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SYNOPSIS

The formation of circulating antigen-antibody complexes is one manifestation
of the natural course of immunologic response against soluble antigens. After an
antigen-antibody reaction, the immune complexes (ICs) can be subjected to any of a
number of responses including complement fixation, opsonization or phagocytosis.

Reticuloendothelial system (RES) plays major role in removal of IgG and IgM
immune complexes that fix complement. Being not complement fixing, IgA-IC is not
removed via RES. FcaR expressed on immune cells bind to Fc portion of IgA with
very low affinity and hence the role of this receptor in IgA-IC catabolism remains
controversial.

Among the IC-deposition-mediated diseases the least understood one is those
attributed to IgA. There are severaly instances where circulating IgA gets deposited
leading to pathogenicity as occurs in IgA nephropathy and Henoch Schonlein purpura
(HSP). The mechanisms underlying such pathogenic situations are not fully
delineated and the receptors respoﬂsible for such events are still unknown.

About 90% of serum IgA belongs to IgAl subclass and the rest is IgA2.
Eventhough IgA is synthesized at rate equal to that of IgG, maintenance of a
ciréu‘;ating IgA titre at 20% of that of IgG suggests an efficient disposal mechanism.
Hepatic ASGPR are involved more in the removal of igA2 type and hence the
catabolism of IgA1 that forms the bulk of serum IgA is not explained satisfactory.

The observation from this lab that IgAl is the most prominent serum
glycoprotein interacting with tissue galectin-1 is significant to both the normal

biology of serum IgA1 and to IgA1-mediated immune pathology. A role for galectin-
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1, well expressed and widely distributed in human tissues including the endothelial
cells, in sequestering the most prominent T antigen bearing serum glycoprotein IgAl,

seems very likely.

Glycan antigens entering human body through food, environment and
microflora colonizing the skin, epithelia and gut, especially in humid tropical
geographic regions is enormous. Anti-glycan antibodies (AGA) usually possess
remarkably higher content of IgA1 especially in its polymeric form. This préperty is
likely to dictate the fate of these antibodies and their immune complexes due to its

binding to galectin-1.

The polymeric nature of the deposited IgAl complexes especially in the
desialylated form has been reported in diseases involving IgA-deposition.
Preliminary studies on galectin-1 recognition of IgA1 have shed further light in this
direction since polymeric IgA1 (pIgAl) in the desialylated form was found to bind the
lectin more. IgA1 from IgA nephropathy patients was found to be relatively abundant

in asialotype sugar chains.

High percentage of IgA (mostly IgAl) in Anti-f glucan (ABG) and Dextran
binding immunoglobulin (DIg) and the observation that the ubiquitous lectin galectin-
1, present also on vascular walls and underlying tissues recognizes exclusively IgA1l
among immunoglobulins together underline the inflammatory potential of ABG/Dlg-

containing immune complexes.
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2)

3)

4)

3)

6

AIMS AND OBJECTIVES OF THE STUDY

- To characterize the immunoglobulin'composition in; a).anti-a-Gal (specific

for terminal a-linked galactose), b). DIg (specific for oo 1—6 linked glucans

like dextrans and c). ABG (speciﬁc for p 1>4/p 1—3 linked glucans).

To quantitatively assess the unit IgA content in polymeric IgA(pIgA) and
monomeric IgA(mIgA) as well as demonstrating the recognition of IgA by

tissue galectin-1.

To determine the effect of desialylation (by microbial neuraminidases) of IgA

on its carbohydrate- dependant attachment to galectin-1 or other lectins.

To identify polysaccharides from common commensal and infectious
microorganisms that offer antigenic epitopes for the human serum anti-glycan

antibodies; ABG and DIg.

To demonstrate the presence in human serum of anti-glycan antibody
polysaccharide (AGA-PS) immune complexes between either of the
antibodies DIg, and ABG on the one hand and microbial polysaccharides on
the other.

To verify if IgA in complexed or free form attach sugar-speciﬁcally t0

immobilized form of galectin-1.
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RESULTS AND DISCUSSION

The presence of polymeric forms of IgA in the AGA which make up a large
portion of the natural antibody repertoire is observed. It is possible that AGA is the
major source of pIgA in serum. |

Before ascertéining the difference between pIgA and mIgA in their capacity as
ligands for lectins, anti-IgA recognition of the two was studied. Treatment with 2-
mercaptoethanol (3mM) reduces the intersubunit disulphide bonds in pIgA tc yield
IgA monomers. This treatment helps to quantitatively assess its unit monomer
content. ELISA experiments to assess HRP-labelled galectin-1 binding to
immobilized IgA forms revealed that pIgA compared to mIgA and desialylated IgA
compéred to native IgA are far superior ligands for galectin-1 in terms of their unit
IgA content. Notably, a plant lectin with sugar specificity similar to galectin-1, viz.,
Peanut agglutinin behaved quite similar to galectin-1 in relative affinities for IgA
forms.

The presence of antigenic epitopes for ABG and DIg was checked in
electrophoretically separated yeast glycoprotein (YGP) fractions. Both ABG and DIg
recognize YGP, even though the response was higher in the case of ABG-HRP.
Dextran is yet another polysaccharide that provides linear epitopes for natural
antibody recognition. A high molecular weight polymeric fraction of commercial
edible sugar was compared to standard dextran for presence of antigenic epitopes for
ABG and Dlg. Results suggest that high molecular weight portion of edible sugar

contains epitopes for ABG and to a lesser extent for DIg. $-(1,3) Glucans from yeast
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and barley were significantly less effective in capturing DIg than dextran which

consists almost exclusively of a(1—6)- linked glucose moieties.

In vitro studies were done to demonstrate the formation of AGA-
polysaccharide ICs between ABG on one hand and Candida albicans cellwall antigen
(CCA) on the other. In order to isolate serum antibodies specifically reacting with
CCA, increasing amounts of CCA were added to fixed volume of serum, ICs formed
separated, and CCA-interacting antibodies thereof assayed by their capacity to bind to
microplate coated CCA. Results show that, as the concentration of CCA added to
serum increases, there is a corresponding increase in IC formation till the zone of
- equivalence is reached. There is a minimal level of CCA-binding antibodies in ICs
prepared without addition of CCA showing that a minimum amount of circulating IC

contributed by CCA-reactive antibodies occurs in normal serum.

Sugar inhibition studies suggests that ABG as well as anti-mannan antibodies
which occur in the serum as natural antibodies are capable of forming ICs with the
antigenic epitopes presented by C.albicans. Results prove that ABG-mediated ICs are
present in normal individuals but are markedly elevated during fungal infections. IgA
is the most prevalent Ig class in CCA- ICs unlike the natural ICs where IgG forms the
major 'portion. Since B-glucans and related antigens reside on microbial céll surfaces
and are released into host circulation, frequent exposure to these organisms as
commensals or systemic infectants, experienced by even normal individuals could
cause considerable increase in IgA-containing IC, contributed by ABG and related

antibodies.
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Serum to which glucose was added to a final concentration of 400 mg/dl
which is often attained in diabetes showed marked reduction in the IC formation with
CCA compared to controls. Results point towards the possibility that high sugar in
serum prevents the ABG population from forming IC. It is reasonable to postulate that
inhibition of natural and front-line defence mechanism mediated by antibodies like
ABG by high serum blood glucose may be the primary reason for the high
susceptibility of diabetics to infections. |

In Type II diabetic serum samples, there is a notable surge of IC formation
following the addition of CCA in comparison to control serum. Since the study
showed that in normal sera artificially increased glucose concentrations keeps ABG
from binding to added CCA, the pattern of CCA-IC formation in clinically confirmed
diabetic patients was examined further.

Sugar inhibition pattern of CCA-precipitated antibodies varied widely among
diabetic cases included for the study. In most cases there is only marginal inhibition
by the sugars. Carbohydrate-independent antibodies seem to bring about the elevated
response in diabetic serum.

Sugar inhibition studies shows that in most of these diabetic patients, who
supposedly have combated the Candida infection, there was significant reduction in
responsé to carbohydrate structures like B-glucan and mannoproteins but an elevated
response is seen against an immunodominant antigen of 47 kDa (heat stable
breakdown product of hsp90) which is sugar independently recognized.

The Ig composition of the antibody population binding to the 47kDA antigen
in diabetics was characterized. The significantly high concentration of IgA in this

antibody population indicates that IgA is the major Ig type that is involved in IC
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formation in diabetics since the contribution of anti-carbohydrate antibodies in
immune complex formation is limited.

IC formation in serum upon the addition of dextran was studied. Upon
addition to serum, high molecular weight fractions of edible sugar could form

immune complexes with antibodies such as DIg, as did pure dextrans.

Galectin-1 was immobilized by attachment of its biotinylated derivative on
streptavidin coated plates. The binding of IgA1l, bﬁt not IgG to immobilized galectin-1
was demonstrated. DIg consisting of poiymeric IgA bound far more efficiently to
immobilized galectin-1 than did anti-Gal that iacks pIgA. Tﬁis leads to the conclusion
that the high titre of pIgA and formation of pIgA-rich IC observed in diabetes pre-
dispose these IC to more efficient binding to galectin-1 since the glycosylated part of
IgA in IC is free. The results obtained from this thesis work suggest that high titre of
anti-glycan antibodies in the serum of tropical individuals meet their epitopes
resulting in a surge of immune complexes. The heavy microbial load of the tropical

environment enhances the phenomenon.

IC from diabetic individuals were significantly better ligands than IC from
normoglycemic individuals for immobilized galectin-1, thus offering an explanation
for the Ig}x deposition in tissues in diabetes. The reported higher occurrence of pIgA
as wé]l as the asialo-nature of O-glycan in deposited IgA further supports this

hypothesis.

To summarise, immune complexes, known to cause vascular damages and

inflammation have been shown to be formed between several carbohydrate binding



serum antibodies on the one hand and carbohydrate antigens of dietary, environmental
or microbial origin on the other. In particular, diabetic individuals have been shown to
develop a quantitatively and qualitatively different antibody profile that exposes them
to potential IC-induced damages. Polymeric IgA synthesized more in diabetes have
been shown to be particularly susceptible to bind tissue galectin-1. Finally, in order to
mimic the action of in vivo galectin-1 which is immobilized, a novel method to study
the properties of immobilized tissue galectin-1 in active form has been developed.

| An outcome of the study is the possibility of using galectin-1 inhibitors in
mitigatin$ inflammatory immune damage to vessel walls in diabetes. It was
demonstrated in this laboratory that human RBC glycopeptides can efficiently reverse
the binding of galectin-1 to its ligands. Further studies in this topic may result in

development of therapeutics to block diseases involving IC- deposition.
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CHAPTER 1

INTRODUCTION



INTRODUCTION

The formation of circulating antigen-antibody complexes is one manifestation
of the natural course of immunologic response against soluble antigens. After an
antigen-antibody reaction, the immune complexes (IC) can be subjected to any of a
number of responses including complement fixation, opsonization or phagocytosis.

Immune complexes consisting of IgM/IgG activates classical complement
pathway. C3b bound to the Fc receptor of the immunoglobulins gets bound to
complement receptor 1 (CR1) glycoprotein present on RBC. This keeps the IC in
circulation until it is sequestered by the high affinity binding of Fc receptors present
on kupffer cells as well as splenic macrophages. Their removal from plasma reduces
the probability that those complement-coated IC will freely circulate in serum and be
able to inadvertently damage vital organs and tissues.

Larger proportions of immune complexes formed in th;e absence of
complement are deposited outside the reticuloenciotheliél system (Skogh and Stendahl
1983). Several physicochemical characteristics of immune complexes make them
pathogenic. Circulating immune complexes has been discussed in literature as a
causative agent of various conditions including cardiovascular diseases, Systemic
Lupus Erythematqsus etc.

Among the IC-deposition-mediated diseases the least understood one is those
attributed to IgA. There are several instances where circulating IgA is getting
deposited leading to pathogenicity as occurs in IgA nephropathy and Henoch
Schonlein purpura (HSP). The mechanisms underlying such pathogenic situations are

not fully delineated and the receptors responsible for such events are still unknown. -



90% of serum IgA belongs to IgAl suﬁclass. Eventhough IgA is the second
most prevalent Ig in circulation, high turn over rate maintains the homeostatic
balance. Important function of serum IgA is to mediate the hepatobiliary excretion of
corresponding circulating antigens (Russell, Brown et al. 1981). Remoyal of IgA-IC
from circulation is mediated by a specific IgA receptor on Kupffer cells (Rifai and
Mannik 1984). Since IgA is not a complement fixing antibody, RBC mediated
removal of IgA-IC from circulation is minimal. Hepatic ASGPR are involved more in
the removal of IgA2 type and hence the catabolism of IgA1l that forms the bulk of
serum IgA is not explained satisfactorily.

There are several known receptors for IgA, although few were characterized in
much detail. Only one Fc receptor belongs to the FcaR subgroup (Otten and van
Egmond 2004), which is called FcaRI (or CD89) which is found on the surface of
neutrophils, eosinophils, monocytes, some macrophages (including Kupffer cells),
and some dendritic cells. But it has been reported that its binding affinity for ligand is
very low (Kd > 10°¢ M). The IgA receptors on monocytes are constitutively expressed
(Chevailler, Monteiro et al. 1989) and are involved in IgA-mediated phagocytosis
(Maliszewski, Shen et al. 1985). Fc o/p R can also bind IgA, although it has higher

affinity for another antibody called IgM (Cho, Usui et al. 2006).

Other IgA receptors include the mesangial transferrin receptor (TfR) (Moura
et al. 2001), a receptor for SIgA and pIgA on natural killer cells (Mota et al. 2003).
Finally, there are a few lectin-like receptors that interact with specific glycan epitopes

on IgA, including the asialoglycoprotein receptor (ASGPR) (Mestecky and McGhee



1987) and an IgAl/IgD receptor on T cells which is expressed during some

pathogenic conditions (Rudd et al. 1994).

All of the above mentioned receptors are very limited in expression and even
together cannot account for the high turnover rate of IgA 1. It was suggested by Novak
et al that ability of mesangial cell to bind IgA1 and IgA1-containing cIC in vitro was
mediated by an IgA receptor that was different from CD89 (FcaR) or ASGP-R and

had a higher affinity for IgA-cIC than for uncomplexed IgA (Novak et al. 2002).

Glycan antigens entering human body through food, environment and
microflora colonizing the skin, epithelia and gut, especially in humid tropical
geographic - regions is enormous. Investigations on the varied immunological
consequences of anti-glycan antibodies is pertinent since besides enabling host
defence, these antibodies may give rise to immune complexes with soluble
complementary glycans as well as cross react with host glycan structures due to
polyspecificity which is an inherent attribute of many of these antibodies. Anti-glycan
antibodies usually possess remarkably higher content of IgAl especially in its
polymeric form. This property is likely to dictate the fate of these antibodies and their
immune complexes since the most ubiquitous and well —expressed carbohydrate-
binding protein (lectin) in human tissue, galectin-1, has been found to recognize

exclusively ngl among all immunoglobulin types (Sangeetha and Appukuttan 2005).

The levels of anti-carbohydrate antibodies represent a novel independent risk
factor associated with coronary heart disease (Mosedale et al. 2006). In cross sectional
studies IgA, but not IgG or IgM, has been shown to be elevated in patients with

atherosclerosis (Muscari et al. 1988) or with a history of myocardial infarction
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(Muscari et al. 1993). In prospective study examining dyslipidemic men who had a
coronary event in the following five years, elevated levels of IgA, IgE and IgG, but
not IgM, were shown to be higher in cases than controls (Kovanen et al. 1998). It was
suggested that infection plays an important role in incident MI or death and that the
risk posed by infection is independently related to the pathogen burden (Zhu et al.
2001).

The observation that IgAl is the mosi prominent serum glycoprotein
intéracting with tissue galectin-1 is significant to both the normal biology of serum
IgAl and to IgAl-mediated immune pathology. Thus a role for galectin-1, well
expressed and widely distributed in humar tissues including the endothelial cells, in
sequestering the most prominent T antigen bearing serum- glycoprotein IgA1l,seems

very likely (Sangeetha and Appukuttan, 2005)

" The polymeric nature of the deposited IgAl complexes especially in the
desialylated form has been reported in diseases involving IgA-deposition.
Preliminary studies on galectin-1 recognition of I[gA1 have shed further light in this
direction since polymeric IgAl in the desialylated form was found to bind the lectin
more (Sangeetha and Appukuttan, 2005). IgAl from IgA nephropathy patients was

found to be relatively abundant in asialotype sugar chains (Iwase and Hiki., 1999).

Though anti-beta glucans (ABG) could not be detected even in yeast-
infected patients in the West (Ballou, CE., 1982), presence of the antibody in plasma
of all the samples studied in our lab (Geetha et al., 2007) indicates that environmental
antigens either of microbial or of dietary origin may be instrumental in triggering

ABG synthesis. In humid tropics where environmental load of fungi and yeast are



high as are reported levels of serum immune complexes (Greenwood and
Whittle,1981), pathological role of ABG derived immune complexes is worth
investigating. Infection-associated immune inflammation is increasingly implicated in
vascular disorders including atherosclerosis (Hansson, 2005). ABG immune
complexes are also relevant in &he context of increased use of B-glucans as anti-cancer
biological response modifiers (Thomton et al., 1996). The equally similar occurrence
of Dextran-binding immunoglobulins in high concentrations in circuiation in tropical
individuals rather than Westerners (Chacko and Appukuttan.,2003 ) and its polymeric
IgA content is noted before. Since these antibodies are present in high concentrations
in sera their likely meeting with their corresponding epitopes can possibly result in

plgA containing IC.

High pefcéntage of IgA (mostly IgAl) in ABG and DIg and the observation
that the ubiquitous lectin galectin-1, present also on vascular walls and underlying
tissues recognizes exclusively IgAl among immunoglobulins (Sangeetha and
Appukuttan, 2005) together underline the inflammatory potential of ABG/DIg-

containing immune complexes.



Aims and objectives of the study

1)

2)

4)

5)

6)

To characterize the immunoglobulin composition in; a) anti-Gal (specific for
terminal o-linked galactose), b) Dextran binding immunoglobulin(D Ig)
(specific for oo 16 linked glucans like dextrans and c) anti-beta glucoside

antibody (ABG) (specific for B 1—4 linked glucans like cellulose).

To quantitatively assess the unit IgA content in polymeric and monomeric IgA

as well as demonstrating the recognition of IgA by tissue galectin-1.

To determine the effect of desialylation (by microbial neuraminidases) of IgA

on its carbohydrate- dependant attachment to galectin-1 or other lectins.

To identify polysaccharides from common commensal and infectious
microorganisms that offer antigenic epitopes for the human serum anti-glycan

antibodies; ABG and DIg.

To demonstrate the presence in human serum of anti-glycan antibody
polysaccharide (AGA-PS) immune complexes between either of the antibodies
DIg, and ABG on the one hand and microbial polysaccharides on the other.

To verify if IgA in complexed or free form attach sugar-specifically to

immobilized form of galectin-1.
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Polysaccharide antigens

Glycans are predominant surface components of cells such as erythrocytes,
immune cells and microorganisms and as such give rise to high levels of anti-glycan
antibodies of all classes. Certainly both cellular and humoral immune responses rely
heavily on interactions between glycans and glycan binding proteins, be it lectins
involved ih cell-cell interactions, lectins of the innate immune system, or antibodies
recognising sugar-antigens on surfaces of pathogens. These antibodies have been
shown to constitute a substantial fraction of total serum immunoglobulins in healthy
individuals.

Recognition of polysaccharides as antigens began with the observation that
when pneumococci are grown in fluid media, there is a substance in the cﬁlture fluid
which precipitated specifically with anti-sera to the same pneumococcus (Dochez,
AR. and Avery, O.T. 1917). Later it was showed that this substance was
polysaccharide and not protein as thought previously (Heidelberger, M. and Avery,
O.T. 1923). Carbohydrates in the form of capsular polysaccharides and/or
lipopolysaccharides are the major components on the surface of bacteria. These
molecules are important virulence factors in many bacteria isolated from infected
persons. Immunity against these components confers protection against the disease.

Several natural anti-carbohydrate antibodies are known to occur in norm:al sera
(Huflejt, MLE., et al. 2009). They are called natural antibodies since they are present
in sera of all individuals in the absence of deliberate immunization (Shoenfeld, .Y. and
Isenberg, D.A. 1989), and are thus a part of the innate immune system. Natural

antibodies recognizing carbohydrates including blood group antigens are not found



during first weeks of life, and a hypothesis referred as “bacterial paradigm” has been
proposed by G.F. Springer who postulated that anti-carbohydrate natural antibodies
appear in response to stimulation of the immune system by bacterial O antigens and
LPS of gastrointestinal bacteria (Springer, G.F. 1984, Springer, G.F. and Horton, R.E.
1969).

Anti-polysaccharide immune response is characterised by lack of T-
lymphocye memory, isotype restriction and delayed ontogeny. In conyentional
thymus-dependent (TD) immune responses to protein antigens, B cell activation and
antibody production occurs only after B cells have received two signals; one from
antigen binding to the B cell receptor for antigen (BCR) and the other from T cells in
the form of cell-cell contact and cytokine signalling i.e., rare primed T cells express T
cell receptors that recognize antigen-derived peptides presented by the class II major
histocompatibility complexes on the B cell. For several important classes of
micrborganisms, the second signal can come from specific components of pathogens
themselves, enabling antibody production in the absence of T cells. Given the feature
of host immune responses induced by polysaccharides, they were classified as the "T-
independent"(TI) antigen. The concept of T-independency arose from the
observations that neonatally thymectomized (Humphrey, J.H., et al. 1964) and nude
mice (Weissman, LL., et al. 1976) gave unimpaired antibody responses to large
polymeric molecules, although they were not abie to mount a humoral response to T-
dependent (TD) antigens, such as proteins. The antigens that could not induce
immune responses in T cell- deficient animals were designated as T-dependent

antigens. Structurally, T-dependent antigens are usually complex proteins with large
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numbers of different, non-repetitive, antigenic determinants. In many species there
may be a continuous gradation from T dependence to T independence.

T-independent antigens are further divided into type I (TI-I) and type II (TI-
II), based on the ability to elicit antibodies in the CBA/N mouse strain, with an X-
chromosome linked immunodeficiency (xid) (Scher, 1. 1982) based on their
interactions with B lymphocytes (Mosier, D.E., et al. 1977). TI type 1 are defined as
antigens capable of inducing proliferatioﬁ and differentiation of both naive and
mature B lymphocytes (e.g., lipopolysaccharides (LPS) of gram-negative bacteria). T1
type 2 antigens are of high molecular mass repetitive polysaccharide structures that
exhibit no intrinsic B lymphocyte stimulating activity. eg., capsular polysaccharides
of Gram positive bacteria and exopolysaccharides, which induces no' response in xid
strains. These antigens are also characterised by their poor in vivo degradability and
inability to stimulate MHC class I restricted T lymphocyte help. TI type 2 antigens
will activate only mature B lymphocytes and most likely act by cross-linking the cell
surface immunoglobulin of specific, mature B lymphocytes. This results in the
production of antigen- specific antibodies.

One of the most critical properties of this group of antigens is their ability to
deliver prolonged and persistent signalling to the B cell. This by itself is not however
sufficient to stimulate immunoglobulin synthesis and they must therefore stimulate
non-T cells to interact with the B cells either directly or indirectly via cytokine
production. There is evidence implicating the natural killer (NK cell) and T-cell is
playing important role in response to TI antigens. While T cells may regulate the
response to TI antigens it is not via the CD40 ligand (Foy, T.M., et al. 1993).A

Cytokines such as IL-3, GMCSF, and IFN-gamma significantly enhance antibody
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production by these antigens. The nature of the B cell activating signal is critical in
determining the quantitative and qualitative profile of Ig isotype production. Different
types of antigens tend to elicit distinct profiles of immunoglobulin subclasses. The
antibody produced in response to stimulation with T-independent antigens is reported
to be predominantly IgM (Bos, N.A., et al. 1989). Later observations led to the
suggeétion that the immunoregulatory pathways that regulate isotype restriction
patterns stimulated by polysaccharide antigéns are complex, and no single pattern can
be unequivocally defined (Mond, J.J., et al. 1995).

