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Abstract—It is generally accepted that the generation of antibodies proceeds due to immunization of an organism by alien
antigens, and the level and affinity of antibodies are directly correlated to the presence of immunogen. At the same time,
vast experimental material has been obtained providing evidence of antibodies whose level remains unchanged and affinity
is constant during a lifetime. In contrast to the first, adaptive immunoglobulins, the latter are named natural antibodies
(nAbs). The nAbs are produced by B1 cells, whereas adaptive Abs are produced by B2. This review summarizes general data
on nAbs and presents in more detail data on antigens of carbohydrate origin. Hypotheses on the origin of nAbs and their
activation mechanisms are discussed. We present our thoughts on this matter supported by our experimental data on nAbs

to glycans.
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The first hypothesis on development of immuno-
globulin specificity was proposed only a half century after
the discovery of antibodies. According to a theory by
Ehrlich, who discovered humoral immunity, antibodies
preexist in the body and are required for response to
infectious agents [1-3]. The first serious contradiction to
this concept was a study by Landsteiner, who considered
antigens as a template for synthesis of corresponding
(cognate) antibodies and demonstrated that antibodies
were generated de novo in response to an antigen, which
the organism had not encountered previously [4-6].
Burnet was the first to draw attention to a fact that anti-
bodies not only distinguish “self” from “alien”, but also
provide long-term immunological memory [7, §]. Later,
it became generally accepted that:

1) antibodies preexist in the body, but only in very
small amounts, and they can be found as receptors on the
surface of B lymphocytes;

2) the immune system operates on the principle of
“one B cell, one antibody”; upon entering the body, an

Abbreviations: DAMP, damage-associated molecular patterns;
mAbs, monoclonal antibodies; MAMP, microorganism-associ-
ated molecular patterns; nAbs, natural antibodies; TACA,
tumor-associated carbohydrate antigens.

* To whom correspondence should be addressed.

antigen finds its B cell receptor and stimulates prolifera-
tion of the cell capable of producing antibodies;

3) specificity of antibodies improves in the course of
immune response via fast selection of higher-affinity B
cell clones;

4) tolerance (lack of autoantibodies) is explained by
elimination of potentially autoreactive B cell clones,
which come into contact with antigens from their own
cells during embryogenesis.

Clonal selection theory has earned the right to be
considered the dominant one in immunology, but a com-
mon model of induction of antibody production by
immunization does not explain the existence of antibod-
ies that are present in a healthy body throughout its life-
time, so-called natural antibodies (nAbs). Recently, the
term “naturally occurring antibodies” has been popular-
ized. One of the examples is alloantibodies. This article
discusses this, apparently the most controversial, branch
of humoral immunity.

There are several points of view on the functional
role and origin of nAbs. We will consider them from a per-
spective of the nature of cognate antigens. The first
hypothesis suggests that the crucial role here is played by
specific stimulation of B lymphocytes by bacterial
microflora. Antibodies that are generated as a result of
this process function as the first line of defense in case of
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pathogen invasion. The diverse repertoire of nAbs is
attributed to high diversity of the microbiota, which acts
as a source of stimulating antigens. The second hypothe-
sis is based on the concept of endogenous stimulation;
corresponding B1 cells are already formed in utero in
response to antigens, which are degradation products of
the fetus’ own cells. Later, over a lifetime of an individual,
these nAbs perform the same function of elimination of
waste material, playing an important role in maintenance
of homeostasis. According to the third hypothesis, anti-
gens that stimulate B1 cells originate from molecular pat-
terns, a group of molecules (both exogenous and endoge-
nous), that form regular and commonly occurring combi-
nations at the membrane, which are specific for patho-
logical conditions. Next, we will discuss the three above-
mentioned hypotheses on the origin of nAbs and will
examine the differences between nAbs and adaptive anti-
bodies in more detail.

95 vs. 5 (FROM ADAPTIVE IMMUNOGLOBULINS
TO NATURAL ANTIBODIES)

Highly specific adaptive antibodies are produced by
B2 lymphocytes in response to a contact with an alien
antigen. According to the clonal selection theory, anti-
bodies and lymphocytes with desired specificity exist in
the body even before its exposure to the antigen [7, 9].
After sensitization from a dormant state by an antigen, a
B lymphocyte enters active proliferation phase and is
converted into a plasma cell that produces antibodies with
particular specificity. According to the logic of this theo-
ry, it is impossible and even meaningless to store in the
genome the information on antibodies to a virtually infi-
nite variety of antigens, because microorganisms, if we
consider them the main source of danger, are evolving far
too fast. The basic mechanism for increasing the diversity
of antibodies is somatic recombination (V(D)J-recombi-
nation) of two types of genes, which have inbuilt high fre-
quency of mutations, accompanied by gradual selection
of B cell variants with the highest affinity to the antigen.
Some B lymphocytes are transformed into memory cells,
which are required for fast reaction to re-emergence of
the antigen in the body. B cell proliferation requires not
only external stimulation, i.e. by an antigen, but also an
internal one by other cells participating in immune
response, such as T-helper cells and regulatory cells [2,
10-13]. The clonal selection theory works for ~95% of all
produced antibodies present in the blood.

