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1 | INTRODUCTION

Abstract

Data on the serological response toward severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) in 16 recent reports were analyzed and a high degree of
variability was shown. Immunoglobulin M (IgM) responses were either found earlier
than IgG, or together with IgG, later than IgG, or were missing. Therefore, clear
distinctions between early, intermediate, and past infections are obviously not
possible merely on the basis of IgM and IgG determinations. A review of publications
on the serology of other virus groups shows that variable IgM responses can be
found as well and therefore are not unique for SARS-CoV-2 infections. A model to
explain this variability is proposed. The inclusion of avidity determination into
regular diagnostic procedures has allowed to resolve such “atypical” serological
constellations. The potential use of avidity determination for the diagnosis of
COVID-19, for risk assessment, epidemiological studies, analysis of cross reactions,

as well as for the control of vaccination programs is suggested and discussed.
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ii) define clinically asymptomatic as well as symptomatic persons
who are infected with SARS-CoV-2, to prevent further spreading

Severe acute respiratory syndrome corona virus-2 (SARS-CoV-2) is
presently causing a pandemic with many cases of severe disease
(COVID-19) and death. This has a massive impact on daily life, the
health system, economy, politics, science, education, and interna-
tional travel. Worldwide, governments and non-government organi-
zations try to develop strategies to counteract the pandemic and its
consequences.
The management of COVID-19 requires tools to

i) diagnose or exclude SARS-CoV-2 infections in patients with

respiratory symptoms;

of the virus;

iii) define persons who are seronegative for SARS-CoV-2 and
therefore at risk for future SARS-CoV-2 infection;

iv) define people with clinically asymptomatic SARS-CoV-2 infection
and a positive immune response. It has to be clarified whether
these people are protected towards reinfection by SARS-CoV-2
and how long this possible protection lasts.

There is an evolving consent that the detection of viral genomes
through polymerase chain reaction (PCR), as well as the determina-

tion of specific antibody responses, will be required to answer the
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guestions summarized above. Due to the characteristics of the viral
infection and the resultant serological response, obviously none of
these two approaches alone is sufficient for satisfactory diagnosis.
It has already been shown that a higher degree of sensitivity for
detection of SARS-CoV-2 infections is reached through a combina-
tion of PCR and antibody tests." Thereby, the sensitivity of PCR
alone was higher at the early phase of disease, whereas antibody
tests alone were more favorable at later time points.

Based on its high specificity and sensitivity, PCR-based de-
tection of viral genomes has been proven as a valuable tool to
determine SARS-CoV-2 replication in symptomatic, as well as
asymptomatic-infected persons. The PCR approach can clearly
demonstrate infection activity, coinciding with recent contagion
and acute illness in a certain number of cases. Importantly, a ne-
gative PCR result does not exclude SARS-CoV-2 infection, as the
sample might have been taken too early or too late after infection.
Obviously, the PCR technique is not suitable to determine
individuals with past SARS-CoV-2 infection, as soon as these
individuals do no longer shed virus.

For these reasons, there was a call for the development of test
systems for specific detection of antibodies directed toward SARS-
CoV-2.*° The primary concept for developing these antibody tests
was certainly not to substitute for PCR technology, but rather to

complement it. It was suggested to use antibody tests for

i) the confirmatory analysis of clinically apparent SARS-CoV-2
infections,

i) the detection of persons that had undergone clinically inapparent
SARS-CoV-2 infection,

iii) monitoring the success of immunization in the future.

The antibody response to SARS-CoV-2 infection seems to evolve

after the onset of clinical symptoms?¢

and after the beginning of
virus replication and shedding.” Therefore, the absence of specific
antibodies cannot exclude active SARS-CoV-2 infection, as the anti-
body response might not yet have been sufficiently developed. In
such cases, additional testing at a later time point is required for
clarification. This strategy bears the chance to eventually determine
seroconversions. People without clinical symptoms, but with specific
positive antibody results for SARS-CoV-2, can be concluded to have
undergone infection with SARS-CoV-2. In analogy to other virus
systems, they might have a good chance to be protected toward
renewed SARS-CoV-2 infection and disease, but this issue needs
further clarification. Antibody tests are important for epidemiological
studies and for risk assessment. More data on the time period and
extent of virus shedding after infection, as well as on the scale and
quality of the subsequent immunological response are required. The
scientific community is also aware of the necessity to avoid mis-
interpretations due to the detection of potentially cross-reacting
antibodies directed toward seasonal corona viruses in the SARS-CoV-2
antibody test systems.

