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Abstract

The canonical functions of antibodies are based on joining the process of antigen
recognition with initiation of innate immune reactions. With the introduction of
modern research approaches, and the use of sophisticated model systems, the recent
years have witnessed the discovery of numbers of non-canonical functions of
antibodies. These functions encompass either untypical strategies for neutralization of
pathogens or exertion of activities by antibodies that are typically characteristic for
other proteins (cytokines, chaperons or enzymes). Here we provide an overview of
non-canonical functions of antibodies and discuss their mechanisms and implications
for immune regulation and immune defence. A better comprehension of these
functions will enrich our knowledge about the adaptive immune response and shall

inspire the development of novel therapeutics.



Highlights

Highlights

Antibodies are major player in adaptive immunity. They participate in immune defence and have

potent immune-modulatory potential.

Antibody molecules have two functional centres — they bridge the specific antigen recognition
through antigen-binding site with interaction and activation of innate immune receptors, via their

constant regions. These integrated interactions are essential for the classical antibody functions.

Antibodies can utilize alternative or non-canonical strategies for broadening of their functional
competency. Thus antibodies perform untypical activities by acquiring activities typical for

cytokines, chaperones, transporters, enzymes etc.

The non-canonical functions of antibodies contribute to the immune defence and the maintenance
of physiological homeostasis. Many of these activities are operational in healthy individuals.

Others appear only as result of immunopathology.

The non-canonical functions of antibodies arise as a result of enormous diversity of adaptive
immune repertoires and micro-evolutionary selection of B cells. They provide a rich source of

potential therapeutic modalities.



The structure determines the functions of antibodies

Antibodies are protagonists of the adaptive immunity with key roles in immune
defence and in immune regulation. They are produced by B lymphocytes, which
undergo complex lifecycle that culminates in differentiation into antibody-secreting
plasma cells. The characteristic molecular organization of immunoglobulin molecules,
namely the presence of two functionally distinct poles: an antigen-binding site and a
constant region (BOX 1), determines most of the biological functions of antibodies.
Thus, the prototypical property of antibodies is their potential to link antigen
recognition, mediated by the variable regions, with engagement of different types of
innate immune proteins (Fc receptors (FCR), Clg, TRIM21), through the constant
region. These interactions trigger diverse sets of biological reactions (Figure 1) (Lu

etal., 2018).

Although relatively invariant as compared to the variable region, the constant (or Fc)
regions of different antibody molecules display certain heterogeneity. Thus, as based
on sequence differences in the constant portion of the heavy chain, five
immunoglobulin classes are identified in humans — IgG, IgA, IgM, IgD and IgE
(Schroeder and Cavacini, 2010, Vidarsson et al., 2014). Moreover, 1gG and IgA
classes are subdivided into subclasses — 1gG1, 1gG2, IgG3 and IgG4 as well as IgA1
and IgA2, respectively. Each immunoglobulin class or subclass has preferential
binding to different types of receptors for the constant region (FCR). These receptors
are differentially expressed on different cell types, and hence their engagement leads
to distinct biological reactions (Bournazos et al., 2017). The immunoglobulin classes
and subclasses also vary in their potential to interact with plasma protein C1qg and

consequently activate the complement system. The diversity of Fc portions is further



extended by variations in the glycosylation patterns and existence of Fc sequence
polymorphisms (BOX 2). This heterogeneity leads to further fine-tuning of the

functional activity of antibodies.

Typical biological functions (Figure 1) can be attributed to particular antibody classes
of heavy chain. For example, characteristic functions of IgG upon recognition of the
pathogen and engagement of FcyR include antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP) or induction of
production of reactive oxygen species and pro-inflammatory cytokines. Antibodies
from the 1gG class have also the capacity to activate complement or direct antigens
towards degradation by proteasome, through interactions with C1lq and TRIM21,
respectively (Diebolder et al., 2014, McEwan et al., 2013). On the other hand, the
antibodies belonging to IgM class are the most proficient activators of the
complement system (Sharp et al., 2019). The antigen recognition by IgE bound to
FceRI initiates cellular degranulation and release of biologically active substances.
Alternatively, serum IgA performs its biological activities of immune regulation and
immune defence mainly through interactions with FcaRI expressed on myeloid cells

(Mkaddem et al., 2014, van Egmond et al., 2000).

The diversity of biological outcomes elicited by the canonical antigen-antibody-innate
receptor triad allows tailoring the reaction to the idiosyncratic characteristics of each
pathogen. Recent studies suggested that even antibody activities that were considered
independent of constant region, such as neutralization of toxins and viruses, rather
involve the innate receptor systems (Abboud et al., 2010, Bournazos et al., 2014a,
Bournazos et al., 2014b). Nevertheless, there is accumulating evidence for the
existence of alternative functions of antibodies that do not fit in the classical triad

antigen-antibody-innate receptor. Thus, by using only variable region antibodies can



perform functions typical for other proteins (enzymes, cytokines, chaperones) or
employ non-conventional mechanisms inactivation of pathogens or immune
regulation. The aim of the present review is to present the current state-of-the-art
about the non-canonical functions of antibodies and to highlight their importance for

our basic understanding of the immune system, and as potential therapeutic tools.