It has been suggested that B cells activated by TI antigens behave differently
than B cells activated by TD antigens. Following TD antigen challenge many of the
proliferatinng‘cells within the PALS would enter the follicles and initiate a germinal
centre (GC) reaction, while most B cells proliferating in response to a TI antigen
would differentiate into plasma cells outside the follicle. MZ-B cells play an
important role in TI antibody responses, particularly to TI- II antigens (Fagarasan, S.
and Honjo, T. 2000). In GC, B cells may undergo somatic hypermutation, Ig class-
switching and memory cell induction (Berek, C. and Ziegner, M. 1993, Kroese, F.G.,
et al. 1990). Eventhough TI- antigens are reported to induce only minimal or no GC
development it was observed that immunization of mice with a(1—6) dextran, a
native polysaccharide, induced the formation of germinal centres (Wang, D., et al.
1994). But germinal centre reaction is found to be less productive for a TI antigen
than for a TD antigen (Sverremark, E. and Fernandez, C. 1998). This is probably due
to inefficient T cell help and lack of different co-stimulatory signals during the GC

reaction.
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Complement plays an important role in B cell activation and in immune
responses driven by TI antigens. This regulatory role of complement is mediated by
CR2, the receptor for C3d which is expressed on the majority of mature resting B
cells but not on immature B cells (Iida, K., et al. 1983). In addition, C3b and C3d
coupled to Ag targets the complexes to CR3- and CR-4 expressing marginal zone
(MZ) macrophages. The high antigen concentration in the splenic MZ is key to
inducing marginal zone B cells to proliferéte, form B cell foci and produce IgM
antibodies independent of T-cell help (Ochsenbein, A.F. and Zinkernagel, R.M.
2000). The tirﬁe at which the human immune system acquires responsiveness to
polysaccharide antigens coircides with maturation of the marginal zone B cell, which
occurs at approximately two years.

The nature of the B cell activator not only influences the pattern of cytokines
secreted by the B cell, but also determines the induction of Ig secretion and class
switching in response to a given set of cytokines (Mond, J.J., et al. 1995). IFN-y
secreted by NK cells regulates both B cell maturation to Ig secretion and Ig class
switching in immune responses to TI antigens.

Eventhough early experiments abolished the possibility of immunologic
memory in TI antigens, later experiments demonstrated that memory responses could
be elicited in response to these antigens (Zhang, J., et al. 1988). These secondary
antibody responses are not only greater in magnitude than the primary responses, but
display a different pattern of Ig classes with a preponderance of IgG and IgA
antibodies produced. The capacity to generate memory to these Tl-type I antigens was

associated with the appearance of antigen —specific B cells in the MZ of the spleen.



The single undisputed fact that remains about TI-antigens is that they cannot bind to
MHC class Il restriction elements.
B-1 cells play a major role in responses to TI-2 antigens (Pecquet, S.S., et al.

1992). These cells, originally defined by the surface expression of CD5 and high
levels of IgM, arise early during ontogeny, home predominantly to the peritoneal and
pleural cavities, have a capacity for self-renewal, and display different receptor
specificities. They differ from conventionai B cells (B2 cells) in their phenotype,
specificity repertoire, and mode of replenishement. They have been shown to be
responsible for the production of many multireactive and autoreactive IgM antibodies
that are encoded by germ line sequences. Many of these IgM antibodies are directed
to such epitopes on microorganisms as phosphatidylcholine, dextran,
phosphorylcholine, and certain determinants on Escherichia coli.

IgA switching differs among purified B cell subsets, suggesting that individual
B cell populations could contribute differentially to IgA expression in vivo, depending
on available stimuli. MZ-B1 cells undérgo class switching to IgA in minimal culture
conditions at a higher frequency than follicular B2 cells (Kaminski, D.A. and
Stavnezer, J. 2006). It was reported that monoclonal Immunoglobulin A derived from
peritoneal B cells is encoded by both germ line and somatically mutated Vy genes and
is reactive with commensal bacteria (Bos, N.A., et al. 1996). B1 cell-derived IgA
antibodies play an important role in host defenses at the mucosal surface, preventing
systemic penetration of commensal bacteria.

Many of the anti-carbohydrate antibodies that make up the front-line defense
system of our body show multiple specificity or polyreactivity. Polyreactive

antibodies are a major component of the natural antibody repertoire (Zhou, Z.H., et al.
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2007) produced in the apparent absence of antigenic stimulation (Tauber, A.l. and
Podolsky, S.H. 1994). The most likely explanation for their occurrence is that they are
the result of the millions of normally occurring VDJ rearrangements and exist in the
germline or near—germline configuration. These antibodies are highly represented in
humans (Chen, Z.J., et al. 1998). These polyreactive antibodies bind to antigens with
low affinity as compared to monoreactive antibodies and each polyreactive antibody
has a distinct binding pattern that can vary for different antigens by as much as 1000
fold; Contrary to the classic “lock and key” rigid-structure hypothesis of antigen-
antibody interaction, the antigen-binding pocket of polyreactive antibodies, perhaps
because of their germline configuration, are believed to be more flexible and therefore.
can accommodate different antigenic configurations (Notkins, A.L. 2004).

In contrast to the nonpolyreactive antibodies, the great number and diversity of
polyreactive antibodies, with the ability of many of them to recognize the same
bacteria and multiple antigens on those bacteria, make them a major component of the
natural antibody repertoire and potentially an important first line of defense. These
antibodies represent the humoral component of the innate immune system. Infact, the
exposure of the pathogens to the polyreactive antibodies in the presence of the
complement, could result in the lysis of bacteria, which in turn could lead to the
release of ligands (e.g., CpG DNA) that bind to Toll-like receptors. In this way the
innate immune system could be activated (Krieg, A.M. 2002). The initial encounter of
polyreactive antibodies with pathogens could serve as a first line of defense and give
the adaptive immune system to be activated.

Naturally occurring serum anti-glycan antibodies are good candidates for

biomarkers in inflammatory and auto immune diseases (Dotan, N., et al. 2006). The
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anti-glycan antibody profile (AGAP) magnitude of subclasses IgG and IgA were
higher than that of IgM (Dotan, N., et al. 2006). Anti-glycan antibodies are used to
diagnose Inflammatory Bowel Disease (IBD), and discriminate between Crohn’s
disease (CD) and Ulcerative colitis (UC). Anti-Saccharomyces cerevisiae antibody
(ASCA) are directed against oligomannosidic residues on the polysaccharide mannan
in tl;e cell walls of the yeast Saccharomyces cerevisiae and have a prevalence of 48-
69% among CD patients and 15% among UC patients (Sendid, B., et al. 1996).

Natural antibodies are characterized by the presence of many arginine and
lysine residues in their hypervariable regions (Avrameas, S. 1991) and many of them
in fact tend to bind negatively charged antigens (Lekakh, 1.V, et al. 2001).

Classical examples of anti-carbohydrate antibodies include anti—bléod group
antibodies (Milland, J. and Sandrin, M.S. 2006) and antibodies against Forssman (Fs)
glycolipid antigen GalNAc a 1-3GalNAc B 1-3Gal a 1-4Gal B 1-4Glc (Kano, K. and
Milgrom, F. 1977, Young, W.W., Jr., et al. 1979). The theoretical and methodological
advances in the field of immunology and affinity chromatography have led to the
identification and characterisation of several new naturally occurring carbohydrate
binding immunoglobulins in the invertébrate plasma. Among the latter are anti-o-
galactoside antibody (Galili, U., et al. 1984), anti-mannan antibody (Summerfield,
J.A. and Taylor, M.E. 1986) anti-B-glucan (Schwarz, M., et al. 2003) and dextran

binding immunoglobulin (Chacko and Appukuttan, 2003).

Anti-carbohydrate natural antibodies appear in number of pathologies, the
group of particular attention includes antibodies to tumor-associated carbohydrate
antigens such as Gal f 1-3GalNAc a (TF, Thomsen—Friedenreich antigen), GalNAc a

1- O Ser/Thr (Tn) (Springer, G.F. 1984), and several related ones (Lloyd, K.O. 1991).
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B-glucan

The cell walls of saprophytic and pathogenic fungi are composed of proteins,
lipids, and carbohydrates, which are structurally distinct from cell wall components
produced by higher species, including mammals (Kapteyn, J.C., et al. 1995). The
major cell wall components of fungi are mannoprotein (20-30%), B-(1—3) glucans
(25-35%), B-(1—6) glucans (35-45%), chitin (0.6-2.7%), protein (5-15%) and lipid
(2-5%) (Cassone, A. 1989, Shepherd, M.G. 1987). Glucans, major carbohydrate
constituents of fungal cell walls, are polymers generally composed of a (1—3)-B-D-
linked linear backbone containing anhydroglucose repeat units (AGRUs) with a
glycosidic linkage between the 1 and 3 positions (Kapteyn, J.C., et al. 2000, Klis,
FM.,, et al. 2001, Shepherd, M.G. 1987). Some but not all, glucan polysaccharides
exhibit side chain AGRUs which branch exclusively from the 6 position of the
backbone AGRU (Kim, Y.T., et al. 2000).

In fungi, B-glucan is a key component of the cell walls of most families,
including medically important ﬁmgi such as Candida and Aspergillus, but not
Zygomycetes. It is also one of the major components of the cyst wall of Preumocystis
carinii. It plays an important role in the mechanical strength and rigidity of fungal
cellwalls-{Cabib, E., et al. 1988). This polymer has been shown to be produced by a
variety of organisms, including algae (laminarin), bacteria {curdlan), and plants
(callose). In plants, B-glucan is observed to be sythesized in apical meristem, in
special vascular connections called plasmodesmata, in wound response tissue
synthesis (Jacobs, A.K., et al. 2003), and in specialized structures and in seeds (Yim,
K.O. and Bradford, K.J. 1998). p-glucan from barley is a mixture of approx1mately
70% B 1, 4- glucan and 30% - 1, 3-glucan.
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As traces of plant and fungal matter are ubiquitous in virtually all
environments, P- glucan is present, at some level, almost everywhere. Human‘
exposure occurs through breathing, ingestion, fungal colonization and infection,
systemic administration of B-glucan containing pharmaceuticals, and through invasive
use of cellulosic medical ‘devices such as surgical sponges, gauze packings, and
dialysis membrane. The product types observed to have P-glucan contamination
include drugs, blood fractionation produdS, biologics, and cellulose-containing
medical devices (Usami, M., et al. 2002).

Animals including humans do not synthesize -glucan in the body or absorb it
through intact intestinal walls. Plasma B-glucan concentrations in normal subjects are
less than 10pg/ml (Obayashi, T., et al. 1995). Blood B-glucan concentration may
increase to as high as approximately Ing/mL in systemic fungal infections and have
been shown to be high in autopsy—proven deep mycoses, fungemias and anti-mycotic |
responsive febrile episodes. Thus far, fungi reported to be involved in the elevation of
B-glucan in the blood include Aspergillus, Candida, Trichosporon, Cryptococcus,
Saccharomyces, Fusarium, Acremonjum and Ochroconis gallopavum. However
pulmonary cryptococcosis rarely seems to be associated with hyper-f-glucanemia
unless it is invasive or extensive. This may be due to a possible low content of p-
glucan in the cell walls of Cryptococcus. Animal studies show that most of the -
glucan induced into the blood stream is incorporated into the liver and spleen, and that
the B- glucan level !ingers above normal for a prolonged period of time after the acute
fall from the peak formed after injection. Thus B-glucan appears to be constantly
released into the circulation from the reticuloendothelial system, once it has been

saturated with the polysaccharide.
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Vertebrates do not possess specific B glucan hydrolases and (1—3)-B-D
glucan is broken down by slow oxidative degradation (Nono, 1., et al. 1991) by active
oxygen or nitrite ions that are produced by macrophages or polymorphonuclear
(PW) leukocyte although the mechanism of this response remain unclear. It may
thus be retained intracellularly for prolonged periods of time (Ohno, N., et al. 1999).
However, considering their long retention time in the body, both metabolism and
degradation are thought to occur extremely slowly.

B-glucan may occur with variable molecular weight, branching, substitution,
and quaternary structure. - glucan has become the object of increasing interest due to
a growing understanding cf its role as a biological response modifier. 3-glucans <licit
potent biological responses across several kingdoms, including plants, insects, and
animals (Brown, G.D., et al. 2003).

Nuclear magnetic resonance spectroscopy have proven to be particularly
useful for the characterization of water soluble and insoluble B-(1—3)-glucans (Kim,
Y.T., et al. 2000, Williams, D.L., et al. 1991). In general, glucans are water insoluble
microparticulates upon initial isolation from the cell wall or culture medium. The
glucan isolated from S. cerevisiae is a water insoluble microparticulate with molecular
weight 105 kDa that can be converted to a water soluble form with minimal reduction
in molecular weight (Ensley, H.E., et al. 1994). Glucan exposure in environmental
settings is almost certainly not as pure glucans, but as macromolecular cell wall

complexes that contain varying amounts of glucan.

Although the particulate form of (1—3)-p-D-glucan is found in nature, many

labs have reported the effects of solubilized (1—3)-B-D-glucans. Particulate and
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soluble B-glucans have the same primary structures. Activity of particulate f-glucans
is thought to differ from soluble B-glucans because of their physical properties rather
than their primary structures. However, the toxicological characteristics of soluble
(1—-3)-B-D-glucans may not be comparable with the original particulate form of
(1—3)-B-D-glucans. Four major types of methodologies have been used to solubilize
particulate (1—3)-B-D-glucans. These methods include: heating, solubilization in
acid, solubilization in base, or use of organic éolvents.

Glucan can assume a number of solution conformations depending upon the
solvent system (Young, S.H., et al. 2003). For water soluble glucans, the two
predominant conformations are single helix and/or triple helix. The single helical
conformation is characterised as a semi-flexible coil, while the triple helix exists as a
complex of three intertwined single helices that are stabilized by extensive hydrogen
bonding involving the C2 hydroxyl group, located at the centre of the helix. The
predominant form of B-glucan is a triple helical structure (Kopecka, M. and Kreger,
D.R. 1986). The triple helical form may be converted to the singe helical form by a
variety of techniques, including exposure to high pH, solvents, and heat (Saito, H., et
al. 1990).

The biological activity of glucans is dependent on several factors: types of
bond linkages, molecular weight, degree of branching (DBE) and conformation.
(1—3)-B types of bond linkages stimulate macrophages most effectively than other |
linkage types. The immune response is in part determined by size rather than by
chemical structure. The anti-tumor activity could be completely lost when degree of
polymerization (DP) of a linear (1—3)-B-D-glucan is less than 38, as in the case of

laminarin (Saito, H., et al. 1991). An increased degree of (1—6) side chain
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substitution not only increases the solubility in water but also affects the biological
activity of glucans. The most active polymers for anti-tumor activity have a DB

between 0.20 and 0.33.

B-glucan; A Pathogen Associated Molecular Pattern

The innate immune system has evolved a complex network of receptors,
which rapidly identify microorganisms based on invariant molecular structures (lipids,
prqteins, and/or carbohydrates) that are shared by a variety of microbes (Akira, S.
2001). These invariant molecular structures are called pathogen associated molecular
pattems (PAMPs). They include glucan, lipoteichoic acid, peptidoglycan,
lipoproteins, lipoarabinomannans, and other products (Medzhitov, R. and Janeway,
C.A., Jr. 1997). The first step in the modulation of cellular activity by glucans is the
recognition and binding of the glucan polymer by pattern recognition receptors
(PRRs) located on cell membranes.

For a number of years, it was thought that the Type 3 complement receptor
(CR3) was the B-glucan binding vsite on macrophages, neutrophils and NK cells in
mammals ((Ross, G.D., et al. 1987, Thomton, B.P., et al. 1996, Vetvicka, V., et al.
1996). B- glucan also binds a non-CR3 site on neutrophil cell line (Michalek, M., et
al. 1998). Human promonocytic cells specifically bind glucans through scavenger
receptors which are widely distributed (Rice, P.J., et al. 2002). Glucan specific
receptors have been identified on primary cultures of normal human dermal
fibroblasts (Kougias, P., et al. 2001) normal human vascular endotheliai cells (Lowe,
E.P., et al. 2002), human epithelial cells (Ahren, I.L., et al. 2001) and human anterior

pituitary cells (Breuel, K.F., et al. 2004).
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Dectin-1 which is highly expressed on alveolar and inflammatory
macrophages recognizes (1—3)-f and (1—6)-B- linked glucans, and it also recognizes
intact S.cerevisiae and Candida albicans in a glucan-dependent fashion. (Brown, G.D.
and Gordon, S. 2001). Dectin-1 is broadly expressed with the highest expression
levels found on monocytes and neutrophils in the bloed, bonemarrow, and spleen and
in low levels in dendritic cells and a subpopulation of T cells (Taylor, P.R., et al.
2002). Human homologue of Dectin-1 is feported to be a type II transmembrane
recéptor with a single CRD and an immunotyrosine —based activation motif (ITAM
“motif) (Willment, J.A., et al. 2001).

Glucans are recognized by Dectin-1 and the glucan stimulatory signal is
transduced into the cell through TLR2 dependent mechanisms. Dectin-1 and TLRs
trigger independent and cooperative inflammatory responses (Brown, G.D., et al.

2003).
Immunomodulatory roles of B-glucan

B- glucan showed Varioué biological activities triggering the activation of
complement, and production of various biological mediators like leukotriene, TNF-a
and so on. It is possible that B-(1—3) glucan has some influence on, and can be a
parameter which reflects the immune response and inflammatory reactions of the host.
B-glucan may enhance the activation state of both monocyte (Czop, J.K. and Austen,
K.F. 1985) and PMN or NK cells (Vetvicka, V., et al. 1996). B-glucan in some way
stimulates the antigen presenting cell involved to produce IL-4 which is essential for
the development of Th2 cells. Th2 cells play a key role in allergic immune response
(Del Prete, G., et al. 1988). (1—3)-B-D- glucan may increase the induction of allergy

to substances in the indoor environment, by shifting the Th1/Th2 balance of the
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immune response towards a Th2 polarization and the production of specific IgE. This
reaction represents a suppression of the host defences, and it is possible that this
renders the host more susceptible not only to inflammation but also to infection and
allergens, resulting in atopy. In the case of decreased Thl cell function, namely,
decreased IL-2 production, the resistance of the host to C.albicans decreases and
recovery from candidiasis is delayed (Farah, C.S., et al. 2002, Farah, C.S., et al.
2001). |

Numerous medical applications have been proposed and devélc;ped for B-
glucans. Among these, anti-tumor applications have been a particularly strong focus,
especially in Japan (Ohno, N., et al. 1986}. Other applications of B-glucans include
the stimulation of general immunity and immuno-protective effects (Hong, F., et al.
2003) and wound healing (Wei, D., et al. 2002). Commercial exploitation of B-glucan
of alginic origin (Laminarin) for industrial applications, and B-glucan of bacterial
origin (curdlan) as an additive in the processed food industry, are also well established
(Spicer, E.J., et al. 1999).

Anti p - glucan

The first reported evidence of antibody specific to (1—6)-branched (1—3)-
beta-D-glucan was prepared in rodents using grifolan conjugaied with bovine serum
albumin as an immunogen. The hapten site of the antibody was the monoglucosyl
branched moiety of (1—3)-beta-D-glucan (Adachi, Y., et al. 1994). Serum from mice
immunized with Candida albicans showed higher reactivity than non-immune,
normal mice to solubilized candida cell wall B-glucan (CSBG). These facts suggested
that CSBG included epitopes of the specific antibody in Candida immune mice

(Uchiyama, M., et al. 2000). Anti- B-glucan has protective role against Candida

23



albicans infection in mice (Bromuro, C., et al. 2002). The presence of a novel
cellulose-binding immunoglobulin present in human serum was detected using
carbohydrate array (Schwarz, M., et al. 2003). The anti-cellulose antibody is specific
to B4 linked saccharides with a preference for glucopyranose over galactopyranose
residues. Masuzawa et al.,, (2003) reported the presence of antibodies in normal
human serum against soluble cell wall B-glucan. When a search was conducted by
expanding the range to include clinical patiénts, markedly decreascd levels of this
antibody were demonstrated in patients with rheumatic disease and vasculitis, and the
degree of variation increased among patients with malignant tumors (Masuzawa et al.,
2003). When anti-B-glucan antibody titre was examined in other animals, high titres
were detected in inbred strains DBA1 and DBA2 mice (Harada, T., et al. 2003). The
presence of this antibody in such a wide range of animals alludes to a strong
connection between B-glucans and immune function.

Anti-p -glucan antibody in normal human aﬁd normal mouse sera showed
reactivity to pathogenic fungal Aspergillus and Candida cell wall glucan (Ishibashi,
K., et al. 2005). The anti-f -glucan antibody titer of DBA/2 mice intravenously
administered with either Candida or Aspergillus solubilized cell wall B -glucan
decreased remarkably dependent on dose. Moreover the decrease of the anti-p -glucan
antibody titer in deep mycosis patients led to the suggestion that the anti-f -glucan
antibody formed an antigen—antibody complex and participated in the immune
response as a molecule recognizing pathogenic fungi (Ishibashi, K., et al. 2005).

Anti-B-glucan antibodies elicited by a laminarin-conjugate vaccine confer

cross-protection to mice challenged with major fungal pathogens such as Candida
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albicans, Aspergillus fumigqtus and Cryptococcus neoformans (Torosantucci, A., et
al. 2005).

The anti-B-glucan which is a normal human plasma antibody that had three
times higher IgA to IgG ratio and substantially higher polymeric IgA content than
total serum immunoglobulins was prepared using affinity chromatography on
cellulose column in this laboratory (Geetha, M., et al. 2007). It also recognized
polystyrene well-coated betal—3 linked glycans of Saccharomyces cerevisiae,
Candida albicans and of barley in decreasing order of affinity. Its sugar-binding site
could thus accommodate beta-glucoside with or without substitution at C4 and C3.
The high titres of these antibodies in the nonimmune state can be attributed to
spontaneous sensitization by substances containing f3-glucans in the environment.

Recently it was reported that anti-B-glucan antibody repertoire in normal,
healthy Italian adults consists of various isotypes and subclasses, mostly being IgG2.
They are prevalently directed against glucans with § (1—6) rather than B (1—3)
configuration (Chiani, P., et al. 2009).

The isotype of anti-B-glucan antibodies may affect details of the B-glucan
epitopes recognized, and this may be associated with a differing ability to inhibit
virulence attributes of the fungus and confer protection in vivo (Torosantucci, A., et
al. 2009). The protective IgG2b selectively bound to B1, 3-linked (laminarin-like)
glucose sequences whereas the non-protective IgM bound to $1,6- and B1,4-linked
glucose sequences in addition to 1,3-linked ones.

It is possible that anti-B glucan antibody plays a definite role in the initial
immune response and defence against opportunistic infections. Anti- $-glucan may be

able to interact with fungal cell wall or extra cellular B-glucan and modify the host

25



defence system. It was suggested that anti-B-glucan antibody could play a role as B-
glucan recognition molecule and induce clearance of pathogenic fungi and biological
activity by collaboration with other recognition molecules such as -glucan receptor

‘or complement in man.

Dextran

Dextran is a collective name for high-molecular-weight polymers >1,000
Daltop composed of p-glucose units connected with a-1,6 linkages and various amounts
of side branches linked with a-1,2, a-1,3, or a-1,4 to the main chains. Technically the
molecular weight (Mw) can range between 1500 and several million; therefore, a
dextran of 1 million Mw has potentially thousands of possible structures due to its
branched nature. Historically dextrans had been long recognized as contaminants in
sugar processing and other food production. The formation of dextran in wine was
shown by Pasteur to be due to the activity of microbes. The name dextran was created
by Scheibler in 1874, who demonstrated dextran was a carbohydrate with the formula
(C¢H9O¢)n and a positive opticél rotation. Three classes of dextrans can be
differentiated by their structural features. Class 1 dextrans contain the a (1—6)-linked
D-glucopyranosyl backbone modified with small side chains of D-glucose branches
with a(I—2), a (1—3), and o (1—4)-linkage. The class 1 dextrans vary in their
molecular weight, spatial arrangement, type and degree of branching, and length of
branch chains depending on the microbial producing strains and cultivation conditions
(Kim, D., et al. 2003). Isomaltose and isomaltotriose are oligosaccharides with the class
1 dextran backbone structure. Class 2 dextrans (alterans) contain a backbone structure
of alternating o(1—3) and a(1—6)-linked D-glucopyranosyl units with a(1—3)-linked
branches. Class 3 dextrans (mutans) have a backbone structure of consecutive a (1—3)-
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linked D-glucopyranosyl units with o(l1—6)-linked branches. (Maina, N.H., et al.
2008).

