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Why current quantitative serology is not quantitative
and how systems immunology could provide solutions
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Abstract

Determination of the presence of antibodies against infectious agents, self-antigens, allogeneic antigens and environmental
antigens is the goal of medical serology. Along with the standardization of these tests the community also started to use
the expression “quantitative serology,” referring to the fact that arbitrary units are used for the expression of results. In this
review I will argue against the use of the term quantitative serology for current tests. Because each test and each antibody
isotype determination uses its own references, the term semiquantitative better describes these methods. The introduction
of really quantitative serology could both benefit from and drive forward systems immunological approach to immunity.
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A brief history of serology

Serology in the broader sense means the study of reactions
of body fluids and primarily that of blood serum. The root
word “ser-" has Indo-European origins and refers to some-
thing that flows and moves; hence, the watery flowing part
of fluids, like the clear yellowish part of blood after clot-
ting, is called serum. In a stricter sense, as it will be used
throughout this paper, serology is the study of immunologi-
cal reactions of serum. As such, the earliest descriptions of
serological assays examined the activity of serum against
infectious agents, like bacteria. Jules Bordet classified bac-
teria-killing agents in serum as heat stable and heat labile.
The first turned out to be the glycoproteins, and we now
call immunoglobulins; the second came to be known as the
complement system. With the advance of transplantation
immunology and the description of autoimmune reactions
we also learned that these reactions could be directed against
non-infectious non-self and even self, respectively. Immuno-
globulins are also called antibodies, a term coined to reflect
the ability of these molecules to counteract foreign entities,
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called antigens, in the host organism. A serum containing
antibodies against a particular target antigen is therefore
called an antiserum. Methods based on the measurement of
antibody—antigen interactions are called immunoassays in
general; however, this term is more often used to describe
techniques where the analyte is the antigen and antibodies
are used for capture and/or detection. This review discusses
technologies for the characterization of antibody reactivity
in serum.

A wide range of laboratory methods had been devised
to detect and characterize the immunological reactivity of
serum; the complete introduction of these is beyond the
scope of this article. Instead, we shall discuss one group of
methods that is perhaps the most widely used, is applied to
all areas mentioned above (diagnosis of infections, charac-
terization of alloreactivity and diagnosis of autoimmunity
and allergy) and is often regarded as a quantitative assay.
These methods use labeled antigen or antibody and are
called enzyme immunoassays or EIA (Van Weemen and
Schuurs 1971; Schuurs and van Weemen 1980). The method
most often uses a sorbent, i.e., a solid surface, where the
targets of antibodies are immobilized. The reaction between
the serum and the antigen is followed by the detection of
bound antibodies via the label, which can be enzyme, but
also fluorophore, biotin or other detectable moieties.

EIA and methods based on the same concept but some-
what different implementations have been used for serologi-
cal measurements since 1971 (Van Weemen and Schuurs
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1971). Introduction of the method into medical diagnostics
required the standardization of reagents, protocols and evalu-
ation methods in order to allow inter-laboratory comparisons
to be made. In the first decades most laboratories had their
own, self-developed in-house assays. With the advent of bio-
chemistry and molecular biology crude antigen extracts had
been replaced highly purified or recombinant or synthesized
molecules. Dedicated tools and devices had been developed,
surface and conjugation chemistries optimized, processes
automated. International cooperation resulted in the avail-
ability of reference samples to help compare different tech-
nologies, results of different laboratories. Recently the con-
cepts of systems serology (Arnold and Chung 2018) and
serolomics (Dillner 2005) have been introduced, referring
to the complex computational analysis of high-throughput
experimental data for the deep analysis of humoral immu-
nity, with the aim of detailed characterization of antibody
features associated with function. Huge databases are dedi-
cated to the collection of experimental data on antibody
binding to patches of the antigen, called epitope (Mari and
Scala 2006; Vita et al 2019).
So have we really mastered serological assays?

Conceptual shortcomings of current
serological tests

Current serological diagnostic tests are developed with
basically one goal in mind: identify reaction conditions
that provide the best diagnostic accuracy for that particular

Fig.1 Fractional occupancy

as a function of affinity and
concentration. Under equilib-
rium conditions low concentra-
tion of high affinity a and high
concentration of low affinity

b, antibodies can result in
identical occupancy of antigen
¢, expressed as fractional
occupancy d. Gray polygons
represent immobilized antigen
molecules, and antibodies are
green with their antigen-binding
domains color coded according
to affinity. Labeled antibody is
black and is used for detecting
antigen-bound serum antibodies
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classification in a single measurement. Has the person been
infected by the SARS-2 virus or not? Does the person have
pathogenic anti-DNA antibodies or not? To this end, usually
the optimal antigenic molecule and antigen immobilization
chemistry needs to be identified, so that upon detection of
antibodies the reactivity will be characterized by a num-
ber, which falls either in the negative or positive clinical
diagnostic category. Consequently, optimization is carried
out for each antigen and every relevant immunoglobulin
isotype independently. As a result, a single, simple, cheap
and fast measurement is expected to yield a single number
that describes the complex interactions between potentially
hundreds of antibodies differing in affinity, fine specificity,
isotype and concentration. This is of course impossible, for
several reasons.