The remaining 5% are exceptions, and their reper-
toire is generated by another way. These are natural anti-
bodies that are present in the blood even in the absence of
explicit antigenic stimulation [12-16]. The fact that they
should be distinguished from adaptive antibodies and
considered as a single group became clear already in the
early twentieth century when the ABO blood group system
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was discovered. Anti-A and anti-B antibodies are highly
reactive with erythrocytes of donors from the other group;
noteworthy a person from one group did not come into
antigenic contact with a person from the other; thus
immunization in its classical form is excluded. Later,
other alloantibodies were discovered, including those tar-
geting blood group antigens Rh, Lewis, Ii, P (overall,
there are 33 known blood group systems), xenoantigens,
and tumor-associated antigens [17]. Finally, there is the
most mysterious type of antibodies to components of nor-
mal cells, i.e. autoantibodies [18].

Properties. The nAbs are primarily class M
immunoglobulins, they can be polyreactive (i.e. bind to
not only chemically related, but even to quite different
antigens); their affinity is lower than that of typical adap-
tive immunoglobulins. nAb levels remain relatively con-
stant throughout a lifetime, and their repertoire displays
certain conservatism across the entire population (or a
part of it, in the case of alloantibodies), it does not
depend on gender and almost does not depend on race
[12, 19-21].

Functions. According to integrated modern con-
cepts, the first of nAb functions is protection, which is
expressed through a rapid response to an invasion by a
pathogen. It gives the host organism time to initiate the
slower mechanism of development of highly specific
adaptive antibodies that requires at least 1-2 days; in the
absence of “rapid response team”, such as nAbs con-
stantly present in the blood, this time would be enough
for critical spread of infection. The total content of
immunoglobulins in blood is limited, and therefore the
expansion of a preexisting repertoire of antibodies implies
reduction in concentration of each of them; as a compro-
mise, nAbs are polyreactive, i.e. one protein can recog-
nize multiple antigens. Polyreactivity leads to lower affin-
ity of the given immunoglobulin for each particular anti-
gen; in compensation, nAbs are mostly IgM that increase
their avidity for multivalent antigens typical for microor-
ganisms [12, 20-25].

The second important function of nAbs is the dis-
posal of aged and dead cells and molecules that are prod-
ucts of their metabolism, whose level should not exceed a
critical threshold [12, 26-29].

Their third function is to serve as a barrier to inter-
species transmission of viruses. Xenoantibodies against
the “alpha-Gal” epitope in Galal-3GalB1-4GIcNAc
minimize the chance of a human being infected with
monkey’s and domestic animals’ membrane viruses
(including HIV), since the virus does not have its own
glycosylation machinery, and glycosylation of mam-
malian hosts (but not humans) leads to biosynthesis of
glycoproteins with terminal Galal-3Galf1-4GlcNAc
host glycans [12, 30].

Finally, nAbs to tumor-associated antigens, especial-
ly those of glycopeptide and glycolipid nature (see more
detailed discussion below), are detected in healthy people.
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functional significance of these two groups of antibodies.

As common for all nAbs, the antibodies against tumor-
associated antigens are present in all individuals, and their
concentration is of the order of 10 pg/ml [12] (Fig. 1).
Production of natural antibodies. In the end of the
twentieth century, Hardy and Hayakawa demonstrated
that B cells in the body are made up of B1 and B2 sub-
populations with fundamental differences between them.
B1 cells are generated in the early stages of fetal develop-
ment and migrate to gut-associated lymphoid tissue prior
to birth, where they will function after birth throughout a

lifetime. In contrast to B2 cells, B1 cells do not require
replenishment from the bone marrow pool, as they are
capable of self-renewal. Bl cells spontaneously secrete
class M antibodies and, in much smaller amounts, IgG,
and this occurs without or with insignificant changes in
the V(D)J-segment of the genes [31-34]. Therefore, syn-
thesis of natural antibodies proceeds in the same way as
synthesis of most other proteins (Fig. 1).

It should be emphasized that a contact of adult Bl
cells with a target pathogen does not lead to a dramatic
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increase in their proliferation and synthesis of
immunoglobulins [35]. Upon coming into contact with a
diverse array of antigens, B1 cells can have similar reac-
tion to early immunologically naive stages (before birth
and immediately after birth). In our view, such stimula-
tion should be more correctly referred to as activation of
B1 lymphocytes, in which a genetically possible process
becomes a reality. It is appropriate to question why stim-
ulation of B1 cells is required, why they (at least most of
them) do not begin to function “automatically”.
Apparently, the main reason is the presence during in
utero development of the fetus of “non-standard” embry-
onic antigens, antibodies to which would be required
later, but whose presence at the time could be deleterious.
In particular, there are so-called oncoembryonic gly-
coantigens that are expressed at the embryonic stage of
development and later reappear in epithelial tumors.
Even though they are completely absent from normal
adult tissues, an adult human has nAbs to oncoembryon-
ic glycans [36, 37]. Thus, it is advisable to activate nAbs
necessary for oncosurveillance only after birth. Two indi-
rect evidences supports this assumption: the level of anti-
bodies falls during pregnancy [38, 39], and class M anti-
bodies (nAbs are mainly IgM) do not penetrate the pla-
cental barrier [40, 41].

