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ARTICLE INFO ABSTRACT

Keywords: The accurate measurement of serological response to SARS-CoV-2 vaccination is needed to correlate responses
COVID-19 with effective protective immunity. The World Health Organization (WHO) has created an international standard
SARS-CoV-2

to allow harmonization of immune response assessment to an arbitrary unit across different commercial assays;
however, the accuracy of reporting of SARS-CoV-2 spike antibody titers in international standard units (BAU or
IU/mL) from commercial assays is not well studied. Here, we report the performance comparison of four

Quantitative serological assays
WHO international standard

ﬁ;z::;sobu“n quantitative commercial assays testing for SARS-CoV-2 spike immunoglobins using the WHO’s international
standard. Sera, EDTA-plasma and heparinized plasma collected from individuals who are vaccine naive or
received BNT162b2 (Pfizer/BioNTech), mRNA-1273 (Moderna) or ChAdOx1-S (Oxford-AstraZeneca) were tested
using Abbott Architect AdviseDx SARS-CoV-2 IgG II, DiaSorin LIAISON SARS-CoV-2 TrimericS IgG, Roche
Elecsys Anti-SARS-CoV-2 S and GenScript cPass SARS-CoV-2 surrogate virus neutralization assays. The sensi-
tivities ranged from 90% to 100%, and specificities from 88% to 100%. These four assays had excellent agree-
ment (0.79-0.93) and correlation (0.87-0.97); however, Passing-Bablok regression analysis indicated that data
generated by these assays were not comparable. Our data suggests that natural SARS-CoV-2 infection elicited a
greater antibody response compared to vaccines, evident by a significantly higher neutralizing antibody titer in
unvaccinated individuals who seroconverted.

SARS-CoV 2 severe acute respiratory syndrome coronavirus 2

Abbreviations WHO World Health Organization

BAU binding arbitrary unit

CLIA chemiluminescent immunoassay 1. Introduction

ELISA  enzyme-linked immunosorbent assays

Ig immunoglobulin During the severe acute respiratory syndrome coronavirus 2 (SARS-

IS International Standard CoV-2) pandemic, many serology assays were rapidly deployed into the

U international unit market [1,2]. These serologic assays utilize different chemistry [lateral
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flow immunoassays, enzyme-linked immunosorbent assays (ELISA),
chemiluminescent immunoassay (CLIA)], target different antigens
(spike glycoprotein, nucleocapsid) or immunoglobulin classes, and
provide qualitative, semiquantitative or quantitative results [3-6].

Antibody tests can be used to confirm retrospective infection in cases
of high clinical suspicion (when diagnostic testing may not have been
performed, or was previously negative), for diagnosis of late-onset post-
infection complications, such as the multisystem inflammatory syn-
drome in children [7,8]. Additionally, population-based seroprevalence
can be used to evaluate the success of infection control measures at the
community level [9,10], and estimate asymptomatic/non-reported
symptomatic SARS-Cov-2 infection rates. Several SARS-CoV-2 vaccines
based on mRNA or live adenovirus vector expressing the spike (S)
glycoprotein have been approved and are widely available globally [11,
12]. As such, an increasing proportion of the world population has
received at least one dose of vaccine [13,14]. Subsequently, serologic
assays have become essential tools to measure vaccine induced humoral
responses to the spike protein to better understand antibody longevity
and effectiveness.

However, our current understanding of the effectiveness of vaccines
to decrease transmission of new variants of concern, the duration of
vaccine elicited immunity, and its correlation to protection against
breakthrough infections are inadequate [15-18]. The challenge of
comparing results between studies is the lack of harmonization of
quantitative standards, as commercial assay manufacturers use their
own arbitrary units.