First, these assays detect the occupancy of the antigen
(Fig. 1). A crucial drawback here is that occupancy of the
antigen is determined by (at least) two factors: affinity and
concentration of antibody. The same occupancy can be
achieved by higher concentration of low affinity antibod-
ies and lower concentration of high affinity antibodies. This
is an important confounding factor in the interpretation of
results, since the readout of the assay is dependent on the
occupancy only and we have no a priori knowledge of con-
centration nor of affinity.

Second, detection of distinct antibody isotypes is not nor-
malized and is therefore not comparable (Fig. 2). Does it
matter? We cannot tell, because no systematic inquiry has
been made, given the lack of proper technology. We do know
that certain isotypes are more relevant for the diagnosis of
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Fig.2 Units of reactivity of distinct isotypes are not comparable.
While incubating serum with immobilized antigen, all components
of serum are capable of binding the antigen bind and remain bound
after washing a. Subsequently, selected components (immunoglobulin
isotypes) are detected with different reagents (b and ¢) and units cal-

particular conditions. For example, celiac disease is diag-
nosed by the presence of anti-transglutaminase antibodies
of IgA class in adults, but IgG is also important in children
and in IgA deficiency. Immunoglobulin specific antibod-
ies, called rheumatoid factors, are used for the diagnosis of
rheumatoid arthritis, but only of the IgM class while it is
known that rheumatoid factors of other antibody classes are
also present. A better knowledge of the relative timing and
extent of isotype switching, generating novel isotypes, would
presumably improve our diagnostic and prognostic abilities.
In short, if results of serological tests for identical antigen
and distinct antibody isotype were quantitatively compara-
ble, it would open up a completely new way of analyzing
disease states.

Third, serological test results for distinct antigens are
not comparable. For clinical diagnostics it may sound com-
pletely irrelevant for a particular diagnostic test to be com-
parable to another test with a molecularly unrelated target.
We tend to regard these tests unrelated, assuming an infinite
diversity of potential targets of the immune system. While
this potential is indeed virtually infinite when the immune
system starts to develop, development itself is about defining
a hierarchy of molecular targets classified by the risk it poses
to the host. Thus, throughout the life of the host the immune
system adjusts affinity against selected antigenic targets. The
number of long-lived plasma cells is limited, the number of
memory B cells is limited and these limits force a network

culated based on different reference materials. Without the normali-
zation of detection methods, units of distinct isotypes for the same
antigen specificity are not comparable d. Serum immunoglobulins are
shown in blue (IgM), red (IgG) and green (IgA); labeled antibodies
are gray

structure upon the system. In order to promote the experi-
mental mapping of this network, a systems immunological
approach does require all results to be comparable. System-
atic mapping of the antibody interaction network is expected
to reveal relationships and associations in immune reactivity
that are currently hidden because of technological limita-
tions. As a timely example, the current controversy over
the speed of decay of anti-SARS-CoV-2 antibodies partly
derives from the use of different experimental methods and
quantitation methodologies (Bolke et al 2020).

An ideal quantitative serological test

Based on the above-listed concepts, we can formulate the
properties of quantitative systems immunological serologi-
cal tests. Such an ideal serological test should yield results
that are

1. Indicative of both affinity and concentration of specific
antibody

2. Quantitatively comparable for distinct isotypes against
same antigen

3. Quantitatively comparable for distinct antigens

With quantitative universal units of measurement

5. Based on molecularly defined antigen targets

&
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With these goals in mind, we shall look at two fundamen-
tally different approaches: one that actually circumvents the
fine characterization of antibody binding by examining the
biological effects of binding instead, and another one that
attempts to deeply characterize antibody binding in its full
complexity.

Quantitation of biological effects

Even though biological responses themselves are more com-
plicated than binding reactions, the readout of a biologi-
cal response can be simpler than that of antibody binding.
The reason for this simplicity is the convergence of anti-
body effector functions: no matter which antibody isotype,
what affinity and concentration, what glycoform initiates the
response, the effector function can be essentially the same.
Our group has developed two approaches to measure anti-
body function in an antigen specific manner: complement
fixation (Papp et al 2007, 2012a; Prechl et al 2012) and cell
activation (Szittner et al 2013). Both of these platforms uti-
lized protein microarray technology, with antigens being
printed as arrays of microspots on a solid surface (Prechl
et al 2010; Herbath et al 2014). This methodology inherently
satisfies condition 3, comparability of distinct antigens, at
least for the antigens on a given microarray, since these are
reacted and developed under identical conditions.