Despite the wealth of accumulated data, the issue of
stimuli responsible for activation of only these and no
other B1 lymphocytes and related nAbs remains open for
discussion. The existing hypotheses, as will be shown
below, are not able to explain all experimental observa-
tions. Nevertheless, each is valuable and deserves atten-
tion, because it not only helps to interpret experimental
data, but also to critically evaluate them.

BACTERIAL STIMULATION HYPOTHESIS

From the moment of birth, the gastrointestinal tract
and respiratory system in mammals are actively colonized
by bacteria [42, 43]. About 500 species of nonpathogenic
bacteria form the basis of normal intestinal microflora;
transient flora is represented by all other types of microor-
ganisms that occur in the environment, but usually do not
linger in the body [44, 45]. The number of bacteria ranges
from 10° per gram of the content of the small intestine to
10" per gram in its lowest section [45, 46]. The role of the
microflora is not limited to participation in digestion of
food [47-51]; upon entering a macroorganism, it trans-
forms its environment by production of biofilms, which
are necessary for attachment and stable reproduction and
are beneficial for the macroorganism via protection of the
adjacent epithelial layer of the intestinal wall [52, 53].
Furthermore, bacteria can actively influence adjacent
epithelial cells, stimulating them to synthesize substances
necessary for bacteria [54-58]. In some cases the com-
mensal relationship become symbiotic, for example, bac-
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teria can synthesize vitamins [51]. The diverse microbial
community in the gut ensures a competition for adhesion
sites and resources, and normally it is difficult for patho-
genic microorganisms to win this competition against
commensal and symbiotic bacteria [45, 59, 60].

Numerous bacteria and an even greater number of
viruses (including bacteriophages) are involved in con-
stant interaction with the immune system of macroorgan-
isms. Such terms as “physiological inflammation” can be
found in the literature to describe the constantly active
state of the mucosal immune system [61, 62]. Indeed, the
underlying layer of the intestine is an area of “border con-
trol” (Fig. 2). During their transfer through the intestinal
epithelium, microorganisms are recognized by the host
immune system. A small number of them is perceived as
training materials for the immune system [64, 65], but
intensification of the transfer can result in bacteremia
with associated negative consequences.

The balance of the entire system depends on the
integrity of the mucous layer and adequacy of mucosal
immune reaction. Microorganisms both for which the
mucous layer is a permanent habitat (indigenous microflo-
ra) and those that enter the body but are rapidly eliminat-
ed (transient microflora) carry a huge number of antigens.

In the mid-twentieth century, Springer et al.
described generation of anti-B alloantibodies in human
blood (ABO blood group system) as a result of contact
with a bacterium, whose polysaccharide was structurally
similar to the blood group B antigen. Based on these and
other data, Springer suggested that nAbs appear in
response to stimulation by enterobacteria. In the works by
Springer et al., the concept of “stimulation” is similar to
“immunization”, when antibodies with appropriate
specificity appear in response to recognition of bacterial
antigen [66, 67].

Springer’s concept does not explain why classical
immunization featuring B2 cells, i.e. activation of the
complement system, development of inflammation, and
destruction of antigen source does not occur in parallel
with activation of Bl cells. There are several possible
answers to this question. First, the nature of a microbe:
under normal circumstances, commensals do not attempt
to get into the bloodstream and cause bacteremia, but
remain within the biofilm that they form themselves.
Bacterial translocation of commensal bacteria is a rare
event, which does not lead to damage to the mucus layer
[61, 68-70]. In contrast, single cells, which get through
the layer of epithelium, become the “training material”
for the immune system, which allows it to be in active
state. Second, in the first months of life, which Springer
was focused on in his studies, are unique in human life
due to temporary immunosuppression. Third, Bl cells
secrete antibodies that are different from adaptive anti-
bodies (low affinity and polyreactivity).

Springer’s hypothesis is supported by model experi-
ments [50, 71, 72] that showed in particular that once
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sterile experimental animals come into contact with
opportunistic microorganisms, the diversity of antibodies
and their titers increase. The contradiction is that even in
the absence of interaction with the environment, sterile
animals still have a certain set of preexisting antibodies.
As shown in 2000 by Butler et al., the same peripheral B
cells are active in both sterile animals and those exposed
to microorganisms [73]. In addition, Springer’s hypothe-
sis does not fully explain the “peaceful” existence of nat-
ural autoantibodies.

NATURAL ANTIBODIES = AUTOANTIBODIES?
(INTERNAL STIMULATION HYPOTHESIS)

While Springer considers external factors (microor-
ganisms) to be stimuli for the production of natural anti-
bodies by B cells, another, internal stimulation, hypothesis

assigns the leading role to antigens of the body’s own
cells.

Accumulated data [74-79] leave no room for doubt
that healthy people do have a wide range of antibodies
capable of binding its own (mostly polypeptide) antigens.
“Housekeeping” is the term used in the literature, which
implies that nAbs are responsible for internal control by
maintaining “order and cleanliness in the house”. nAbs
are involved in clearance of metabolites, senescent
(including erythrocytes) and transformed cells. During
apoptosis, cell fragments undergo changes and acquire
new antigenic properties as a result (neoantigen and alter-
natively presented native antigens), which make them
available for recognition by antibodies. Removal of waste
material occurs mainly through phagocytosis [2, 80].