Dextrans are found as bacterial extracellular polysaccharides. They are
synthesized from sucrose by beneficial lactic acid bacteria, such as Leuconostoc
mesenteroides and Lactob;zcillus brevis, but also by the dental plaque-forming species
Streptococcus mutans, S. sanguis, S. sobrinus, S. cricetus, and S. rattus and by the mold
Rhizopus spp. The enzymes that synthesize dextrans from sucrose are known by the
geneﬁc term dextran-sucrase (Sidebctham, R.L. 1974). Other dextran-producing
bacteria, Acetobacter capsulatus (renamed Gluconobacter oxydans) and Acetobacter
viscous, produce dextrin-dextranase that converts dextrin to dextran. Bacteria employ
dextran in biofilm formation (Banas, J.A. and Vickerman, M.M. 2003) or as protective
coatings, e.g., to evade host phagocytes in the case of pathogenic bacteria (Meddens,
M.J., et al. 1984). Dextrans are believed to be responsible for the formation of dental
plaque and the induction of caries on the surface of teeth and have, thereforg, been a
subject of numerous studies. The secretion of dextrans provides an opportunity for
bacteria to modulate adhesion, e.g in tooth decay, by having a softer or more rigid
bacterial cell surface, depending on the polysaccharide itself and the pH and ionic
strength.

The Leuconostoc mesenteroides strains are inducible and require sucrose in
the medium for the biosynthesis of dextrans. Streptococcus species are generally
constitutive and do not require sucrose in the growth media for enzyme expression
(Eifuku, H., et al. 1989). Dextran-sucrase catalyzes the synthesis of glucan, which
contains 50% or more a-1, 6 glucosidic bonds within the main chain. The structures

and properties of bacterial dextrans vary between microbial strains and according to
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growth rate and reaction conditions. Dextran from Weisella confusa was found to be
more linear than that of L. mesenteroides, which contained about 4.1% alpha-(1—3)-
linked branches (Maina, N.H., et al. 2008).

The position of the branch linkages, the degree of branching, the length of
branch chains, and molecular weight distribution affect the physicochemical
properties of dextrans (Abbott, D., et al. 1966). For example, the degree of solubility
in water decreases when the degree of branéhing is increased. In fact, dextrans with
>43% branching through 1, 3-a linkages have beer: considered water insoluble

(Mehvar, R. 2000).
Dextran in raw sugar

Dextran is produced by microorganisms which infect the cane and feed on the
sucrose; therefore, the presence of dextran immediately indicates lost sugar. The
bacteria are mainly Leuconostoc species and are ubiquitous in the soil. They enter the
cane at places of exposed tissue caused by machine harvesting, cutting, buming,
growth, freezing, disease and pests. Any delay in the kill-to-mill time allows the

bacteria to proliferate and the dextran levels to soar, especially in wet muddy cane.
Applications of dextrans

Dextran is used commonly by microsurgeons to decrease vascular thrombosis.

The antithrombotic effect of dextran is mediated through its binding of erythrocytes,

platelets, and vascular endothelium, increasing their electronegativity and thus reducing
erythrocyte aggregation and platelet adhesiveness.

Larger dextrans, which do not ‘pass out of the vessels, are potent osmotic

agents, . and thus have been used urgently to treat hypovolemia. Dextran in

intravenous solution provides an osmotically neutral fluid that once in the body is
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digested by cells into glucose and free water. The hemodilution caused by volume
expansion with dextran use improves blood flow. In medicine, clinical grades of
dextrans with a molecular weight range of 75-100 kDa have been used as blood-
plasma volume expanders in transfusions (Terg, R., et al. 1996). Dextran infusion is a
safe, effective, and low-cost replacement therapy in patients with cirrhotic ascites

treated by Large volume Paracentesis (Acharya, S.K., et al. 1992).

The larger dextrans are excreted poorly from the kidney and therefore remain
in the blood for as long as weeks until they are metabolized. Dextran is used in some
eye drops as a lubricant, and in certain intravenous fluids to solubilise other factors, e.g.

iron (iron dextran). It also increases blood sugar levels.

The long history of the safety of dextrans has allowed them to be used as
additives to food and chemicals, and in pharmaceutical and cosmetics manufacturing
(Kato, I, et al. 2005). Dextrans have been investigated for the targeted and sustained

delivery of drugs, proteins, enzymes, and imaging agents (Mehvar, R. 2000).

Immune response to dextran

Native and clinical dextrans derived from strains of microorganisms
synthesizing products with different ratios of 1—6 to non 1—6 linkages have been
found to be antigenic in man. The antigenicity of dextran in man, its occurrence in
commercial sugar and its elaboration by microorganisms in the gastrointestinal tract
appear to provide an explanation for the occurrence of systemic allergic reactions in

man on infusion of dextran and for the occurrence of small quantities of anti-dextran
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and of cutaneous sensitivity in individuals not previously injected with dextran (Kabat,

E.A. and Berg, D. 1953).

Difference in antigenicity with differing molecular weights of dextran was
noted by Kabat and Bezer. A significant drop in capacity to elicit antibody formation
in man was found with injected dextran fractions of average molecular weight of

51,300 or below (Kabat, E.A. and Bezer, A.E. 1958).

The reactions of all specific anti-dextrans have been thought to occur at the
nonreducing ends of glucose chains with the terminal a (1-6)-linked D glucopyranosyl
residue being immunodominant. Quantitative precipitin reactions with branched and
linear dextrans suggested that alpha (1- 6)-specific human anti-dextrans are mixtures
of molecules having terminal and non-terminal specificities and that the fraction of

each type can vary among individuals (Cisar, J., et al. 1975).

The response to polysaccharide antigens, such as dextran («1-6 glucose
polysaccharide), is predominated by antibodies of the IgG2 subclass (Yount, W.J., et
al. 1968); IgG and to a lesser extent IgM class anti-dextran antibody was detected in
chronic liver diseases such as liver cirrhosis and chronic hepatitis. Moritc et al,,
suggested that the damaged hepatocytes in the process of the liver disease may release
the dextran antigen intc the patient's circulation which is responsible for the formation
of anti-dextran antibodies by the patients with liver diseases (Morito, T., et al. 1985).

Dextran or dextran-like material, which inhibited the binding of anti-dextran
serum to dextran, was reported in sera of several patients with various gastrointestinal

diseases, especially gastrointestinal ulcers, and also often in sera of aged people.
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Absorption of dextrans from food or their production by intestinal bacteria may be
facilitated in various diseases like gastric and duodenal ulcers, ulcerative colitis,
Crohn's disease, colorectal carcinomas and rheumatoid arthritis (Palosuo, T. and
Milgrom, F. 1981).

Abnormally high humoral responses have been described in IgA nephropathy
(IgAN) towards antigens commonly involved in infectious events or food intolerance.
In a comparative analysis of humoral respoﬁses to a common environmental antigen,
deXtran B 512, present both in non-pathogenic microorganisms and normal diet, anti-
dextran IgA and IgG were at significantly higher levels in IgAN patients than in

controls (Kennel, A., ¢t al. 1995).

Dextran-binding antibody isolated in high yield from plasma of blood donors
was puﬁﬁed by a single step affinity chromatography on Sephadex G100 using 1-O-
methyl a-1 -glucoside as eluant in this laboratory. Analysis of protein peaks obtained
in size exclusion high pressure liquid chromatography (HPLC) suggested the presence
of polymeric IgA in this antibody. The dextran-binding antibody bound sugar-
specifically to glycoconjugates from different bacterial populations. Binding of the
antibody from dialysed plasma to immotilized dextran was lowered only marginally
in presence of glucose at 4.5 mM (which nears normal serum glucose concentrations),
but sﬁbstantially in presence of the sugar at 20 mM and aBove which are reached in

diabetic sera (Chacko, BK and Appukuttan ,PS, 2003).

IgA responses known to strictly depend on the participation of helper T cells
(Luzzati, A.L. and Jacobson, E.B. 1972) were seen to be produced against dextran

antigens. B cells activated by dextran switch directly from IgM to IgA secretion
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(Coutinho, A. and Forni, L. 1982). The response to the TI-2 antigen dextran, although
largely T cell independent, may be modulated by T cells. Dextran -specific antibody
of IgM, IgG3, and IgA isotypes can be detected in sera of euthymic dextran-immune
mice, whereas in athymic mice IgG3 and IgA antibodies are undetectable.
Furthermore, plasma cells producing dextran-specific antibody of IgM, IgG3, and IgA
isotypes might be localized in lymphoid organs other than spleen, which would

explain why these isotypes are present in sufficiently high amcunts to be detected.

Anti-g-galactoside antibody

The a-gal epitope is a unique carbohydrate structure that is absent in humans
but is naturally produced on glycolipids and glycoproteins in non-primate mammals,
prosimians and New World monkeys. Antibodies specific for a-Gal are produced in
the host without intentional immunization and are termed natural antibociies (Galili,
U., et al. 1984).

The a-galactosyl or a-gal epitope is formed by the action of the enzyme 0-1-3
galactosyl transferase, which adds a terminal galactose residue on to Galf (1-4)
GlcNAc- moieties of glycoproteins in the golgi of most mammalian cells (Basu, M.
and Basu, S. 1973). However, in man, Old world monkeys and apes this enzyme is
inactive, due to a gene modification leading to a premature transcriptional stop codon
(Lanteri, M., et al. 2002). Higher primates therefore have no terminal Gal a (1-3) Gal
residues, but instead have substantial quantities of an antibody that interacts
specifically with the a-Gal epitope via anti-Gal (Galili, U., et al. 1984, Galili,U et al.,
1987). This natural antibody, termed anti-gal, comprises 1% of total serum IgG, but is

also ’prcsent in IgA and IgM forms (Hamadeh, R.M., et al. 1995).



The continuous production of anti-gal throughout life suggests that this
antibody is produced in response to chronic antigenic stimulation. As a result of the
understanding of the carbohydrate structure of blood group antigens, it became
apparent that natural anti-blood group antibodies interact with a variety of
carbohydrate structures shared between bacteria and some blood group antigen.
Furthermore, ingestion or inhalation of E.coli strain 086 was reported to increase anti-
blood group B antibody activity in the individuals studied (Springer, G.F. and Horton,
R.E. 1969). Anti-gal readily bound to a variety of E.coli, Klebsiella, Serratia and
Saimonella isolates from normal stool (Galili, U., et al. 1988). All these bacterial
epitopes were reported to contain Gal a l-terminal structures linked to various
penultimate sugar units. Although the exact bacterial structures that stimulate the
human immune system to produce anti-Gal have not been identified as yet, it is likely
that anti-Gal is produced as part of the immune response to a variety of bacterial
antigens containing a-galactosyl structures.

Some of the organisms that make a-gal epitopes have been associated with
infectious diseases, for example leishmaniasis (Towbin, H., et al. 1987) and Yersinia
(Hammer, M., et al. 1990). Moreover, levels of the natural anti-gal antibody have
been shown to be raised in patients with autoimmune diseases such as Graves’s
disease and other autoimmune diseases of the thyroid. Studies on anti-Gal igA have
shown that in Henoch Schlinlein purpura there is a major increase in titer of anti-Gal
IgA antibody within the serum (Davin, J.C., et al. 1987).

The specificity of anti-Gal slightly differs in individuals of various blood
groups. In blood group A and O individuals, anti-Gal can also interact with blood

groﬁp B antigen, whereas in individuals of blood groups B or AB, anti-Gal interacts
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with a-Gal epitopes. The affinity of anti-Gal is low and ranges between 2x10° and
5x10° M\, This low affinity is because of the lack of ionic bonds between anti-Gal
and o-gal epitope.

Anti-gal undergoes isotype switch according to the general pattern of antibody
response. This was demonstrated in studies on anti-gal production in new born
baboons that were heterotopically transplanted with baby pig hearts (Galili, U., et al.
1997). The immune system of the neonatal Baboon responds to a-gal epitopes, first
producing anti-gal IgM and subsequently anti-gal IgG antibody molecules. Somatic
mutations were observed in the VH genes utilized by these hybridomas as well as
human VH genes encoding a-Gal specific antibodies. a-Gal-specific antibodies were
thought to be largely T cell independent due to the structural nature of the epitope on
glycoproteins and glycolipids, which should allow efficient cross-linking of the B cell
antigen receptor. Later it was confirmed that antibodies specific for a - Gal have T
cell-dependent component (Cretin, N., et al. 2002).

The concentration and affinity of anti-Gal greatly increase after transplantation
of xenografts into humans and rnonkéys. It is possible that within a short period post-
transplantation, B lymphocyte clones containing somatic mutations that confer high
affinity to this antibody proliferate within the lymph nodes and spleen and produce
increased amounts of high affinity anti-Gal, as observed in recipients of xenografts
(Galili, U. and Anaraki, F. 1995, Galili, U. and LaTemple, D.C. 1997, Galili, U., et al.

©1997).
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Pathophysiology of Immune Complex (IC) - mediated
diseases

After an immunogenic stimulus, antibodies are produced that combine with
the evoking antigenic determinants wherever they are encountered, thereby forming
immune complexes (ICs). This process is usually of benefit to the host, since it results
in the neutralization or elimination of the antigens. Most ICs are of little pathologic
significance because they are rapidly cleared by hepatic and splenic phagocytes
(Schifferli, J.A., et al. 1982). However, ICs may, under certain conditions, localize in
vascular structures, thereby inciting inflammatory responses. The localization may
result either from formation of the complex at the site as in the Arthus reaction or
from deposition of circulating ICs. It is this latter circumstance, in which complexes
from the circulation produce lesions in multiple sites is generally referred to as
"immune complex disease" (Theofilopoulos, A.N. and Dixon, F.J. 1980).

The formation, fate, and biologic activities of circulating ICs depend on the
nature of the antibodies and antigeﬁs involved as well as on the molar ratio of the two
reactants. Of the features that are important to the formation and function of ICs, first
is the immunoglobulin (Ig) class, which determines the antibody's valence for a
specific antigen as well as its ability to bind to cellular Fc receptors and to activate the
complement(C) system. Second is the association constant for the union of specific
antibody and antigen. For antigens, valence, size, and chemical composition are
important factors in IC formation. Monovalent antigens do not form lattices with their
correspondil’lg’ antibodies; therefore, the complexes they develop remain in the
circulation for long periods without depositing in tissues. In contrast, multivalent
antigens such as polysaccharides and proteins do combine with their specific
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antibodies so as to form lattices and later ICs of varying composition, depending on
the molar ratio of the reactants.

IgG-ICs are eliminated from the circulation mainly by the non-parenchymal
liver cells (Mannik, M. and Arend, W.P. 1971, Skogh, T. 1982). Interaction with Fc-
receptors is considered to be the most important mechanism of IgG-IC entrapment in
the liver (Finbloom, D.S.; et al. 1980, Leslie, R.G. 1980). Asialoglycoprotein receptor
mediates internalization of glycoproteins, including Ig, resuliing in intracellular
degfadation of the ligand and recycling of the receptor. If the reticuloendothelial
system (RES) is strained by IC handling, the complexes may be deposited outside the
RES (Haakenstad, A.O. and Mannik, M. 1974). This may occur in tissues such as
skin, muscle, joints, and kidneys, and is probably mediated by mechanisms other than
Fc-receptor interaction (Schrieber, L. and Penny, R. 1982). Deposition of ICs outside
the RES is common in many disease states (Theofilopoulos, A.N. and Dixon, F.J.
1980), and it is probable that this contributes to the onset of active disease.

ICs activate the C system through both the classical and alternative pathways.
It appears that IgG and IgM activate primarily the classical C pathway, whereas IgA
and IgE activate the alternative C pathway. Mannan Binding lectin (MBL) recognizes
and binds to glycoproteins, including Igs, with aberrant glycosylation and/or
denaturation, and possibly plays a role in the elimination of altered self-components
such as aberrantly glycosylated IgG and immune complexes (Saevarsdottir, S., et al.
2004). Once the complement system is activated, several biologic activities are
generated that play a role in IC-induced diseases. These include a) the immune
adherence phenomenon through C3b receptors, b) chemotaxis of leukocytes through

C5a and possibly the C567 complex, c) anaphylaxis through the binding of C3a and



C5a on mast cells and basophils, d) macrophage activation through the Bb fragment
of factor B of the alternative C pathway, and e) solubilization of ICs via activation of
the alternative C pathway and intercalation of C3b into the complexes. Moreover, ICs
can activate a variety of cell types by interacting with their Fc and C receptors.
Complement may increase the solubility of ICs by inhibiting non-specific interaction
with other serum proteins and by preventing Fc-Fc interaction of immune complexes.
C3b coated (opsonized) IC attach to cells bearing C3b receptors (CR1) in the
circulation, in particular to the erythrocytes, since in humans 80-90% of CR1 in the
blood is located on these cells. This immune adherence reaction appears to be a
physiological system that allows IC to be transported through the circulation to the
fixed macrophages of the Mononuclear Phagocytic System (MPS) where they are
safely eliminated. On these cells, IgG Fc receptors mediate both binding and ingestion
of particulate complexes. Phagocytosis of ICs by macrophages results in the release of
various hydrolytic enzymes. Eosinophils mediate antibody-dependent cellular
cytotoxicity (ADCC) against parasites. Basophils and mast cells degranulate after
binding to IC or complement components followed by a release of various
biologically active substances such as heparin, histamine, slow reacting substance of

anaphylaxis and platelet activating factor.

Factors affecting the immobilisation and deposition of
circulating immune complexes

The initial stages of circulating immune complex deposition require a
sequence of events, which enables circulating IC and inflammatory cells to cross the
endothelial barrier. The first step in tissue-deposition of IC is likely to be the

interaction with vascular receptors. C1q receptors, expressed by endothelial cells, and



the Fc receptors, expressed on the renal interstitium and by damaged endothelium
could play a role in IC immobilization.

The immcbilized IC is then able to interact with circulating cells expressing
Fecy receptors. Human Fc y RIIA and Fc yRIIIB expressed on neutrophils play
important context dependent roles in IC-induced neutrophil recruitment and
subsequent tissue injury (Mayadas et al., 2009). When the
FcyRIIIB-mediated removal of IC that takes place under homeostatic conditions is
over;)vhelmed cr defective, ICs may translocate and accumulate in extravascular
tissue. There, they may persist and activate resident cells to release inflammatory
mediators like LTB4 and TNF-a that lead to FcyRIIIB shedding enhance FcyRIIA-
dependent recruitment and activity, and thus instigate a cycle of vessel damage that
predisposes to IC-mediated disease. Also PMN activation is followed by release of
mediators, such as platelet-activating factor (PAF) and interleukin (IL)-1. PAF
induces vasodilation and activates platelets, which form aggregates and release
vasoactix)e amines. The resulting increased vascular permeability allows circulating
IC to cross the endothelial barrier. The frequent involvement of the kidneys in IC-
associated disease may be a consequenée of the existence of C3b receptors in the
renal glomerular epithelial cells, Fc receptors in the rena! interstitium, and a collagen-
rich structure (the basement membrane), which can alsc be involved in non-specific
interactions with antigens or antibodies.

Interaction of extravascular IC with associated C3b delivers additional
activation signals to already primed granulocytes, resulting in the release of

metalloproteinases, oxygen active radicals, and nitric oxide. These compounds can
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cause tissue damage and can further increase vascular permeability, and in doing so

contribute to the perpetuation of an inflammatory reaction.

Factors affecting immune complex deposition

1) Physico-chemical characteristics of pathogenic immune
complexes

Size, affinity of the Ag.Ab reaction, and class and subclass of antibodies
involved in IC formation are among the most important determinants of the
pathogenic significance of IC. In the case of circulating IC (cIC) formed at very great
antibody excess, very large Ag.Ab aggregates containing IgG1 or IgG3 antibodies
will activate complement very effectively and are rapicly phagocytosed and thus are
of limited pathogenicity. This is due to the combination of facts: very avid ingestion
and degradation by phagocytic cells, and difficulty in diffusing across the endothelial
barrier. ICs formed in great antigen excess are very small complexes (Agl.Abl1-3),
even while involving IgG1 and IgG3 antibodies, are able to diffuse easily into the
extravascular compartment, but are usually non-pathogenic because of their inability
to activate complement. The greatest pathologic potential seems to lie between these
two extremes of complex size, ie, in ICs formed when antigen excess is modest.
These ICs are of intermediate size (Ag2-3.Ab 2-6) and soluble; so they circulate and
disseminate widely. Since they are large enough to fix C, they can exert inflammatory
effects at many sites. Under the appropriate circumstances, these IC may be deposited
in the subendothelial space and trigger inflammatory reactions. On the other hand, IC
formed in situ between tissue-fixed antigens and freely diffusible antibodies of the
igGl and IgG3 class are always likely to be proinflammatory. Due to their large size,

IgM antibodies are rarely involved in formation of IC in tissues. ICs composed of
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cation antigen have a higher potential to activate and bind complement C1q (Michelin

MA et al., 2002).

2) Hydrostatic Pressure

IC deposition seems to depend greatly on hemodynamic factors and the
anatomy of particular sites. The glomerulus, choroid plexus, synovium, skin, and
uveal tract all sustain a high degree of blood flow per unit mass of tissue and thereby
are exposed to and can trap large quantities of ICs in their vascular walls.
Consequently, these sites are particularly subjected to IC-associated disorders. Acute
glomerulonephritis is found mainly in glomeruli situated close to the medulla and this
may be due to a higher intraglomerular hydrostatic pressure in these glomeruli than in

those in the outer parts of the cortex.

3) Vascular permeability

Lines of evidence in humans and animal models suggest that circulating ICs
first localize within the vasculature and then translocate into extravascular tissue
(Cream, JJ et ai., 1971). Changes in vascular permeability induced by cytokines
and/or lipid mediators secreted by hematopoietic cells and mast cells (Jancar S and
Sanchez Crespo M., 2005) are likely the initial trigger for IC deposition. In addition,
ICs themselves promote vascular leakage in “permeability”-susceptible tissues such
as the joint tissue, which may explain why circulating ICs can promote tissue specific
disease such as rheumatoid arthritis (Kyburz D and Corr M., 2003). However,
permeability is likely an amplifier rather than a prerequisite for localization of
arthritogenic antibody.
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The mechanisms responsible for IC deposition involve the release of
vasoactive amines followed by increased vascular permeability. Human platelets bear
receptors for IgG Fc and Clq, and they aggregate and release nucleotides and
vasoactive amines in response to ICs. The events that follow the activation of C, in
particular, the cleavage of C3 and C5, underlie much of the inflammatory response
evoked by ICs deposited along vascular basement membranes (Cochrane CG and
Dixon FJ, 1978)

4) Time

If a host's exposure to antigen is of limited duration, even though some
complexes form, tissue injury and other clinical manifestations are transient, as in
classical acute serum sickness. In contrast, if the antigen remains long in the
circulation or if there is a continuous supply of antigenic material for protracted
periods, as with chronic infections or autoantigens, the potential exists for continuing
IC formation. The closest experimental approximation to such chronic IC disease in

man is "chronic" serum sickness (Theophilopoulose and Dixon, 1980).
5) Complement deficiency

The deposition of immune complexes outside the RES may be explained by
poor ability to keep the ICs soluble, circulating, and harmless, awaiting physiological
clearance by the RES (Skogh and Stendahl., 1983). C3b covalently linked to ICs
solubilizes ICs by interfering with Fc-Fc interactions. Moreover, C3b-based
convertases activate C5, which can in turn promote IC deposition. Complement can
also enhance degradation of soluble immune complexes. It has also been shown that
complement may prevent soluble immune complexes from precipitating (Schifferli
and Peters, 1982). This would consequently keep the immune complexes circulating,
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preventing non-specific deposition outside the RES, but allowing specific elimination
by the non-parenchymal liver cells after Fc-receptor and/or C3 receptor interaction. In
autoallergic disease states such as systematic lupus erythematosus (SLE), serum
complement concentrations are generally reduced during active disease. This is not
merely the result of complement consumption; it may to a greater extent be explained
by reduced synthesis of C3. As a consequence of the low complement levels, the
immune complex solubilizing properties are reduced in these sera as compared to

normal controls.

6) Role of Fc y receptors and Complement Receptors (CR):
Affinity and number of available receptors

The affinity and number of available Fcy receptors on professional phagocytic
cells (PMN leucocytes, monocytes, and macrophages) are important in the expression
of IC disease. If IC is predominantly taken up by those cells in tissues where they
abound, such as the liver and spleen, the likelihood of developing tissue inflammation
is limited. Patients with SLE and rheumatoid arthritis have decreased ability to clear
antibody-sensitized RBC, indicating a general inability to clear circulating IC. In
these IC mediated diseases, the number of CR1 on the surface of red cells is found to

be less which contributes to decreased IC clearance.