The initial scientific discussion on the interpretation of antibody

test results was usually based on a conventional text book view,

which assumed that measurable immunoglobulin M (IgM) toward
SARS-CoV-2 should always be detectable first during acute infection,
whereas the detection of IgG was expected in a delayed mode. This
view is derived from the clearly established order of steps during the
initial phase of an immune response, where IgM-generating B cells
are subject to immunoglobulin class switch, resulting in IgG-
generating B cells. However, this strict sequence is not necessarily
mirrored in the sequence of detectability of free IgM and IgG in the
serum, as there are many additional steps between immunoglobulin
class switch and the synthesis and appearance of free im-
munoglobulins in the serum.

The “classical view” on IgM responses preceding IgG responses
has been encouraged by one of the first publications on SARS-CoV-2
serology, in which five of seven cases of acute infections with SARS-
CoV-2 were serologically tested, using recombinant nucleoprotein
and the enzyme-linked immunosorbent assay (ELISA) technique.®
Four cases were only tested on day 18 after the onset of clinical
symptoms. Two of them were found positive for IgM and 1gG toward
SARS-CoV-2, whereas two were only positive for IgG. One additional
case was serologically tested at different time points, starting on day 7
after onset of clinical symptoms. It showed an early seroconversion of
IgM on day 9 after onset of clinical symptoms, with a later decline
of IgM. This response was followed by seroconversion of IgG after
week 2. The kinetics of the IgM and IgG responses of this particular
case were then generalized.*® However, later work by other authors
showed that this “typical” kinetics seems to be the exception, as will be
shown and discussed in more detail in this review.

As soon as more data on SARS-CoV-2 serology were available, it
was evident that it is much more complex than initially antici-
pated.?>? For the practically acting expert, these findings were not
surprising, as they were not different from the variable antibody
responses seen after other viral infections.

This critical review therefore analyzes and tries to explain the
variability of antibody responses toward SARS-CoV-2 infection
measured in recently published manuscripts and preprints. In addi-
tion, a test regimen based on additional avidity determination is

proposed, allowing to cope with “atypical” IgM responses.

1.1 | The variability of the serological response to
SARS-CoV-2 infection

Pan et al,” using a commercially available colloidal gold-based im-
munochromatographic strip targeting IgM and IgG directed toward
SARS-CoV-2 (antigens not disclosed) showed that the serological
response to SARS-CoV-2 in PCR-confirmed cases was delayed.
During the first week after onset of symptoms, only 11% of the
patients had a detectable immunological response, with 1gM pre-
vailing. In the period between 8 and 14 days, seropositivity increased
to 78.6% for 1gM, and 57% for 1gG. At time points later than 15 days
after onset of symptoms, IgM positivity remained at 74.8%, whereas
positivity for 1gG was rising to 96.8%. These findings indicate that

serodiagnosis based on IgM alone would miss a substantial
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percentage of cases. The data also show that positivity for I1gG was low
early after onset of symptoms, but high at later time points. Never-
theless, in individual cases, the presence of IgG could not determine
whether the infection was acute or past. The study by Pan et al” also
showed that 43.6% of PCR-negative cases with clinical symptoms for
SARS-CoV-2 were found positive for antibodies toward SARS-CoV-2.
The discrepancy between the PCR- and antibody-based results might
indicate that the time point of taking samples for PCR had been either
too late, or that sampling or other critical steps had not been efficient.
These findings underline the value of additional antibody determination.
Cases with clinical symptoms, but with negative PCR and negative an-
tibody results, might either have been caused by other agents than
SARS-CoV-2, or might have represented very early cases.

The study by Long et al,” using a commercially available magnetic
chemoluminescence enzyme immunoassay with recombinant nucleo-
protein and a peptide from the spike protein of SARS-CoV-2, con-
firmed that seroconversion of IgM/IgG toward SARS-CoV-2 occurred
after the onset of clinical symptoms and was preceded by positive PCR
results. The median for seroconversion was 13 days after onset of
disease. Importantly, this study demonstrated that the simplified pic-
ture of preceding and declining IgM, followed by late IgG, seemed not
to be generally applicable to SARS-CoV-2 infection. In only 7 of 26
PCR-positive cases with clinical symptoms, seroconversion of IgM
preceded seroconversion of IgG. Nine cases showed synchronous
seroconversion of IgM and IgG, whereas in 10 cases IgM converted to
positivity even later than IgG.