Previously, it was thought that autoantibodies are a
sign of a pathology. However, research conducted in the
past two decades confirmed that autoantibodies are pres-
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ent in healthy individuals as well. These include, among
others, autoantibodies to cytoskeletal proteins, DNA,
enzymes, and structural components of the cell mem-
brane. We would like to stress that in this case we are talk-
ing about nAbs not to neoantigens, but to components of
normal cells [77, 79, 81-84]. Their existence is paradoxi-
cal at first sight, but can be explained if we consider this
phenomenon not from a quantitative, but from a qualita-
tive point of view. Indeed, antigen—antibody reaction fol-
lows the law of mass action, i.e. the amount of Ag—Ab
complex depends on the concentrations of both Ab and

Ag.
[Ag—Ab] = [Ag] x [Ab]

This means that to eliminate an undesired self-anti-
gen, there is no need to increase the level of an antibody
(Ab component) — it happens automatically due to the
increased concentration of Ag component. Undoubtedly,
other factors affect the implementation of this simple law
in bloodstream, such as non-equilibrium state and inter-
connection between formation of Ag—Ab complex and
other processes. Nonetheless, it gives us reason to suggest
that there is a threshold concentration of Ag, below which
there is no autoimmune elimination of the body’s own
normal components [12]. A case in point is the so-called
accommodation phenomenon, when an AB0-incompati-
ble organ is successfully transplanted (in the long-term).
Before and after such operations, recipient’s blood is
treated with A- or B-antigen specific sorbent to remove
corresponding antibodies [85]. Accommodation refers to
the fact that the level of antibodies that cause rejection
falls sharply, but their synthesis does not stop completely.

It should be noted that the distinctive feature of
nAbs — the constancy of their levels — is consistent with
the reasoning given above. Moreover, sharp increase in
antibody levels typical for B2 cells is unnecessary and
even counterproductive in case of Bl cells, since it leads
to initiation of chronic autoimmune process. In other
words, the appearance of autoaggressive antibodies dam-
aging its own organs, apparently, is a consequence of
erroneous high production of normal natural antibodies
[24, 86, 87]. The internal stimulation hypothesis does not
answer the question why a contact of B2 cells with self-
antigens results in tolerance (elimination of the clone),
whereas in case of B1 cells it leads to their activation.

MOLECULAR PATTERNS

In the early stages of development of immunology,
the term “antigen” was poorly correlated with a concept
of a “molecule”. Development of molecular immunology
gave us deep understanding of mechanisms of
antigen/antibody interaction at the molecular level, but at
the same time it led to a skewed perspective in which the
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essence of an antigen, its antigenic determinants, started
to be perceived in overtly mechanistic terms, i.e. as a frag-
ment of an individual molecule. Significant paradigm
shift occurred when it was discovered that antigenic
determinants of a protein might be composed of frag-
ments that are far apart from each other on a linearly
recorded primary sequence. It was even harder to accept
that antigenic determinants can be composed of altogeth-
er different molecules on the cell membrane located close
to each other in space due to various factors. This may not
only be identical adjacent molecules (e.g. gangliosides
cluster), not only different molecules of the same class
(e.g. two polysaccharides), but also molecules from vari-
ous classes (protein + phospholipid) [88, 89] (Fig. 3).

This gave rise to the concept of a molecular pattern,
a stable nonrandom supramolecular structure composed
of several molecules located close to one another in space
[90, 91]. At first glance, molecular patterns do not seem
to be good targets for immunity, because combinatorics
suggests that the number of possible composite antigenic
determinants is nearly infinite. However, another factor is
more important: only those combinations that are similar
or even identical across different cells are selected; and,
second, only multiple repetitive (grids, patterns) combi-
nations are selected, which greatly increases the avidity of
interaction with IgM. Simplistically, they can be divided
into two groups: DAMP, damage (or danger) associated
molecular patterns, and MAMP, microorganism associat-
ed molecular patterns [91]. DAMPs are the structures of
the body’s own cells and tissues; changes experienced by
cells during their lifetime can be both of pathological (e.g.
oncotransformation) and physiological nature (aging,
apoptosis). Formation of stable pseudocrystalline molec-
ular complexes on the cell membrane such as rafts and
caveolae is well known. It is easy to propose that normal
proteins, phospholipids, and glycolipids can also form a
stable, but somewhat different molecular complexes at
the membrane of aberrant cells (e.g. due to its different
curvature), i.e. DAMPs, which serve as targets for nAbs
[12, 92].

