WS showed a titer
approximately 20-fold higher than the 250 pL solution obtained after
reconstitution of the WHO-IS. The WS also exhibited a good linearity
with all the tested devices, except for the Diesse assay whose limitations
were a short analytical range and an early signal saturation. The greater
than 500-fold increase in antibody titers showed, upon vaccination, by
the samples used to prepare the WS, suggests a very high specificity for
SARS-CoV-2 excluding concerns about possible cross-reactivity with
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WS conversion factors (U/mL to U/mL) between different devices. In brackets the conversion factors between different devices (U/mL to U/mL) obtained from the
corresponding manufacturer’s suggested WHO-IS U/mL to BAU/mL conversion factors.

To
From Roche Diasorin S1/52 Diasorin Trimerics Siemens Diesse Euroimmun
Roche 1 0.18 0.19 (0.38) 0.013 (0.046) 0.86 (1) 0.38 (1)
Diasorin S1/52% 5.60 1 1.08 0.075 4.8 2.15
Diasorin Trimerics 5.2 (2.6) 0.92 1 0.069 (0.12) 4.4 (2.6) 1.98 (2.6)
Siemens 74.7 (21.8) 13.3 14.47 (8.4) 1 64.6 (21.8) 28.71 (21.8)
Diesse 1.1 (D) 0.21 0.23 (0.38) 0.016 (0.046) 1 0.45 (1)
Euroimmun 2.6 (1) 0.46 0.50 (0.38) 0.03 (0.046) 2201) 1
2 No U/mL to BAU/mL conversion factor was available for Diasorin S1/52
= 18000
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Fig. 2. Linear regression of the “instrument-to-instrument” correlations for the 48 individual samples analyzed in the study. The slopes and the corresponding 95% CI
in brackets are shown together with the corresponding coefficient of determinations (R?).

other human coronaviruses. The purpose of the WS was to be used as a
secondary reagent after calibration against the WHO-IS using the Roche
assay. However, we observed that the WS and the WHO-IS behaved
differently when tested on the remaining five quantitative serological
devices. Such discrepancy was as high as 3.4-fold (Siemens) and was
different from one assay to another. We might speculate that such dif-
ferences arise from the different sources of material used for the two
standards: recovered patients for the WHO-IS, and vaccinated subjects
for the WS. In other words, it seems that the range of S-protein epitopes
recognized by the two standards is different because their antibodies
were generated against two different targets: the S-protein embedded in
the virus for the WHO-IS and the isolated S-protein for the WS.
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Nevertheless, we demonstrated that our WS can be easily reproduced by
using a pool of sera from the same type of subjects (i.e. vaccinated in-
dividuals showing a high antibody titers 21 days after the first vaccine
dose). In this context, reproducibility of the WHO-IS might be hindered
by the high variability observed in post-infection SARS-CoV-2 antibody
levels as a consequence of variable antigen exposure [18], and also, in
view of the different SARS-CoV-2 variants [19]. In contrast, such dif-
ferences are mitigated in the context of vaccination as demonstrated by
the WS reproducibility.

When testing serum from single samples, the linearity observed with
both the WHO-IS and the WS was lost, demonstrating that a single
correlation factor is not sufficient to harmonize the results from the
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Fig. 3. ROC curves obtained by considering the antibody titers of the 48 in-
dividual samples measured with the six assays analyzed in the study and their
corresponding neutralization activity. A sample was considered “neutralizing”
if it showed at least 30% of neutralizing activity.

Table 4
ROC parameters obtained by analyzing the 48 individual samples. “Threshold”
represents the antibody titers which maximize both specificity and sensitivity.

Threshold (U/  Specificity Sensitivity AUC (CI95%)
mL) (%) (%) (%)
Siemens 86.5 100.0 87.9 96.6
(92.3-100.0)
Roche 1392.0 93.3 84.8 93.8
(87.3-100.0)
Diesse 1266.7 93.3 87.5 93.8
(86.6-100.0)
Euroimmun 1268.4 86.7 81.8 90.5
(81.6-99.4)
Diasorin S1/52 206.0 86.7 81.8 89.3
(80.4-98.2)
Diasorin 789.0 86.7 78.8 88.9 (80.7 —
Trimerics 97.8)

different quantitative serological tests examined in this study. The best
correlation was observed between the Roche and the Siemens assays and
might be due to the same protein target (S-protein RBD) shared by the
two assays. On the other hand, the Diasorin Trimerics, the only one
using the trimeric S-protein as target, showed poor correlations with all
other assays.

The fact that the linear regression slopes of the 48 individual samples
(Fig. 2) are more similar to the WS conversion factors rather than to the
manufacturers’ provided WHO-IS conversion factors is likely the
consequence of the use of different materials for the preparation of the
two standards. Indeed, the WS as well as the 48 analyzed samples were
taken from vaccinated subjects, whereas the WHO-IS was prepared from
COVID-19 recovered patients. These data further confirm that the range
of S-protein epitopes recognized by the IgG produced after SARS-CoV-2
infection is different from the one exhibited by vaccinated subjects
(regardless of previous SARS-CoV-2 infection).

Despite the poor instrument-to-instrument correlations observed
when analyzing individual samples, all of the six assays showed a good
agreement between antibody titers and neutralization activity. Thus,
quantitative serological assays could play a pivotal role in prognosti-
cating post-vaccination immunity. The ROC calculated thresholds may
be used by clinicians to associate each device with an antibody titer
reference allowing to differentiate between subjects who acquired post-
vaccination immunity against SARS-CoV-2 infection and those who
might still be at risk of an infection. A further element confirming the
lack of harmonization/standardization among SARS-CoV-2 serological
quantitative assays came from the positivity/negativity analysis. The
Roche device showed a very low cutoff level when compared to the other
five assays. As a consequence, individuals might be listed as “positive” or
“negative” depending on the device available in the clinical laboratory
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where they underwent the serological test, generating confusion for
both final users and medical personnel.

5. Conclusions

We developed an easy to prepare, reproducible and highly concen-
trated WS specific for IgG against SARS-CoV-2 S-protein. Analysis of
both the WS and single samples showed that the WS behaves differently
from the WHO-IS, and that the instrument-to-instrument conversion
factors calculated with both the WS and the WHO-IS are not sufficient to
obtain interchangeable instruments’ readouts from single samples.

Nevertheless, the six assays performed well in predicting neutrali-
zation activity based on the antibody titers. The reproducibility and high
antibody titers of the WS (up to almost 20,000 BAU/mL, according to the
Roche device) make it an excellent standard for the evaluation of post-
vaccinated individuals who often show high antibody titers [4,6]. In
contrast, to the best of our knowledge, no reproducibility has yet been
demonstrated for the WHO-IS. Furthermore, the latter is available only
in limited amount and its reconstitution to a volume suitable for quan-
titative serological tests (0.5 mL) leads to a solution with a relatively low
antibody titer (approximately 500 BAU/mL).
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