8)  Host factors that influence the development of IC- mediated
diseases

The development of IC disease in experimental animals is clearly dependent
on host factors like age, weight, and sex of the immunized animal. The magnitude of

the response primarily depends on genetic factors.
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Glycoproteins

Glycoproteins are compounds containing carbohydrate (glycan) covalently
linked to protein (Spiro, R.G. 1973). The carbohydrate may be in the form of a
monosaccharide, disaccharide(s), oligosaccharide(s), polysaccharide(s), or their
derivatives (e.g. sulfo- or phospho-substituted). Apparently most of the proteins in
nature are glycoproteins. Glycoproteins are found in soluble form in the extracellular
fluids and in insoluble form in membrane and intercellular matrix components. Of all
the biologically occurring macromolecules, the glycoproteins represent the most
diverse group, ranging from substances in which the carbohydrate component
‘represents less than 1% of the total weight to those in which it represents over 80% of
the total (Kornfeld, R. and Kornfeld, S. 1976). Glycosylation is the most common co-
translational and post-translational modifications of proteins (Sharon, N. 1986). More
than half of known protein sequences can potentially be glycosylated. Glycoproteins
are widely distributed in all three domains of life viz, archaea, bacteria and
eukaryotes.

This class of compounds includes enzymes, hormones, immunoglobulins,
lectins, toxins, carrier and structural proteins. Although nearly 200 different
monosaccharides are found in nature, only 13 are known to occur in glycoproteins
(Sharon, N. and Lis, H. 1982). The sugars that commonly occur in glycoproteins
include galactose, mannose, glucose, N-acetylglucosamine, N-acetylgalactosamine,
sialic acids, fucose, and xylose. Proteoglycans are a diverse group of proteins
containing a large number of glycosaminoglycan side chains and is distinct from

glycoproteins in that they contain repeating disaccharide units characteristic of the
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glycosaminoglycan chains. The proteoglycans contain various uronic and sulfated

amino sugars.

Glycosylation types in glycoproteins

Glycoproteins have their carbohydrate side chains either N- or O- linked as
defined by the type of linkage between the carbohydrate chain and the peptide
backbone (Iwase, H. 1988, Jentoft, N. 1990,‘Kornfeld, R. and Kornfeld, S. 1985).
Néglycosyiation

The N-glycosidic linkage is between the anomeric carbon atom of N-acetyl-
D-glucosamine and the amide nitrogen of asparagines in the polypeptide chain
(Kornfeld, R. and Komnfeld, S. 1976). The oligosaccharide chain is attached by
oligosaccharyl-transferases (via N-acetyl-D-glucosamine residue) to the amide group
of an asparagine (Asn) in the consensus sequence Asn-X-Ser/Thr, where X is any
aminoacid residue but a proline or aspartic acid (Marshall, R.D. 1972, Petrescu, A.J.,
et al. 2004). This sequence is known as a glycosylation sequon. Since glycosylation
occurs co-translationally, once the protein has folded potential glycosylation sites are
no longer accessible to the glycosyltransferases (Marshall, R.D. 1972). The presence
of N-linked protein glycosylation systems in all threc domains of life that build on
same principles suggests that this post translational modification process is a very
ancient one.

Only about one third of the potential Asn-X-Ser/Thr sites in proteins are
actually glycosylated. It has been suggested that rapid folding of the nascent
polypeptide is requnsible for the lack of glycan chains at potential glycosylation sites

(Marshall, R.D. 1972). The carbohydrate units linked to the asparagines contain a
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common pentasaccharide core: Man a-1—6 (Man a-1—3) Man B 1— 4 GlcNAc
1— 4 GIcNAc (Montreuil, J. 1980). Three types of N-linked oligosaccharide chains
are observed: (a) those containing mannose only, referred to as high-mannose,
attached to the common pentasaccharide inner core, (b) those containing galactose, N-
acetylglucosamine, fucose, and neuraminic acid in addition to the inner core, known
as complex or N-acetyllactosaminic type, (c) those containing both high mannose and
complex type, the hybrid type. The total number of mannose residues in high
man;lose type ranges from 6 to 12 and the chains are often branched. The complex
type contains the disaccharide N-acetyl lactosamine (Gal B1—4GlcNAc) attached to
the core (Tai, T., et al. 1977). Sialic acid residues-may or may not be linked to Gal.
Most hybrid molecules contain a “bisecting” N-acetyl glucosamine linked f1—4 to
the B-linked mannose residue, although some exceptions exist (Hunt, L.A. 1983).
O-glycosylation

The second major type of saccharide-peptide linkage occurring in
glycoproteins is the O-glycosidic 1inkage, which is found in mucins, blood group
active glycoproteins, certain plasma glycoproteins and membrane glycoproteins. The
O-linked oligosaccharides of glycoproteins are usually clustered within heavily
glycosylated regions of the peptide chain. Steric interactions between carbohydrate
and peptide within these clusters induce the peptide core to adopt a stiff and extended
conformation and this conformational effect appears to represent a major function of
O-glycosylation (Jentoft, N. 1990).

In O-glycans, carbohydrate is attached to hydroxyl groups of amino acids,
serine or threonine. These include (1) mucins (Klein, A., et al. 1992) containing D-

GalNAc a-1,3-linked to the hydroxyl oxygen of Ser or Thr residues by the enzyme
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UDP-N-acetyl-D-galactosamine (ii) proteoglycans, acidic mucopolysaccharides
joined though D-Xyl in B-1,3-linkages to L-Ser (Kjellen, L. and Lindahl, U. 1991),
(1i1) collagens, including D-Gal B-1,5-linked to 5-hydroxy-D-Lys, and (iv) the plant
glycoproteins which include extensin and arabinogalactan proteins, (AGPs) (L-Arab
to 4-hydroxy-L-Pro).

Examples of (i) are serum immunoglobulin IgA1l (Iwase, H., et al. 1999),
submaxillary and bronchial mucin (Mawhinney, T.P., et al. 1992), fetuin and many
othérs, present in plasma cell membranes and biological fluids (Maemura and Fukuda,
1994), Proteoglycans include acid mucopolysaccharides (or glycosaminoglycans,
GAGs) chondro:tin, keratan, and dermatan and heparin sulphates found in connective
tissue, skin and blood (Fransson, L.A., et al. 1985). The proteoglycans are named so
because the glycan part is by mass the dominating part (Hook, M., et al. 1984). Also,
O-linked N-acetylglucosamines (GlcNAc) have been found in several cytoplasmic
and nucleoplasmic glycoproteins and  its importance as a regulatory signalling
mechanism comparable to, and sometimes mutually exclusive with phosphorylation
has been realized (Hayes and Hart, 1994). Several other types of O-linkages exist,
including Man-0-O-Ser/Thr in yeast and mammalian glycoproteins and Glc B-O-
Ser/Thr and Fuc a-O-Ser/Thr in blood clotting factors.

Main type O-glycans are the major constituents of mucin glycoproteins.
Epithelial cells and specialized mucin-producing cells synthesize cell surface-bound
and secreted mucin glycoproteins that carry a heterogeneous variety of GalNAc-
Ser/Thr O-glycans comprising more than 50% of the molecular weight. These mucins
have lubricating and protective functions. The expression of mucin genes as well as

the mucin-type O-glycan structures are often altered in cancer and other diseases, and
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the new and unusual carbohydrate and peptide epitopes can be useful for the
diagnosis, prognosis, the monitoring of the disease progress, or for immunization
against cancer.

Many cell adhesion molecules are mucin-like membrane bound glycoproteins
that also have Ser/Thr/Pro-rich O-glycosylated domains. Secreted mucins form a
viscous gel that functions as a protective layer over the epithelium and can trap
particles and microbes. Many of the O-giycans represent speciﬁc receptors for
bactéria. Depending on their O-glycosylation pattern, mucins coatrol the functions,
adhesiveness, and antigenicity of the cell surface and participate in the control of the
immune system. Cell adhesion mediated by integrin and E-cadherin can be blocked
by mucins. Mucins can block natural killer cell-mediated cell lysis and the action of
cytotoxic lymphocytes (Varki, A, Kannagi, R and Toole, BP., 2009).

Depending on which saccharide groups are subsequently attached to the
protein-linked GalNAc¢ residue, mucin O-glycans are divided into four major subtypes
(Schachter and Brockhausen, 1992). (i) Core 1, Gal P1-3GalNAc o -, in its
unsubstituted form is the Thomsen-Friedenreich (T or TF) antigen that occurs in many
cancer cells. Core 1 may be substituted by sialic acid in a 2-3 linkage to Gal and in o
2-6 linkage to GalNAc to form sialyl-T antigens (Springer, G.F. and Desai, P.R.
1982). GalNAc can also be directly substituted by sialic acid to form the sialyl Tn
antigen (STn), which is not used for further elongation reactions. Both the Tn and STn
occur only in a restricted number of normal glycoproteins but are often found in
cancer and are associated with poor prdgrlosisb (ii) Core 1 may be branched by a
GIcNAc in B 1-6 linkage to GalNAc to form core 2. (iii) The core 3 structure is

formed by the addition of GIcNAc to form GlcNAc B1-3 GalNAc- Ser/Thr and can be
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substituted with sialic acid o 2-6GalNAc. (iv) The core 4 structure requires the core 3
structure as substrate and is formed by the addition of GlcNAc to form GIcNAc B 1-3
(GlcNAc B1-6) GalNAc- Ser/Thr. Other modifications to the core GalNAc structure
have also been found but appear to be uncommon. Commonly the core 2 and the core
4 branches are elongated with one or multiple lactosamine structures (Gal
B1—4GlcNAc) (Lowe, 2001). Of the four main core O-glycan structures, the core 1
and 2 structures are widely distributed while the core 3 and core 4 structures are less
con;mon and expression has been mostly associated with mucin producing tissue of
the digestive tract.

Core 1, O-glycan or T-antigen was discovered about 70 years ago by
Thomsen and Friedenreich as a laboratory curiosity. The phenomenon of
panagglutinability acquired by bacterially contaminated human red .blood cells led to

the discovery of T-antigen (Friedenreich, V., 1930).

Biological significance of glycosylation

A given glycan can have different roles in different tissues or at different times
in development (intrinsic functions) or in different environmental contexts (extrinsic
functions). As a broad generalization, it can be stated that terminal sequances, unusual
structures, and modifications of glycans probably mediate the more specific biological
roles within the organism. However, such glycans or modifications are also more
likely to be targets for pathogens and toxins. Perhaps as a consequence, intraspecies
and interspecies variations in glycosyiation are relatively common, and at least some
of the diversity of glycans in nature may represent the signatures of past or current

host-pathogen interactions.
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Almost all cells carry carbohydrates on their surfaces in the form of
glycoproteins, glycolipids and polysaccharides (Cook, G.M. 1986). The greatest
variation in glycosylation pattern tends to be found among the outermost (non-
reducing terminal) regions of glycans on cell surfaces and extracellular molecules -
(Lis, H. and Sharon, N. 1993). Glycans are best positioned to mediate recognition by
carbohydrate-binding proteins (Baenziger, J.U. 1985) and hence they mediate many
important biological roies. The biological réles of oligosaccharides appear to span the
spectrum from those that are trivial, to those that are crucial for the development,
growth, function or survival of an organism. These include a purely structural role, an
aid in the conformation and stability of proteins, the provision of target structures for
microorganisms, toxins and antibodies, the masking of such target structures, control
of the half-life of proteins and cells, the modulation of protein functions, and the
provision of ligands for specific binding events mediating protein targeting, cell-
matrix interactions or cell-cell interactions (Varki, A. 1993). Glycoproteins rich in
sugar are relatively resistant to proteolysis (Gottschalk, A. and Thomas, M.A. 1961).
The protection against proteolytic degradation is attributed to steric hindrance by the
carbohydrate as well as the more stable conformation adorned by the glycosylated
protein.

Another well-accepted function of oligosaccharide units of glycoproteins is
that they are involved in the initiation of the correct polypeptide folding in the rough
endoplasmic reticulum (ER), and subsequent maintenance of protein solubility and
conformation. Thus, many proteins that are incorrectly glycosylated fail to fold
properly and/or fail to exit the ER, and are being consjgned instead to degradation in

proteasomes (Varki, A. 1993).
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Many enzymes are glycosylated proteins; though deglycosylation in most
cases does not lead to the loss of enzyme activity. When the hormone human B-
chorionic gonadotropin (B-HCG) is deglycosylated, it still binds to its receptor with
similar affinity, but fails to transmit a signal through stimulation of adenylate cyclase
(Bahl, O.P., et al. 1974).

Since all cells are covered with a dense coating of sugars, it has long been
predicted that oligosaccharides must be critical determinants of 'cell-cell interactions'.
O-‘glycans are critically involved in the regulation of cell adhesion and are receptors
for mammalian lectins. Perhaps the best-documented example is that of the selectin
family of receptor proteins that mediate the adhesion of leukocytes to endothelial cells
(L-selectin), the recognition of leukocytes by stimulated or wounded endothelium (E-
selectin), and the interactions of activated platelets or endothelium with leukocytes (P-
selectin. The E-selectin binding to O-glycans play an important role in the binding of
cancer cells to the endothelium.

The mammalian egg coat (the zona pellucida) contains a large number of O-
glycans, as well as some N-glycans. Removal of egg N- glycans by glycosidase
treatment does not destroy sperm binding, but loss of O-glycans following mild alkali
treatment ablates sperm binding (Bleil, J.D. and Wassarman, P.M. 1988, Florman,‘
H.M. and Wassarman, P.M. 1985).

The glycosylation of a protein is not directly specified in the genome but is
determined by levels of glycosyltransferase expression, accessibility of glycan
attachment sites, concentrations of nucleotide sugar donors and other environmental
factors. Though variable, the glycosylation of a protein is often charac_:teristic of the

cell type where it was synthesised. The carbohydrates of glycoproteins modify the
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physicochemical properties of proteins by changing their hydrophobicity, electrical
charge, mass and size. Proteoglycans and the collagens are important in the physical
maintenance of tissue structure, integrity and porosity.

The attachment of sugars to proteins is known to increase the solubility of the
latter. Sialic acids in salivary glycoproteins are responsible for the high viscosity of
the mucous solutions (Gottschalk, A. and Thomas, M.A. 1961). Negatively charged
acylneuraminic acid residues impart physical strength to cell membranes because of
theif mutual repulsion and influence the mutual adhesion of cells in organ structure.
The antifreeze glycoprotein of Antarctic fisk depends on the integrity of the
disaccharide Gal B (I-3) GalNAc units for their activity. The ability of these
glycoproteins to depress the freezing point of water is lost on removal or modification
of the saccharide side chains (Vandenheede, J.R., et al. 1972).

The classical work of Ashwell and his co-workers have demonstrated that
removal of sialic acid from circulating glycoproteins leads to a dramatic enhancement
in the rate of glycoprotein clearance from the circulatory system (Ashwell, G. and
Morell, AG 1974). Carbohydrates also serve as important recognition markers. Cell
surface glycoproteins are the immunodeterminant structures of blood group A, B, H
and M/N specificities (Watkins, W.M. and Morgan, W.T. 1952).

They are also receptors for many plant and bacterial toxins, and serve as
antigens for autbimmune and alloimmune reactions. In most of these instances, there
is exquisite specificity for the sequence of the oligosaccharide involved. Thus, for
example, the influenza viral haemagglutinins specifically recognize the type of sialic

acid, its modifications and its linkage to the underlying sugar chain. Certain
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oligosaccharides can act as highly specific receptors for a variety of viruses, bacteria
and parasites.

Carbohydrates play important structural and functional role in various disease
states. Changes in the sugar moieties on cell surface occur when normal cells are
transformed into malignant ones. Such transformation also results in loss of contact
inhibition suggesting the invo}vement of sugars in cellular recognition and
intercellular communication. Cell surface glycoproteins may be regarded as principal
candidates for involvement in tumor cell spread since they are generally oriented
towards the exterior of the Qells and thus ideally suited to mediate the interaction of
metastatic cells with their environment. Alterations in cell surface glycoconjugétes are
considered to be relevant to the abnormal properties of cancer cells, such as
uncontrolled cell growth, altered cell expression, avoidance of immunological
destruction, invasiveness and metastatic spread (Bhavanandan, V.P. 1991).

The extracellular matrix consists of a variety of glycoconjugates, each of
which has been shown to have binding sites for various types of sugar chains, e.g. the
heparin-binding domains of fibronectin and collagen. Such oligosaccharide-binding
domains has role in the organization of the matrix.

Oligosaccharide sequences on soluble glycoconjugates such as the mucins can
also act as 'decoys' for microorganisms and parasites. Thus, pathogenic organisms
attempting to gain access to mucosal membranes might first encounter their cognate
oligosaccharide ligands attached to soluble mucins. Upon binding to these sequences,
they could then be swept away by ciliary action, leaving the mucosal cells untouched.
In these cases, the host may successfully turn the specificity of the pathogen receptor

to its own advantage.
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Glycosylation pattern of Immunoglobulin Al

The oligosaccharides attached to the immunoglobulins are large (=2kDa each)
and, when not constrained by their location, are flexible, particularly around the N-
glycosidic linkage. The glycans are multifunctional, playing crucial structural roles
and participating in binding events, for example to serum lectins such as Mannan
Binding Lectin (MBL) (Malhotra, R., et al. 1995). Other important roles for
| immunoglobulin glycans include maintaining solubility and conformation (Mimura,
Y., et al. 2000); facilitating subcellular transport, secretion and clearance ; (Gala, F.A.
and Morrison, S.L. 2002) and maintaining effector functions by ensuring optimal
binding of the Fc to Fc receptors (Mimura, Y., et al. 2001). Although the five classes
of human immunoglobulins differ greatly in their content of carbohydrate and in its
distribution along the polypeptide chain, the carbohydrate often is in homologous
positions and usually seems o lie in between the compact domains of the heavy chain
or on the surface of a domain. The location and nature of the five oligosaccharides of
the p chain of human IgM has been reported (Putnam, F.W., et al. 1973, Shimizu, A.,
et al. 1971). In contrast, the y chain of human IgG has a single oligosaccharide
(Edelman, G.M., et al. 1969), and the € chain of human IgE is reported to have six
(von Bahr-Lindstrom, H. and Bennich, H. 1974). In all these cases the oligosaccharide
contains glucosamine (GIcN), which is attached to asparagine by an N-glycosidic
Iiﬁkage. The IgAl subclass is unusual among glycoproteins in having two types of
linkage to the polypeptide chain, the N-glycosidic linkage of GIcN to asparagine and
an O-glycosidic linkage of galactosamine (GalN) to serine (Baenziger, J. and
Kornfeld, S. 1974, Baenziger, J. and Kornfeld, S. 1974). IgA1l is relatively heavily

glycosylated (8% carbohydrate).
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Figure 1. Position of IgA1 hinge region O-glycosylation sites. On the left is the human IgA1 molecule,
showing the locaticn of the hinge region between the CH1 and CH2 domains. On the right is the amino
acid sequence of the hinge region. All of the serine and threonine residues are potential O-
glycosylation sites, but in a recent study, only those marked were found to be occupied.

There are a variable number of N-linked glycans on IgA depending on both
the isotype and allotype. All IgAs contain an N-linked carbohydrate at position 263 in
Cyx2 and at position 459 in the tail-piece extension of Cyx3. All IgA2s contain
additional glycans at position 166 in Cyl and 337 in Cy2. IgA2m(2) and IgA2(n)
contain a fifth glycan at position 211 in Cyl (Yoo, E.M. and Morrison, S.L. 2005).
Analysis of pooled monomeric sesum IgA1l showed that over 80% of the N-glycan
biantennary complex oligosaccharides to which sialic acids were attached was
exclusively in the a (2—6) linkage. In addition, approximately 13.6% of tri- and tetra
antennary structures were reported (Baenziger, J. and Kornfeld, S. 1974).

Serum IgA consists mainly of IgAl and circulates at around 1mg/ml, and
although it is predominantly monomeric, it also forms dimers and higher polymers.

The glycosylation of IgA has been widely reported. The galactose-terminating
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glycans are ligands for the asialoglycoprotein receptor (ASGP-R), which mediates the
clearance of IgA from the serum (Basset, C., et al. 1999, Stockert, R.J. 1995).

IgA1 contains a proline-rich hinge sequence (23 aminoacid sequence) between
the Fab and Fc regions of the glycoprotein (Figure 1). Within this sequence, there are
nine potential O-glycosylation sites/a-chain (18 sites/molecule) of which five residues
(Thr-228, Ser-230, Ser-232, Thr—225, and Thr-236) (Baenziger, J. and Kornfeld, S.
1974) are fully or partially occupied. A sixth sugar at Ser-224, Thr-233, Ser-238 or
Ser-240 is present in 5-10% of the glycoforms (Tarelli, E., et al. 2004). There is no
well-defined motif for the acceptor site other than the proximity of Proline residues
and a single enzyme, UDP-N-acetyl-a-D-galactosamine: polypeptide N-acetyl
galactosaminyl transferase 2, appears to be responsible for transferring the initial N-
acetylgalactosamine (GalNAc) to all of the different sites within the hinge peptide
(Iwasaki, H., et al. 2003). The sugars protect the hinge from protease digestion,
allowing it to adopt several conformations depending on the structures of sugars. The
O-glycans within the hinge of IgA1 assume many different structures (Fig.2), with the
most abundant being monosialylated T antigen (NeuAco2-3Galpfl-3GalNAc).
However, larger neutral and sialylated tetrasaccharide structures (Galp1-4GlcNAcB1-

6GalB1-3GalNAc) were also present (Mattu, T.S., et al. 1998).
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The four major O-glycan forms of human IgAl.

A Ser/Thr -O- GalNAc
B Ser/Thr -0- GalNAc -f1, 3- Gal

C Ser/Thr-0- GalNAc -41,3- Gal

I
a2,3

I

Sialic acid

D Ser/Thr-0- GalNAc -£1,3- Gal

! !
2,6 a2,3

l -
Sialic acid  Sialic acid
Fig.2 The IgAl O-glycans are all based on a core N-acetyl galactosamine (GalNAc)
unit in O-linkage with serine or threonine. This may occur alone (form A) or may be
extended with p1,3-linked Gal (form B). Further extension with sialic acid in o 2,3
linkage with Gal can then occur (form C), and finally, addition of sialic acid in a 2,6-
linkage with GaINAc makes form D.

O-glycosidically linked oligosaccharide units are characteristic of the IgAl
subtype and are not found in the IgA2 subtype due to a deletion of the regions in
which they occur (Frangione, B. and Wolfenstein-Todel, C. 1972). The O-linked
sugars isolated from colostrum secretory IgA (sIgA) appear to be more complex and
heterogeneous, containing sialic acid, fucose and N-acetylglucosamine (Pierce-Cretel,
A., et al. 1984).

Aberrant glycosylation has been linked to disease in which there is reduced

clearance of IgA. The asialoglycoprotein receptor removes IgA from serum by

binding to terminal galactose residues on the glycans (Stockert, R.J. 1995). In IgA
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nephropathy circulating IgAl gets deposited in the glomeruli of the kidney
mesangium leading to renal failure. Aberrant O-glycosylation of serum IgAl in
patients is ascribed to a decrease in terminal galactosylation and sialylation. Reduced
leveis of terminal galactose lead to diminished clearance by the liver ASGP-R of both
IgA and serum immune complexes containing IgA1, thus promoting their deposition
in the kidney. In addition several possible roles have been proposed for the
carbohydrate in immunoglobulins, but none has been established. It has been
suggested (Marshall, R.D. 1972) that carbohydrates increase solubility, facilitate
secretion, and act as spacers between the domains.