Non-canonical functions of antibodies

Non-canonical functions of antibodies can be regarded as those where the classical
triad antigen-antibody-innate receptor is disconnected (Figures 2 and 3). These
functions are predominantly exerted by the variable region. They emerge as a
consequence of the great diversity of sequences and topological configurations of the
antigen-binding site, which is shaped by both genetic and post-translational
mechanisms (Kanyavuz et al., 2019). The non-canonical functions of antibodies can
contribute to immune defence and to immune regulation. Some of the antibody

functions are implicated in both processes.

Non-canonical functions of antibodies important for immune defence

Antibody-mediated catalysis

The existence of antibodies with enzymatic activity was foreseen during pioneering
studies of immunoglobulin structure. Catalysis is a typical example of a non-
conventional antibody activity that emerges as a result of the stochastic nature of
generation the sequence diversity of antigen-binding site. Thus, antigen-binding sites
of some antibodies display a constellation of residues that is similar to that found in
the active sites of enzymes and, hence, can catalyse the corresponding chemical

transformations. Large numbers of investigations in the last 30 years have confirmed



that antibodies with different catalytic activities are generated by immunization with
appropriate reaction intermediates (Xu et al., 2004). These studies, however, also
revealed that catalytic efficiency achieved by antibodies is considerably inferior to

that of their natural enzyme counterparts.

Besides rationally elicited catalytic antibodies, antibodies with natural catalytic
activity are also found in immune repertoires under physiological and pathological
conditions (Bowen et al., 2017a). In the human, the most frequently detected catalytic
antibodies exhibit proteolytic activity. These antibodies can bind and hydrolase
pathogen-specific target molecules, thus potentially contributing to the immune
defence. Indeed, proteolytic antibodies belonging to different classes (IgM, IgA and
IgG) and isolated from healthy humans were demonstrated to hydrolyse envelope
proteins of HIV-1 (Paul et al., 2004, Planque et al., 2007). Antibodies that catalyse the
degradation of molecules of bacterial or fungal pathogens were also characterized
(Bowen et al., 2017b, Hifumi et al., 2008). A recent study has described an antibody
with dual hydrolytic activity — proteolytic and glycolytic. This antibody specifically
binds to the surface of fungal pathogen Cryptococcus neoformans and induces the
release of capsular polysaccharides, thus directly contributing to pathogen
inactivation (Bowen et al., 2017b). Notably, in the same study, structural
bioinformatics demonstrated that approximately 7% of 1602 antibodies with available
crystal structure possess a serine protease catalytic triad that can eventually exert
proteolytic activity. This result suggests that the low catalytic efficacy of proteolytic
antibodies can be compensated by their high frequency, thus conferring them with
physiological relevance. The significance of catalytic antibodies in immune defence

against bacteria was also inferred by a study showing a positive correlation of the



titers of proteolytic antibodies with the survival of patients with severe sepsis

(Lacroix-Desmazes et al., 2005).

Antibodies with proteolytic activity have been also reported in neurodegenerative,
autoimmune and alloimune diseases (Lacroix-Desmazes et al., 2002, Li et al., 1995,
Paul et al., 1989, Ponomarenko et al., 2006, Pradhan et al., 2018, Wootla et al., 2011,
Wootla et al., 2008, Yang et al., 2010). It was suggested that proteolytic antibodies
have both detrimental and beneficial effects under these conditions. Their poor
catalytic efficiency and the concurrent presence of antibodies using other mechanisms
makes difficult to evaluate the real contribution of catalytic antibodies in different
disease conditions or in immune defence. Nonetheless some studies has investigated

the therapeutic potential of proteolytic antibodies (Planque et al., 2015).