The complement system is an ancient biological machin-
ery, part of the innate immune system, composed of recogni-
tion molecules, serine proteases, their regulatory molecules
and receptors. There is a bidirectional interplay between
complement and humoral immunity: the nature and extent of
complement activation tunes adaptive immunity (Erdei et al
1991, 2003, 2009; Molnar et al 2008a, 2008b; Sandor et al
2009), which in turn exploits effector functions of the com-
plement system (Erdei et al 2016; Lukécsi et al 2017, 2020),
both for the better (protection against pathogens) or for the
worse (self-destruction in autoimmunity). Antibodies trig-
ger complement activation and this property has long been
used in complement fixation assays. By measuring comple-
ment fixation, namely complement C3 and C4 deposition
on antigen microarrays we were able to quantify this prop-
erty of antigen-bound antibodies (Papp et al 2008a, 2008b).
This, in turn, allowed us to qualify humoral immunological
responses and characterize disease (Papp et al 2010, 2012b;
Prechl et al 2016). Owing to the fact that the three comple-
ment activation pathways meet at complement C3 fragment
cleavage, the measurement of C3 deposition can provide
a general readout for different activation events. Quantita-
tion of C3 density following the reaction between serum and
immobilized antigen is therefore a robust means of assessing
serum reactivity against the particular antigen (Fig. 3a).
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Fig.3 Quantitation of biological responses. Effects of distinct anti-
body isotypes converge in biological responses, as complement fixa-
tion a and cell activation b, which can be characterized by the density
of complement molecules or cells

Receptors of antibodies displayed by various white blood
cells contribute to the control of survival and activation of
these cells (Sandor et al 1979; Verbeek et al 1997; Nim-
merjahn and Ravetch 2007). Fc receptors, which bind the
non-variable stalk part of antibodies can efficiently trigger
the uptake of antigen, the proliferation of cells, the secre-
tion of cytokines, among other cellular functions (de Taeye
et al 2019). Distinct immunoglobulin isotypes possess
widely variable effector functions (Vidarsson et al 2014),
so the measurement of cellular effector functions reflects
the combined, integrated view of all different antigen-bound
antibodies via the “eyes” of cells: Fc receptors. By loading
white blood cells onto protein microarray chips (Fig. 3b),
we were able to identify antigens against which antibodies
were present and characterize the cell-activating property
of those antibodies in antigen specific manner (Szittner et al
2013, 2016; Kecse-Nagy et al 2016). This approach is par-
ticularly exciting when cells from the examined individual
are used, since in this case in vivo conditions are simulated
in vitro: interactions between own immunoglobulins and
cells reveal such subtle differences that are completely con-
cealed by traditional serological assays. These include allo-
type and glycoform differences of the antibodies (Dekkers
et al 2017) and FcR allotype and expression differences on
the cells (Li et al 2014). In this sense this is “personal diag-
nostics” referring to the fact that the same antibodies can
induce different biological responses in a different individual
(owing to genetic and epigenetic differences in cells) and the
same cells can be instructed differently by similar antibodies
from different individuals (owing to differences in allotype
and glycosylation). Implementation of these tests as point-
of-care diagnostics by using microfluidic chips could be a
promising step toward quantitative personal serology (Papp
et al 2017).

The measurement of biological responses, thus, cir-
cumvents the need to address antibody affinity and
concentration, isotype distribution, and is amenable to
multiplexing and quantification. It is also possible to
use universal units as readout: concentration of comple-
ment proteins on calibrated chips or number of activated
cells on a unit surface (Fig. 3). These technologies are
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therefore suitable for developing quantitative serological
assays. What renders these tests less suitable for standard-
ized, accurate methods is the sensitivity of complement
and cells to storage and reaction conditions. A possible
solution is to exploit these tests as point-of-care technolo-
gies for immediate use of sample and quick results.

It is important to remember that biological responses
are often if not always dependent on the spatial density of
the triggering molecule. Complement activation is influ-
enced by the proximity of antibody molecules, whereas
FcR cross-linking efficiency determines signaling events
and activation. Thus, the antigen density employed in the
assay, which eventually determines effector molecule den-
sity, has to be optimized for the particular application.
But this issue takes us back to our original problem of
non-comparability. Alternatively, antigen density should
be titrated within the assay, providing a distribution of
responses which then allows a truly quantitative analysis.

Last but not least, the most direct effect of anti-
body—antigen interaction, neutralization of the target can
be quantitated, again circumventing the need of meas-
uring antibody isotypes individually. These tests can be
applied when the molecular interaction partner of the
antigen is known and available. The presence of anti-
bodies in the serum that inhibit the interaction can be
measured by quantitating the interaction itself rather than
antibody binding. Neutralization assays are often used to
characterize the efficiency of serum antibody at inhibiting
viral infection of cells and thus provide very important
biological readout but yet fail to meet our above criteria
for an ideal assay.