These findings by Long et al” are summarized in Figure 1A. They
illustrate i) that IgG responses are not necessarily confined to a later
stage after infection, but even may be observed earlier than IgM; ii) that
IgM responses may remain undetectable in the very early phase of in-
fection, even if IgG is already detectable. Therefore, approaches to use
the differentiation between IgM and IgG for an estimation of the time
point relative to infection or the onset of clinical symptoms must ob-
viously fail.

The high variability of the patterns of IgM and IgG seroconver-
sions related to SARS-CoV-2 was also demonstrated by Zhang et al,”
who used an in house ELISA with SARSr-CoV Rp3 nucleoprotein for
the determination of IgM and IgG.

In this study, none of 16 patients with clinical symptoms and con-
firmed positive PCR for SARS-CoV-2, showed seroconversion of IgM
before seroconversion of 1gG. Eight patients showed simultaneous IgM
and 1gG towards SARS-CoV-2 on day zero. Thereby, in 7 of 8 cases the
optical density for determined IgG was higher than for IgM. On day 5,
seven cases remained positive for IgM and IgG, whereas in one case IgM
turned out to be negative. In 5 cases of 16 patients, IgG was positive on
day zero, while IgM was negative. On day 5, in three of five cases, IgM
converted in a delayed mode, while the previously already positive IgG
was rising to higher values. This rise of IgG confirms the significance of
the finding, despite the delayed expression of IgM. In two cases, IgM
remained negative also on day 5, while 1gG was rising and thus confirmed
the acute phase of infection. These two cases represent cases of acute
infection without detectable IgM, demonstrating that a negative IgM

result does not allow to exclude acute infection. Finally, this study
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comprised three cases that were seronegative for SARS-CoV-2 on day
zero, but showed parallel seroconversion for IgM and IgG on day 5. Basic
findings from the study by Zhang et al® are summarized in Figure 1B.
They demonstrate that neither presence nor absence of IgM in the
presence of IgG allows to differentiate between a very early or a later
stage after infection and onset of clinical symptoms. Especially, the cases
of seroconversion teach us that IgM may become detectable in parallel to
IgG, or even after IgG, or may remain undetectable in few cases.

The study by Wolfel et al (using in house immunofluorescence
tests with recombinant spike proteins of SARS-CoV-2) described the
findings for nine SARS-CoV-2-infected persons with mild clinical
symptoms.” It was shown that seroconversion in 50% of patients
occurred by day 7, and was completed in all patients at day 14.
Seroconversion of IgM and IgG occurred without significant differ-
ence in time. Therefore, the results obtained by Wélfel et al’ re-
semble the data obtained in the largest subgroup studied by Zhang
et al’ (Figure 1B, subgroup a). In analogy to Zhang et al,” Wolfel et al’
showed that at days 12 to 28, IgM turned to negative in one case and
to a borderline result in two cases. As Wélfel et al” were obviously
expecting IgM preceding 1gG, they were surprised by the parallel
detection of IgM and IgG during seroconversion. The authors
therefore speculated on competition between IgG and IgM for
binding sites as underlying reason for their result. However, their
assumption was not verified to be correct, as the time pattern of the
IgM and IgG response was not changed when IgG had been removed
from the sera before testing. Therefore, the findings by Wolfel et al’
confirm the parallel detectability of IgM and IgG at seroconversion.

I'° and Lippi et al,** the commer-

In the studies by Padoan et a
cially available magnetic chemoluminescence enzyme immunoassay
(MAGLUMI) with SARS-CoV-2 nucleoprotein and spike protein were
used to study 87 serum samples from 37 patients'® and samples from
48 patients.’* Padoan et al detected the first seroconversions at 6 to
7 days after onset of clinical symptoms, whereas Lippi et al detected
a small number of seroconversions (1 of 30 for IgM, 3 of 30 for IgG)
already during the first 5 days. In both studies, the phenomenon of
delayed appearance of I1gM, as well as missing IgM despite the pre-
sence of 1gG was observed in a significant number of cases. Thereby,
delayed and missing I1gM responses were found more frequently in a
study by Lippi et al.**

Liu et al,® using PCR and a commercially available ELISA with viral
nucleoprotein reported on the results obtained for 283 confirmed pa-
tients. They concluded that before day 11 after the onset of symptoms,
PCR is the method of choice, whereas after 11 days the determination
of antibodies is advisable. Seroconversion in most cases was at day 7
and later, with most cases showing IgM and 1gG toward SARS-CoV-2 in
parallel, and only few cases with either isolated IgM or IgG. These data
confirm the high degree of variability of the serological response, as well
as the frequent parallel appearance of IgM and IgG.