Direct pathogen inactivation

Antibodies usually kill microbes by induction of complement-mediated lysis or
phagocytosis by FcR-bearing innate immune cells (Lu et al., 2018). However,
numerous studies identified monoclonal antibodies (mostly belonging to IgM and 1gG
isotypes) that can induce microbe killing in the absence of effector systems
(Casadevall and Pirofski, 2011, Coleman et al., 1992, Connolly et al., 2004, LaRocca
et al., 2008, Mukherjee et al., 1995, Tian et al., 2009). Antibodies specific for diverse
species of pathogenic bacteria and fungi thus induce direct killing (Figure 2).
However, the mechanistic aspects of direct antibody-mediated microbicidal activity
were elucidated only in few cases. In case of the fungal pathogen Cryptococcus
neoformans, it was demonstrated that two directly inactivating monoclonal IgM and
IgG induce changes in pathogen gene expression and metabolism upon binding to the

cell surface (McClelland et al., 2010). The study revealed that the two monoclonal



antibodies bind to different sites on the capsule and trigger distinct changes in gene
expression and metabolism. The induced alteration in fungal metabolism may explain
the ability of these antibodies to inhibit directly polysaccharide release and biofilm
formation. Another study investigated the mechanism of direct inhibitory effect of
antibodies specific for pneumococcal capsular polysaccharide of Streptococcus
pneumoniae (Yano et al., 2011). These antibodies were highly protective in vivo
despite their inability to trigger Fc-dependent killing in vitro. The binding of the
directly killing antibodies to the bacterial surface also induced changes in gene
expression that caused interference with bacterial quorum sensing finally resulting in
augmented bacterial agglutination and fratricide activity. Other investigations
depicted the mechanism of direct antibody mediated killing of Borrelia burgdorferi,
the pathogen causing Lyme disease. Some antibodies induce killing of the pathogen in
absence of complement. It is noteworthy that Fab fragment these antibodies have
similar bactericidal activity as intact antibody (Coleman et al., 1992, Sadziene et al.,
1994). The monoclonal 1gG1 antibody CB2 specifically recognizes protein OspB on
the bacterial surface. The binding of this antibody causes release of membrane
vesicles and formation of large pores (2.8 — 4.4 nm) in the pathogen outer membrane,
resulting in Kkilling of bacteria by osmotic shock (LaRocca et al., 2009). The direct
bactericidal activity of CB2 was further demonstrated to depend on the presence of
cholesterol and cholesterol glycolipids in the membrane of Borrelia burgdorferi
(LaRocca et al., 2010). The cholesterol and cholesterol glycolipids were found to
cluster around the target antigen of CB2, OspB, thus forming lipid rafts. Hence, the
cholesterol may facilitate antibody-induced release of membrane vesicles that
consequently contribute to formation of pores and killing of bacteria. In a recent study,

yet another mechanism of direct bactericidal effect by antibody was described (Storek



et al., 2018). BamA is B-barrel assembly machine on the outer membrane of gram-
negative bacteria responsible for folding and assembly of outer membrane proteins. A
monoclonal 1gG antibody specific for BamA from Escherichia coli blocks the folding
activity of the protein, thus resulting in accumulation of unfolded proteins in the
periplasmic space and disruption of the bacterial membrane integrity. These effects
induced by antibody binding and blocking of the activity of key protein folding
machinery on the outer membrane finally result in bacterial killing (Storek et al.,

2018).

The accumulated mechanistic evidence highlights the diversity of the mechanisms
exploited by antibodies to directly inactivate pathogens. A common feature of these
antibodies is the recognition of vulnerable targets on the microbe surface leading to
alteration of essential biological processes. The existence of such antibodies has
important consequences from an evolution point of view. In addition to
supplementing the canonical bactericidal activities of antibodies, such properties may
counteract the ability of some bacteria to block the formation of the membrane attack
complex by the complement system, or to evade Fc-receptor recognition through Fc
fragment removal by bacterial proteases. Indeed, the binding of Fab fragments would

be sufficient for induction of direct bacterial inactivation.

Non-canonical functions of secretory IgA

Secretory IgA (slgA) plays a significance immune protective role at epithelial
surfaces as strongly implied by the fact that sigA is the most highly produced
immunoglobulin in humans (>4 g/day). The well-known mechanisms of immune
defence by sIgA involve bacterial opsonisation, blocking of virulence factors,

induction of bacterial agglutination as well as direct neutralization of viruses and



toxins (Macpherson et al., 2018). The recent years have witnessed a large surge of
interest towards mucosal immunity and the role of the intestinal microbiota in human
physiopathology. Some studies have uncovered ingenious functions of SIgA in
immune defence and regulation that go well beyond their classically ascribed roles

(Figure 2).

Some of the recently described non-conventional functions of slgA emerged as a
consequence of the pronounced antigen-binding promiscuity of mucosal 1gA. The
capacity of a single antibody clone to recognize multiple structurally unrelated
antigens with physiologically relevant binding affinity is referred to as polyreactivity
(Dimitrov et al., 2013). Polyreactive antibodies represent normal constituent of
immune repertoires in healthy humans. Indeed, ca. 20 % of human memory peripheral
B cells express polyreactive antibodies (Berkowska et al., 2015, Tiller et al., 2007).
Notably, the frequency of B cells in humans and mouse expressing polyreactive
antibodies is significantly greater in the intestinal mucosa (Benckert et al., 2011,
Bunker et al., 2017). Thus, approximately 66 % of IgA+ B cells isolated from the
small intestine and 57 % of IgA+ B cells isolated from the colon of mice display
polyreactivity. In contrast, 28% of conventional splenic B2 cells exhibit polyreactivity
(Bunker et al., 2017). Importantly, a significant fraction of sIlgA originates from
thymus-independent immune responses (predominately derived from B1lb B cells in
mice). These slgA have the potential to coat most of bacterial species that are
normally recognized by mucosal antibodies in the small intestine (Bunker et al., 2015),
suggesting that intestinal polyreactive has a very broad epitope coverage, that

overlaps with bacterial recognition by the repertoire of thymus-dependent slgA.