IgA

19G

Fig.4 Attributes of serum antibody reactivity measured by an ideal
assay. Highly multiplexed and high-throughput measurements can
combine the titration of serum and antigen, using multiple antigens
and detecting several antibody isotypes in parallel a. Systems biology
and physics of complex systems can turn quantitative results into a
real map of antibody interactions. In a vector space of antibody chem-
ical potential, direction of the vector (arrows) identifies specificity as

Deep analysis of antibody response

Based on the above criteria, proper quantitative analysis of
serum antibody binding should estimate the concentration
and affinity of a given immunoglobulin isotype specific to a
given antigen. If molarity is used to express these antibody
attributes and a molecularly defined antigen, then all cri-
teria are satisfied. Comprehensive quantitative analysis of
serum antibodies, in the sense of measuring binding to lots
of antigens, could lead to the mapping of antibody interac-
tion space in antigen shape space (Fig. 4).

It has been appreciated since the earliest studies of serum
antibodies (Heidelberger and Kendall 1935; Landsteiner
and van der Scheer 1936) that they are heterogeneous with
respect to affinity: there is a range of affinities over which
the different clones are distributed. Quantitative assessment
of affinity therefore requires the characterization of this dis-
tribution. This in turn suggests that measurements have to
be made over a range of conditions, and antigen titration has
indeed been utilized in several different approaches (immu-
noprecipitation, competition assays, ELISA) to distribution
analysis. Currently most widely used kinetics-based methods
of affinity measurement (like surface plasmon resonance,
quartz crystal microbalance, microscale thermophoresis,
etc.) are amenable to automation but are generally not suit-
able for selective measurement of different antibody isotypes
without preanalytical steps. Unfortunately, preanalytical
separation not only increases methodological error but also
excludes the possibility of measuring the joint effects of all
different serum antibodies.

specificity

antigen shape
space

oo(\ o

antibody
interaction
space

a point in antigen shape space, magnitude of vector (arrow length)
identifies affinity, and angle between vectors defines relative cross-
reactivity (bidirectional arrow). Concentration (size of arrowhead)
modulates reaction binding energies and absolute cross-reactivity.
Three exemplary antibodies (Abl, Ab2, and Ab3) are shown out of
the tens of thousands produced by plasma cells
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Fluorescent methods have the advantage of selectively
detecting the isotypes of choice, ideally without interfer-
ing with interactions. If we start with an antigen solution of
known concentration and follow the formation of immune
complexes or the inhibition of binding of serum antibodies,
then we can use the units of concentration for the results. By
employing state-of-the-art technologies for liquid transfer
and miniaturization of assay, that is, automation, microfluid-
ics and microarrays, it is possible to titrate serum reactivity
in a detailed yet affordable and robust manner. Our group is
developing an assay that exploits microarrays in a non-tradi-
tional manner: instead of making multiplex measurements,
in the sense of using multiple different antigens as targets of
serum antibodies, we carry out multiple measurements with
the same antigen under different conditions. Such an on-chip
titration can both simplify and render binding experiments
more robust, since all the reactions are carried out in a single
microarray chamber (manuscript in preparation).

Future prospects of quantitative serology

There are two distinct directions of development of serologi-
cal assays. One is the point-of-care testing for rapid results,
with the potential of carrying out the test at home. Tests
quantitating the biological effects of antibodies are amenable
to miniaturization, microfluidics chip usage and connection
to mobile phones. Thus, we can envisage serological chips
hooked up with phones that forward results obtained from
finger-prick blood to medical centers.

The other direction is the centralized, dedicated labora-
tory, where accurate, multiplex results can be generated.
Such tests are expected to draw a personal immune pro-
file from time to time, controlling vaccine efficacy, allergy
treatment efficiency, signs of autoimmunity or tumor
development.

Antibody—antigen interactions are interconnected. This
phenomenon stems partly from the complexity of antigens:
biological molecules are large, and their surface provides
multiple binding sites (epitopes) for antibodies. A suffi-
ciently large antigen can bind several different antibodies at
a time. On the other hand, antibodies can bind to different
antigens, with different affinities: the better the fit, the higher
the affinity. These effects are referred to as cross-reactivity.
This promiscuity of both binding partners generates rela-
tionships, which can be described by networks. Binding
networks of antibodies were proposed to be responsible
for diversity generation by Niels Jerne (Jerne 1974), and
antibody networks based on similar structure and binding
patterns had been characterized experimentally (Madi et al
2011; Bransburg-Zabary et al 2013; Miho et al 2019) and
theoretically (Manivel et al 2002; Prechl 2017, 2020). Com-
putational power is no longer a limit for the analysis and
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storage of massive complex data, so we expect that quantita-
tive analysis of binding shall contribute to the generation of
individual antibody networks. Characterization of personal
antibody networks will help design vaccines, predict, pre-
vent or treat allergy and autoimmunity.