Verdoni et al*?

report on the findings on 10 children (2.9-
16 years) with suspected SARS-CoV-2-associated Kawasaki syn-
drome. Two children were seronegative for SARS-CoV-2 antibodies,
whereas five showed IgG in the absence of IgM, and three showed

I1gM plus IgG.
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FIGURE 1 Variability of the serological response to SARS-CoV-2 infection. A, Schematic presentation of key findings presented in Long et al.” The
analysis of the variability of the serological response in 26 cases of polymerase chain reaction (PCR) confirmed cases of SARS-CoV-2 infection
shows that in seven cases immunoglobulin M (IgM) preceded IgG (a), in nine cases IgM and IgG seroconversion was determined at the same time, (b) and
in 10 cases the 1gM response was detected after the IgG response (c). B, Schematic presentation of key findings presented in Zhang et al.” The
serological response in16 PCR-confirmed cases of SARS-CoV-2 infections was analyzed on day O and day 5 after the onset of clinical symptoms. Group a:
Eight cases showed positivity for IgM and IgG in parallel on day O. Parallel positivity of IgG and IgM was maintained on day 5 except for one
serum. Group b: Five cases showed IgG, but not IgM on day O. In three of these cases, the IgM response was detectable on day 5 (“delayed IgM
response”). In two cases, no IgM response was detectable at day 5, but acute infection was confirmed by the increase in the 1gG response between day 0
and day 5. Group c: In three cases with confirmed infection, no serological response was detectable on day 0. Serum conversion both for IgM and
1gG was detectable on day 5. The data from A and B demonstrate the high variability of the IgM and IgG response after acute SARS-CoV-2 infection. The
number of cases with parallel or delayed IgM response (A) and the number of cases with parallel, delayed, negative IgM response (B) compared to
the number of expected cases with preceding IgM (according to an outdated classical view) is highly significant (P =.0079 for A, .0005 for B, determined
by the Yates continuity corrected )(2 test) [Color figure can be viewed at wileyonlinelibrary.com]
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Hoffman et al*®

report on the study of 29 PCR-confirmed cases
of SARS-CoV-2 infection, using a commercially available rapid test
cassette (without disclosure of antigens). Sera from 20/29 patients
showed IgM toward SARS-CoV-2 and 27/29 contained IgG toward
the virus. All IgM-positive cases were also positive for 1gG. These
findings confirm the absence of IgM in a substantial percentage of
cases, either through delayed or missing appearance.

Whereas Xiao et al'* (CLIA with nucleoprotein and S protein;
34 patients), Liu et al*® (commercial ELISA with nucleoprotein and
S protein) and To et al'® (commercial ELISA, nucleoprotein and
S protein, 23 patients) observed no significant difference between
the kinetics of seroconversion for IgM and IgG toward SARS-CoV-2,
Jin et al*” (CLIA, nucleoprotein and S protein, 43 cases) and Qu
et al*® (CLIA, nucleoprotein and S protein, 347 sera from 41 patients)
reported on a delayed appearance of IgM compared with IgG.

Xiang et al*’ (using a commercial ELISA, nucleoprotein, 216 samples
from 85 patients) reported on a slightly higher cumulative seroconversion
rate for IgM compared with IgG. Similarly, Zhao et al' (analyzing 535
serum samples from 173 patients, using a p-capture ELISA with re-
combinant receptor binding domain of S protein for IgM determination
and a ELISA with recombinant nucleoprotein for the determination of
1gG) reported a higher seroconversion rate for IgM, as well as an earlier
median seroconversion time of IgM (12 days) compared with IgG (14
days). However, the kinetic analysis of the antibody dynamics of 9 se-
lected cases revealed a high degree of variability. IgM was preceding 1gG
in 2 of 9 cases, IgM and IgG appeared at the same time in 3 of 9 cases, a
delayed 1gM response as well as missing IgM in the presence of IgG were
found in 1 of 9 cases each. In two cases, both IgM and IgG only reached
background activity. The limitation of the study by Zhao et al® is the use
of different antigens for the determination of IgM and IgG, respectively.

The studies on IgM and IgG responses toward SARS-CoV-2 dis-
cussed above show a high degree of variability, independent of the
methods and the antigens used for detection, confirming that the
problem of variability of the immune response is real.