One of the recently described non-canonical functions of slgA that depend on

polyreactivity, is the ability to mediate trans-epithelial transfer of bacteria in the small
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intestine (Fransen et al., 2015). The actual mechanism of transfer of the 1gA-coated
bacteria is not understood, and is independent from Dectin-1-mediated transfer of
slgA immune complexes through M-cells (Rochereau et al., 2013) or through
phagocytosis by CX3CR1+ mononuclear phagocytes. Yet, the transfer of bacteria
through the intestinal epithelia has important consequences (Fransen et al., 2015). It
initiates T-cell-dependent antibody responses in the gut-associated lymphoid tissues
(Peyer’s patches) and generates bacteria-specific antibodies. It is noteworthy that the
coating of bacteria by polyreactive antibodies allows generation of specific mucosal
immune responses toward non-invasive bacterial species that would normally not be
able to breach the epithelial barrier and prime the immune system. In this context,
polyreactive sIgA thus function as an adjuvant to prime humoral immune responses
(Fransen et al., 2015). The same study reported a marked difference in the basic level
of polyreactive intestinal sIgA among strains of mice. Naive BALB/c mice have
considerably higher levels of polyreactive slgA as compared to C57BL/6 mice that
translates into different potentials for trans-epithelial bacterial transfer (Fransen et al.,
2015). Interestingly, the levels of polyreactive sIgA positively correlated with the
diversity of the microbiota in the two strains of mice. Thus, it was proposed that the
trans-epithelial bacterial transfer mediated by innate polyreactive SIgA primes
bacteria-specific immune responses that in turn play a central role in controlling
bacterial diversity in the microbiota. This observation is in line with another study
highlighting the importance of bacterial recognition by specific slgA for the

successful colonization of the intestine by bacteria (Donaldson et al., 2018).

Another recently identified non-conventional function of slgA is the regulation of the
penetration of bacterial metabolites in the host (Uchimura et al., 2018) (Figure 2).

Experiments with germ-free animals revealed that the introduction of isotope-labelled
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bacteria (E. coli) results in the transfer of hundreds of bacterial metabolites to all
organs and body fluids. The absence of sIgA resulted in significantly higher levels of
penetration of metabolites in the host tissues. sIgA were further demonstrated to
control the metabolite exposure of the host by reducing the motility of bacteria
through interaction with flagella (Uchimura et al., 2018). Thus, sIgA increase the
bacterial intestinal transition and thereby reduce the time of residence in the small
intestine where penetration of most of bacteria-derived metabolites takes place.
Moreover, slgA could directly interact with some of the bacterial metabolites,
potentially resulting in metabolite retention in the intestinal lumen (Uchimura et al.,
2018). The same study demonstrated that bacterial metabolites have a strong impact
on the host by modulating inflammation and metabolism. Hence, their penetration
would have systemic effects on the host immune system. Therefore, slgA, by
affecting the rate of bacterial transport through the gastrointestinal tract, may
modulate, at the systemic level, the host metabolism and immunity — an example of

function of antibodies that extends far beyond mere binding and neutralization.

In addition to trans-epithelial transfer of bacteria and regulation of metabolite
penetration, another function of slgA has been described. This function, however,
depends on high-avidity bacterial recognition by specific antibodies (Moor et al.,
2017). Vaccination of mice with Salmonella enterica serovar Typhimurium induces
high avidity pathogen-specific sIgA that contribute to immune defence by formation
of bacterial clumps (Moor et al., 2017) following the challenge of pre-vaccinated
animals with the pathogens. In contrast to typical antibody-mediated agglutination,
which also results in formation of clumps of bacteria (Hendrickx et al., 2015), this
newly described mechanism is operational at low bacterial densities (<10’ CFU.ml%).