Databases on immunoglobulin sequences are growing
continuously, owing to next-generation sequencing being
applied to human B cell populations. Once these databases
are interlinked to epitope and paratope databases, like iedb.
org, it will become possible to identify antigen specific
antibodies by mass spectrometry (Bauer and Kuster 2003;
Ladwig et al 2017). As mass spectrometry instrumentation
is getting cheaper and smaller, the method itself becoming
quantitative, it is a potential candidate technology to par-
tially replace current serological tests on the long run (Wang
et al 2019). Development of simplex assays with optimal
adjustments for gaining biological insight, multiplex systems
assays with ability and capacity to generate massive quan-
titative datasets and theoretical and computational frame-
works to integrate all data should proceed in parallel, as
these approaches complement each other.

Even though we can sequence a significant part of the
human antibody repertoire (Robinson 2015; Kim and Park
2019), identify and quantitate peptides from specific anti-
bodies, we still need advanced serological approaches to
obtain a full functional picture of the antibody-OME (Loos
et al 2020). In terms of available technology, the stage is set
for “next-generation serology.” The important role immunol-
ogy plays in chronic diseases and in pandemics has turned
public attention toward immunology. It is now up to the sci-
entific community to make steps toward the realization and
application of quantitative systems serology.

Funding Open access funding provided by E6tvos Lorand University.
This review is part of the project “Fluorescence-based quantitative
detection of cells and molecules for the laboratory diagnostics of aller-
gic diseases” funded by the National Research, Development and Inno-
vation Office (NKFIH) grant VEKOP-2.1.1.-15-2016-00098.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Biologia Futura (2021) 72:37-44

43

References

Arnold KB, Chung AW (2018) Prospects from systems serology
research. Immunology 153:279-289. https://doi.org/10.1111/
imm.12861

Bauer A, Kuster B (2003) Affinity purification-mass spectrom-
etry. Eur J Biochem 270:570-578. https://doi.org/10.104
6/j.1432-1033.2003.03428.x

Bolke E, Matuschek C, Fischer JC (2020) Loss of anti-SARS-CoV-2
antibodies in mild Covid-19. N Engl J Med 383:1694-1695. https
://doi.org/10.1056/NEJMc2027051

Bransburg-Zabary S, Kenett DY, Dar G, Madi A, Merbl Y, Quin-
tana FJ, Tauber Al, Cohen IR, Ben-Jacob E (2013) Individual
and meta-immune networks. PhysBiol 10:025003. https://doi.
org/10.1088/1478-3975/10/2/025003

De Taeye SW, Rispens T, Vidarsson G (2019) The ligands for human
igg and their effector functions. Antibodies (Basel). https://doi.
org/10.3390/antib8020030

Dekkers G, Treffers L, Plomp R, Bentlage AEH, de Boer M, Koe-
leman CAM, Lissenberg-Thunnissen SN, Visser R, Brouwer
M, Mok JY, Matlung H, van den Berg TK, van Esch WJE,
Kuijpers TW, Wouters D, Rispens T, Wuhrer M, Vidarsson G
(2017) Decoding the human immunoglobulin G-glycan rep-
ertoire reveals a spectrum of Fc-receptor- and complement-
mediated-effector activities. Front Immunol 8:877. https://doi.
org/10.3389/fimmu.2017.00877

Dillner J (2005) Toward “serolomics”: papillomavirus serology is tak-
ing a technologic lead in high-throughput multiplexed antibody
analysis. ClinChem 51:1768-1769. https://doi.org/10.1373/clinc
hem.2005.055483

Erdei A, Fiist G, Gergely J (1991) The role of C3 in the immune
response. Immunol Today 12:332-337. https://doi.
org/10.1016/0167-5699(91)90011-H

Erdei A, Prechl J, Isadk A, Molnar E (2003) Regulation of B-cell acti-
vation by complement receptors CD21 and CD35. Curr Pharm
Des 9:1849-1860

Erdei A, Isadk A, Torok K, Sandor N, Kremlitzka M, Prechl J, Bajtay Z
(2009) Expression and role of CR1 and CR2 on B and T lympho-
cytes under physiological and autoimmune conditions. MolImmu-
nol 46:2767-2773. https://doi.org/10.1016/j.molimm.2009.05.181

Erdei A, Sandor N, Macsik-Valent B, Lukacsi S, Kremlitzka M, Bajtay
Z (2016) The versatile functions of complement C3-derived
ligands. Immunol Rev 274:127-140. https://doi.org/10.1111/
imr.12498

Heidelberger M, Kendall FE (1935) A quantitative theory of the pre-
cipitin reaction : iii. the reaction between crystalline egg albumin
and its homologous antibody. J Exp Med 62:697-720. https://doi.
org/10.1084/jem.62.5.697

Herbith M, Papp K, Balogh A, Matké J, Prechl J (2014) Exploiting
fluorescence for multiplex immunoassays on protein microarrays.
Method ApplFluoresc 2:032001. https://doi.org/10.1088/2050-
6120/2/3/032001

Jerne NK (1974) Towards a network theory of the immune system. Ann
Immunol (Paris) 125C:373-389