Whereas the role of secretory IgA is established in mucosal :immunology, the
function of serum IgA antibodies is mostly unknown. Studies on the ability of IgA
antibodies to regulate humoral response are scarce. IgA was shown in only one report
to enhance the induction of immunological memory to soluble antigen (Klaus, G.G.
1979). The specificity of serum IgA in the human antibody repertoire and IgA antigen
selection remain poorly defined. Serum IgA is considered a “discrete housekeeper”
because IgA immune complexes can be removed by the phagocytic system with little
or no resulting inflammation. Moreover, monomeric serum IgA displays anti-
inflammatory activity and is capable of inhibiting functions such as IgG-induced
phagocytosis, bactericidal activity, oxidative burst, and cytokine release. IgA
deficiency is associated with allergy and autoimmunity. Polymeric IgA and IgA-
containing immune complexes, in contrast, can efficiently trigger immune effector

functions on blood leukocytes through IgA Fc receptors.
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Most intracellular IgA occurs in monomeric form even in cells that secrete
predominantly polymeric IgA (Bargellesi, A., et al. 1972, Kutteh, W.H., et al. 1982,
Kutteh, W.H., et al. 1982, Parkhouse, R.M., et al. 1971). In view of these findings, it
was proposed that polymerization occurs shortly before or at the time of secretion of
the assembled IgA from the cells. These studies have indicated that IgA-producing
cells in bone marrow secrete predominantly monomers, while in the gut both forms
are produced, with a marked predominance of pIgA. In other tissues, such as lymph
nodes or spleen, IgA is present in both forms in variable proportions (Kutteh, W.H., et

al. 1982).
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Galectins

Galectins, formerly known as S-type lectins or galaptins are a phylogenetically
conserved family of lectins defined in 1994 as a shared consensus of amino-acid
sequences of about 130 amino acids and the carbohydrate recognition domain (CRD)
responsible for -galactoside binding (Barondes, S.H., et al. 1994, Caron, M., et al.
1990, Gabius, H.J. 1994, Hirabayashi, J. and Kasai, K. 1993, Hirabayashi, J., et al.
1996). Although initially described in vertebrate taxa, their presence has since been
documented in prochordates, invertebrates, and fungi (Cooper, D.N., et al. 1997,

Hirabayashi, J., et al. 1996, Pfeifer, K., et al. 1993).

Historical background

First galectin was originally described in 1975 during studies on the possible
presence of lectins in the electric organs of the electric eel (Teichberg, V.1, et al.
1975). The protein, termed electrolectin, had hemagglutinating activity on trypsinized
rabbit erythrocytes that was inhibitable by B-galactosides and could be isolated by
affinity chromatography on B-galactoside supports. Notably, this protzin required the
inclusion of 2-mercaptoethanol (sulfhydryl-containing compounds) in isolation
buffers to maintain its activity, suggesting the presence of one or more free cysteine

residues.

The first mammalian galectin was purified from calf heart and lung (de
Waard, A., et al. 1976). This was followed by purification of this lectin from chick

muscle (Den, H. and Malinzak, D.A. 1977, Nowak, T.P. and Barondes, S.H. 1977).
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Like electrolectin, those from other sources were dimers with subunit molecular
weights of about 15,000; and in each case, activity was only retained in buffers with
sulfhydryl-containing compounds like 2ME or dithiothreitol for maintenance of their
hemagglutinating activity (Barondes, S.H. 1984). Evidence on other members of the
family came from studies on chick intestine (Beyer, E.C., et al. 1980), mouse 3T3
fibroblasts (Roff, C.F. and Wang, J.L. 1983), human fibroblasts (Roff, C.F., et al.
1983) etc. Their biochemical properties and histological distributions were studied in
relation to development and differentiation.

These lectins were isolated by affinity chromatographvy on asialofetuin-
Sepharose coiumn using lactose as eluant. Kurt Drickamer named them “S-type lectins”
to denote their sulthydryl dependency (Drickamer, K. 1988). All of these proteins
demonstrated hemagglutinin activity. Trypsinized rabbit erythrocytes, which display
more terminal galactose residues than human erythrocytes, are readily agglutinated by
most of these lectins, whereas human erythrocytes require treatment with
neuraminidase to enhance their agglutinability.

Later it became clear that all members of this family are not “sulthydryl-
dependent” in activity. Electrolectin, unlike most other B-galactoside lectins, does not
contain cysteine residues, but its key tryptophan residue in the binding site of its CRD
can be oxidized to form an oxindole derivative, causing loss of activity (Levi, G. and
Teichberg, V.I. 1981).

Alkylation of galaptin (present galectin-1) with iodoacetamide yields
carboxamidomethyl-galaptin, which is fully active and stable to atmospheric oxygen
in the absence of disulphide-reducing reagents (Whitney, P.L., et al. 1986). IgE

Binding protein (present galectin-3) does not require a thiol-reducing reagent for
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maintenance of activity (Frigeri, L.G., et al. 1990). Finally, Hirabayashi and Kasai,
proved no cysteine residue is required for the sugar binding function by means of site
directed mutagenesis, substituting one of the six Cys with Ser with no change in sugar
binding activity (Hirabayashi, J. and Kasai, K. 1991).

The nomenclature for galectins was systematized in 1994 (Barondes, S.H., et
al. 1994) in the joint statement published in Cell and the term S-type lectins was
abandoned in favour of the general term 'galectin’. The membership in galectin family
required fulfilment of two criteria: “affinity for P-galactosides and significant
sequence similarity in the carbchydrate-binding site, the relevant amino acid residues

of which have been determined by X-ray crystallography”.

The first galectin found, a 14kDa homodimér (variously termed electrolectin,
B-galactoside-binding lectin, galaptin, [-14, etc., depending on its source) was
renamed galectin-1. Its nearest homolog was termed galectin-2. CBP35, CBH30,
Epsilon Binding Protein, Mac-2, L-29, and L-34 were termed galectin-3, and other

members of this family were numbered consecutively by order of discovery.

Classification and occurrence of galectins

The carbohydrate-recognition domain {CRD) of most galectins takes
approximately 130 amiﬁo acids, and this is indicated by the oval domain. A total of 15
galectins have now been found in mammals, but only 12 galectin genes are found in
Ahumans, including two for galectin-9. Galectins have been classified into three groups
according to thgir structure: prétotypical, chimeric, and tandem repeat (Hirabayashi, J.

and Kasai, K. 1993).
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On the basis of sequence homologies, two general subgroups of galectins can
be distinguished: the galectin-1 subgroup, which includes galectin-1 and galectin-2,

and the galectin-3 subgroup, which includes all others.

Many of the galectin transcripts may be differentially spliced to generate many
different isoforms. For example, at least seven different mRNAs have been identified
for human galectin-8, some encoding a tanderh—repeat form and others a prototypical
form. Galectin-5 (prototypical) and galectin-6 (tandem-repeat) are found in rodents,
but not humans, and galectin-11 (ovagalll; prototypical) has been reported in sheep.
Confusingly, the GRIFIN (Galectin related inter-fibre protein), which in mammals is
expressed in the eye lens and may not bind to carbohydrates, has also been termed

galectin-11 due to its high sequence similarity to galectins (Ogden, A.T., et al. 1998).

There are also a number of galectin-related proteins that have homology with
galectins, but they may not bind carbohydrates, or at least not bind to typical B-
galactosides. For example, galectin-10 expressed in eosinophil granules in a
crystalline form, known as the Charcot—Leyden crystal protein appears to bind better
to P-mannosides than to B-galactosides. Another galectin-related protein (GRP) is
HSPC159, which is expressed in human haematopoietic stem cell precursors, but
lacks a critical tryptophan residue that is highly conserved in all other galectins; thus,
it may be unable to bind B-galactosides. Subunits of legume lectins (Sharon, N. 1993)
and serum amyloid P component (a pentraxin with lectin activity) (Emsley, J., et al.
1994) have the same topology and very similar tertiary structure as the galectin

carbohydrate-binding domains have but show no sequence homology. This suggests



that galectins are a subset of a larger group of proteins sharing conserved folding

motifs.

Galectins are found in virtually all organisms. Galectin is reported in sponges,
birds, amphibians, fish etc. Galectin-like proteins are even expressed in some viruses
that infect pigs and fish, including porcine adenovirus and lymphocystis disease virus.
Galectins are also expressed in Drosophila me’lanogaste}; and Caenorhabditis elegans
(26 candidate genes). Galectin-like sequences are predicted from the plant genome

(Arabidopsis thaliana).

Galectin-1 is expressed in many tissues, predominantly of mesodermal origin,
such as skeletal and smooth muscle, liver, lung, heart, skin, spleen, placenta, intestine,
and kidneys. In addition, expression is also found on central and peripheral nervous
tissue. During the development, galectin-1 is mainly restricted to the brain tissue and
olfactory system, whereas with maturation it is extended to the peripheral nervous
tissues. Galectin-2 1s expressed in hepatomas. Galectin-3 is abundant in various
epithelial cells and in macrophages; galectin-4 is confined to the epithelial cells of the
alimentary tract and galectin-7 is found in epidermis (Colnot, C., et al. 1996, Cooper,
D.N. and Barondes, S.H. 1999, Gitt, M.A., et al. 1998, Timmons, P.M., et al. 1999).
Galectin-3 surface expression has been shown in norma! human monocytes and its
ievel increases as monocytes differentiate into macrophages (Liﬁ, F.T., et al. 1995).
Galectin expression can also be induced by various stimuli. From several studies it is
apparent that each cell might express most of galectins; yet, during development or in
various differentiation stages or under different physiological or pathological

conditions, one or more galectins are preferentially expressed in each cell type. This
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implies a fine control of gene expression and suggests that such control should be
coordinated (Chiariotti, L., et al. 1999). For example, inflammatory mediators
modulate galectin-3 (Cherayil, B.J., et al. 1989, Liu, F.T. 1993, Liu, F.T., et al. 1995)
and galectin-9 that acts as a potent chemoattractant selectively for eosinophils is
induced by allergic stimulation in monocytes (Matsumoto, R., et al. 1998). Galectin
expression can also be induced by cell deyelopmental dynamics and amounts of
various binding partners such as glycans.The evolutionary conservation of galectins
likely reflects the essential roles of galectins in development and function of
multicellular organisms including cell adhesion, migration, differentiation and death

(Perillo, N.L, et al. 1998).

Structure of galectin

The general designation of the genes encoding galectins is LGALS v(lectin,
galactoside binding, soluble) and gene numbering is being kep;c consistent with the
numbering of the proteins so that LGALS1 encodes galectin-1 and so on. There is
likely to be only one gene for the soluble 14kDa galactoside binding lectin in each
species (Abbott, W.M. and Feizi, T. 1989). In humans LGALS1 and LGAL-SZ have
been mapped to the q12-q13 region of the chromosome 22 (Mehrabian, M., et al.
1993). In the mammalian galectin genes, the CRDs are encoded by three consecutive
exons (Barondes, S.H., et al. 1994, Gitt, M.A. and Barondes, S.H. 1991). The portion
of the core sequence which represents the carbohydrate recognition domain (CRD) is
contained between about residues 30 and 90, a segment generally encoded by a single

exon in the middle (Barondes, S.H., et al. 1994, Lobsanov, Y.D., et al. 1993).
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Immunochemical studies with conventional antisera and amino acid analysis
have suggested that the f -galactoside binding lectins among phylogenetically related
species are antigenically and structurally related (Chiids, R.A. and Feizi, T. 1979,
Levi, G. and Teichberg, V.I. 1982). The molecular properties of vertebrate galactose-
binding lectins are strikingly similar from chicken to cow to man. The amino acid
identity in the carbohydrate-binding domains. among differrent known galectins from
mammalian species ranges from about 20 to 40% (Oda, Y., et al. 1993). The amino
acid sequence homology of the same galectin from different mammaiian species 1S
80-90%.

Comparison of their amino acid sequences and mutagenesis studies have
suggested the functional importance of some conservative hydrophilic residues
(His44, Asnd6, Argd8, Glu71 and Arg73 of human 14 kDa lectin). Several non-
charged residues (Gly14, Phe45, Pro47, Phe49, Val59, Trp68, Pro78 and Phe79) are
also well conserved, and are probably important to maintain the structural framework
of these proteins. A consideration of molecular evolution suggests that lectins
belonging to this family probably existed in the Precambrian .era. Ubiquitous
occurrence of these homologous lectins with shared sugar specificity suggests that
they are involved in 'essential minimum' functions of multicellular animals, possibly
in cooperation with their partner glycoconjugates (Hirabayashi, J. and Kasai, K.
1993).

X-ray crystallography studies show that the CRD of galectin subunits is
composed of five (F1-F5) and six (S1-S6)-stranded antiparallel B-sheets arranged in a
B-sandwich or jelly-roll configuration that completely lacks a-helix. The conserved

carbohydrate-binding aminoacids are in strands S4-S6 (Loris, R. 2002, Rini, J.M. and
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Lobsanov, Y.D. 1999). The monomer folds of all CRDs are remarkably similar
between/among all galectins. In the dimeric proteins, such as galectin-1, -2, and -7,
the subunits are related by a twofold rotational axis perpendicular to the plgne of the
B-sheets. The glycan-binding sites in the CRD are located at opposite ends of the
dimer. The compactly arranged structure of the CRD partly explains the protease
resistance of the galectin CRD.

Unlike other galectins, galectin-1 contains six cysteine residues and displays
carbohydrate binding activity only when the three intramolecular disulfide bonds
(Cys2- Cysl130, Cys16-Cys88, and Cys42-Cys60) are reduced (Hirabayashi, J. and
Kasai, K. 1991, Tracey, B.M., et al. 1992). This suggesté that disulphide bond
formation somehow distorts aspects of the galectin-1 monomer fold that are necessary
for carbohydrate binding. Human Gal-1 exists as a dimer in solution. The integrity of
this dimer is maintained principally by interactions between the monomers at the
interface and through the well-conserved hydrophobic core, a factor which explains
the observed stability of the dimer in molecular terms (Lopez-Lucendo, M.F., et al.
2004). Nevertheless, one of the main characteristics of the homodimeric galectin-1
protein is that it spontaneously dissociates at low concentrations (Kd ~ 7 pm) into a
imonomeric form that is still able to bind to carbohydrates (Cho, M. and Cummings,
R.D. 1995), but with a lower level of affinity (Leppanen, A., et al. 2005). Galectin-1
may, hence be dimeric and cross-link ligands if present at a high enough
concentration, which is well within the range found in nature. But it may also act as a
monomer at lower concentrations as suggested (Blaser, C., et al. 1998). Galectin-1
can also exist in an oxidized form, that is, a form that lacks lectin activity

(Outénreath, R.L. and Jones, A.L. 1992).
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Biosynthesis and export of galectins

The mRNA for the protein is translated on free polysomes in the cytoplasm.
They also hold many features of cytoplasmic proteins i.e., have no disulphide bridges,
no sugar chains or typical transmembrane segments and possess acetylated N-termini.
Newly synthesized galectins isolated directly from the cytoplasm of cells are
functional in binding B-galactosides, indicating that they are potentially functional in
that compartment. There is compelling evidence for galectins having non-
carbohydrate-binding partners in the cytoplasm. Galectins are probably unique among
all types of animal lectins in that they can be found in the nucleus, cytoplasm, outer
plasma membrane, and extracellular matrix (Barondes, S.H. 1984, Zanetta, J.P, et al.

1984).

The nascent peptide chains of galectins do not contain a signal peptide
sequence or a hydrophobic peptide cluster required for entry into the classical
secretory pathway (Cleves, A.E., et al. 1996). While many types of cells involved in
immunity store galectins in their cytosol without exporting them, some of those cells
start secreting galectins (without compromising membrane integrity) when

_differentiated or activated by receptor engagement or cytokines (Rubartelli, A., et al.
1992). This secretion occurs through a “leaderless” secretory pathway (non classical
export), which is also used by fibroblast growth factors 1 and 2, and IL-1f. Galectin-1
is secreted by activated B cells, activated but not quiescent T cells,CD4+ CD25+
regulatory T cells, activated macrophages, and certain epithelial cells (Baum, L.G., et
al. 1995, Blaser, C., et al. 1998, Garin, M.1., et al. 2007, Rabinovich, G.A., et al. 1998,

Zuniga, E., et al. 2001).
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Whether different transport membrane proteins occur in animal cells for
galectin export is unknown. An alternative pathway for secretion being considered is
membrane blebbing involving membranous structures (Mehul, B. and Hughes, R.C.
1997). When galectin-1 secretion starts during muscle cell development, it is first
accumulated underneath the plasma membrane, then in small membrane evaginations,
the blebs, which are about 2um in diameter. Galectin-1 appears to exit from
myoblasts via blebs, which pinch off to form lectin-enriched vesicles (Cooper, D.N.
and Barondes, S.H. 1990). Similarly, galectin-3 assembiles into patches that eventually
appear to underlie the plasma membrane as a prelude to deposition in the extracellular
space, possibly through vesicular extravasation. A unique N-terminal domain of 11
amino acids in galectin-3 acts as a determinant for its secretion (Menen, R.P. and

Hughes, R.C. 1999).

Functional relationships of galectins

Extracellular functions

Extracellular functions of galectins depends on their binding to and cross-
linking of various glycan groups of glycoproteins and/or glycolipids on the surface of
various cell types (Brewer, C.F., et al. 2002). The minimal saccharide unit recognised
by galectins is the galactose residue. Though initially called B-galactoside specific due
to its high affinity for lactose, rigorous examination of anomer specificity has
revealed that galectin-1 recognizes a-linked galactose moieties better than f-anomers
(Appukuttan, P.S. 2002). Thomsen-Friedenreich antigen with or without sialic acid
cover (T antigen) has also been found to be a potent ligand for galectin-1 (Sangeetha,

S.R. and Appukuttan, P.S. 2005). In this respect galectin-1 resembles jacalin
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(Sureshkumar, 1992) and peanut agglutinin (Chacko, B.K. and Appukuttan, P.S.
2001), both of which prefer a- to B- anomer of galactose and accommodate T antigen
with high affinity. Thus among serum IgA (Sangeetha, S.R. and Appukuttan, P.S.
2005) and lipoproteins (Chellan, B., et al. 2007) , T-antigen containing O-linked
oligosaccharides  rather than N-acetyl lactosamine-containing  N-linked
oligosaccharides were recognized by galectin-1.

Binding studies using purified or synthetic oligosaccharides indicate that
galectin-1 has relatively high affinity for core 2 O-glycans compared with core 1 O-
glycans; solution binding assays demonstrated that galectin-1 affinity for core 1 O-
glycans was 125-fold lower than for Gal B 1,4 GlcNAc sequences in core 2 branches
(Leffler, H. and Barondes, S.H. 1986, Leppanen, A., et al. 2005). Galectin-1 can bind
to a glycoprotein receptor, CD43, bearing only core 1 O-glycans and lacking
lactosamine sequences; in this case, low affinity/high avidity binding to a highly
abundant but less preferred glycan ligand T-antigen structure is sufficient to induce T
cell death (Hernandez, J.D., et al. 2006).

In short, the binding sites of galectins may be viewed as containing several
subsites: one for galactose, another for N-acetylglucosamine and still other sub-sites
| that may be filled by other sugars and the aglycone moiety, such as a peptide or lipid.

Co-crystallization of galectins with siraple B-galactose-containing
disaccharides has revealed that the galactose residue is most tightly bound and
interacts with the protein along one side through hydrogen bonds involving C-4 and
C-6 hydroxyls, the ring O, and van der Waals interaction between the hydrophobic
patch formed by CH 3-5 and a Trp or Tyr in the protein (Camby, L., et al. 2006). The

glucose residue also interacts, mainly via OH3 and is significant, since to most
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galectins lactose binds with about 100 fold higher affinities (Ka 0.5 mm) than
galactose alone (Leffler, H. and Barondes, S.H. 1986). However there is some room
for variation of the Glc residue. If the C-2 hydroxyl of the latter is replaced by
acetamido group to form GlcNAc, the affinity goes up by a factor of about ten for
some galectins but not others, due to interactions involving the NAc group. Gal bound
B 1—3 to GlcNAc also binds well because he;e OH4 of GlcNAc takes the steric place
of OH3 of GIcNAc in LacNAc (Gal B 1, 4 GlcNAc) (Loris, R. 2002). The affinity of
each galectin member to its potential ligands varies depending on substitutions in this
core B-galactoside, which results in subtle yet significant differences in the CRD. For
example, o-N-acetylgalactosamine modification of Gal residues significantly
decreases the affinity of galectin-1 for this residue, but increases the affinity of
galectin-3 (Hirabayashi, J., et al. 2002). Alternatively, modification with a-2,6 linked
sialic acid, but not a -2,3 linked sialic acid, reduces the affinity mainly of galectin-1,
as well as of galectin-3 (Amano, M., et al. 2003, Barondes, S.H., et al. 1594,
Hirabayashi, J., et al. 2002, Sato, M, et al. 1992, Spafrow, C.P., et al. 1987).

The binding of galectins to individual lactosamine units is characterized by
relatively low levels of affinity (Kd ~ 50 pm) (Ahmad, N., et al. 2004). In contrast,
galectin binding to natural glycoconjugate ligands expressed on cell surfaces or in the
extracellular matrix is usually of much higher affinity (i.e., in the uM or sub mM
range). It is the arrangement of lactosamine disaccharides in multiantennary repeating
chains (up to three branches) that increases the binding avidity (Kd ~ 4 pm) and in
contrast, there is no increase in avidity when the recognition unit is repeated in a
string (poly-N-lactosamine) (Ahmad, N., et al. 2004). In polysaccharides, galectin-1

does not bind glycans that lack a terminal non-reducing unmodified N-

71



acetyllactosamine (Stowell,. S.R., et al. 2004). At the same time, human galectin-1
shows a preference to polyacetyllactosamine with terminal Gal B-GlcNAc.

While Thl and Th17 cells express the repertoire of cell-surface glycans (poly-
N-acetyllactosamine units), which are critical for galectin-1 binding and cell death
Th2 cells are protected from galectin-1 binding through a 2, 6 sialylation of cell
surface glycoproteins (Toscano, M.A., et al. 2007). This results in galectin-1
dependent skewing of T cells toward a Th2 cytokine profile.

The crystal structure of bovine galectin-1 was derived for the protein in
complex with a bi-antennary N-glycan containing two terminal $-galactose residues.
In this extended crystal structure, the N-glycan is bridged between two galectin
dimers, thus effectively creating a crystal latticework. This type of crystal latticework
may be unique among galectins in regard to vertebrate galectins and may be critical
for their signalling and adhesive functions.

The affinity of galectins’ CRD toward their glycan ligands is often lower
(*10° M) than those observed in typical protein-protein interactions (=10° M)
(Hirabayashi, J., et al. 2002). Despite a weak affinity of their CRD, galectins achieve
a stable interaction with their ligands through their multivalency, as binding to
multiple ligand leads to increases in their avidity (Ahmad, N., et al. 2004, Brewer,
C.F,, et al. 2002). Soluble monomeric galectin-1 also binds weakly to lactosamine
residues compared to dimeric galectin-1 (Leppanen, A., et al. 2005). Importantly, the
affinity for galectin ligands is similar and independent of the number of CRDs in the
molecule when the galectins are immobilized to a solid surface (Hirabayashi, J., et al.

2002).
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Considerable diversity was observed for individual galectins in binding
specificity in terms of (1) branching of N-glycans, (2) repeating of N-
acetyllactosamine units, or (3) substitutions at 2-OH or 3-OH groups of nonreducing
terminal Gal. Although most galectins showed moderately enhanced affinity for
branched N-glycans or repeated N-acetyllactosamine, some of them had extremely
enhanced affinity for either of these multivalent glycans. Some galectins also showed
particular preference for alphal-2Fuc-, alphal-3Gal-, alphal-3GalNAc-, or alpha2-
3NeuAc-modified glycans. To summarize, galectins have evolved their sugar-binding
specificity by enhancing affinity to either "branched", "repeated", or "substituted"
glycans, while conserving their ability to recognize basic disaccharide units, Gal beta
1-3/4GlcNAc (Hirabayashi, J., et al. 2002).

Complex glycans found on the surface of cells may infact interact with
galectin aminoacid residues and their formed surface patches are not within, or are
more distant from, the “lactose disaccharide defined” carbohydrate- binding domain.
Moreover, differences in self-association profiles, organisation of different galectins
on the same glycoconjugates, and the possibility of galectin heterooligomerisation
(Miyanishi, N., et al. 2007) could all contribute to functional differentiation.

The functional importance of the galectin-1 oligomeric state has been more
clearly demonstrated by Nishioka T et al., who reported a naturally occurring form of
galectin-1 (galectin -1f) that lacks the first 6 N-terminal residues (Nishioka, T., et al.
2002). Galectins form “cross-linked” complexes with specific glycoproteins. For
example, galectin-1 forms 3D complexes with asialofetuin, a 48kDa monomeric

glycoprotein possessing three triantennary N-linked complex carbohydrates with
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terminal galactose residues (Gupta, D., et al. 1996, Mandal, D.K. and Brewer, C.F.

1992).