The significance of these conclusions is also supported by data
obtained for SARS-CoV-1 in 2003, where a low sensitivity of IgM de-
terminations had also been noted.”® Furthermore, Li et al°* showed that
out of 20 patients with confirmed SARS-CoV-1 infection, none had a
preceding IgM response, but serum conversion for IgM and 1gG seemed
to occur in parallel. In addition, Hsueh et al?’> showed delayed IgM
responses compared with 1gG after acute SARS-CoV-1 infections, as
well as a persistent 1gM response in past infection.

e In summary, the determination of specific IgM and IgG responses
allows to define seropositivity for SARS-CoV-2, but does not allow
to determine the time point in relation to infection or the onset of
clinical symptoms. This is due to the high variability of the IgM
response. Despite its usually limited presence during the acute
phase of infection, IgM may appear before IgG, together with IgG
or even after 1gG. IgM may even be missing during acute infection
in a certain number of cases. In analogy to the situation found for
SARS-CoV-1, it is not unlikely that IgM toward SARS-CoV-2 might

also persist for longer times in rare cases.
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1.2 | Variability of the serological response to other
viral infections

The high variability of IgM and IgG responses toward SARS-CoV-2,
as summarized in this review, is not unique for infections with this
virus. High variability of IgM and IgG responses rather seems to be
a regularly occurring phenomenon, though the frequency and im-
pact of this phenomenon are often underestimated. There are a
few examples of IgM preceding the IgG response in a substantial
percentage of cases (as shown for hepatitis E acute infections®®),
but many examples of parallel detectability of IgM and IgG, such as
acute infections by hepatitis C,* EBV (reviewed by De Pascale and
Clerici?®) and SARS-CoV-1.%" In practice, parallel detection of IgM
and 1gG seems to represent the most prominent situation in rou-
tine serology of many viral systems.

Delayed IgM responses, that is, IgG occurring before IgM during
acute infection, have been found for the serology of enteroviruses,?®
HSV,?” measles virus,”® EBV?? and HCV.*°

IgM missing in a certain percentage of cases during acute infections
has been reported for parvovirus B 19,>* HAV,*? EBV,?’ Poliomyelitis
virus,>> measles virus,>* Japanese encephalitis virus, tick-borne en-
cephalitis virus,*® rubella virus,>” HCV,*° and CMV.*®

Whereas missing or apparently late appearing 1gM responses may
have caused misdiagnosis of acute infections as past infections, the
opposite problem was arising through the detection of persistently
positive 1gM responses for time periods of many months or even few
years, as found for borrelia infection,®” rubella virus,**** EBV,?” Puu-
mala virus,*? parvovirus B 19,%° HCV,*° and TBE virus.**

The high degree of variability of the kinetics of the IgM response,
as well as problems like misleading IgM responses after polyclonal
stimulation by certain agents have been recognized as a severe
problem in serology, as reviewed by Landry.*®

How can the high variability of the kinetics of IgM and IgG
responses after viral infections be explained? Figures 2 and 3
summarize the essential steps between the induction of an im-
mune response and the appearance of IgM and IgG in serum. The
figures show that simple changes in the time of immunoglobulin
isotype switching and differentiation of IgM-positive or IgG-
positive B cells to plasma cells are sufficient to explain the ob-
served patterns of variable 1gM/IgG responses. In addition, dif-
ferences in the half-life of I1gM and IgG, differences in the
sensitivities of the test system, as well as competition between
IgM and IgG for the target structures can be predicted to have a
profound influence on the final outcome of IgG and IgM de-
termination in the serum.

1.3 | How was the problem of variable IgM
responses satisfactorily resolved to reach a rational
and unambiguous diagnostics?

Especially, the pioneering work of Hedman and coworkers led to the

establishment of quantitative measurements of IgG avidity and thus
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and the generation of 1gG-producing B cells (#7). These may either differentiate into plasma cells and generate low affinity 1gG (#8-10), die
through apoptosis (#11) or contribute to the generation of 1gG of higher affinity through clonal selection (#12-14). The increase in affinity/
avidity occurs in several steps (#15) and leads to the generation of memory cells (#16) that allow anamnestic responses. The setting shown in
A leads to the classical picture of IgM preceding IgG in the serum. B, Parallel occurrence of IgM and IgG in the serum. Assuming that IgM-
producing plasma cells are generated later than shown under A (#1-3), and the immunoglobulin class switch (#6) is occurring earlier than in the
scenario described under A, the production of IgM and IgG through plasma cells (#3, #7) will occur in parallel and lead to the parallel
detectability of IgM and IgG in the serum—despite the fact that IgM-presenting B cells had been established before IgG-presenting B cells [Color
figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