Kecse-Nagy C, Szittner Z, Papp K, Hegyi Z, Rovero P, Migliorini
P, Lérand V, Homolya L, Prechl J (2016) Characterization of
NF-xB reporter U937 cells and their application for the detection
of inflammatory immune-complexes. PLoS ONE 11:e0156328.
https://doi.org/10.1371/journal.pone.0156328

Kim D, Park D (2019) Deep sequencing of B cell receptor reper-
toire. BMB Rep 52:540-547. https://doi.org/10.5483/BMBRe
p.2019.52.9.192

Ladwig PM, Barnidge DR, Willrich MAV (2017) Mass spectrom-
etry approaches for identification and quantitation of therapeutic

monoclonal antibodies in the clinical laboratory. Clin Vaccine
Immunol. https://doi.org/10.1128/CVI1.00545-16

Landsteiner K, van der Scheer J (1936) On cross reactions of
immune sera to azoproteins. ] Exp Med 63:325-339. https://doi.
org/10.1084/jem.63.3.325

Li X, Gibson AW, Kimberly RP (2014) Human FcR polymorphism
and disease. Curr Top Microbiollmmunol 382:275-302. https://
doi.org/10.1007/978-3-319-07911-0_13

Loos C, Lauffenburger DA, Alter G (2020) Dissecting the antibody-
OME: past, present, and future. CurrOpinlmmunol 65:89-96.
https://doi.org/10.1016/j.c0i.2020.06.003

Lukacsi S, Nagy-Bal6é Z, Erdei A, Sandor N, Bajtay Z (2017) The
role of CR3 (CD11b/CD18) and CR4 (CD11¢/CD18) in comple-
ment-mediated phagocytosis and podosome formation by human
phagocytes. ImmunolLett 189:64-72. https://doi.org/10.1016/j.
imlet.2017.05.014

Lukacsi S, Macsik-Valent B, Nagy-Bal6 Z, Kovacs KG, Kliment K,
Bajtay Z, Erdei A (2020) Utilization of complement receptors
in immune cell-microbe interaction. FEBS Lett 594:2695-2713.
https://doi.org/10.1002/1873-3468.13743

Madi A, Kenett DY, Bransburg-Zabary S, Merbl Y, Quintana FJ,
Tauber AI, Cohen IR, Ben-Jacob E (2011) Network theory
analysis of antibody-antigen reactivity data: the immune trees
at birth and adulthood. PLoS ONE 6:e17445. https://doi.
org/10.1371/journal.pone.0017445

Manivel V, Bayiroglu F, Siddiqui Z, Salunke DM, Rao KVS (2002)
The primary antibody repertoire represents a linked network of
degenerate antigen specificities. J Immunol 169:888-897. https
://doi.org/10.4049/jimmunol.169.2.888

Mari A, Scala E (2006) Allergome: a unifying platform. Arb Paul
Ehrlich Inst Bundesamt Sera Impfstoffe Frankf A M 29-39;
discussion 39.

Miho E, Roskar R, Greiff V, Reddy ST (2019) Large-scale network
analysis reveals the sequence space architecture of antibody
repertoires. Nat Commun 10:1321. https://doi.org/10.1038/
$41467-019-09278-8

Molnar E, Erdei A, Prechl J (2008a) Novel roles for murine comple-
ment receptors type 1 and 2 I. regulation of B cell survival and
proliferation by CR1/2. ImmunolLett 116:156—162. https://doi.
org/10.1016/j.imlet.2007.12.007

Molnar E, Prechl J, Erdei A (2008b) Novel roles for murine com-
plement receptors type 1 and 2 II. expression and function of
CR1/2 on murine mesenteric lymph node T cells. ImmunolLett
116:163-167. https://doi.org/10.1016/j.imlet.2007.12.010

Nimmerjahn F, Ravetch JV (2007) Fc-Receptors as Regulators of
Immunity. Elsevier, pp 179-204

Papp K, Szekeres Z, Terényi N, Isadk A, Erdei A, Prechl J (2007)
On-chip complement activation adds an extra dimension to
antigen microarrays. Mol Cell Proteom 6:133-140. https://doi.
org/10.1074/mcp.T600036-MCP200

Papp K, Szekeres Z, Erdei A, Prechl J (2008a) Two-dimensional
immune profiles improve antigen microarray-based characteri-
zation of humoral immunity. Proteomics 8:2840-2848. https://
doi.org/10.1002/pmic.200800014

Papp K, Végh P, Miklés K, Németh J, Rasky K, Péterfy F, Erdei A,
Prechl J (2008b) Detection of complement activation on antigen
microarrays generates functional antibody profiles and helps
characterization of disease-associated changes of the antibody
repertoire. J Immunol 181:8162-8169. https://doi.org/10.4049/
jimmunol.181.11.8162

Papp K, Végh P, Tchorbanov A, Vassilev T, Erdei A, Prechl J (2010)
Progression of lupus-like disease drives the appearance of com-
plement-activating IgG antibodies in MRL/Ipr mice. Rheuma-
tology (Oxford) 49:2273-2280. https://doi.org/10.1093/rheum
atology/keq278