Indeed, clumping of bacteria by high-avidity slgA occurs at the time of division and

12



daughter cells are conjugated by antibody before separation, leading to a process
termed “enchained growth” (Figure 2). It was proposed that the process of
“enchained growth” accelerates transition of bacteria through the small intestine
(Moor et al., 2017), thus preventing intestinal inflammation and possibly reducing
penetration of immunomodulatory metabolites as described above (Uchimura et al.,
2018). In addition, the restriction of bacteria in clumps diminished the clonal diversity
of the bacteria by reducing the horizontal exchange of genetic material between
bacteria and by inducing accelerated clonal extinction. The overall effect on
evolvability would lead to diminished adaptation of pathogenic bacteria in the
intestine. Therefore, this newly described non-canonical function of antibodies has
very important repercussion for the immune defence. The “enchained growth” process
can also explain why, in contrast to serum IgA, the predominant forms of mucosal
sIgA are dimers or higher molecular weight polymers (Suzuki et al., 2015). Only such
forms of IgA would be proficient in mediating bacterial clumping through “enchained
growth”. It is tempting to speculate that the same reason explains why, in cases of
selective IgA immune deficiencies in human, pentameric IgM and not monomeric
IgG compensates for the functions of IgA in the mucosa.

Non-canonical functions of antibodies important for immune
regulation

Receptor agonistic activity of antibodies

In a mirror image to antibodies that directly affect gene expression in bacteria and
fungi, some antibodies in the human trigger cell signalling upon binding to membrane
receptors on endogenous cells, thus assuming the function of receptor ligands (Figure
3). Such antibodies were first identified in patients with different autoimmune

diseases and referred to as “functional autoantibodies” (Cabral-Marques and
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Riemekasten, 2017). The main targets of functional autoantibodies are G-coupled
protein receptors (GPCRs). This class of cell membrane receptors consists of >1000
different members that specifically recognize hormones, chemokines, neuromediators,
nucleotides and many other molecules, thus regulating essential physiological
processes. Not surprisingly, functional autoantibodies found in patients with
autoimmune disorders can have profound physiological impact upon interference with

different GPCRs (Cabral-Marques and Riemekasten, 2017).

A recent study demonstrated that the functional antibodies that specifically bind to
GPCRs are not anecdotal and merely associated with immune pathologies but are also
detected in healthy humans (Cabral-Marques et al., 2018). Thus, antibodies binding to
chemokine receptors, acetylcholine receptors, anti-angiotensin Il receptor type 1 and
B-adrenergic receptors were detected in sera from healthy individuals. Importantly,
the reactivities of antibodies to different types of GPCRs demonstrated strong
correlations. In addition, correlations between binding to GPCRs and binding to
growth factors or growth factor receptors were also documented. Thus, receptor-
binding antibodies establish complex networks of interactions. It was further
demonstrated that the particular features of these networks in healthy individuals are
influenced by gender and age as well as by different pathological conditions (Cabral-
Marques et al., 2018). In the same study, it was shown that antibodies isolated from
healthy individuals that specifically bind to chemokine receptor EDNRA serve as a
chemotactic factor for neutrophils. This observation highlights the agonistic activity
of GPCRs-specific antibodies, i.e., their ability to induce biological effects similar to
those induced by binding of physiological ligands to their cognate receptors.
Although the biological repercussion of antibodies that mimic ligands of GPCR has

not yet been understood, one can speculate that, at the systemic level, they participate
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in regulation of physiological processes. These antibodies may for instance provide
tonic triggers to GPCR receptors and participate in setting physiological thresholds
for natural ligands. The nature of the immunological mechanisms at play in the
selection and maintenance of B cells producing functional antibodies requires further

investigations.

Antibodies counterbalancing congenial immune impairments

An important non-canonical function of antibodies has recently surfaced upon
investigation of patients with genetic impairments of adaptive or innate immunity.
Thus, antibodies can compensate for the inherited genetic defects and ameliorate the

phenotypic expression in immunodeficiencies (Figure 3).

APS1/APECED is a severe systemic autoimmune syndrome due to functional
deficiency of AIRE, a key molecule in central T-cell tolerance. This disorder is
usually characterized by autoimmune polyendocrinopathy and candidiasis. Analyses
of the reactivity of serum antibodies in patients with APS1/APECED demonstrated
the recognition of a large set of human proteins (Fishman et al., 2017, Meyer et al.,
2016). On average, each patient showed a strong binding to >80 human proteins as
compared to ca. 19 in healthy individuals (Meyer et al., 2016). By investigating the
immunoreactivity of antibodies of 81 different patients, it was estimated that >3500
different human proteins are significantly recognized in patients with APS1/APECED.
Interestingly, these analyses also identified a core of overlapping antibody reactivities
present in each patient. This core consists of approximately 10 proteins that included
important cytokines such as Type | IFNs, IL-22 and IL-17 (Meyer et al., 2016).
Further analyses revealed that cytokine-binding autoantibodies harbor high numbers