The World Health Organization (WHO) Expert Committee on Bio-
logical Standards established an international standard (IS) for SARS-
CoV-2 immunoglobulin based on pooled human plasma from conva-
lescent patients with the aim to facilitate accurate calibration of sero-
logical assays for SARS-CoV-2 immunoglobulin detection [19,20]. The
preparation is assigned the concentration of 1000 international unit per
milliliter IU/mL) for neutralizing antibody activity and is considered
equivalent to 1000 binding antibody units per milliliter (BAU/mL), an
arbitrary unit that can be used in comparison studies of binding antibody
assays. Therefore, both units are considered numerically equivalent
[19].

Recently, some commercial serological assays for SARS-CoV-2 have
implemented conversion factors to allow antibody titers to be reported
in international units; however, the accuracy of reporting in WHO IS
units by these commercial assays is not well characterized.

Here, we evaluated serologic reporting of three commercial auto-
mated binding antibody immunoassays and one surrogate virus
neutralization ELISA for anti-SARS-CoV-2 antibodies in WHO estab-
lished IS units using clinically collected plasma or serum from vaccine
recipients or vaccine naive individuals. We describe the demographic
characteristics of the donors and studied SARS-CoV-2 antibody levels
associated with vaccination status.

2. Methods
2.1. Study participants and sample acquisition

Thirty SARS-CoV-2 antibody positive EDTA plasma, sera, and hep-
arinized plasma samples, and 30 serologically negative samples of each
type (based on previous Abbott Architect AdviseDx SARS-CoV-2 IgG II
results) were used in this study. The WHO IS for Anti-SARS-CoV-2
Immunoglobulin was purchased from the National Institute for Biolog-
ical Standards and Control (NIBSC, Hertfordshire, UK).

2.2. SARS-CoV-2 serologic testing

Abbott Architect AdviseDx SARS-CoV-2 IgG II Quant, DiaSorin Tri-
mericS IgG, Roche Elecsys Anti-SARS-CoV-2 S, and GenScript cPass
SARS-CoV-2 surrogate virus neutralization assays were used as per
manufacturer recommendations to assess antibody titer [21-24].
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2.3. Diagnostic sensitivity and specificity calculations

Assay diagnostic sensitivities and specificities were calculated using
clinically defined anti-SARS-CoV-2 positive samples as the reference
standard in SPSS v26 (IBM SPSS Statistics for Windows, Armonk, NY,
USA). Clinically positive samples were defined as any sample deter-
mined as anti-SARS-CoV-2 positive by three of the four assays used in
this study.

2.4. Statistical analysis

Data were summarized by percentages and frequencies for categor-
ical variables, and medians and interquartile ranges (IQRs) for contin-
uous variables. Categorical variables were compared using the Chi-
square test or Fisher’s exact test where appropriate; the continuous
variables (age and antibody titers) were compared using Mann-Whitney
U test or Kruskal-Wallis test with Dunn’s multiple comparison correc-
tion. Assay agreements were analyzed with Cohen’s Kappa and
Spearman rank correlations. We defined kappa scores of 0.6 to 0.69 as
moderate, 0.7 to 0.8 as good and above 0.8 as excellent agreement [25].
Assay results were compared with Passing-Bablok linear regression and
Bland-Altman plots using STATA v16 (StataCorp LLC, College Station,
TX, USA) [26]. All other statistical analyses were performed using
SPSSv25 (IBM SPSS Statistics for Windows, Armonk, NY, USA)[27].
Graphs were generated in GraphPad Prism v9 (GraphPad Software, San
Diego, CA, USA).

2.5. Ethics

Ethics approval was granted by the University of Alberta research
ethics board (study reference numbers Pro00101916 and
Pro00113764).

3. Results

Anti-SARS-CoV-2 spike seropositive individuals were older [Median
age 46 vs 34, (P < 0.05)] and more likely to have received one or two
doses of mRNA-1273 or BNT162b2 vaccines (P < 0.001) (Table 1).