Galectins appear to bind selectively to some cell-surface and extracellular
matrix ligands. However, the precise physiological roles of these interactions with
each galectin are not well understood. Potential ligands for galectin-1 and galectin-3
include basement membrane proteins (such as laminin and fibronectin), membrane
receptors (such as integrins 71 and alfl, CD43, CD7, and CD45), lysosome-
associated membrane proteins (LAMP-1 and LAMP-2), vitronectin, and fibronectin.
Galectin-1 binding to T-cell surface glycoproteins result in a striking redistribution of
these glycoproteins into segregated membrane microdomains on the cell surface,
which apparently triggers apoptosis (Pace, K.E., et al. 1999). CD3 and CD45 co-
clustered as did CD7 and CD43, but these assemblies were segregated from each
other. CD7 is essential for galéctin—l induced cell death, while CD45 regulates the
process in a fashion that is dependent oh its glycosylation state (Hernandez, J.D. and

Baum, L.G. 2002).
Intracellular functions

The intra-cellular functions of galectins likely invoive interactions with
intracellular proieins, and they could be lectin-carbohydrate or iectin-peptide
interactions (Liu, F.T. 2002). The intracellular functions of galectins have been
suggested by the finding that both galectin-1 and -3 are a required factor in the

splicing of nuclear pre-mRNA in a cell-free system (Vyakarnam, A., et al. 1998).
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Protein ligands for galectins include Gemin4, oncogenic H-Ras, OCA-B, pre-B cell

receptor (human, not murine system).

Biological roles of galectins

Regulation of the immune system

Galectins in general and galectin-1 in particular, are known to be deeply
involved in the initiation, amplification, and resolution of inflammatory responses.
Galectins are expressed by activated T and B celis, regulatory T cells, dendritic cells,
mast cells, eosinophils, monocytes/macrophages, and neutrophils. Immune cell
responses to galectins alsb depend on the specific glycosylaticn of surface
glycoproteins in these cells to generate galectin ligands. Since the majority of the
members of the galectin family are multivalent in glycan binding, they can cross-link
specific ligands to induce various activities such as cell-cell or cell-pathogen
interactions, signal transduction through receptor chistering , or the formation of a
multivalent galectin— glycoprotein lattice on the cell surface (Nieminen, J., et al.
2007, Sato, M., et al. 2002, Sato, S. and Nieminen, J. 2004).

T-cell homeostasis and survival

Galectin-1 has been documented to negatively regulate cell growth and
apoptosis of activated but not resting T-cells, suggesting the potential role of this
protein in restoring T-cell homeostasis by apoptosis (Blaser, C., et al. 1998,
Goldstone, S.D. and Lavin, M.F. 1991, He, J. and Baum, L.G. 2004, Matarrese, P., et
al. 20035, Perillo, N.L., et al. 1995, Rabinovich, G.A., et al. 1998). Several galectins
(including galectin-1, -2, -3, -7, -8, -9, and -12) have been shown to induce apoptosis

in some types of blood cells. For galectin-1, this activity has been studied most in
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human T cells, where apoptotic pathways may involve cell-surface glycoproteins

including CD7, CD29, and CD43.
T-cell immune disorders and chronic inflammation

Galectins can regulate inflammatory responses; depending on the
inflammatory stimulus, microenvironment, and target cells. Galectin-1 has powerful
immunoregulatory effects through its ability to inhibit T-cell effector functions (van

der Leij, J., et al. 2004).

Galectin-1 function is generally associated with attenuating inflammatory
responses. In contrast, galectin-3 has a proinflammatory role. Galectin-1 suppresses
the secretion of the pro-inflammatory cytokine interleukin-2 (IL-2) tumor necrosis
factor-a (TNF-a), and interferon-y (IFN-y) (Rabinovich, G.A., et al. 1999) and
favours the secretion of the anti-inflammatory cytokines IL-5, IL-10, and
transforming growth factor-p (TGF-B) in acti;/ated T cells (van der Leij, J., et al.
2004). Also, galectin-1 positively influences migration of human monocyte-derived

dendritic cells (Fulcher, J.A., et al. 2()06, Perone, M.J,, et al. 2006).

Galectin-1 can contribute to the balance between Thl and Th2 immune
responses, which are characterized by the types of cytokines produced. Although Thl-
and Th-17-differentiated cells expressed the repertoire of cell surface glycans critical
for galectin-1-induced cell death, Th2 cells were protected from galectin-1 through
differential sialylationi of cell surface glycoproteins (Toscano et al., 2007). Gal-1
treatment increases T-cell susceptibility to activation-induced apoptosis and promotes

a shift from a Th1 to a Th2-polarised immune response (Rabinovich et al., 1999a).
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Galectin-1 has been shown to be a key mediator of suppressive activity of T
regulatory cells (Garin, M.I,, et al. 2007). Galectin-1 plays a key role in the induction
and maintenance of foetal survival in vivo through modulation of multiple tolerogenic

mechanisms (Blois, S.M., et al. 2007).

Galectin-1 has been shown to inhibit T-cell adhesion to extracellular matrix
glycoproteins, such as fibronectin and laminin (Rabinovich, G.A., et al. 1999b). As T
cells migrate through endothelial monolayers, galectin-1 expressed on the surface of
the latter cells can retard the process (He, J. and Baum, L.G. 2006). In total, galectin-i
is apparently immunosuppressive with regard to the T-cell response, through
induction of apoptosis, suppression of the T-cell response, or the mediation of the T-

regulatory cell activities.

Both galectin-1 and -3 activate neutrophils, leading to the secretion of
superoxide and IL-8 (a chemokine for neutrophils) (Nieminen, J., et al. 2(}05,
Yamaoka, A., et al. 1995). In contrast to galectin-3, galectin-1 suppresses both in vivo
acute neutrophil migration and in vivo transmigration of neutrophils across endothelial

cells (La, M., et al. 2003, Rabinovich, G.A., et al. 2000).

Role of Galectins in Apoptosis and Induction of Cell-Surface
Phosphatidylserine Exposure

Cummings and colleagues reported that galectin-1,-2 and -4 induce surface
exposure of phosphatidylserine on activated neutrophils without inducing cell death
by apoptosis (Dias-Baruffi, M., et al. 2003, Karmakar, S., et al. 2005, Stowell, S.R., et

al. 2007). Notably, probably due to the high contents of phosphatidylserine on the
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surface, galectin-1 treated neutrophils are phagocytosed by activated macrophages to
a level similar to aged neutrophils resulting in the secretion of anti-inflammatory
cytokines, such as TGF-f and IL-10 (Erwig, L.P. and Henson, P.M. 2007). Galectin-1
increases arginase activity and decreases LPS- induced reactive nitrogen species
(RNS) production by macrophages (Correa, S.G., et al. 2003). In addition, MHC-II
expression and antigen-presenting activity by macrophages was decreased when
galectin-1 is present in vivo and in vitro (Barriénuevo, P., et al. 2007). Thus galectin-1
appears to skew macrophages to states of “alternative activation” or “deactivation”

(Gordon, S. and Taylor, P.R. 2005).
Galectins in host-microbe interactions

The expression of galectin-1 is markedly upregulated after parasite or virus
infection (Giordanengo, L., et al. 2001, Lim, J.W., et al. 2003, Zuniga, E., et al. 2001).
Enveloped viruses acquire host-type glycans on their surface as viruses utilize the host
protein synthesis machinery, including glycosylation. Indeed, galectin-1 binds to
some enveloped viruses, such as HIV-1 and Nipah virus. For Nipah virus, galectin-1
inhibits its infection (Levroney, E.L., et al. 2005) while HIV-1 appears to exploit
galectin-1 to stabilize viral attachment to CD4+ T lymphocytes and macrophages,
thus promoting viral infection in these target cells (Ouellet, M., et al. 2005) and
altered T cell surface glycosylations in HIV-1 infection results in an increased

susceptibility to Gal-1-induced cell death (Lanteri, M., et al. 2003).
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Action on the nervous system

Galectin-1 is abundantly expressed in a variety of vertebrate organs including
rat and human brain. In rat brain, this lectin is predominantly expressed inside the
neuron cytosol and in neuritic processes. It is also transiently secreted and found on
the surface of neuronal cells. It participates in intracellular traffic of glycosylated
molecules in nerves. It is possible that cytqsolic lectin also plays a role in the
construction of the cytoskeleton since the lectin was shown to bind sugar-
independently to actin molecules (Joubert, R., et al. 1992). Galectin-1 in its oxidized
form, a form that lacks lectin activity, promotes neurite outgrowth (Outenreath, R.L.
and Jones, A.L. 1992) and enhances axonal regeneration in peripheral (Horie, H., et
al. 1999), and central nerves even at relatively low concentrations (pico M range)
(Horie, H., et al. 2000). Various reports suggest a relation between galectin-1
expression (or altered expression) and neurological diseases. Galectin-1 expression by
neuronal and glial cells is closely correlated with regenerative success after injury
(Wada, M., et al. 2003) and the le\}el of autoantibodies to galectin-1 is significantly
higher in patients with neurological disorders than in healthy controls (Lutomski, D.,
et al. 1997). Galectin-1 induces astrocyte differentiation, with the subsequently
differentiated astrocytes greatly enhancing their production of the Brain-Derived
Neurotrophic factor (BDNF) that, in turn, plays an ‘important role in the survival,
differentiation, and synaptic plasticity of neurons (Sasaki, T., et al. 2004). In this
context galectin-1 may thus be considered as a means for the prevention of neuronal
loss in cases of injury to the central nervous system (Egnaczyk, G.F., et al. 2003).

Oxidised galectin-1 stimulates the migration of Schwann cells from both the proximal
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and the distal stumps of transected nerves and promotes axonal regeneration after

peripheral nerve injury (Fukaya, K., et al. 2003).
Roles of Galectins in Animal Development

Galectins play important, but rather subtle, roles in animal development. Lack
of galectin-1 in mice is associated with a different set of interesting phenotypic
changes, including decreased sensitivity to noxious thermal stimuli, altered primary
afferent neural anatomy, aberrant topography of olfactory axons, and reduced muscle
regeneration ability after injury.

It is possible that the redundancy of galectin family members contributes to
survival of these null mutants or that these particular galectins are involved only in
post developmental processes, such as immune regulation. Galectin-1 expression has
been reported in male and female gonads (Wollina, U., et al. 1999). In the uterus
galectin-1 expression is restricted to the endometrium and varies during the menstrual
cycle and the early phases of gestation (von Wolff, M., et al. 2005). Galectin-1 is
externalized during adipocyte differentiation (Wang, J.L., et al. 2004) and is able to
modﬁlate osteoblastic differentiation (Andersen, H., et al. 2003) as well as the
proliferation and death of haematopoietic stem and progenitor cells (Vas, V., et al.

2005).
The effect of galectin-1 on cell signalling pathways

Galectin-1 is mitogenic for various types of normal or pathological murine and
human cells (Moiseeva, E.P., et al. 2000, Symons, A., et al. 2000). Galectin-1 inhibits
the growth of other cell types such as neuroblastoma (Kopitz, J., et al. 2001) and
stromal bone marrow cells (Andersen, H., et al. 2003). While high concentrations
(=1pM) of recombinant galectin-1 inhibit cell proliferation independently of galectin-
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1 sugar binding activity, low levels (=1 nM) are mitogenic and are susceptible to
inhibition by lactose (Adams, L., et al. 1996, Vas, V., et al. 2005). Furthermore,
galectin-1 can also regulate cell cycle progression in human mammary tumor cells
(Welis, V., et al. 1999). The seemingly paradoxical positive and negative effects of
galectin-1 on cell growth are highly dependent on cell type and cell activation status,
and might also be influenced by the relative distribution of monomeric versus
dimeric, or intracellular versus extracellular, forms.

Roles of Galectins in Cancer

The galectin-1 expression or over expression in tumors or the tissue
surrounding them must be considered a sign of their malignant progression resuiting
in poor prognosis for large number of cancer patients. Three galectins that have
shown importance in cancer progression and metastasis are galectin-1, -3, and -9.
Expreésion of galectin-1 has been well documented in many different tumor types
including astrocytoma, melanoma, head and neck, prostrate, thyroid, colon, bladder
and ovarian cancer.

Galectin-1 modifies each of the three cell migration-related processes;
adhesion, motility, and invasion. Galectin-1 can potentiate or inhibit adhesion of
various normal and cancer cells {0 extra cellular matrix (ECM) via cross-linking of
glycoproteins (integrins) exposed on cell surfaces with carbohydrate moieties of ECM
components such as laminin and fibronectin (Andre, S., et al. 1999, Ellerhorst, J., et
al. 1999, Moiseeva, E.P., et al. 1999, Moiseeva, E.P., et al. 2003, van den Brule, F., et
al. 2003). In addition galectin-1 can also mediate homotypical cell interactions, so
_ favouring the aggregation of human melanoma cells (Tinari, N., et al. 2001) and

heterotypical cell interactions as between cancer and endothelial cells, which in turn
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favour the dispersion of tumour cells (Clausse, N., et al. 1999, Glinskii, O.V., et al.
2005, Lotan, R., et al. 1994).

Cell motility includes dynamic remodelling of the actin cytoskeleton as well
as the microtubule network. The stable knockdown of galectin-1 certainly alters the
expression of a number of genes that are either directly or indirectly involved in actin
polymerisation in glioblastoma cells (Camby, 1., et al. 2005).

Galectin-1, galectin-3 and galectin-8 seem to be involved in tumour astrocyte
invasion of the brain parenchyma as their levels of expression are higher in the
invasive parts of the xenografted glioblastomas than in their less invasive parts
- (Camby, L, et al. 2001).

The abundance of proapoptotic galectin-1 in privileged immune sites such as
the placenta (Hirabayashi, J., et al. 1989), the brain (Joubert, R., et al. 1992) and the
reproductive organs (Wollina, U., et al. 1999) along with the expression of galectin-1
in the stromal tissue around tumors (Berberat, P.O., et al. 2001, Gillenwater, A., et al.
1996, Sanjuan, X., et al. 1997, Shimonishi, T., et al. 2001) or in the endothelial cells
from capillaries infiltrating them, rather than in adjacent non tumoral stroma (Clausse,
N, et al. 1999) suggest that galectin-1 might trigger the death of infiltrating T cells
and protect these sites from the tissue damage induced by T-cell derived pro-
inflammatory cytokines.

The immunomodulatory effects of galectin-1 and the correlation between
galectin-1 expression in cancer cells and their aggressiveness suggest the hypothesis
that tumor celis may impair T-cell effector functions through the secretion of galectin-
1 and that this mechanism may contribute toward tilting the balance in favour of an

immunosuppressive environment at tumor site. The blockade of the biological activity
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of galectin-1 in melanoma tissue resulted in a reduced tumor mass and stimulated the
in vivo generation of a tumor-specific T-cell response (Rubinstein, N., et al. 2004).

Galectin-1 could be involved in tumor angiogenesis because both vascular
smooth muscle and endothelial cells express it (Moiseeva, E.P., et al. 2000, Moiseeva,
E.P., et al. 2003, Clausse, N., et al. 1999)). Furthermore , although the vessel walls of
normal lymphoid tissues do not express galectin-1, the blood vessel walls of
lymphomas do so in relation to their vascuiar density (D'Haene, N., et al. 2005).
Treatment with galectin-1 specific anti-sense oligodeoxynucleotides or polyclonal
antigalectin-1 antibodies resulted in the inhibition of endothelial cell proliferation and
migration, which suggests an essential role for galectin-1 in angiogenesis (Thijssen,
V.L., et al. 2006).

Galectin-1 and atherosclerosis

Galectin-1 is least heard-of in atherosclerosis research so far. Nevertheless,
two reports had highlighted the role of galectin-1 in smooth muscle cell (SMC)
proliferation, an important step in atherogenesis (Moiseeva, E.P., et al. 2000,
Moiseeva, E.P., et al. 1999). Galectin-1 binds lipoprotein (a) (Chellan et al., 2007), a
modified low density lipoprotein molecule implicated in atherogenesis. Recent reports
have shown that galectin-l may be involved in chemoattractant at sites of
inflammation in vivo and may contribute to disease processes such as atherosclerosis

(Malik, R. K et al., 2009).
Functional antagonists of galectins

Anti-galectin compounds could have therapeutic value as anti-inflammatory

(Liu, F.T., et al. 2002) and as anti-cancer agents (Ingrassia, L., et al. 2006). Most
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types of antagonists are based on derivatives of lactose, in one way or another. The
multivalent design approach was exploited by Rabinovich et al., who synthesized
lactulose amine compounds (essentially polymethylene-spaced dilactosamine
derivatives) that demonstrated apparently selective effects in different events linked to
tumor cell apoptosis, cell aggregation, and endothelial cell morphogenesis, suggesting
that subtle differences in carbohydrate structures may be potentially useful to block
tumor growth and metastasis (Rabinovich,‘ G.A., et al. 2006). Galectin-binding
afﬁﬁities for most of these reported compounds are relatively weak. Secondly, there
still remains good cross-reactivity, bringing the question of specificity to the
forefront. The probability of eliciting various unwanted side effects is also -there.
Peptides have been identified as potential galectin antagonists. Peptides bind
somewhere on the surface of the galectin and directly on the carbohydrate-binding
site, especially because both peptides carry a net positive charge like the actual
| carbohydrate-binding site. A modified natural polysaccharide, modified citrus pectin
(MCP), is of interest as an anti-cancer agent (Nangia-Makker, P., et al. 2002). The
smaller complex oligosaccharide units of MCP can combine with the carbohydrate-
binding domain of galectin-3 (Inohara, H. and Raz, A. 1994) and interfere with its
binding to specific cell surface receptors. Besides MCP and GCS100, a similar pectin
derivative (Chauhan, D., et al. 2005), other therapeutic strategies include dietary
polysaccharides (Sathisha, U.V,, et al. 2007) and peptide mimetics (Andre, S., et al.

2007, Zou, J., et al. 2005).
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CHAPTER III

MATERIALS AND METHODS
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Materials

Neuraminidase  from bCIostridium perfringens, Standard human
immunoglobulin types (human IgA, IgG, IgM), orthophenylene diamine (OPD), 1-O-
methyl-a-D-glucoside, 1-O-methyl B-D glucoside, cellobiose, mannose, glucose,
galactose, lactose, soluble guar gum, bovine serum albumin, ovalbumin, amido black,
divinyl sulphone, cyanogen bromide, Tween-20, acrylamide, N, N'-methylene
bisacrylamide, TEMED, agarose, 2-mercaptoethanol, TEMED, lodoacetamide, fetuin,
Sephadex G-200, dextran (molecular weight 400,000-500,000 kDa), horse radish
peroxidase (HRP) type II, Streptavidin, Sulpho-NHS-LC Biotin, Coomassie brilliant
blue G, polyethylene glycol 6000 (PEG) , yeast (Saccharomyces cerevisiae) pB-glucan
(YBG) and barley B-glucan (BBG) were purchased from Sigma-Aldrich (India),
Bangalore. C. albicans strain (ATCC No.10231) was obtained from Dept. of
Microbiology, S.C.T.ILM.S.T.

Polystyrene 96 well microplates (MAXISORP) were purchased from Nunc,
Denmark. Antibodies to human IgA, IgG and IgM raised in goat were purchased from
Dako, Denmark. Sepharose 4B and 6B were the products of Pharmacia Fine
Chemicals, Uppsala, Sweden. Coomassie brilliant blue R-250 was purchased from
Pierce Chemical Co. USA. Phenyl methyl sulfonyl fluoride, benzamidine
hydrochloride and potéssium borohydride were obtained from Fluka, Buchs,
Switzerland. Other chemicals used were of analytical grade and obtained from local
sources. The seeds of Arachis hypogeae was obtained locally and peanut agglutinin

(PNA) were prepared.
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Human IgG (Sigma Chemicals, U.S.A.) was freed from traces of IgA by
passing its solution in PBS, pH 6.5 (10 mg in 5 ml) through a 5 ml jacalin-Sepharose
4B column in the same buffer at 4°C. Unbound fraction (free from IgA as shown by
ELISA was used as IgG.

Human placenta and umbilical chord, immediately after delivery, was
collected from the  Obstetrics Department, Cosmopolitan  Hospital,
Thiruvananthapuram. The tissue was washed éxtensively in running water to remove
blood clots and debris and then washed in ice cold PBS 7.4. Placenta was then cut into
pieces (50 gm) and kept frozen at -20° C before use. Fasting serum and blood samples
were collected from the Central Clinical Laboratory and Blood Bank of this institute.
The collection of all biological samples had the prior approval of the institute.
Diabetic serum samples were collected from Indian Institute of Diabetes,

Pulayanarkotta.

Methods

Protein estimation by Bradford’s method

Reagent: Coomassie brilliant blue G-250 dye solution was prepared as a
0.06% solution in 3% perchloric acid. The reagent was filtered through Whatman

No.1 filter paper before use.

Procedure: The reagent and protein solutions were mixed in the ratio 1:1 and

the absorbance at 620 nm measured immediately (Bradford, M.M. 1976)].
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Protein estimation by Lowry’s method

Reagents

a. 2% sodium potassium tartarate

b. 1% copper sulphate

c. 2% sodiulﬁ carbonate solution in 0.1 N sodium hydroxide.

d. Alkaline copper reagent: 1 ml of reagent ‘a’ and ‘b> were mixed at the time of

experiment and made up to 100 ml with reagent ‘c’.

e. 1 N Folin Ciocalteau reagent.

0.5 ml of proteiﬁ solution was mixed with 2.5 ml of alkaline copper reagent
and incubated at 25°C for 10 minutes. This was followed by the addition of 0.25 ml of
1 N Folin’s reagent and incubation at 25°C for 30 minutes. Absorbance was measured
at 660 nm using bovine serum albumin as protein standard (Lowry et al., 1951).

Protein was also estimated by a modified Lowry’s method, by including 0.5%
SDS in the alkali reagent, to estimate prétein in presence of the non-ionic detergent,

SDS (Dulley, J.R. and Grieve, P.A. 1975).

Carbohydrate estimation by phenol-sulphuric acid method

The total neutral sugar was estimated by phenol-sulphuric acid method of

Dubois et al. (1956) in a total volume of 5.5 ml with galactose as standard.
Reagents

a. Sulphuric acid
b. 5% phenol was prepared by diluting distilled phenol 1:20 with water.
The sample was made up to 0.5 ml with water and mixed with Iml of 5%

phenol, to this was added 4 ml of chilled sulphuric acid quickly and the mixture
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vortexed thoroughly. After 15 minutes incubation at room temperature, absorbance

was measured at 485 nm.

Electrophoresis

Alkaline-PAGE

Alkaline-PAGE at pH 8.3 on 7% tube gel was done as described by Davis

(Davis, B.J. 1964)].
Reagents

a. One hundred ml Tris (1.5 M) containing 24 ml 1 N HCl and 0.12 ml TEMED,

pH &.8.

b. One hundred ml Tris (0.5 M) containing 48 ml 1 N HCI and 0.46 ml TEMED,

pH 6.8.

c. 28 g acrylamide and 0.735 g bis acrylamide dissolved in 100 ml distilled

water.
d. 20 gacrylamide and 5 g bis acrylamide dissolved in 100 ml distilled H,O.
e. 4 mg riboflavin dissolved in 100 ml distilled water.

f. 14 mg ammonium persulphate dissolved in 10 ml distilled water.

Separating gel (Acrylamide 7%)

One part ‘a’ was mixed with one part ‘c’. To this mixture, an equal volume of

‘f” was added and mixed.
Spacer gel
One part ‘b’, one part‘d’, one part ‘e’ and 5 parts distilled water were mixed.
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Reservoir buffer

0.05 M Tris/0.38 M glycine, pH adjusted to 8.3.

The gels were cast in 5 mm glass tubes (BROVIGA DISC electrophoresis
apparatus) and electrophoresis run at 3 mA per tube till the bromophenol blue used as
tracking dye had reached the bottom of the gel. The gels were fixed in 12.5%
trichloroacetic acid. Staining was done using Coomassie brilliant blue R-250 and

destained with methanol: acetic acid: water (1:1.5:17.5, V/V).

Acid-PAGE

Acid PAGE was done as described by (Reisfeld, R.A., et ai. 1962).

Reagents
Solution A : 1 N KOH 48ml
(pH 4.3) Glacial acetic acid 17.2 ml

TEMED 4 ml

Made up to 100 rﬁl with water.
Solution B : 1 NKOH 48 ml
(pH 6.6- 6.8)  Glacial acetic acid 2.87 ml

TEMED 0.46ml

Made up to 190 ml with water.
Solution C: Acrylamide 30g

Bis acrylamide 0.8g

Made up to 100 ml with water.
Solution D:  Acrylamide 20g

Bis acrylamide 0.5g
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Made up to 100 ml with water.

Solution E: Riboflavin 4 mg dissolved in 100 ml water.
Solution F: Methylene blue (Tracking dye), 0.005% solution.
Solution G:  Ammonium persulphate 2.8 mg/ml in water.
Gel preparation
A. Separating gel (5% acrylamide)

1 part A

1 part C

1 part water

3 parts G
B. Spacer Gel

1 part B

1 part D

1 part E

5 parts water

Polymerization was achieved under fluorescent light.
Reservoir buffer

0.05% M B-alanine, pH adjusted to 4.5 with acetic acid. Fixing, staining and

destaining were done as described for alkaline PAGE.