of somatic mutations in their VV genes, recognize conformational epitopes and bind to
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their targets with very high (sub-picomolar) affinities. Importantly, they also show
prominent biological activity in cellular assays and animal models. The analysis of
clinical manifestations of autoimmunity in APS1/APECED patients uncovered a
strong negative correlation between the presence of antibodies against Type | IFNs
and development of Type | diabetes. Patients without autoimmune diabetes were able
to inhibit the activity of all IFNa variants used in the study. In contrast,
APS1/APECED patients who develop Type | diabetes lacked IFNa-reactive
autoantibodies (Meyer et al., 2016). Together, the results indicate that autoantibodies
specific for cytokines that are implicated in autoimmune pathogenesis counterbalance
the dramatic lack of self-tolerance consecutive to failure of negative T-cell selection
in the thymus. The authors further hypothesized that antibody autoreactivity to Type |
IFN and IL-17 explains the relatively low incidence of other autoimmune diseases in
APS1/APECED patients such as systemic sclerosis, Sjogren’s syndrome, multiple

sclerosis and systemic lupus erythematous.

Not unexpectedly and in line with the existence of functionally relevant cytokine-
binding autoantibodies, some antibodies may suppress the pathological effects
consecutive to congenital impairments of innate immunity (Israel et al., 2017). TIRAP
is an adapter molecule associated with TLR receptors. The homozygous mutation
R121W results in impaired TLR2 responses, resulting in invasive infections with
Staphylococcus aureus. Investigations on the incomplete penetrance of TIRAP
deficiency to susceptibility to the infection revealed that most infection-resistant
patients produce an antibody against lipoteichoic acid from staphylococcus (lIsrael et
al., 2017). Notably, this antibody restored the deficient lypoteichoic acid-mediated
signalling through TLR2/6 and induced IL-6 expression in patients monocytes as well

as TIRAP-deficient mouse macrophages. The compensatory mechanism by which
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antibody restores the impaired signalling through TLR2/6 is not understood, but this
phenomenon explains the absence of phenotypic expression of the disease in most

patients with TIRAP deficiency (Israel et al., 2017).

The existence of antibodies that compensate for inborn immune defects demonstrates
the remarkable evolutional plasticity of antibody repertoires. Thus, antibody
molecules with appropriate specificities can fill the “gaps” created by impaired
immunity. Fundamental questions related to the mechanisms underlying the positive
selection and maintenance of B cells producing disease-ameliorating antibodies need
to be addressed. A better understanding of these processes shall undoubtedly lead to

better therapies for autoimmune diseases and immune deficiencies.

Antibodies as carriers and chaperons

Antibodies can serve as carriers and chaperons of biologically active molecules
(Figure 3). All healthy humans have antibodies that specifically recognize different
peptide hormones, such as ghrelin, a-melanocyte stimulating hormone (a-MSH) and
adrenocorticotropic hormone (Takagi et al., 2013, Vaeroy et al., 2018). Ghrelin and a-
MSH are involved in the regulation of eating behaviour, whereas adrenocorticotropic
hormone is implicated in stress response. The interaction of antibodies with these
hormones are usually characterized by micromolar affinities and thereby cannot
compete with the nano or femtomolar affinities that characterize hormone-binding to
their cognate receptors (Takagi et al., 2013, Vaeroy et al., 2018). Nevertheless, the
formation of complexes with 1gG results in protection of the hormones from
proteolytic degradation by plasmatic proteases, thus prolonging their bioavailability
(Takagi et al., 2013). Besides, antibody chaperones to o-MSH also potentiate its

binding to its receptor, the melanocortin 4 receptor. Indeed, in vitro experiments
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revealed that a-MSH triggers cell signalling considerably more efficiently when
complexed with antibodies. Interestingly, the in vivo functional activity of a-MSH in
reducing appetite (and hence food intake) is abrogated when the hormone is injected
in immunodeficient (RAG™”) mice that lack endogenous immunoglobulins (Lucas et
al., 2019). Whether it is restored in immunoglobulin-reconstituted mice however
remains to be investigated. It is noteworthy that the binding kinetics and epitope
specificities of ghrelin and a-MSH-specific antibodies are altered in obese patients or
patients with eating disorders (Lucas et al., 2019, Takagi et al., 2013). As compared to
IgG from healthy individuals, IgG from obese patients provided a better protection of
ghrelin from degradation, thus prolonging its biological availability beyond the
physiological half-life of the molecule alone (Takagi et al., 2013). In addition, 1gG
from obese patients and healthy donors recognized different sets of epitopes on a-
MSH, with the former blocking the interaction of a-MSH with its receptor (Lucas et
al., 2019). Likewise, alterations in binding kinetics and set of targeted epitopes of
hormone carrier antibodies specific for the adrenocorticotropic hormone were also

associated with changes in the behaviour of humans (Vaeroy et al., 2018).