The Roche Elecsys assay reported the highest number of SARS-CoV-2
positives (10-13% more than Abbott RBD) across all sample types and
the widest range of antibody titers. DiaSorin trimeric S assay reported
the highest minimal titers, while Abbott RBD had the narrowest dynamic
range (Table 2, Fig. 1). Eighty-eight percent (25/30) of EDTA plasma
and 75% (24/32) of heparin plasma were interpreted as positive on both
Abbott RBD and GenScript cPass assays, with 100% concordance for
serum positivity.

Inter-assay agreement between the Abbott RBD, DiaSorin TrimericS
and Roche Elecsys assays was excellent, with kappa scores ranging from
0.88 to 0.93; the agreement between GenScript cPass and the other three
assays was slightly lower (k = 0.78 —0.88) (Table 3). The four assays
correlated very well with Spearmen’s rho above 0.87; however, Passing-
Bablok regression revealed the average measured values between any
two of the four assays were significantly different (Table 3, Figure S1).

Direct testing of the WHO IS showed the Roche Elecsys was able to
detect antibodies in up to 1000-fold dilutions and quantify titers as low
as 1 BAU/mL (Table S1). Abbott RBD was able to identify IgG in di-
lutions corresponding to titers of 100 and 10 BAU/mL, while DiaSorin
TrimericS and GeneScript cPass were able to detect and quantify titers as
low as 100 BAU or IU/mL (Table S1).

All assays except GenScript cPass (89.8%) had sensitivities of 100%
when compared to clinically defined positive samples (reference stan-
dard; Table 4). The specificity of Abbott RDB, DiaSorin TrimericS and
Roche Elecsys ranged from 88% to 98% while GenScript cPass was 100%
(Table 4).

Of the 90 samples originally chosen as positives, two (2.2%) tested
positive on only two platforms and were re-classified as clinically



R. Zhuo et al.

Journal of Clinical Virology 156 (2022) 105292

Table 1
Donor demographic characteristics and SARS-CoV-2 vaccination status by serology status (n = 180).
SARS-CoV-2 Serology Status P-value*
Antibody negativen = 90 Antibody positiven = 90

Age, Median (IQR) 34 o, 54) 46 (CA 71) 0.5

Age Group, n (%) under 18 29 32.2% 31 34.4% 0.003
18-25 7 7.8% 0 0.0%
26-45 22 24.4% 14 15.6%
46-55 11 12.2% 9 10.0%
56-65 12 13.3% 8 8.9%
66-75 5 5.6% 14 15.6%
above 75 4 4.4% 14 15.6%

Sex, n (%) Female 45 50.0% 35 38.9% 0.15
Male 15 16.7% 25 27.8%
Unknown 30 33.3% 30 33.3%

Vaccination Status Unvaccinated 73 81.1% 1 1.1% <0.001
1 Dose 9 10.0% 38 42.2%
2 Doses 2 2.2% 20 22.2%
Unknown 6 6.7% 31 34.4%

Vaccine dose 1 Type (brand) AstraZeneca 3 3.3% 5 5.6% <0.001
Moderna 1 1.1% 12 13.3%
Pfizer/BioNTech 7 7.8% 41 45.6%
Not Immunized 79 87.8% 32 35.6%

Vaccine dose 2 type (brand) Moderna 0 0.0% 8 8.9% <0.001
Pfizer/BioNTech 2 2.2% 23 25.6%
Not Immunized 88 97.8% 59 65.6%

Serology status was defined based on the first Abbott Architect RBD results used for sample selection.
" Mann-Whitney U test for Age and Chi-square test or Fisher’s exact test for all categorical variables, unknown or not immunized groups not included in the analyses.

Table 2

Comparison of test measurements produced by Abbott RBD, DiaSorin Trimeric S,
Roche Elecsys and GenScript cPass assays in EDTA plasma, heparin plasma and
serum samples.