Electroelution

The method described for electroelution of DNA from agarose gel (Ogden,
R.C. and Adams, D.A. 1987) was adapted for protein elution from acrylamide gel. For

electro elution from alkaline PAGE tube gels, one of the tube gels was fixed, stained
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and destained to serve as a reference to cut out the required protein bands from other
tube gels, which was kept at 4° C after the run. Gel slices containing the required
protein band were minced with a scalpel blade and kept in tris-acetate buffer (5 mM
Tris; 2.5mM acetic acid, pH 8) in a dialysis bag and immersed in the same buffer in a
horizontal electrophoresis chamber. A current of 100 V was applied across the bag for
2 hours. Electroelution was performed at 4°C. Current was reversed for 5 min to
detach the protein adhered to the sides of the diaiysis bag facing the positive
electrode. Contents of the bag» were centrifuged at 1000g and the supernatant
containing prqtein was dialysed against PBS and concentrated by AMICON PM10

ultra filtration membrane.

Preparation of matrices

1. Cross-linked guar gum (CLGQG)

Soluble guar galactomannan was cross-linked to form an insoluble gel by a
modification of the procedure described by Appukuttan et al. (Appukuttan, P.S., et al.
1977)]. Guar gum powder (10 g) was mixed thoroughly with a finely dispersed
emulsion of 2ml epicholorohydrin and 25 ml 3 N NaOH until the mixture became a
solid cake. It was then left at 40 °C in a water bath for 24 h. and then at 70 °C for 10
h. The resulting gel was soaked in distilled water and repeatedly washed with water
until washings were neutral. The gel was then equilibrated with PBS and
homogenized in a blender to obtain particles of about 300 pm size. Fine particles were

discarded by repeated decantation.
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2. Lactosyl-Sepharose 4B matrix

Lactose was covalently attached to Sepharose using divinyl sulfone as
the cross-linker. Lactose-divinyl sulfone Sepharose 4B was prepared as described by
Dean et al. (Dean, P.D.G., et al. 1985). Sepharose 4B (20 g, moist weight) was
washed in distilled water under suction and suspended in 20 ml of 1 M Na,CO; pH
11.0. After adding 4 ml divinyl sulfone, the suspension was stirred with a magnetic
bar for 1h at room temperature. Activated gel thus obtained was washed thoroughly in
distilled water and its wet cake obtained by suction filtration over sintered glass
funnel was added to 30 ml saturated solution of lactose in 1 M Na,CO; and stirred
overnight at room temperature as above. The reacted beads were washed successively
with

1. 20 ml of 1 M Na,CO3pH 11.0
2. 500ml of 0.2 M glycine-HCI, pH 3.0, containing 1 M NaCl to block unreacted
activated groups in the gel.
3. 500ml of 1 M NaCl and
4. 500 ml of distilled water.
This lactosyl-Sepharose 4B matrix was equilibrated in PBS 7.4 and packed into a

chromatographic column of required dimension.

3. Immobilization of lectins/glycoproteins to Sepharose 4B by
CNBr activation method

Immobilization of proteins on Sepharose was achieved through cyanogen
bromide method according to Lowe (Lowe, J.B. 2001). Sepharose 4B (40 ml)
(Pharmacia Biotech, Sweden) was activated using cyanogen bromide by the method
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of (Cuatrecasas, P. and Anfinsen, C.B. 1971)] in Na,COj; (2 N) at 8 °C for 5 min. and
washed with 0.1 M NaHCOj; buffer pH 8.5. The protein sample in 0.1 M NaHCO;
was added to the activated gel (2 mg/ml gel) and stirred gently overnight at 4 °C
followed by incubating the gel in 0.1 M ethanolamine hydrochloride to block the
unconjugated activated groups on the gel. The coupled gel was washed successively
with 20 times the gel volume of

1. 0.1 M NaHCO;

2. Distilled water

3. Acetate buffer 50 mM, pH 5, containing 1 M NaCl.

4. Distilled water

5. PBS 7.4.

The protein-Sepharose 4B affinity matrix can be stored at 4 °C with 0.02%
sodium azide or packed into a column of required size for chromatography. Control
used for anti-IgA-Sepharose was cyanogen bromide-activated Sepharose coupled to

ethanolamine (as 100 mM ethanolamine hydrochloridé)'instead of protein.

Preparation of PNA

All preparations were done at 4°C. Fifty gram dehusked peanut soaked for

24 h in 20 mM phoshate buffer, pH 6.5 containing 150 mM NaCl was homogenized
in the same buffer using a POLYTRON hornogeniser and stirred for 1 h. After
15,000 g centrifugation the lipid slab on top was removed and proteins from

~ supernatant, precipitated by 70% ammonium sulfate saturation, were redissolved in
and dialysed against PBS 6.5. From 15,000 g supernatant of the dialysate one half was

passed through a 40 ml CLGG column equilibrated in the same buffer. After washing
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out unbound proteins using PBS 6.5, bound proteins were eluted using 0.15 M lactose

in the same buffer and concentrated using AMICON PM 10 membrane.
Preparation of jacalin

Jacalin (Jack fruit seed agglutinin) was isolated from the seeds of Artocarpus
integrifolia (jack fruit seed) by the procedure described by Sureshkumar et al (1982).
Thirty g of Jack fruit seeds were dehusked and soaked in PBS 6.5 for 12 h. The seeds
were then cut into small pieces, homogenized in 300 ml PBS 6.5 and stirred 2 h at 4°
C. The supernatant of homogenate obtained by centrifugation at 14,000 g for 20 min
was subjected to 70 % ammonium sulphate saturation and stirred for 30 min at 4° C.
The precipitated proteins recovered by a simiiar centrifugation were dissolved in PBS
6.5 and dialysed against the same buffer before loading on to cross-linked guar
galactomannan column. The column was washed with PBS 6.5 and eluted with 0.15
M galactose in PBS 6.5. Fractions containing proteins were pooled and dialysed

against PBS pH 7.4.

Tissue Collection

‘Human placenta, immediately after delivery, was collected from the Obstetrics
Department, Cosmopolitan Hospital, Thiruvananthapuram. The tissue was washed
extensively in running water to remove blood clots and debris and then washed in ice
cold PBS 7.4. Placenta was then cut into pieces (50 gm) and kept frozen at -20° C
before use. Bovine heart tissues were collected from slaughter houses within two
hours of slaughter. After removing fat deposits, bovine heart muscle was washed in

PBS 7.4 and kept frozen at -20°C until use.
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Isolation of galectin-1

Galectin-1 from both bovine heart (BHL) and human placenta (HPL) was
isolated as described by Sangeetha and Appukuttan (2005). Briefly, the tissue was
homogenized in cold PBS (phosphate buffered saline, pH 7.4) containing 2-
mercaptoethanol  (SmM),  phenylmethylsulfonylflouride  (PMSF;  0.2mM),
benzamidine hydrochloride (2 mM) and lactose (50 mM). The homogenate was
centrifuged at 16000 g for 20 min. The supernatant fproteins were then precipitated
with ammonium sufate at 70 % saturation, dialyzed against PBS containing 2-
mercaptoethanol, and passed through a lactose-Sepharose column. The bound
galectin-1 was eluted with PBS containing 150 mM lactose and 50 mM
iodoacetamide and dialyzed against PBS. All operations were at 4°C. The lectins were
subsequently, either, conjugated with HRP or stored with 30% v/v glycerol at -20°C
until use. Lectin activity was assayed by hemagglutination with trypsinized humaﬁ

RBC.

Isolation of human plasma anti-f-glucoside antibody (ABG)
ABG from human plasma was isolated as described by [Geetha et al., 2007]
affinity chromatography, dialysis and concentration were performed at 4 OC. Outdated
frozen human plasma from healthy donors of age group 20-35 of the Department of
Blood Transfusion Services of this institute was thawed, dialyzed thoroughly against
PBS and centrifuged at 15,000 g. The supernatant (70 ml) was passed through a
column (2cm x 15cm) consisting of a mixture of cellulose (microcrystalline) and
celite (type 545, E. Merck, Germany) in 1:1 ratio (v/v). The column was washed with

PBS till effluent was- protein free. Bound protein was eluted using 0.2M dialyzable
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dextrose (obtained by thorough dialysis of 20ml 1M dextrose in PBS against 80ml
PBS) into 3ml fractions. Protein fractions were pooled concentrated by ultra filtration

(10,000MW cutoff membrane) and dialyzed against PBS to remove dextrose.

Preparation of serum dextran-binding immunoglobulin
(DIg)

All steps were at 4°C. Outdated hurﬁan plasma (50 ml) from healthy male
doncrs (25-40 years) of this institute was dialysed extensively against 20 mM
potassium phosphate buffer containing 150 mM NaCl, pE 7.4 (PBS), centrifuged at
12,000 g for 30 minutes and passed through a 2 cm x 30 cm column of Sephadex G-
200 equilibrated in the same buffer. After washing out unbound proteins using PBS,
bound protein (DIg) was eluted using 0.25 M dextrose in PBS. Fractions containing
protein were pooled, concentrated by ultra filtration (10,000MW cut-off) and stored at
2-4°C.

Isolation of anti-Gal

Isolation of anti-Gal was done by method of Jaison et al., (222).All steps
were carried out at 4°C. Outdated human plasma (50 ml) from healthy male donors
(25-40 years) of this institute was dialysed extensively against 20 mM potassium
phosphate buffer containing 5SmM EDTA and 150 mM NaCl, pH 7.4 (PBS),
centrifuged at 12,000 g for 30 minutes and passed through a 2 cm x 30 cm column of
soluble guar gum galactomannan which was cross-linked mediated by epichlorhydrin.
Column was equilibrated in the same buffer. After washing out unbound proteins
using PBS-EDTA, bound protein (anti-Gal) was eluted using 150. mM galactose in the
same buffer in 3 ml fractions. Protein containing fractions were pooled, concentrated
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by ultra filtration (10,000MW cut-off), dialysed against PBS to remove galactose and

stored at 2-4°C.

Conjugation of Horse Radish Peroxidase (HRP) to
antibodies / lectins.

Antibodies or lectins (1 mg) in 10 mM sodium bicarbonate buffer pH 9.5 (1
ml) was rﬁixed with 0.67 mg periodate activated horse radish peroxidase in the same
buffer and incubated at 25 °C for 2 h in the dark. Then potassium borohydride
solution in distilled water (1%) was added to a final concentration of 0.1%. After 30
min. the mixture was dialysed against PBS with one change overnight. The labeled

lectin/ antibody were stored in ice (Heyderman et al., 1989).

Enzyme treatment of glycoproteins on microwells.

For coating to polystyrene wells 200 pul PBS containing the specified amount of
glycoprotein was added to a 96 well ELISA plate (Nunc Maxisorp) and incubated at
37°C for 3h. Wells were then washed with PBST, blocked with PBS containing 0.5%
Tween 20 for 30 min. at 37°C and again washed with PBST. Enzyme treatment of
polystyrene well coated glycoproteins was uniformly in 0.5% Tween 20 at 37°C with 5

mU neuraminidase for 1h.
Enzyme-labeled antibody binding to polystyrene-well coated

proteins, protein conjugates or polysaccharides

Polystyrene microwell coating (96 well NUNC MAXISORP) of fungal
/yeast polysaccharides, followed by washing and Tween-20 blocking of wells was

done as described earlier. Wells were then incubated at 4°C with the specified dilution
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of HRP conjugates of antibody in 200pul PBS —T for 2h and washed thrice with the
same buffer. To assay the bound HRP, wells were then incubated at 25°C for 30 min
with 200 pl ortho phenylene diamine (0.5mg/ml) in 0.1M citrate-phosphate buffer, pH
5.0 containing 0.03% H0,, followed by addition of 50ul 12.5% H;SO4 and
absorbance measurement at 490nm in a BIOTECH (USA) ELISA reader. Alternately,
after blocking of wells, specified quantity of ABG or its components in 200ul PBS-T
was added, wells incubated at 4°C for 2h and. washed thrice with PBS-T. To quantitate
bound antibody, wells were incubated at 4°C with 200ul PBS-T containing HRP
conjugates of goat antiserum (IgG fraction) against human IgG, IgM or IgA or a
mixture of three conjugates at 1.5 pg/ml of each antibody.

Sugar inhibition of anti-glycan antibody bindizg to plate -coated

C.albicans polysaccharide

Polystyrene microwells were coated with C.albicans polysaccharides (2
ng/well) and blocked as described above. Wells were then treated at 4° C for 2 h with
200 pl PBS-T containing 2 pg of AGA previously incubated for 1 h at 4°C with 50
mM cellobiose/ mannose. Following washing with PBS-T, bound AGA was assayed
using anti-human Ig HRP as described previously.
Isolation of polymeric IgA and monomeric IgA from ABG/DIg

Anti B glucan/DIg was subjected to acid PAGE at pH 4.5 for 8 hours and gel
cut into 16 equal frjclctions. Proteins electroeluted from each fraction was coated on
NUNC Maxisorp wells (1 pg/well) and probed with HRP conjugates of anti-human»

immunoglobulins. Protein electroeluted from the gel sections corresponding to the

99



first peak of IgA was pooled together and taken as polymeric IgA fraction while the

second peak is taken as monomeric IgA.

Quantitation of IgA monomer content in polymeric and
monomeric IgA

Equal amounts of polymeric and monomeric IgA (1 pg/well) treated with
3 mM 2-ME at 37°C for 1h and coated on NUNC microtitre plates at 4°C for 1 hour.

Probing was done with anti-IgA —HRP conjugate.
Preparation of Candida albicans antigen (CAA)

C. albicans strain (ATCC No.10231) was cultured in Sabouraud’s dextrose

agar in Roux bottle and cells grown were enriched in Sabouraud’s dextrose broth.

Media composition of Sabouraud Agar, Modified

Enzymatic Digest of Casein 100 g
Dextrose 200¢g
Agar ’ 200¢g

Suspend the powder in 1 L of puriﬁed water:

The cell harvest was | sedimented and washed thrice with PBS by
centrifugation at 15,000g. Suspension of the pellet in PBS (10ml) was homogenized
using POLYTRON homogenizer and later subjected to ultrasonication (six 30 second
treatments) at 25°C. The polysaccharides released to the supernatant were collected by

centrifugation at 15,000g for 30min and dialysed against PBS pH 7.4.

Electrophoretic separation of Candida albicans antigen.

CAA was subjected to polyacrylamide gel electrophoresis at alkaline pH (8.3) for 2

h.The gels was cut into 8 segments of equal length. Electro-eluted sample from each
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segment was coated on to microtitre wells after ten times dilution and probed using
HRP conjugates of horse antibodies to human immunoglobulins IgA, IgG and IgM.

The supernatant was dialysed against PBS pH 7.4.

Isolation of yeast glycoproteins.

Baker’s yeast (5 g) suspended in 25 ml PBS was subjected to three successive
freezing and thawing, homogenized in a POLTRON homogenizer. The suspension
was then sonicated for six 30 s bouts. The sample was stirred for 30 min at 4%,
centrifuged at 12,000xg and supernatant collected. The supernatant was dialysed

against PBS pH 7.4.
Electrophoretic separation of yeast glycoproteins

Undialysible portion that consists of yeast glycoproteins were subjected to
polyacrylamide tube gel electrophoresis at pH 8.3 in 7% gel. Ten bands, which were
seen in electrophoresis, were cut, electroeluted and protein assayed using Bradford’s

method.
Isolation of non-dialysable fraction of table sugar (NDS).

Table sugar samples from local grocery shops dissolved in PBS (35% w/v)
were dialysed extensively against the same buffer in 10,060 MW cut-off dialysis

membrane and non-dialysable components in the bag saved.

Electrophoretic separation of NDS.

NDS was subjected to polyacrylamide tube gel (5%) electrophoresis at
alkaline pH (8.3) for 2 h. The gels were cut into 8 segments of equal length.

Polysaccharides from each crushed segment were eluted into 4 times its volume of
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PBS by overnight incubation at 4°C. Each eluate was diluted ten times and 200 pl

coated on 96 well ELISA plates.

Preparation of immune compiex (IC) from serum and preteins
from IC.

IC was precipitated with 2% PEG 6000 in veronal buffer (2 mM sodium
barbitone, 3 mM barbituric acid and 140 mM sodium chloride) pH 7.4 by a
modification of the procedure by Hudson and Hay (1980). Briefly, i ml serum was
treated with 40 pg non-dialysable sugar (NDS) / 100 pg dextran /20 pg CCA for 3
hours at 37°C. PEG 6000 (100 ul of 12% solution in veronal buffer) was then added
and soiutions kept at 4°C overnight. Precipitated IC was collected by centrifugation at
2000 g for 20 minutes, washed once with 2% PEG 60C0 in veronal buffer by
centrifugation as above and redissolved in 500ul PBS.

To isolate immunoglobulin from IC, the latter redissolved in PBS was
treated with 100M of the specific sugar (1-O-methyl a-D-Glc for DIg-IC and
cellobiose for ABG) at 37°C for 2 h and proteins precipitated using ammonium
sulphate (45% saturation). After centrifugation the protein precipitate was redissolved

in PBS of original serum volume and dialysed against PBS.
Immobilization of galectin-1 by biotinylation.

Galectin-1 was biotinylated by incubating 3 mg/ml of galectin with 2mM
sulpho NHS-Biotin at pH 8.0 for 2 hours at 4°C in the presence of 25mM lactose.
Unconjugated Sulpho-NHS Biotin and free lactose were separated from galectin by
dialysis in PBS pH 7.4. To Nunc Maxisorb wells coated with 1 pg streptavidin and

blocked with 0.05% T-20 PBS, 10X dilution of biotinylated galectin was added and
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kept at 4°C for two hours. Immobilization of galectin was confirmed by addition of
P

fetuin-HRP (100X) in the presence and absence of lactose SOmM.
Demonstration of binding of IgA to immobilized galectin-i

IgA (from Colostrum); 30 pg/100 pl and IgG (36 pug/100 pl) was added to NUNC
plate coated immobilized galectin-1 (as mentioned above) simultaneously along with
100 pl of fetuin-HRP (100X). Reduction in fetuin-HRP binding to immobilised

galectin-1 in these wells in comparison to the control wells is checked.

Statistics

For statistical analysis, Microsoft Excel program was used. For comparison
between two groups, the Student’s t-test was used. Statistical significance was

considered as P < 0-05.
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CHAPTER 4

RESULTS AND DISCUSSION
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Part1

Anti- polysaccharide antibodies are rich in polymeric

IgA which make it better ligands for tissue galectin-1
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A well-equipped repertoire of carbohydrate binding antibodies forms the first
line of defense against pathogens. These immunoglobulins belong to IgG, IgM, IgA,
and igD subtypes and are called natural antibodies, since they are present in sera of all
individuals in the absence of deliberate immunization (Shoenfeld, Y. and Isenberg,
D.A. 1989) and are thus a part of the innate immune system. Natural antibodies that
recognize carbohydrates including blood group antigens are not found during first
weeks of life, and a hypothesis referred as “baéterial paradigm” has been proposed by
G.F. | Springer who postulated that anti-carbohydrate natural antibodies appear in
response to stimulation of the immune system by bacterial O antigens and LPS of
gastrointestinal bacteria (Springer, G.F. and Horton, R.E. 1969). The best kncwn and
studied natural carbohydrate antibodies are directed to blood group antigens A and B
(Milland, J. and Sandrin, M.S. 2006) , terminal a-Galactoside structure(Gal o (1-
3)Gal B (1-4)GlcNAc) (Cooper, D.K. 1998, Galili, U., et al. 1984) and Forssman (Fs)
glycolipid antigen GalNAc a (1- 3)GalNAc B (1-3)Gal a (1-4)Gal B (1-4)Glc (Kano,
K. and Milgrom, F. 1977, Young, W.W., Jr., et al. 1979). Anti-carbohydrate
antibodies appear in number of pathologies, the group of particular attention includes
antibodies to tumor-associated carbohydrate antigens such as Gal (a 1-3)GalNAc-a
(TF, Thomsen—Friedenreich antigen), GalNAc-0-1-OSer/Thr (Tn) (Springer, G.F.
1984), and several related ones (Lloyd, K.O. 1991).

Anti-polysaccharide immune response is characterized by lack of T-
lymphocye memory and isotype restriction. Still there is evidence implicating the
natural killer (NK cell) and T-cell playing important role in response to T-
Indepepdent (TT) antigens. While T cells may regulate the response to TI antigens it is

not via the CD40 ligand (Foy et al., 1993). The nature of the B cell activating signal is
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critical in determining the quantitative and qualitative profile of Ig isotype production.
The immunoregulatory pathways that regulate isotype restriction patterns stimulated
by poleaccharide antigens are complex, and no single pattern can be unequivocally
defined (Mond et al., 1995). Also many carbohydrate structures presented as part of a
glycoprotein elicits T-dependent response, e.g., TAG epitope, mannoprotein etc. Their
antibody profile is characteristic of antibody response to protein involving IgG as the
major component. |

B-1 cells play a major role in responses to TI-2 antigens (Pecquet et al.,
1992).These cells, originally defined by the surface expression of CD5 and high levels
of IgM, home predominantly to the peritoneal and pleural cavities, have a capacity for
self-renewal, and display different receptor specificities. The marginal zone (MZ)
macrophages of the spleen were regarded as critical components for TI-2 responses.
Monoclonal IgA derived from peritoneal B Cells is encoded by both germ line and
somatically mutated Vy genes and is reactive with commensal bacteria (Bos et al.,
1996). Significant numbers of IgA plasma cells can be derived from B1 cells, which
reside in the peritoneal cavity. IgA switching differs among purified B cell subsets,
suggesting that individual B cell populations could contribute differentially to IgA
expression in vivo, depending on available stimuli. Non follicular MZ and B1 cells
undergo class switching to IgA in minimal culture conditions at a higher frequency
than follicular B2 cells. (Kaminski et al., 2006). IgA is synthesized in a variety of
different sizes, including monomers, dimers, tetramers, and even higher polymeric
forms. A single clone of cells can synthesize differeni forms of IgA (Moldoveanu et

al., 1984; Peppard and Jackson, 1987), and it has been suggested that IgA secreting
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cells lodged in different organs can produce IgA with different size profiles (Kutteh et
al., 1982).

Glycan antigens entering the human body through food, environment and
microflora colonizing the skin, epithelia and gut, especially in humid tropics is
enormous making it pertinent to characterize the anti-glycan antibodies and their
immune complexes. Anti-glycan antibodies are rich in polymeric IgA content making
it potential source of high quantities of pIgA-IC in serum. 90% of serum IgA is IgAl
in ‘nature with the characteristic Core 1 O-glycan in its hinge region. Systemic
mechanisms for clearance of IgA-IC and IgA in human beings include mainly

phagocytosis by kupffer cells. Hepatic asialoglycoprotein receptors (ASGPR) mediate
| the endocytosis of desialylated IgA. Because the systemic mechanisms for clearance
of IgA-IC are saturable((Rifai, A. and Mannik, M. 1984, Russell, M.W., et al. 1981),
high concentrations of IgA-IC in circulation may lead to their deposition in
extrahepatic tissues, as has been implicated in the pathogenesis of IgA nephropathy.

Different anti-glucan antibodies are used in this study to characterise their
amount of polymeric IgA content. Relative IgA content is likely to dictate the fate of
these antibodies and their immune complexes since the most ubiquitous and well
expressed tissue lectin (galectin-1) has been found to recognize exclusively IgAl
among all immunoglobulin types (Sangeetha and Appukuttan,2005).

The anti-B-glucan, specific to B (1—3)/B (1—4) linked glucose is a normal
human plasma antibody that had three times higher IgA to IgG ratio and substantially
higher polymeric IgA content than total serum immunoglobulins. Anii -glucan is
prepared from normal healthy human plasma using cellulose: celite affinity

chromatography column and elution with dextrose (Geetha, M., et al. 2007). Recently
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it was demonstrated using microchip format glycan array that f 1,4 linked glucan
binding antibodies are comménly seen in healthy donors (Huflejt, M.E., et al. 2009).
Anti-B-glucan is subjected to electrophoresis at acid pH and the separated fractions
were analyzed for its immunoglobulin composition by ELISA.