The MAMP concept unites various molecules typi-
cal for microorganisms, primarily bacteria. Repetitive
motifs are common in bacterial structures, in particular in
structures of most lipids A and a large portion of
lipopolysaccharide cores. However, the most important
“material” built of repeating molecular patterns are poly-
saccharides. Capsular polysaccharides and lipopolysac-
charide glycans are built of repeating oligosaccharide
units. Most polysaccharides tend to assume helical con-
formation, and the number of archetypes of these helices
is very limited and depends mostly not on the structure of
monosaccharide units, but on the type of linkage between
them (1-2, 1—4, etc.) [93]. In other words, an almost
infinite variety of primary structures of bacterial polysac-
charides paradoxically results in only a few common
motifs at the level of secondary and tertiary structures,
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which provide the basis for recognition by nAbs surveil-
lance. A useful analogy would be the existence of only
~200 crystallographic groups for millions of known crys-
talline substances, as well as the presence of only a few
dozens of protein folds for tens of thousands of proteins
with known tertiary structure. Moreover, repeating
molecular patterns can be formed by adjacent polysac-
charides densely packed at the bacterial wall [92, 93]. In
addition to polysaccharides, it is also necessary to pay
attention to repeated motifs of peptidoglycans of both
Gram-negative and Gram-positive bacteria, to which,
according to experimental data, humans generate several
types of nAbs [94]. This statement is indirectly confirmed
by specificities of many lectins, which can bind to a vari-
ety of glycan classes, which are, at the first glance, com-
pletely different [95]. Several studies by Hakomori [96-
98] describe the so-called glycosynapses, stable molecular
complexes enriched with glycosphingolipids. These
supramolecular entities have several functions, such as
transmission of a signal into a cell during its interaction
with external stimuli, including antiglycan antibodies.

According to Hakomori, glycosynapses are modified in
pathologies, and therefore they can be considered as a
type of DAMP that got another common name.

From the standpoint of classical B2 cell response, T-
dependent antigen presentation by molecular pattern
looks difficult, if not altogether impossible. At the same
time, immunoglobulins generated by Bl cells have no
such limitation, since they are not selected by V-gene
recombination, but rather by long-term evolution of the
B1 cell component of the immunity. That it is to say that
the B1 cell mechanism and repertoire of nAbs is more
suitable for recognition of molecular patterns. The fact
that for nAbs there is no restriction associated with the
mechanism of antigen presentation, in our view, is the key
feature of these antibodies. It should be noted that
DAMPs and MAMPs are recognized not only by anti-
bodies, but also by other classes of proteins, such as
lectins, Toll- and NOD-receptors [99, 100], but nAbs
have a distinct advantage as they are by far more abun-
dant. Their abundance can be estimated as follows: since
the typical contents of individual monospecific nAbs in
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the blood is of the order of a few mg/liter [94], and the
total content of IgM is 10° mg/liter, highly represented
nAbs should therefore be of the order of 103 specificities.
We would like to emphasize again that nAbs are mainly
immunoglobulins of M class, which, thanks to its ten
valences, is the most suited to meet the requirements for
the avidity of interaction with repeated patterns of regular
molecular patterns. IgM polyvalency allows them to be
less specific on the level of one immunoglobulin subunit
[22]. In other words, it is more reasonable to have a loose-
fitting wrench, which “barely” unscrews several similar
nuts, than to have a perfect complementary tool to a sin-
gle nut. Furthermore, it is advantageous to store in the
genome the information on the recognition of patterns
that are common across many bacteria, rather than on
recognition of individual molecules. The diversity of V-
genes is limited because, in contrast to B2 cells, Bl cells
are not involved in somatic hypermutation, and therefore
they do not contain any N-terminal inserts [31-34].
Adaptive antibodies should provide effective immune
response to a potentially infinite number of antigen vari-
ants. Upon contact of antigen with B2 cells, DNA
rearrangement and translocation of one of the V-genes to
one of the J-segments are initiated; recombination
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between the D- and J-regions occurs in heavy chain genes
(Fig. 4).

In addition to rearrangement of gene segments, the
process also includes insertion of additional nucleotides,
point mutations, and recombination of heavy and light
chains. The potential set of antibodies thus obtained is so
large that production of immunoglobulins in an individ-
ual organism normally begins only after exposure to the
antigen, which will determine the appropriate option [2,
10, 12, 13, 101]. The repertoire of nAbs, i.e. set of possi-
ble specificities, is also defined by antigens, but not at the
level of immunological history of an individual, but at the
level of the population at large; evolution has selected the
most vital antibodies necessary to combat the most typi-
cal and the most dangerous pathologies.

CAN THREE HYPOTHESES BE COMBINED?

We believe that this question must be answered in the
affirmative, especially if one re-evaluates Springer’s ideas
in terms of modern concepts of Bl cells. Common to all
three hypotheses is the idea that there is a population of
special antibodies whose synthesis is activated in the early
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Fig. 4. V(D)J-recombination of immunoglobulin genes (adapted from Janeway et al. [10]).

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015



828

stages of development, and which thereafter remains
almost unchanged. The main difference between them is
associated with the structure of the antigens in question
and, subsequently, the functions of nAbs, but that is not a
contradiction. The concept of molecular patterns
(MAMPs) complements not only Springer’s hypothesis
of polysaccharides, but also the hypothesis of autoanti-
bodies against self-proteins (i.e. DAMPs), while simulta-
neously imbuing purely immunological concepts with
immunogenetic content.