BAUER

JOURNAL OF

317
~WI LEY—l—

(A)

MEDICAL VIROLOGY

;.\y
Ay a{;m{ %Z’gé Free IgM
> N x®
® s oal
/’

Bcell ' %
iz O
Immune /@' kY%
stimulatiol ~N Y
@ IgM-j prod@ 0 IgG », Y

B cell
Immunoglobulin

4)7;,)/

©%

class switching
IgG -prod. v
B cell (

ol

% A Y4
e’l,,e%,’ \ @ @ e
b =) @ Memory cell

Yy Apoptotic cell
19G-| prod %’% “
plasma cell ¥

¥ @
\© \Dﬁa‘ ic cell

¥ Free IgG
(low affmlty)

¥

Free 1gG
/' W Y (high affinity)
@ v Y owg

. WA g
19G-prod.
plasma cell

Serum IgG / IgM:

IgM

IgG (increasing affinity)
S

(B)
®
-

®
e * /
g A9

Immune @
stlmulatlon @ G Y
IgM-prod-©\ y Y

O O
|
3%

a

B cell

¥
Immunoglobulin @

class switching Vi
IgG-prod. Y ¥
B cell

W

9

Yy Apoptotic cell
'.ES:?é‘e'.. "zé% v
&—
o O
%,
0'91,0 \ (()-/')) "ol o @

Apoptotic cells

Y @

¥ Free IgG
(low affinity)

Free 19G
Y 9 Y " (high affinity)
©/' v o
1gG-prod.
plasma cell

@ Memory cell

Serum IgG / IgM:

IgG (increasing affinity)
frassin

FIGURE 3 Variability of the immunoglobulin M (IgM) response: delayed and missing IgM responses. A, Delayed IgM response. A delayed
differentiation of IgM-presenting B cells to plasma cells (#1-5), in combination with a fast immunoglobulin class switch (#8) and generation of
IgG-producing plasma cells (#9) explains the frequently observed phenomenon of delayed appearance of IgM in the serum, though IgM-
presenting B cells are always generated first. B, Missing IgM response in the serum. A low degree of replication of IgM-presenting B cells and
their early cell death (#3) prevents differentiation to IgM-producing plasma cells and does not lead to detectable IgM in the serum, whereas 1gG
is produced and matures with respect to avidity. This scenario explains how IgG production depends on IgM-presenting B cells, without IgM
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allowed for a clear distinction between acute infection with 1gG of low
avidity and past infection with high avidity of 1gG.>”*¢ The discussion
of this useful method requires a quick reflection about the underlying

biological mechanisms: During an immune response, clonal selection of

B cells that generate IgG with higher affinity leads to the gradual
increase in affinity of serum 1gG.*”~>° Affinity of IgG toward an antigen
represents a complex biophysical process, determined by the binding

and the release reaction of antibody from its target. As this process
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cannot be easily measured in routine applications, applied research
restricted the analysis on determining the strength of the binding
between antigen and IgG. This was measured by allowing first an
undisturbed antibody-antigen reaction, and then testing the degree of
release of antibody through the application of chaotropic agents like
urea. This approach has been termed “avidity” determination (derived
from latin aviditas, meaning desire, greed) or determination of “func-
tional affinity”. (It is noteworthy that the term “avidity” as used in
modern serology is defining a different biochemical setting than the
same word previously used to describe the complexity of multivalent
antibody and target structure populations. The use of one term for two
different aspects frequently leads to confusion.)

The determination of avidity starts with the incubation of serum
with the test system in duplicate. After a washing step, one of the
assays is immediately processed to quantification of bound IgG,
whereas the parallel assay is first treated with defined concentra-
tions of urea. After a subsequent washing step, this test is processed
for quantification of bound IgG. By comparing the results between
the urea-treated and the control assay, an avidity index can be de-
termined and used for differentiation between acute, intermediate,
and past infections.

Avidity determination is now used as a valuable analytical method
in many diagnostic laboratories. It is one of the key elements for the
confirmation or disproval of acute rubella virus infection, particularly
during pregnancy.®”*¢ Avidity determination is instrumental to resolve
the complex serology of human herpesviruses, such as EBV,2>°°¢
CMV,*7%2 HHV-6, and HHV-7.%° It has been used for rational diag-
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nostics of tick-borne encephalitis virus,>® parvovirus B 1 measles

6567 mumps virus,”® West nile virus,°>’° hepatitis A virus,”* he-

virus,
patitis C virus,”%74 hepatitis E virus,?® Dengue virus,”” Borrelia,”® and
toxoxplasmosis.””