Taken together these finding indicate that antibodies can play auxiliary role in the
activity of physiologically active peptides. It is possible that this non-canonical
function of immunoglobulins concerns much larger set of molecules that presently

identified.
Antibodies as modulators of cell signalling

A recent investigation highlighted a novel mechanism of hormone regulation by
antibodies that exclusively relies on immunoglobulin constant regions (Figure 3).

Tanigaki et al. (Tanigaki et al., 2018) observed that systemic or endothelium-specific
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deficiency in FcyRIIb protects mice from obesity-induced insulin resistance and
decrease in skeletal muscle glucose uptake. The selective deficiency in 1gG also
protected the animals from the development of insulin resistance, indicating that the
interaction of endothelial FcyRIIb with IgG contributes to the pathological process.
Importantly, glucose intolerance and insulin resistance was transferred in IgG-
deficient mice fed with high fat diet following reconstitution with pooled IgG from
Type |1 diabetes mellitus patients, but not with 1gG obtained from healthy individuals.
Further mechanistic studies demonstrated that interactions of IgG with FcyRIIb
expressed on endothelial cells inhibits insulin induced-cell signalling that depends on
eNOS and ultimately reduces transcytosis of insulin (Tanigaki et al., 2018). The
modulation of insulin signalling was induced by a specific glycoform of 1gG that was
characterized with low levels of sialic acids on the Asn297 glycan structure (Box 2).
Hypo-sialyalated 1gG appeared in obese mice and was detected also in diabetes
patients. Importantly, hypo-sialylated 1gG was found to bind to FcyRIIb with 10-fold
higher affinity as compared to other IgG glycoforms (Tanigaki et al., 2018). The high
affinity may allow binding to FcyRIIb expressed on endothelial cells in absence of
crosslinking by antigen, thus resulting in specific signalling that interferes with

insulin physiological activities.

Concluding remarks

In the present review, we provided examples of different activities of antibodies that
breach the paradigm about biological functions of antibodies. The examples of non-
canonical functions of antibodies enrich our understanding about of the adaptive
immune response by revealing different ingenious strategies developed by the
immune system to ultimate diversify its operational capability. With these multitude

of activities (Figure 2 and 3), antibodies emerge as one of the most functionally
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versatile class of glycoproteins. Importantly, most of the described non-conventional
functions of antibodies are constructively present in healthy individuals whereas other
appears only in cases of disturbed homeostasis (i.e., compensatory function for

immunodeficiency).

The non-canonical functions of antibodies contribute both to immune defence and
immune regulation. While for the sake of clarity, these two categories were discussed
separately in the present review, many non-canonical functions may contribute to
both. For example, catalytic antibodies can neutralize pathogens but also activate
some coagulation molecules, thus compensating for certain coagulopathies. Similarly,
the control of the penetration of metabolites by intestinal bacteria contributes to the
regulation of immune defence function, but also plays a key role in regulating host

homeostasis.

Antibodies are generated as a result of microevolution processes of mutation and
selection, and hence their repertoires are very adaptable and dynamic. Thus, the vast
diversity and evolutionary selection forces may sustain the emergence of most of the
non-canonical functions of antibodies. Indeed, most of these functions are executed
via the variable region of antibodies. Since most of the non-canonical functions of
antibodies arise as results of stochastic processes of diversification and evolutionary
selection, we are tempted to speculate that future studies will unfold many other
stratagems that adaptive immune response utilizes to confer antibodies with
functional activities that extend well beyond the classical triad antigen-antibody-

innate receptor.
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BOX 1. Structural organization of antibodies

Antibodies are glycoproteins (immunoglobulins) that exist both in soluble and in
membrane-bound form. Immunoglobulins adopt a quaternary structure that consists of
polypeptide chains with distinct molecular weights (referred to as light and heavy
chains). A number of bisulfide bonds and non-covalent interactions hold together two
identical heavy and two identical light chains, resulting in the archetypical Y-shaped
immunoglobulin unit (Figure). The light chains fold in two whereas the heavy chains
in four (or five) immunoglobulin domains; each domain consists of 110-130 amino

acid residues and assumes a characteristic B-sheet structure.

This diversity of antibodies arises from sequence variations in the N-terminal portion
of heavy and light immunoglobulin chains. Owing to the substantial sequence
differences between different antibody molecules, the immunoglobulin domains
located at the N-terminal ends of heavy and light chains are termed variable (V)
domains. The remaining immunoglobulin domains are characterized with low degree
of sequence variability and hence are dubbed - constant (C). Within VV domains the
sequence diversity is not evenly distributed. Thus, there are regions characterized by
particularly high levels of variability i.e. complementarity determining regions,

(CDRs). On the other hand there are parts of the VV domain characterized by a lower
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degree of sequence variability that are referred to as framework regions. CDRs of
heavy and light chains are brought in a close proximity in the intact antibody structure,

thus forming the antigen-binding site.