Abbott DiaSorin Roche GenScript P-value
RBD TrimericS Elecsys cPass
EDTA Plasma, n = 60
Positive, 30 31 34 25
n
Titer, BAU/mL 0.30
Min 17.2 39 0.9 36.1
Median, 130.4 291 (140, 138.6 259.2 (77,
IQR (47.2, 1190) (38.3, 453.6)
431.9) 1764.4)
Max 2405.9 33,100 54,001.7 21,021.3
Heparin Plasma, n = 60
Positive, 32 29 32 24
n
Titer, BAU/mL 0.10
Min 7.4 46 3.0 37.0
Median, 114.8 419 (145, 97.6 (34, 150.1 (69.6,
IQR (27.3, 1120) 640.5) 433.4)
561.7)
Max 2467.7 7060 10,293.1 2913.8
Serum, n = 60
Positive, 30 30 33 30
n
Titer, BAU/mL <0.0001
Min 231.6 614 2.5 320.3
Median, 923 1750 5917.7 1279
IQR (465.8, (1170, (3010.3, (806.3,
1670) 3000) 8154.3) 2267.5)
Max 6056.0 8770 33,954.5 9616.9

P-values generated from comparing medians using the Kruskal-Wallis test, sig-
nificant at < 0.05.

Min: minimum.

Max: maximum.

negative. Nine (10%) and 79 (87.8%) tested positive on three and four
platforms, respectively. Two previous Abbott RBD negative heparin
plasma samples were reclassified as positive by Abbott RBD (Table 2).
Overall, SARS-CoV-2 antibody titers were found to be five- to ten-fold
higher in serum compared to plasma sample types and significant

differences (P < 0.0001) were observed (Table 1, Table S2-3).

Antibody titers in vaccine naive participants, who were presumably
infected by SARS-CoV-2 naturally, were higher than vaccinated partic-
ipants who received one dose of either ChAdOx1-S or BNT162b2,
quantified by all four assays (Fig. 2). Roche Elecsys reported a dosage
dependent increase of antibody titer induced by BNT162b2 vaccine
which was not found by the other three assays (Fig. 2). Neutralizing
antibody levels were found to be significantly higher in seropositive
vaccine naive individuals than those who received ChAdOx1-S or
BNT162b2 vaccines by GenScript cPass regardless of doses received
(Fig. 2).

4. Discussion

Overall, we observed excellent correlation (r = 0.87-0.97) and
agreement (k 0.78-0.93) between the three binding antibody assays and
the neutralization antibody ELISA. These assays are suitable to be used
clinically; however, data generated in standardized WHO IS units are not
comparable, as Passing-Bablok regression revealed significant differ-
ences in proportional measurements between assays.

Abbott RBD and DiaSorin TrimericS had the best correlation,
whereas Roche Elecsys and GenScript cPass results differed the most.
The difference in assay chemistry, antigen specificity, and antibody class
targeted (IgG vs. total Ig vs. pan-Ig neutralizing antibodies) may explain
the small differences in diagnostic sensitivities and specificities, espe-
cially between GenScript cPass and Roche Elecsys S, because neutral-
izing antibodies are only a small proportion of the total antibodies
measured by Elecsys S. It may also explain the observed differences in
dynamic range (Roche Elecsys vs Abbott RBD) and minimal titer
detected (DiaSorin TrimericS).

As the WHO IS is comprised of pooled plasma from eleven different
SARS-CoV-2 convalescent patients [and therefore contains various iso-
forms of antibodies (IgA, IgM and IgG) targeting numerous epitopes on
the spike protein, with some neutralizing ability [28], it is not surprising
that assay platforms did not produce equivalent results given their
different antibody class targets and epitope targets (RBD or trimeric
spike protein). However, despite these differences, the numerical values
of the positive dilutions produced by these assays are very similar to the
expected WHO IS titer (Table S1).

To date, very few comparison studies exist that assess SARS-CoV-2
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Fig. 1. SARS-CoV-2 antibody titer reported in binding antibody unit per mL by Architect RBD, DiaSorin TrimericS, Roche Elecsys and GenScript cPass in EDTA
plasma, heparin plasma and serum. The dots depict titers of individual samples, and the lines represent median titer values and interquartile ranges.