@ Springer


https://doi.org/10.1111/imm.12861
https://doi.org/10.1111/imm.12861
https://doi.org/10.1046/j.1432-1033.2003.03428.x
https://doi.org/10.1046/j.1432-1033.2003.03428.x
https://doi.org/10.1056/NEJMc2027051
https://doi.org/10.1056/NEJMc2027051
https://doi.org/10.1088/1478-3975/10/2/025003
https://doi.org/10.1088/1478-3975/10/2/025003
https://doi.org/10.3390/antib8020030
https://doi.org/10.3390/antib8020030
https://doi.org/10.3389/fimmu.2017.00877
https://doi.org/10.3389/fimmu.2017.00877
https://doi.org/10.1373/clinchem.2005.055483
https://doi.org/10.1373/clinchem.2005.055483
https://doi.org/10.1016/0167-5699(91)90011-H
https://doi.org/10.1016/0167-5699(91)90011-H
https://doi.org/10.1016/j.molimm.2009.05.181
https://doi.org/10.1111/imr.12498
https://doi.org/10.1111/imr.12498
https://doi.org/10.1084/jem.62.5.697
https://doi.org/10.1084/jem.62.5.697
https://doi.org/10.1088/2050-6120/2/3/032001
https://doi.org/10.1088/2050-6120/2/3/032001
https://doi.org/10.1371/journal.pone.0156328
https://doi.org/10.5483/BMBRep.2019.52.9.192
https://doi.org/10.5483/BMBRep.2019.52.9.192
https://doi.org/10.1128/CVI.00545-16
https://doi.org/10.1084/jem.63.3.325
https://doi.org/10.1084/jem.63.3.325
https://doi.org/10.1007/978-3-319-07911-0_13
https://doi.org/10.1007/978-3-319-07911-0_13
https://doi.org/10.1016/j.coi.2020.06.003
https://doi.org/10.1016/j.imlet.2017.05.014
https://doi.org/10.1016/j.imlet.2017.05.014
https://doi.org/10.1002/1873-3468.13743
https://doi.org/10.1371/journal.pone.0017445
https://doi.org/10.1371/journal.pone.0017445
https://doi.org/10.4049/jimmunol.169.2.888
https://doi.org/10.4049/jimmunol.169.2.888
https://doi.org/10.1038/s41467-019-09278-8
https://doi.org/10.1038/s41467-019-09278-8
https://doi.org/10.1016/j.imlet.2007.12.007
https://doi.org/10.1016/j.imlet.2007.12.007
https://doi.org/10.1016/j.imlet.2007.12.010
https://doi.org/10.1074/mcp.T600036-MCP200
https://doi.org/10.1074/mcp.T600036-MCP200
https://doi.org/10.1002/pmic.200800014
https://doi.org/10.1002/pmic.200800014
https://doi.org/10.4049/jimmunol.181.11.8162
https://doi.org/10.4049/jimmunol.181.11.8162
https://doi.org/10.1093/rheumatology/keq278
https://doi.org/10.1093/rheumatology/keq278

44

Biologia Futura (2021) 72:37-44

Papp K, Végh P, Hobor R, Erdei A, Prechl J (2012a) Characterization
of factors influencing on-chip complement activation to opti-
mize parallel measurement of antibody and complement pro-
teins on antigen microarrays. J] Immunol Methods 375:75-83.
https://doi.org/10.1016/j.jim.2011.09.009

Papp K, Végh P, Hobor R, Szittner Z, Vokd Z, Podani J, Czirjak L,
Prechl J (2012b) Immune complex signatures of patients with
active and inactive SLE revealed by multiplex protein binding
analysis on antigen microarrays. PLoS ONE 7:e44824. https://
doi.org/10.1371/journal.pone.0044824

Papp K, Holczer E, Kecse-Nagy C, Szittner Z, Lérand V, Rovero P,
Prechl J, Fiirjes P (2017) Multiplex determination of antigen
specific antibodies with cell binding capability in a self-driven
microfluidic system. Sens Actuators B Chem 238:1092-1097.
https://doi.org/10.1016/j.snb.2016.07.132

Prechl J (2017) A generalized quantitative antibody homeostasis
model: antigen saturation, natural antibodies and a quantita-
tive antibody network. ClinTranslImmunol 6:e131. https://doi.
org/10.1038/cti.2016.90

Prechl J (2020) Network organization of antibody interactions in
sequence and structure space: the RADARS model. Antibodies
(Basel). https://doi.org/10.3390/antib9020013

Prechl J, Papp K, Erdei A (2010) Antigen microarrays: descriptive
chemistry or functional immunomics? Trends Immunol 31:133—
137. https://doi.org/10.1016/}.it.2010.01.004

Prechl J, Szittner Z, Papp K (2012) Complementing antibody profiles:
assessing antibody function on antigen microarrays. ImmunolLett
143:101-105. https://doi.org/10.1016/j.imlet.2012.01.011