We believe that in its purest form the second hypoth-
esis has a serious flaw in the part that requires explanation
for the activation of B1 lymphocyte clones responsible for
recognition of self-proteins. Indeed, since B lymphocytes
can meet an antigen immediately after its emergence on
the cells in the embryo, nAbs to self-proteins should be
produced much earlier than it is the case in reality. Can
the activation of anti-protein nAbs (potential autoanti-
bodies) occur without the participation of protein anti-
gens? We believe it can, and to explain it we would like to
consider the phenomenon of molecular mimicry. There
are many examples where a peptide immunogen induces
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the generation of highly specific antibodies to a carbohy-
drate antigen, and vice versa [102]. It can be assumed that
B1 cells that synthesize antibodies to self-proteins are
activated not by these proteins, but rather by numerous
bacteria encountered by a newborn organism. Recent
experiments on stimulation of sterile mice by bacterial
antigens demonstrated appearance of antibodies to gly-
cans that were not a part of the bacterial activator; a study
of children in the first year of life have shown that pep-
tides in infant feeding formulas activate antiglycan anti-
bodies (N. R. Khasbiullina et al., manuscript in prepara-
tion). The estimated number of human nAbs is close to
10° (see above), and the published [77, 103-105] estimate
of the number of proteins to which autoantibodies were
found has the same order of magnitude, i.e. the number
of autoantibodies that can be found in a healthy human is
relatively limited. On the other hand, the aforementioned
[44, 45] number of major bacteria in microbiota, ca. 500
species, suggests one or two orders of magnitude higher
number of potential antigenic determinants, both classi-
cal ones and those of MAMP-type, of polysaccharide
(and other) nature. Therefore, bacteria of the microbiota

No full-scale contact
with the environment;
anabolism >> catabolism

Active generation of microflora.
Microorganism antigens +

autoantigens

@ 0a&*

U 3

—
%P Molecular patterns
¥ Continues contact
e with microflora antigens,
A4 catabolism >> anabolism

|

The repertoire of natural
antibodies is maintained

Fig. 5. Generation of nAbs repertoire. The emergence of the immune system is observed at different stages of ontogenesis, which is affected
by endogenous (autoantigens) and exogenous (environmental antigens, primarily microorganisms) factors and responds by production of anti-

bodies directed against the patterns (adapted from Janeway et al. [10]).
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are an inexhaustible reservoir for activation of B cells of
any (genetically programmed) specificity. We would like
to mention that the long history of designing molecular
vaccines showed that whole bacteria are much more
actively immunogenic than single molecules or their con-
jugates. Without going into the details and considering
possible causes of this phenomenon, let us assume that in
addition to BCR, B1 cells also have coreceptors (TLR?)
for recognition of bacteria, which result in activation of
B1 clones, specific for autoproteins, even though by
themselves these proteins are not immunogenic. Such
paradoxical “bypass” mechanism would allow involving
B1 cells at precisely the right time to avoid autoimmune
reaction during the embryonic stage of development (see
above).

Therefore, by combining all three hypotheses and
supplementing them, we can propose the following sce-
nario for generation of nAbs. In the period before birth,
the fetus normally has very limited capacity for bacterial
activation of B cells, and therefore it has very few of its
own nAbs; nAbs are primarily class M immunoglobulins,
and normally only IgG have the ability to pass through
utero—placental barrier. After birth, microorganisms start
to actively occupy the intestines of a newborn, initiating
the generation of a repertoire of nAbs to classic bacterial
polysaccharide and MAMP epitopes, self-proteins, allo-
and xenoantigens, DAMPs, and tumor-associated gly-
copeptide epitopes, anionic polymers (DNA, GAG), and
others. We would like to once again emphasize that
according to this hypothesis the diversity of nAbs is gen-
erated by activation by microorganisms that are a part of
the normal microflora (Fig. 5).

A GLYCOBIOLOGIST’S OPINION

Looking at the nAbs from a position of glycobiology,
some aspects of the topic need to be presented more
prominently. The first of these aspects was discussed in
the previous section; it is the assumption that B1 cells are
activated (stimulated) by polysaccharide glyco-MAMPs
of commensal bacteria, regardless of the chemical nature
of target antigens. Commensal bacteria represent such a
rich reservoir of activating epitopes that their diversity by
far exceeds necessary requirements for activation of both
antiglycan and antiprotein antibodies, the latter via
molecular mimicry [106].

The second aspect follows from the detailed analysis
of antiglycan nAbs specificity [107]. The cited study
demonstrated that there are no compelling arguments in
favor of considering at least one of many antiglycan nAbs
as true autoantibodies, even though they do target glycans
typical for normal human cells. In particular, these are
antibodies to disaccharides Le®, Fucal-3GlcNAc,
Fucal-2Gal, GalNAca1-3Gal, as well as fragments of
core glycans such as —Galf1-4Glc and —GalNAca. Even
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though ELISA and other methods of analysis, wherein
carbohydrate hapten is immobilized on a solid phase (or
acts as an inhibitor), clearly indicate the presence and
even high titers of antibodies to these determinants of
natural glycans, these nAbs are, nonetheless, unable to
bind to the same glycoprotein or glycolipid epitopes in
vivo, as part of normal living cells. The explanation can be
summarized as follows: epitope specificity of these anti-
bodies is such that they do not bind to short (di- or trisac-
charide) fragments, which are spatially masked in longer
chains of native natural glycans. Therefore, the analysis of
human antibodies using routine analytical approaches
that are based on the use of small oligosaccharides should
be interpreted with caution, keeping in mind real, natural
context of the glycan.