Table 3

Agreements and correlation of SARS-CoV-2 antibody titer in positive samples
between Abbott RBD, DiaSorin Trimeric S, Roche Elecsys and GenScript cPass
assays.

Assay pair Cohen’s k Spearman’s rho Passing-Bablok average
(95% CI) difference (95%CI)
RBD/ 0.93 (95% CI 0.97 (95%CI —74.95 (—10,101.94,
Trimeric S 0.88, 0.99)' 0.96, 0.98)* —9952.04)**
RBD/Elecsys ~ 0.92 (95% CI 0.87 (95%CI —2280.84 (—13,052.84,
0.87, 0.98)" 0.81, 0.92)* —8491.16)**
RBD/cPass 0.86 (95% CI 0.94 (95%ClL 573.27 (-12,507.97,
0.78, 0.93)' 0.90, 0.96)* —13,654.50)*
Trimeric S/ 0.88 (95% CI 0.90 (95%CI —2205.89 (-11,716.78,
Elecsys 0.81, 0.95)" 0.86, 0.93)* —7304.99)**
Trimeric S/ 0.88 (95% CI 0.94 (95%CIL 650.93 (—2231.08,
cPass 0.81, 0.95)" 0.91, 0.96)* —3532.94)**
Elecsys/ 0.78 (95% CI 0.90 (95%CI 3113.32 (—8083.30,
cPass 0.69, 0.87 s) 0.84, 0.93)* —14,309.94)**

" Correlation is significant at p < 0.01.

" Average differences are significant at p < 0.05. Differences are measured in
BAU/mL.

5 Cohen’s kappa score of 0.7-0.8 was defined as good.

€ above 0.8 as excellent agreement.

Table 4
Sensitivity and specificity of RBD, TrimericS, Elecsys and cPass calculated by
using user-defined clinically positive reference standard.

N =180 Compared to clinically positive Samples (3/4 assays
positive)
Sensitivity ~ Specificity TP TN FP FN
Abbott Architect RBD  100.0% 95.7% 88 88 4 0
DiaSorin Trimeric S 100.0% 97.8% 88 90 0
Roche Elecsys 100.0% 88.0% 88 81 1 o0
GenScript cPass 89.8% 100.0% 79 92 9

commercial assay performance against the WHO IS. Studies not using
standardized unit BAU/mL found that numerical results of the Abbott
RBD, DiaSorin Trimeric and Roche Elecsys S test kits are not inter-
changeable [29] and not surprisingly, the sensitivity (93.6-96%), cor-
relation (r = 0.8-0.9) and agreement (k = 0.6-0.8) between the four
assays was lower than we observed in this study (Table 2 and Table 3)
[30, 31]. In line with our findings, Bradley et al., reported equivalent
correlation between the Abbott RBD assays to Roche Elecsys S (r = 0.83
vs 0.87); however, we observed an improved correlation with GenScript

cPass using standardized IU/mL (r 0.86 vs 0.94) rather than%
neutralization [32]. In fact, 100% concordance of the Abbott RBD,
Roche Elecsys S and GenScript cPass results was achieved in both
Bradley et al., and our study, highlighting the importance of using the
WHO IS when comparing methods (Table S1). Other groups described
similar but slightly lower correlations (range 0.76-0.8) with Roche
Elecsys S, Abbott RBD, and DiaSorin TrimericS to a virus neutralization
test and correlation ranges from 0.5 to 0.9 between these three tests
using the WHO IS units [33-35].

Average proportional differences of measured values between the
four serological assays were revealed using Passing-Bablok regression
analysis. Consistent with our findings, Perkmann et al., and Lukaszuk
et al., found that Abbott RBD, DiaSorin TrimericS, Roche Elecsys had
high proportional errors using Passing-Bablok regression, suggesting
that results of these assays are not interchangeable [31,36]. An
increased effort by the manufacturers to standardize assay output across
platforms would be helpful to achieve cross-utility. Until then, com-
parison of results between assays should be interpreted with care.