BOX 2. Heterogeneity of Fc portion of 1gG

Antibodies belonging to IgG class have a conservative bi-antennary N-glycan
structure attached to Asn297 on the CH2 domain. It was demonstrated that more than
30 alternative glycan variants are displayed on this site. In addition, IgG1 and 1gG3
have 4 and 13 polymorphic forms (allotypes), respectively, which are expressed
differently in different human populations. These variants in glycan structure or
amino acid sequence within a single immunoglobulin subclass strongly impact the
antibody affinity for Fcy receptors and Clgq. Moreover, some glycoforms permit
binding to glycan-binding receptors (or Type Il Fc receptors) such as CD22, and DC-
SIGN, resulting in induction of distinct biological reactions. Since the expression of
different classes, subclasses and glycoforms of Fc is a very dynamic process,
regulated by the tissue microenvironment, the heterogeneity of the constant regions

provides a high level of plasticity of effector functions for antibodies.

Figure legends

Figure 1. Conventional functions of antibodies. Most of the classical functions of

antibodies depend on formation of the tertiary complex: antigen — antibody — innate
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receptor. The innate receptors are diverse and are expressed at the surface of different
immune and non-immune cells or are soluble (C1q). The engagement of the innate
receptors by the complex antigen-antibody can trigger different processes, referred to
as effector functions. The concrete effector function depends on the particular type of

innate receptor, cell type and properties of antibodies.

Figure 2. Non-conventional functions of antibodies that contribute to immune
defence. These functions of antibodies depend exclusively on the sequence
characteristics of variable region. Antibodies can bind to surface of microbes and
induce direct killing through different molecular mechanisms. Antibodies with
catalytic activity can contribute to immune defence by hydrolysing macromolecules
important for pathogens. High-avidity IgA antibodies specific to intestinal microbes
can trigger formation of bacterial clusters by a process defined as “enchained bacterial
growth”. This result in a faster intestinal transfer of bacteria, reduction of clonal
diversity and inhibition of gene transfer between bacteria. IgA antibodies can also
control the penetration of bacterial metabolites in the host. This function might
contribute both to immune defence and immune regulation. Finally, non-specific
(polyreactive) IgA are able to facilitate the trans-epithelial transfer of bacteria. This
process results in induction of specific mucosal immune response and production of
high-affinity specific antibodies that may contribute to regulation of bacterial

colonization and maintenance of the intestinal bacterial diversity.

Figure 3. Non-conventional functions of antibodies that contribute to immune

regulation. Antibodies can bind via their antigen-binding sites to cellular receptors (as
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for example G-protein coupled receptors) and act as agonistic molecules. Antibodies
can also recognize peptide hormones and protect them from degradation or fast
clearance. These antibodies can also facilitate the signalling induced by some
hormones. In case of severe impairments of innate or adaptive immunity in humans
certain antibodies directed against cytokines or microbial products can compensate
(buffer) the defects in the immune systems. All these functions of antibodies depend
on the unique sequence characteristics of variable domain of antibodies. Beside non-
canonical functions that depend exclusively on V region, particular changes in glycan
composition at the conservative glycosylation site (Asn297) on Fc can alter
interaction of IgG antibodies with FcyRIIB, expressed on endothelial cells. This
interaction interferes with transcytosis of insulin and access of the latter to muscle

cells.

Figure BOX1. Structural organization of human IgG1 molecule. The fragment of an
antibody molecule consisting of VV domains (coloured in pink) and the Cn1 and the
constant domain (Ck or CA) of light chain is referred to as Fab (fragment antigen
binding). The C-terminal parts of immunoglobulin heavy and light chains have
considerably lower sequence diversity as compared to V region. The portion of the
antibody molecule composed by C-terminal segments of heavy chain is defined as
constant fragment (Fc, depicted in blue). The structural model of 1gG1 was build with

UCSF Chimera software, using PDB file 1HZH from (Saphire et al., 2001).
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Outstanding Questions

Outstanding questions

As some of the non-conventional functions of antibodies frequently depend on recognition of
endogenous molecules, it remains not clear what are the mechanisms of selection of and

maintenance of clones of antibodies with untypical properties.

There are some clues that certain non-conventional functions of antibodies arise as consequence
of prominent antigen-binding polyreactivity. The role of polyreactivity in determining untypical

functional activity of antibodies remains to be evaluated.

The fact that some antibodies present with functions that are typical for other biologically
important molecules, results that some of non-conventional functions can have implications
beyond immune system. The role of antibodies as messengers in the cross talk between immune,

nervous or endocrine system needs to be deeply investigated.

What is the prevalence in health and disease of antibodies that utilize non-canonical functions in

humans? Are these functions originate from specific B cell subpopulation?

How can we exploit the non-canonical functions of antibodies as therapeutic agents, diagnostic

markers and laboratory tools?
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