Prechl J, Papp K, Hérincs Z, Péterfy H, Lérand V, Szittner Z, Estonba
A, Rovero P, Paolini I, Del Amo J, Uribarri M, Alcaro MC, Ruiz-
Larrafiaga O, Migliorini P, Czirjak L (2016) Serological and
genetic evidence for altered complement system functionality
in systemic lupus erythematosus: findings of the GAPAID con-
sortium. PLoS ONE 11:e0150685. https://doi.org/10.1371/journ
al.pone.0150685

Robinson WH (2015) Sequencing the functional antibody repertoire—
diagnostic and therapeutic discovery. Nat Rev Rheumatol 11:171-
182. https://doi.org/10.1038/nrrheum.2014.220

@ Springer

Sandor M, Fiist G, Medgyesi GA, Erdei A, Gergely J (1979) The heter-
ogeneity of Fc receptors on human peripheral mononuclear blood
cells. Immunology 38:553-560

Séandor N, Pap D, Prechl J, Erdei A, Bajtay Z (2009) A novel, com-
plement-mediated way to enhance the interplay between mac-
rophages, dendritic cells and T lymphocytes. Mollmmunol
47:438-448. https://doi.org/10.1016/j.molimm.2009.08.025

Schuurs AH, van Weemen BK (1980) Enzyme-immunoassay: a
powerful analytical tool. J] Immunoass 1:229-249. https://doi.
org/10.1080/01971528008055786

Szittner Z, Papp K, Sandor N, Bajtay Z, Prechl J (2013) Application of
fluorescent monocytes for probing immune complexes on antigen
microarrays. PLoS ONE 8:¢72401. https://doi.org/10.1371/journ
al.pone.0072401

Szittner Z, Bentlage AEH, Rovero P, Migliorini P, Lérand V, Prechl J,
Vidarsson G (2016) Label-free detection of immune complexes
with myeloid cells. ClinExpImmunol 185:72-80. https://doi.
org/10.1111/cei.12788

Van Weemen BK, Schuurs AHWM (1971) Immunoassay using
antigen-enzyme conjugates. FEBS Lett 15:232-236. https://doi.
org/10.1016/0014-5793(71)80319-8

Verbeek JS, Hazenbos WL, Capel PJ, van de Winkel JG (1997) The
role of FcR in immunity: lessons from gene targeting in mice.
Res Immunol 148:466-474. https://doi.org/10.1016/s0923
-2494(97)82673-9

Vidarsson G, Dekkers G, Rispens T (2014) IgG subclasses and allo-
types: from structure to effector functions. Front Immunol 5:520.
https://doi.org/10.3389/fimmu.2014.00520

Vita R, Mahajan S, Overton JA, Dhanda SK, Martini S, Cantrell JR,
Wheeler DK, Sette A, Peters B (2019) The immune epitope data-
base (IEDB): 2018 update. Nucleic Acids Res 47:D339-D343.
https://doi.org/10.1093/nar/gky 1006

Wang Z, Liu X, Muther J, James JA, Smith K, Wu S (2019) Top-down
mass spectrometry analysis of human serum autoantibody anti-
gen-binding fragments. Sci Rep 9:2345. https://doi.org/10.1038/
541598-018-38380-y


https://doi.org/10.1016/j.jim.2011.09.009
https://doi.org/10.1371/journal.pone.0044824
https://doi.org/10.1371/journal.pone.0044824
https://doi.org/10.1016/j.snb.2016.07.132
https://doi.org/10.1038/cti.2016.90
https://doi.org/10.1038/cti.2016.90
https://doi.org/10.3390/antib9020013
https://doi.org/10.1016/j.it.2010.01.004
https://doi.org/10.1016/j.imlet.2012.01.011
https://doi.org/10.1371/journal.pone.0150685
https://doi.org/10.1371/journal.pone.0150685
https://doi.org/10.1038/nrrheum.2014.220
https://doi.org/10.1016/j.molimm.2009.08.025
https://doi.org/10.1080/01971528008055786
https://doi.org/10.1080/01971528008055786
https://doi.org/10.1371/journal.pone.0072401
https://doi.org/10.1371/journal.pone.0072401
https://doi.org/10.1111/cei.12788
https://doi.org/10.1111/cei.12788
https://doi.org/10.1016/0014-5793(71)80319-8
https://doi.org/10.1016/0014-5793(71)80319-8
https://doi.org/10.1016/s0923-2494(97)82673-9
https://doi.org/10.1016/s0923-2494(97)82673-9
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.1093/nar/gky1006
https://doi.org/10.1038/s41598-018-38380-y
https://doi.org/10.1038/s41598-018-38380-y

	Why current quantitative serology is not quantitative and how systems immunology could provide solutions
	Abstract
	A brief history of serology
	Conceptual shortcomings of current serological tests
	An ideal quantitative serological test
	Quantitation of biological effects
	Deep analysis of antibody response
	Future prospects of quantitative serology
	References