Avidity determination can be used to differentiate between
primary immune responses (with initial low avidity and further
avidity maturation) and anamnestic responses, established by mem-

ory B cells that generate IgG of high avidity.®>>¢®

e In summary, IgG avidity determination allows a clear differ-
entiation between acute and past infection, as affinity maturation
is a regular feature of long-lasting immune responses. Further-
more, affinity maturation is unidirectional and therefore irre-
versible. Therefore, avidity determination has the potential to
unequivocally differentiate between acute, intermediate, and
past infection, irrespective of the pattern of the I1gM responses
(Figure 4).

1.4 | Proposal to use avidity determination for the
serological diagnosis of SARS-CoV-2 infection

As SARS-CoV-2 serology is characterized by high variability, and as
avidity determination seems to be the key method to resolve ana-
logous problems in other viral systems, we propose to establish and

evaluate avidity determination of SARS-CoV-2 IgG in the near future.

This approach has a predictable potential to improve serodiagnosis of
SARS-CoV-2 infections.

Establishment of SARS-CoV-2 avidity testing requires a specific
and quantitative test system. The precise interpretation of results
will require to determine the kinetics of affinity maturation of 1gG
directed toward SARS-CoV-2 and to determine the frequency of
patients possibly showing a failure in affinity maturation. The de-
termination of the kinetics of avidity maturation requires to use
sufficiently high concentrations of antigen, as limited antigen con-
centrations select against low avidity 1gG in a mixture of 1gG of dif-
ferent avidity and thus shorten the window of low avidity detection
after acute infection.”®

The hope for successful establishment of SARS-CoV-2 avidity
tests is based on rational optimism, as all basic requirements seem to
be fulfilled for the related SARS-CoV-1: Chan et al’®”? have carefully
established and evaluated avidity determination for SARS-CoV-1.
The kinetics of affinity maturation has been measured and no in-
dication for a failure to finally reach high avidity was observed. Due
to the biological and biochemical similarity between SARS-CoV-1 and
SARS-CoV-2, the establishment of avidity testing of 1gG directed
toward SARS-CoV-2 therefore seems to have a realistic chance.

Based on the experimental and practical experience with many
other viral systems, it is predicted that it should be possible to define
four stages of the infection status through avidity determination of
I1gG toward SARS-CoV-2:

i) Seronegativity for IgG toward SARS-CoV-2 in uninfected persons
or infected persons very early in infection.

ii) Low avidity IgG toward SARS-CoV-2 as strong indication for
acute infection. Further, proof can be achieved through
determination of subsequent avidity maturation.

iii) Intermediate avidity 1gG toward SARS-CoV-2 indicative for
recent infection.

iv) High avidity IgG toward SARS-CoV-2 as indication for past infection.

2 | AVIDITY DETERMINATION FOR THE
RESOLUTION OF PROBLEMS DUE TO
CROSS REACTIVITY

Reactivity of antibodies induced by a defined virus and directed
toward analogous proteins of a related viruses, that is classical
cross reactivity of antibodies, is a well-known phenomenon for cor-
ona viruses. Chan et al have shown that stored sera from patients,
convalescent for SARS-CoV-1 infection, were reactive toward
MERS-CoV—a virus that had not been in the human population when
the sera had been collected.?® As sera from healthy controls from the
same time did not react with MERS-CoV, the dependence of cross
reactivity on the antibodies originally induced by SARS-CoV-1 was
ensured. This cross reactivity can be explained by common epitopes
of analogous proteins of related viruses. It remains to be determined,
whether this type of rather strong reactivity is caused by high avidity
of the involved antibodies.
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FIGURE 4 Proposed resolution of serological ambiguity through determination of avidity (functional affinity). A, Possible serological
immunoglobulin M (IgM)/IgG constellations following primary viral infection are schematically summarized. In serological practice, the “text
book constellation” with IgM seroconversion preceding IgG seroconversion (a) is rather rare. Parallel determination of IgM and IgG usually
represents the most frequent case (b). Delayed occurrence of IgM is less frequent (c). In several cases of acute infections, the detection of the
IgM may be missed (d). This may be due to low expression of IgM response, problems of sensitivity of the assay used, competition of IgM by IgG
during the assay or missing the right time point of positivity of the response. In few cases, IgM responses may persist for longer times after
primary infection (e). As discussed in the text, constellations a-d have been reported for severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) infections. Based on the experience with SARS-CoV-1 and many other viral systems, constellation "e" can be predicted to occur
as well and may be detected as soon as longer follow-up studies will have been performed. Part A shows that the determination of IgM and IgG
does not allow to draw an unequivocal conclusion on the time point of infection or beginning of clinical symptoms. B, The inclusion of 1gG avidity
allows an unambiguous determination of early, intermediate, and past infection, irrespective of the variability of the 1gM response. The
diagnostic power of avidity determination has been shown for many viral systems. It is suggested to include this general immunological feature
into routine diagnostics of SARS-CoV-2 infections [Color figure can be viewed at wileyonlinelibrary.com]