We found a higher titer of neutralizing antibodies measured by the
GenScript cPass in vaccine naive seropositive individuals compared to
those who received ChAdOx1-S or BNT162b2 regardless of dose (Fig. 2).
The number of mRNA-1273 recipients were too small to draw any solid
conclusions. This observation suggests that natural infection induces
higher levels of antibody compared to vaccination. The ChAdOx1-S and
the two mRNA vaccines were formulated to encode only the full-length
spike protein [21,37,38], therefore individuals with natural infections
likely generate polyclonal antibodies against multiple epitopes of the
whole virus (including neutralizing antibodies) at a higher level.
Moreover, the vaccine naive participants belong to a young age group
(Median age=9): age is another factor that may contribute to the in-
crease in neutralizing antibody level observed, as children were shown
to produce a robust neutralizing antibody response after SARS-CoV-2
infection [39]. In general, children with any upper respiratory infec-
tion may have higher viral loads than adults [40]. Recent research has
suggested that natural infection generates longer antibody duration
against future COVID-19 illnesses than two doses of vaccine in the
previously unexposed individuals. Vaccinated individuals with prior
infection have the highest level and longest duration of antibody
response, which remains high after 12 months post vaccination [41,42].
However, more evidence is needed to gain a better understanding of the
protective immunity induced by natural infection, or combinations of
vaccine, and what risk factors may influence the immunity against
breakthrough infections. Further standardization of serological assays
would allow analysis using pooled data across studies to facilitate that.
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Fig. 2. Anti-SARS-CoV-2 antibody titers in vaccinated and vaccine naive participants quantified in BAU/mL by the four serologic assays under study.

Because the three types of samples used in this study were not paired reported a broader range of antibody level detected between the four
(i.e. not collected from the same individuals), higher antibody titers assays compared to plasma specimens. There is likely a larger intrinsic
observed in serum specimens cannot be considered an intrinsic char- error range at the upper limits of the quantifiable range, where the as-
acteristic of the specimen type, but rather reflects the characteristics of says were saturated, which is where more of the serum specimen titers
serological responses in the donors [people of all ages (plasma) vs. those fall compared to plasma sample types (Fig. 1).
under 25 (serum)]. In samples with higher levels of antibody, serum One of the limitations of this study is that we were unable to link



R. Zhuo et al.

prior SARS-CoV-2 infection directly to vaccine naive participants who
tested positive for SARS-CoV-2 spike or neutralizing antibody, as nucleic
acid amplification test (NAAT) results and anti-nucleocapsid serologic
results were unavailable; however, the majority (24/32, 75%) of spec-
imens were from children under 12 who were (at the time of specimen
collection) ineligible for vaccination as per provincial immunization
guidelines. This suggests the observed seroconversion was not due to
vaccination but rather natural infection. Furthermore, the duration from
prior SARS-CoV-2 infections to time of sample collection was unclear in
unimmunized seropositive individuals. Therefore, the higher anti-SARS-
CoV-2 immunoglobulin level observed in vaccine naive participants
(Fig 2) could be due to the difference in sample collection time and may
not necessarily indicate that better protection is elicited by natural
infection compared to vaccination. Lastly, the study is limited by a
relatively small sample size and samples collected prior to September
2021 thus more recent samples are needed to evaluate assay perfor-
mance on serologic responses to new variants (e.g. omicron) that harbor
multiple mutations in the RBD.

In summary, we compared the quantitative reporting of SARS-CoV-2
spike immunoglobulin titers in WHO established international standard
units by Abbott RBD, DiaSorin TrimericS, Roche Elecsys S and GenScript
cPass in serum and plasma types. We found these assays were in excel-
lent agreement and are suitable to be used clinically, but the data
generated in standardized WHO IS units are not interchangeable. SARS-
CoV-2 natural infections appeared to induce a greater level of neutral-
izing antibodies than vaccinations. Additional work to harmonize
serologic assays for SARS-CoV-2 using the WHO international standard
would be beneficial.
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