Here is only one, but a typical example. During the
analysis of the repertoire of antiglycan antibodies from
healthy donors, one of the highest titers was observed for
antibodies to Le® disaccharide. A detailed examination,
that included affinity isolation, revealed that the disac-
charide interacts with IgM, which is insensitive to the
nature of the R substituent in 3-O-R-Galf1-3GIcNAc-X
[108]. At the same time, their binding was strongly
dependent on the nature of the X fragment; any long-
chain carbohydrate with Galf1-3GIcNAc moiety on the
non-reducing end, for example, GalB1-3GIcNAcB1-
3GalB1-4GlIcNAc, is completely non-reactive to these
nAbs. These results make it clear that “anti-Le®” are
unable to interact with normal natural carbohydrate
chains, where the Le® fragment is always linked to lac-
tosamine core. However, according to the data of cyto-
metry and histochemical studies, these antibodies bind to
aberrant cells, namely, to breast tumor cells with unknown
structure of the carbohydrate chains [109]. We would like
to emphasize that a similar argument turned out to be true
as an explanation of tolerance for dozens of other antigly-
can nAbs, especially anticore ones, for which the role of
masking (constraining) of X groups is performed by the
surface of the cell or polypeptide chain of protein.
Therefore, it was concluded [107] that there are no true
antiglycan autoantibodies in healthy individuals; howev-
er, antibodies to tumor-associated epitopes (TE, Tn,
Sialn, etc., which will be discussed below) can be consid-
ered to be autoantibodies to some extent.

It seems, therefore, unlikely that other products of
B1 cells, such as anti-polypeptides, are true autoantibod-
ies, even though a healthy person has a lot of such pro-
teins [103-105]. Is it possible to extend the glycobiologi-
cal concept of antiglycan antibodies to the interpretation
of data on antiprotein nAbs? Can we be certain that the
proteins (and especially synthetic peptides) that are used
in solid-phase assay systems for identification of potential
antiprotein autoantibodies are truly representative of the
native protein as part of a normal cell? We believe that the
following explanation of data accumulated on the pres-
ence of autoantibodies to proteins in healthy individuals
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is reasonable: nAbs recognize cognate peptide epitopes
only in aberrant situations, such as: (i) intracellular pro-
tein outside a cell; (ii) previously hidden epitope of mem-
brane-bound protein unmasked by the action of metallo-
proteinases; (iii) previously hidden epitope unmasked as a
result of incomplete glycosylation or there is a conforma-
tional rearrangement, which leads to the formation of a
neoepitope; (iv) a complex with another molecule is
formed that constitutes a DAMP. These considerations
contradict the discussion in the “Natural antibodies =
autoantibodies?” section, which referred to quantifica-
tion of interactions between nAbs and proteins, because
too high concentration of a protein is in itself indicative of
an aberrant situation.

Another idea, which is well developed in glycobiolo-
gy and deserves to be more widespread, is the concept of
tumor-associated carbohydrate antigens (TACA) [110-
112]. More than 50 TACAs are mentioned in the literature
and identified in various tumors either chemically or
immunochemically; the most studied ones are glycopep-
tides, O-glycosylation sites and glycosphingolipids; their
cognate antibodies are in fact probably directed against
DAMP, and glycomolecules are only a part of the DAMP.
Natural antibodies to some TACAs were discovered, often
in high titers, especially to core fragments of glycoprotein
O-glycans, primarily nAbs to TFE, Tn, and SiaTn, which are
not generated in response to the presence of a tumor, but
are present over a lifetime, i.e. must be considered as nAbs
[12, 113]. As discussed above, in Springer’s concept these
antibodies play an important role. Springer believes that
they are, just like the other nAbs, “turned on” (in our ter-
minology are “activated”) by intestinal microflora. Recent
studies that were performed using glycoarrays [114]
revealed a broader and generalized group of nAbs to core
motifs of glycans, i.e. not only to glycan—protein moiety,
but also to lactose fragment of glycosphingolipids (as we
have already suggested above, directed against glycolipid-
containing DAMP), and, apparently, also to a GPI-
anchor. Some anticore nAbs were included in diagnostic
signatures, because their level differs significantly in can-
cer patients [115-117]. Notably, the level of nAbs to TF
disaccharide and some other TACAs is lower in oncopa-
tients than in healthy donors [113, 118], which once again
suggests the surveillance function of these antibodies, such
as tracking and elimination of cells with abnormal anti-
gens (including tumor ones). Therefore, individuals with
genetically programmed low level of nAbs are exposed to
high-risk of oncotransformation by default. We believe
that the concept of surveillance by nAbs fits well with the
idea of DAMPs, i.e. not only antiglycan antibodies, but
also those aimed at peptide epitopes [77, 103-105], and
especially DAMPs (complex composite epitopes) perform
a vital function, regular recognition of constantly forming
transformed blood and endothelium cells.