A more complex type of interaction between the viruses and the
immune system has been reported by Chan et al.”’ They demon-
strated that infection with SARS-CoV-1 (ensured by seroconversion)
was accompanied by the appearance of low avidity antibodies, fol-
lowed by avidity maturation after 1 month. In parallel, the con-
centration of high affinity antibodies directed toward seasonal
coronaviruses (HuCoV-OC43 and HuCoV-229E) that were already
present in the sera before seroconversion of SARS-CoV-1, increased
with seroconversion. The power of avidity determination to dis-
criminate between the de novo immune response toward SARS-CoV-1
(with its initially low avidity 1gG) and the anamnestic response of an-
tibodies (with immediate high avidity of I1gG) directed toward related
corona viruses is elegantly demonstrated in this experiment. There-
fore, avidity determination applied to SARS-CoV-2 serology has a good
chance to contribute to the resolution of complex problems associated
with cross reactivity and interactions between different coronaviruses.
These aspects are especially important, as many of the test systems
used so far and reviewed in this manuscript show specificity in the
range between 95% and 99%, which is still problematic with respect to
the frequent occurrence of seasonal corona viruses and the relatively

lower incidence of SARS-CoV-2 infection.

2.1 | Avidity and the protective effect of antibodies

It has been established that long-lasting protective humoral immunity
requires the generation of high avidity 1gG and memory B cells that can
generate such antibodies upon adequate stimulation.2*®” Therefore, the
determination of the kinetics of 1gG avidity maturation will be necessary
for getting an estimation about the quality, as well as the duration of
protection toward reinfection by SARS-CoV-2. The present discussion
on reinfection with SARS-CoV-2 is positioned between the suggestions

1,58 who assume that the short protective period (<6-12

by Edridge et a
months) determined for seasonal coronaviruses might be a model for an
analogous situation for SARS-CoV-2, and Kellam and Barclay,®” who
suggest that the stronger viremia of SARS-CoV-2 compared to seasonal
corona viruses should trigger a stronger immune response, character-
ized by finally high affinity/avidity. The conclusions by Kellam and
Barclay®” are in agreement with conclusions by Chan et al,?° related to
antibody-mediated protection toward MERS CoV and SARS-CoV-2. The
clarification of this open theme should gain from avidity determination
in the future and provide further insights into the aspects of protection
toward SARS-CoV-2. Based on established work in other viral systems,

it is predictable that reinfections with SARS-CoV-2 due to low antibody
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concentrations and low avidity after primary infection would result in an
immune response that started with low avidity and might develop
avidity maturation, whereas reinfection due to low concentrations of
high affinity antibodies would induce an anamnestic response with im-
mediate increase of high avidity antibodies.

In line with these considerations and established work,®* %" it is
also predictable that avidity determination of IgG established
through immunization with SARS-CoV-2 antigens in the future will be
essential to ensure the quality of protection toward the virus. In line
with the findings by Kontio et al,?® the parallel measurement of
antibody concentration and avidity might determine the hopeful
success of future vaccination programs toward SARS-CoV-2.

3 | CONCLUSIONS

The serological response after infection with SARS-CoV-2 is highly vari-
able, showing I1gM preceding IgG, occurring in parallel with IgG, appearing
in a delayed mode compared to IgG, as well as missing IgM after acute
infection. In analogy to the findings for many other virus groups and
particularly for SARS-CoV-1, the establishment of avidity determination
for SARS-CoV-2 infection is proposed to ensure unambiguous serological
diagnosis. It is predicted that avidity determination might allow differ-
entiation between cross-reacting corona viruses, analysis of reinfections
with SARS-CoV-2, and help to determine the quality of the immune

status after future immunization programs.
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