Glycobiological research provides one more obser-
vation that runs counter to the generally accepted ideas
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about nAbs, namely their low specificity/polyspecificity.
A study of several dozens of antiglycan antibodies isolat-
ed by hapten-specific affinity chromatography (glycan
was immobilized on Sepharose) showed that many of thus
obtained monospecific polyclonal antibodies are actually
highly specific. There are only few examples of natural
antibodies with dual specificity, one of them is nAbs
capable of binding to both DNA and xenoantigen Galal-
3GalB1-4GIcNAc [119]. At the same time anti-Galal-
3GalB1-4GIcNAc from blood group B donors (but not
blood group A [30]) do not react with blood group B anti-
gens, even in high titers, including tetrasaccharide
Gala1-3(Fucal-2)GalB1-4GlcNAc, which differs from
Gala1-3GalB1-4GlcNAc trisaccharide in the presence of
an additional residue of L-fucose only, indicating their
high specificity. Thus, antibodies that were evolutionarily
selected for destruction of animal viruses can interact
with multiple versions of “alpha-Gal” epitope, but simul-
taneously are unable to bind to a large variety of closely
related antigens, such as blood group B and “histo-blood
group B”. Therefore, the concepts of “polyreactivity”
and “high specificity” are not necessarily mutually exclu-
sive.

In the context of this chapter, we should discuss the
therapeutic aspect of antibody therapy (primarily, anti-
tumor therapy). Most antibody-based drugs are obtained
by the traditional scheme: target antigen is used to obtain
hybridomas, from which only one with a therapeutic
effect is selected, followed by “humanization” of the
selected monoclonal antibody (mAb). Therapies by mAbs
pose two questions: 1) why their doses are so high; 2) why
only some of the specific mAbs have therapeutic proper-
ties, whereas others, which also bind well to the target
antigen, are not drugs. The DAMP hypothesis provides
an easy answer: in reality, the effective mAbs do not bind
to any particular protein, but to a tumor-specific pattern.
Therefore, another route to obtain therapeutic mAbs
seems to be more promising: immortalization of those B1
human lymphocytes that are specific to glycopatterns
[120], precisely those that have been evolutionarily
selected to oversee tumor cells. Of course, this route will
only become therapeutically promising if we develop an
efficient algorithm for discovery and extraction of such
cells among millions of other B lymphocytes. Application
of this methodology seems appropriate for the treatment
of some other pathologies, such as autoimmune diseases
and birth defects in B cell-mediated immunity, as long as
these disorders are based on disruptions in the production
of antibodies.

Despite significant progress in the study of natural
antibodies and lymphocytes that produce them, it is too
early to call the relevant area of immunology classical and
established. Many questions remain unanswered or are
still actively debated. We would like to highlight some of
them that in our opinion deserve more attention.
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1) Discrimination between natural and adaptive
antibodies with similar specificity is challenging. B1 lym-
phocytes differ from B2 ones in a specific set of clusters of
differentiation, but immunoglobulins produced by them
are either indistinguishable in terms of structure at all, or
any currently employed methods do not allow to see the
differences. It is possible that nAbs and adaptive
immunoglobulins differ in glycosylation [121, 122], but
the issue has not been investigated. In addition, nAbs are
primarily class M immunoglobulins, and it is much more
difficult to study carbohydrate chains of these antibodies
than those of IgG.

2) It is obvious that nAbs are generated at an early
age, during the first year of life, but the “starting point”
remains unknown. Does the activation of B cells begin
only after birth, or does it happen already during fetal
development? The question of whether the placental bar-
rier provides complete protection of the fetus against the
penetration of maternal bacteria remains open and is
constantly augmented with new, often conflicting data
[123, 124].

3) Limited available data on the repertoire of nAbs in
animals indicate a significant difference between human
nAbs and antibodies of even evolutionarily close mam-
mals. It would be interesting to trace changes in nAbs
repertoire over the course of evolution (if it occurs), or, on
the contrary, to convincingly demonstrate that the reper-
toires of antibodies follow laws that are not driven by evo-
lution.

4) Detailed and long-term observation of the produc-
tion of the repertoire of antibodies in the same individual
look promising: (a) nAbs repertoire (by specificity); (b)
intestinal microflora of the same individual using data of
functional and comparative genomics; (c) colonization of
certain sections of the intestine by specific communities of
bacteria in the same individual; (d) polysaccharide struc-
tures in identified bacteria; (e) repertoire of bacterio-
phages and their lytic specificity (ability to cleave a partic-
ular bacterial polysaccharide). Systemic analysis of these
data would help to understand the mutual conditionality
of the mentioned factors, as well as the plasticity of the
production of nAbs repertoire, if the plasticity exists.

5) The question of the mechanism responsible for
the tolerance of Bl cells to autologous antigens remains
open. The mechanisms discussed in this article are for the
most part only speculative. The fate of related B2 cells
after their binding to an antigen is well known: either they
are “banned” (anergy, apoptosis) or they are activated
and proliferate. However, in the case of Bl cells, the
molecular mechanism of stimulation and conditions of
clone selection are poorly understood. In other words, it
is unclear why a contact of B2 cells with autologous anti-
gens results in the elimination of the clone, whereas for
B1 cells it results in activation.

6) From the medical point of view, it is very impor-
tant to find a place for nAbs in the pathogenesis of
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autoimmunity, i.e. to understand when nAbs cause
pathology and when, on the contrary, they are a factor of
protection against autoimmunity.
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