Anti-dextran human antibodies had been produced earlier by immunization
with derivatized dextran ((Kabat, E.A. and Berg, D. 1953). Sporadic cases of naturally
occurring serum anti-dextran antibodies had been reported in some Western
popﬁlation (Kraft, D., et al. 1982, Anastase,S., et al., 1996). It was reported from our
lab that dextran-binding immunoglobulin (DIg) is naturally occurring in all blood
donors tested in the province of Kerala (Chacko and Appukuttan, 2003). Dextran-
binding immunoglobulin (DIg) having speciﬁcity to a (1,6) linked glucose is isolated
from plasma of healthy human donors by affinity chromatography on Sephadex G-
200.

Sephadex is selected as affinity matrix for purification of DIg since this gel is
obtained by cross-linking dextran which is a polymer formed exclusively of glucose
in o (1—06) linkage (Sidebotham, R.L. 1974). Marked inhibition. of the antibody by (a)
dextran (b) sucrose followed by maltose and Melibiose (¢) para-nitro phenyl and
methyl a —glucosides suggest that DIg is produced primarily against a-glucosides
containing unmodified C4 hydroxyl group (Chacko and Appukuttan, 2003).

Anti-o —galactoside antibody (anti-Gal) is a polyclonal antibody present
exclusively in the sera of man, apes and old world monkeys, constituting nearly 1% of
their serum IgG content (Galili, U., et al. 1984). Majority of a-Gal-specific Abs are T
cell ;lependent in nature (Cretin, N., et al. 2002). It recognizes the terminal a-

galactoside epitopes with the notable exception of blood group B antigen (Galili, U.,
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et al. 1987). Anti-Gal is believed to be produced in the above animals in response to
immune stimulation by enteric bacteria that bear o- galactosyl antigenic epitopes
(Galili, U., et al. 1988). Human serum anti-Gal was prepared by affinity
chromatography using guar-galactomannan column (Jaison and Appukuttan, 1992).
Human galectin-1 is a dimeric carbohydrate binding protein having subunit
molecular weight around 14kDa. In mammals galectin-1 has a broad distribution,
expressed in muscle tissues, spleen, thymicv epithelial cells, endothelial cells, lung,
brain, heart and the olfactory system (Baum et al., 1995; Ahmed et al., 1996).
Galectin-1 was purified from human placental tissue by affinity
chromatography using lactose Sepharose. Extraction of the human placental lectin
(HPL) from the tissue into buffer is enhanced by the presence of the specific sugar,
lactose (Waard et al., 1976). To protect galectin-1 against oxidative inactivation, it
was treated with a cysteine-modifying reagent, iodoacetamide, during elution from the
affinity resin. Alkylation with iodoacetamide yields carboxamidomethyl-galectin,
which is fully active and stable to atmospheric oxygen in the absence of exogencus
thiols (Whitney et al., 1986). Alkylation of the lectin not only enabled the affinity
chromatography experiments to be performed in the absence of reducing agents but
also protected the lectin against inactivation by oxidation of the labile free —SH
groups during chromatography, dialysis and storage. Presénce of hapten sugar also
helps in protecting the lectin from denaturation and precipitation, especially at higher

temperature.
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Fig.3. Immunoglobulin composition in anti-B-glucan. Anti B glucan was subjected
to acid PAGE at pH 4.5 for 8 hours and gel cut into 16 equal fractions. Proteins
electroeluted from each fraction was coated on NUNC Maxisorp wells (1 pg/well)
and probed with HRP conjugates of anti-human immunoglobulins.
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Fig.4. Immunoglobulin composition of Dextran binding immunoglobulin.

Dextran binding immunoglobulin was subjected to acid PAGE at pH 4.5 for 8 hours
and gel cut into 12 equal fractions. Proteins electroeluted from each fraction coated on
NUNC Maxisorp wells (1 pg/well) and probed with HRP conjugates of anti-human
immunoglobulins.
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Fig.5. Immunoglobulin composition of Anti a-galactoside antibody. Anti o-
galactoside was subjected to acid PAGE at pH 4.5 for 8 hours and gel cut into 16
equal fractions. Proteins electroeluted from each fraction was coated on NUNC
Maxisorp wells (1 pg/well) and probed with HRP conjugates of anti-human
immunoglobulins.

ABG was isolated at a yield of i.e., 4-7 mg/100 ml plasma. ABG has
significantly higher'IgA content in comparison with total serum Ig leading to a three
times higher IgA to IgG ratio (Geetha et al., 2007). Electrophoretic pattern shows that
anti-B glucan consists of IgA in polymeric as well as monomeric form (Fig.3).

High circulating concentrations of dextran-binding immunoglobulin (3-6
mg/100 ml plasma) is seen in donors who had no history of exposure to dextran
infusions. DIg consists of IgA in the polymeric and monomeric form eventhough IgM
forms the major immunoglobulin component (Fig.4).

Anti o- galactoside was isolated at a yield of i.e., 0.8-1 mg/100 ml plasma.
Anti a- galactoside present in IgG, IgA and IgM forms (Hamadeh et al., 1995) are

devoid of any polymeric IgA content (Fig.5). The above results indicate that presence

of pc;lymeric forms of IgA in the anti-glycan antibodies which make up a large
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portion of the natural antibody repertoire is observed. It is possible that anti-glycan
antibodies that constitute such a high concentration are the major source of polymeric
IgA in serum.

The presence and/or the intensity of the stimulating signal would play a more
important role in p-IgA production than the route of antigenic exposure (Mascart-
Lemone, 1987). Also T-dependency is another factor that determines isotype
switching. Even though terminal a-galactoéide epitope is a carbohydrate antigen,
being presented as part of glycoproteins or glycolipids its immune response is T-
dependent, and hence IgG class forms the main component in the antibody population
(Cretin, N., et al. 2002). Eventhough direct T-cell help is reportedly absent in eliciting
DIg and ABG, non-cognate T cell help directs the B cell to get class switched to IgA
and IgG. The linear and repetitive nature of antigenic determinants in dextran and f3-
glucan which offer epitopes to these antibodies can be another reason for production
of antibodies with multiple valencies as that occurs in polymeric IgA. Anti-Gal, on
the other hand is elicited by a single terminal a-linked galactose moiety.

Since these natural antibodies occur in such a high concentration, immune
complex formation with their corresponding antigenic epitopes can possibly resultb

high pIgA-IC in circuiation.

Quantitation of IgA monomer content in polymeric and
monomeric IgA

Direct IgA inter monomeric contact can occur to some extent since IgA
polymers lacking J chain have been observed (Tomasi and Czerwinski, 1976). J chain
is disulfide-bonded to only two of the subunits of polymeric IgA and remaining

subunits in the higher polymers are disulfide-bonded one to the other. Limited
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reduction of serum polymeric IgA using 2ME does not bring out dissociations into H,
L, or J chains, suggesting that the interchain disulfide bridges between H--H, L--H,
and H--J were intact and that 2ME produced selective cleavage of intersubunit bonds

(Hauptman and Tomasi,1975).
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Fig.6.Quantitation of unit monomer content in polymeric IgA. One pg of the
electroeluted protein solution corresponding to Polymeric and monomeric IgA
(Obtained from ABG by acid PAGE and ELISA) was treated with 3mM of 2-ME at
37°C for 1h and coated on NUNC-Maxisorp wells and was probed with anti-IgA —
HRP (500X).

Before ascertaining the difference between polymeric IgA and monomeric IgA
in their capaciiy as ligands for lectins, anti-IgA recognition of the two was studied.
Polystyrene well coated polymeric IgA was far superior to its monomeric form
(coated after reduciion of the polymer with 3 mM 2ME). Antibody response of
originally monomeric IgA coated without prior 2ME reduction was comparable to
that of reduced polymeric IgA (Fig.6). Higher antibody binding to pelymeric Ig may
be a result of subunit clustering. In this study, treatment with 2ME (3mM) reduces the

intersubunit disulphide bonds and cleaves apart polymeric IgA subunits which helps
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to quantitatively assess its unit monomer content. Results suggest that the response of
polymeric IgA to anti-IgA HRP is 2.4 times more than that of the monomeric form
(Fig.6).

IgA recognition by lectins in terms of unit monomer content.

It was reported from this laboratory that the presence of core-I O-glyéan
structure in the hinge region of IgA1 makes it a potential ligand for tissue expressed
galectin-1 (Sangeetha and Appukuttan, 2005). Neuraminidase enzyme produced by
various pathogens like influenza virus cleaves the c-linked N-acetyl neuraminic acid
exposing the T antigen (GalP-1,3GalNAc-a) which is an efficient ligand for galectin-
1. Neuraminidase produced by C. perfringens that cleaves a -2-3 linked sialic acid
residues is used in this study. Sialidase activity together with free sialic acid has been
detected in the serum of patients with acute post streptococcal glomerulonephritis
(Rodrigues-Iturbe et al., 1981).

Before polymeric IgA and vmonomeric IgA were compared in terms of their
capacity to act as ligands for galectin-1, activity of another similar lectin i.e., peanut
agglutinin (PNA) was checked. PNA is remarkable in its specificity for T antigen
provided this group is not substituted by sialic acid moieties (Chacko and Appukuttan,

2001).

PNA-HRP response for unit monomeric IgA is 1.6 times more in the case of
polymeric IgA compared to monomeric IgA fraction (Fig.7). Sialic acid substitution
fully abolishes binding of this lectin to T antigene PNA resembles galectin-1 in being
more reactive to a-anomer than to B-anomer among methyl and para-nitrophenyl

derivatives of galactose and the recognition of O-linked rather than N-linked
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oligosaccharides among glycoconjugates (Chacko, B.K. and Appukuttan, P.S. 2001).
Enhancement of the recognition by PNA-HRP upon neuraminidase treatment is 2.77
times more in the case of polymeric IgA than in the case of monomeric JgA (Fig.8).
Desialylation increases PNA binding by 1520% for polymeric IgA and 750% for

monomeric [gA.
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Fig.7. Peanut agglutination (PNA) response to unit monomeric IgA. One pg/ml
monomeric and polymeric IgA (Obtained from ABG by acid PAGE and ELISA)
coated on microtitre wells, probed with PNA-HRP. Response for unit monomeric IgA
calculated using the formula,

PNA response for unit IgA
= Absorbance value after neuraminidase treatment

Absorbance value for mIgA/pIgA after 2ME treatment
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Fig.8. Effect of desialylation of immobilized IgA on its recognition by Peanut
agglutinin. One pg of the electroeluted protein solution corresponding to polymeric
and monomeric IgA (Obtained from ABG by acid PAGE and ELISA) treated with
and without 5 mU neuraminidase coated on microtitre wells, probed with PNA-HRP
(200X).

Since many infectious pathogens secrete the enzyme neuraminidase, such |
infections are likely to cause desialylation of IgA or its immune complexes. This
event can enhance the recognition of IgA by galectin-1 (Sangeetha and Appukuttan,
2005). Since anti-polysaccharide antiBodies are rich in polymeric forms of IgA,
binding affinities of galectin-1 to monomeric and polymeric IgA in native and
desialylated state were compared. Galectin-1 isolated from human placenta using
lactose Sepharose column was used for the study. Binding of HRP-conjugated
galectin-1 to polystyrene plate-coated IgA was studied. Results (Fig.9) shows that in
native (non-desialytated) form, polymeric IgA was 1.71 times more efficient than
monomeric as a ligand for galectin-1, when same protein contents of both were
coated. Enhancement of the recognition by human placental lectin-HRP upon
neuraminidase treatment is 2.66 times more in the case of polymeric IgA than for

monomeric IgA (Fig.7).
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Fig.9. Effect of desialylation of immobilized IgA on galectin-1 attachment.
lug/well of the electroeluted protein solution corresponding to polymeric and
monomeric IgA coated on wells, treated with and without 5SmU neuaraminidase,
probed with human placental lectin- HRP.
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Fig.10. Human placental lectin (galectin-1) response for unit monomeric IgA.1
png/well of the electro eluted protein solution corresponding to polymeric and
monomeric IgA treated with and without 5SmU neuraminidase was coated on wells,
probed with human placental lectin- HRP. Response for unit monomeric IgA
calcuiated using the formula,

HPL response for unit IgA = Absorbance value after neuraminidase treatment
Absorbance value after 2ME treatment
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HPL-HRP response for unit IgA after desialylation is 2.7 times more in the
case of polymeric IgA compared to monomeric IgA fraction (Fig.10).An increase in
polymeric content may follow many infections and diseases like diabetes.
Desialylation is also known to accompany infections and diabetes. Since both an
increase in polymeric IgA content and desialylation enhance IgA recognition by
~ galectin-1, the result points towards the chance of IgAl-rich immune complexes to

get attached to tissue galectin-1 more efficienily in the above disease states.

Discussion

Circulating immune complexes with a molecular composition exceeding
AgyAb, are preferentially cleared by the hepatic reticuloendothelial system.
Opsonized immune complexes bind to red cells through CR1 and this process
facilitates the transport of complexes within the circulation. As the amount of serum
complexes increases further, saturation of the reticuloendothelial system occurs and
thereby the likelihood of their non-hepatic tissue deposition is enhanced (Haakenstad
and Mannik., 1974). Since IgA does not activate complement through the classical
complement pathway, erythrocytes have a very limited role in the binding of IgA-IC
(Matsuda, S., et al. 1988). The existence of specific receptors on Kupffer cells
raediates the binding and élearance of IgA-IC. The galactose-terminating glycans are
ligands for the asialoglycoprotein receptor (ASGP-R), which mediates the clearance
of IgA from the serum (Basset.C et al., 1999, Stockert.R.J., 1995). N-glycans alone
mediate the removal of glycoproteins through ASGPR. IgA exposed to free
neuraminidase would be denuded of sialic acid and cleared by hepatic
asialbglycoprotein receptor (ASGPR) (Bhatia, A and Kast, 2006). In man, liver
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disease is frequently associated with marked elevations in serum IgA including pIgA.
But the removal through ASGPR accounts for turnover of a very minor fraction of
IgA1 unlike in the case of IgA2 though serum half lives of both are similar (Kerr,
M.A, 1990). |

Fc a RI receptors present on the monocytes, neutrophils as well as
macrophages in tissues have a role in the catabolism of IgA-IC (Otten, M.A. and van
Egmond, M. 2004). Mesangial cell receﬁtors reportedly have a role in IgAl
catébolism. Novak et al;, suggested that mesangial cells possess receptors that are
different from both FcaRI (CD&9) and ASGP-R and had higher affinity for circulating
immune complexes than for uncomplexed IgA (Novak et al., 2002).

Other known receptors for IgA are polymeric g receptor on epithelial cells in
the mucosa, Fca/pR on the majority of B lymphocytes and macrophages and
transferrin receptor. Saturation or dysfunction of those receptors might contribute to
the increased serum levels and glomerular deposition of circulating, soluble IgA-IC
reported in patients with IgA nephropathy, Henoch -ScOhnlein puriaura, and
glomerulonephritis associated with alcoholic liver cirthosis. Reports say that in IgA
Nephropathy, IgA molecules found in the glomerular mesangium are polymeric IgA1l
(Tomino et al., 1982). Results show that sialylation increases the binding nature and
more so in the polymeric IgA. IgA1 from patients was found to be relatively abundant
in asialotype sugar chains (Iwase and Hiki., 2002). The IgA deposited in glomerular
and other lesion sites was found to be exclusively of IgA1l class (Mestecky et al.,
1986). When injected into experimental rats desialylated IgA1l in contrast to native

IgA1 accumulated in glomeruli (Sano et al., 2002).
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In the glomerulus of kidney blood is filtered through slit membrane between
foot protrusions of endothelial cells, basement membrane and epicyte. Galectin-1
(Gal-1) is a newly identified component of the slit diaphragm, binding to the
ectodomain of nephrin. It is speculated that podocytes are a major site of biosynthesis
of Gal-1 in the glomerulus, either as a free molecule or in complex with its interacting
components. (Shimizu,M et al., 2009). The occurrence of galectin-1 in glomerulus at
which IgA1 gets deposited especially in the desialylated form led us to investigate the
pos‘sibility of sugar-dependent anchoring of IgA1 on galectin-1.

Since the results described in this chapter show that both polymeric and
desialylated state of IgA1 are factors leading to its far higher binding to galectin-1, the
evidences cited above suggest a role for galectin-1 in IgA deposition in tissues.
Significantly, a higher binding by IgA1l to form immune complexes does not engage
its carbohydrate side chains.

Circulating IC have been noted as a major predisposing factor for
cardiovascular diseases (Mustafa, A., et al. 2000, Szondy,E et al., 1981). IgA levels
have been found to be significantly higher in subjects with severe atherosclerosis than
in controls (Muscari et al., 1989). The increase in total serum IgA in the presence of
severe atherosclerosis is secondary to the occurrence of major ischemic events,
possibly reflecting a protracted production of antibodies against antigens generated by
the ischemic process (Muscari et al.,, 1993). The atheroscierotic intima contains a
small amount of tissue-bound IgG and IgA (Hollander et al., 1979). Indeed,
circulating immune complexes have been noted as a major factor predisposing
patients to cardiovascular disorders (Mustafa A., 2000). Prevalence of seropositivity

of Chlamydia pneumonia was higher in patients with atherosclerotic plaque and one

121



of its markers Chlamydia pneumonia I1gA may be a predictor of atherosclerosis in
these vessels (Jha et al., 2008). Chronic active infection has a role in atherosclerosis
and Cp.IgA is a predictor of plaque formation. Association between anti-milk IgA
antibodies and atherosclerosis was shown by Muscari et al (1989).

Vascular inflammation and endothelial activation are noted as important
mediators of elevated CHD risk (Rowley, K et al., 2003). Galectin-1 is expressed on
endothelial cell surfaces with enhanced expreésion upon activation of the cells (Baum,
LG.A, 1998). Even though the significance of galectin-1 expressed in endothelium on
T-cell biology is studied well, its capability to capture IgA as a receptor and mediate
further inflammation is not done yet.

Tissue fibronectin, as well as laminin, serve as endogenous ligands for
galectin-1, suggesting that galectin-1 may play a role in assembly of the extracellular
matrix, or in the control of cell adhesion based’ on lectin-extracellular matrix
interaction (Ozeik1,Y et al., 1995).

Altogether it can be inferred that galectin-1 could play important roles in the
catabolism as well as pathogenesis of IgA in free or complexed form.

The observation that IgAl in the polymeric form acts as better ligand for
galectin-1 is significant to both the normal biology as well as the IgA-mediated
immune pathology. Incidently, though IgA is the most synthesized and most turned
over immunoglobulin type in serum, biological fate of IgA1 subtype that makes up
more than 85% of total IgA is much less clear than that of IgG or IgA2 (Monteiro and
van de Winkel, 2003). A role for galectin-1, weil expressed and widely distributed in
human tissues including the endothelial cells and mesangium, in sequfestering the

most prominent T antigen-bearing serum glycoprotein, IgA1, seems very likely.
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Part I1

Identification of polysaccharides from commensal
and infectious microorganisms that offer antigenic
epitopes for anti-glycan antibodies (AGA) and form

immune complex(IC) in vitro
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Environmental microbial load offers abundant carbohydrate epitopes that éan
elicit the production of large quantities of anti-carbohydrate antibodies. Warm and
humid tropical climate is favourable for the survival of microorganisms including
fungi in large numbers which possess carbohydrate epitopes like - glucans on their
cell wall structures. Glycan epitopes in the form of polysaccharides, glycoproteins or
glycolipids are not only abundant in microbial, dietary or environmental antigens, but
are also easily availabie for recognition By cognate biomolecules due to their
hydrophilicity and exposure to the extra cellular environment. As a result anti-
carbohydrate antibodies of varying specificities form a considerable part of circulating
human immunoglobulins (Chacko, B.K. and Appukuttan, P.S. 2003, Geetha, M., et al.
2007, Springer, G.F. 1984).

The high titre of ABG, DIg and Anti-gal isolated from normal human plasma
indicates chances of their meeting with corresponding epitopes to form circulating
immune complexes (cIC) in vivo. Immune complex (IC) formation mediated by
natural antibodies represents front-line immune defense mechanism against
pathogens. Due to the high fepresentation of pIgA 1in anti-glycan antibodies like ABG
and Dig, the AGA-IC are enriched in plgA, eventhough their physiological relevance
in combating infection is less clear than that of ICs formed of the complement fixing
IgG/IgM. Under normal physiological conditions, ICs are removed effectively from
circulation by the RBC mediated transport of IC to macrophages in spleen and liver.
Erythrocytes have a very limited role in binding IgA immune complexes (Matsuda,
S., et al. 1988). Reports indicate that kupffer cells contribute to the clearance of IgA-
IC by phagocytosis (Rifai, A. and Mannik, M. 1984). Since systemic mechanisms for

clearance of IgA-IC are saturable, high concentrations of IgA-IC in the circulation
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may lead to their deposition in extrahepatic tissues, as implicated in the pathogenesis
of IgA nephropathy (Emancipator, S.N. and Lamm, M.E. 1989). In this context it is
relevant to investigate the pathogenic potential of the overburden of IgA—IC in the
context of emerging reports on IgA deposition-mediated diseases.

Commonly occurring environmental sources that can offer antigenic epitopes
to these antibodies were sought as part of the study. Fungal B- glucans are variably
but commoniy present in food, eﬁvironment and in human-commensal
niicroorganisms, mostly complexed with other constituents, in particular with proteins
(Ishibashi et al., 2005). B-glucan enters the bloodstream from food containing baker’s
yeast. Saccharomyces cerevisiae, the common ‘bakers’s or ‘brewer’s yeast consists of
B-glucan as part of its cell wall. S. cerevisiae is a common colonizer of mucosal
surfaces and part of the normal flora of the gastrointestinal tract, the respiratory tract,
and the vagina. Its presence in normally sterile fluids has been classically described in
patients with rupture of the local barriers or with very high fungal loads. Portals of
entry include translocation of ingested micfoorganisms from the enteric or oral
mucosa and contamination of intravenous catheter insertion sites. The most consistent
risk factor for S. cerevisiae fungemia is the use of probiotics (Munoz, P., et al. 2005).
Crohn’s disease, an inflammatory bowel disease is characterised by the presence of
large quantities of anti-S. cerevisiae antibody in serum (Walker, L.J., et al. 2004). It
has been noted that limiting the uptake of S.cerevisiae containing food can improve
the prognosis of this disease. Cell wall of S. cerevisiae consists of mannoproetins of

varying molecular weights to which B-glucan is attached via phosphodiester linkages.
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Fungal pathogens like Aspergillus Spp. which consists of 8 —glucan in the cell
wall is abundantly present in tropical atmosphere. Candida albicans is another
prospective source of this glycan epitope and hence used as a main tool for this study.

C. albicans is an opportunistic pathogen in humans that takes a lead role in
infection once the immune system gets compromised. The major components (80-
90%) of the cell wall of C. albicans are carbohydrates ;(1) mannan or polymers of
mannose covalently associated with proteins to form glycoproteins, also referred to as
mannoproteins; (i1) B-glucans and (iii) chitin. Protein (6 to 25%) and lipids (1 to 7%)
are present as minor cell wall constituents. Yeast cells and germ tubes are similar in
their cell wall composition, although the relative amounts of B-glucans, chitin and
mannan may vary with the morphology. Quantitatively B-glucans constitute 47 to
60% by weight of the cell wall. Evidences indicate that mannoproteins may establish
covalent associations with B (1—3) - and B (1—6) —glucans through phosphodiester
linkages. A complex array of protein-containing components has been solubilized
from isolated cell wall preparations and from intact cells of both candidal growth
forms. Several studies have identified 20-40 polypeptide species in the medium-to-
low-molecular-mass (from 80 to 15 kDa) range. Several mannoprotein species within
a molecular mass range of 58 to 180 kDa are also detected. Increasing or persistently
high glucan levels (inspite of antifungal treatment) appear to be indicators of more
severe outcome (Obayashi, T., et al. 1995). Candida albicans glucan has a higher
percentage of B-1,6 crosslinks than that seen in S. Cerevisiae.

While B-glucan is in itself a very poor immunogen, its presence as a moiety in
complex, microbial cellwall molecules, particularly proteins (Klis, F.M., et al. 2001),

makes it a natural glycoconjugate, eventually enhancing its immunogenicity. While
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there is plenty of data on the presence in human serum of high levels of antibodies
against fungal mannans or mannoprotein (Greenfield, R.A., et al. 1983) very few data
have been so far generated about the presence of anti- B -2lucan antibodies (Ishibashi,
K., et al. 2005, Kondori, N., et al. 2003).

A high quantity of B-glucan in serum is considered as a marker of fungemia. It
has been reported that even the sera of normal healthy acults contains 10-20 pg/ml of
B-glucan. Earlier studies failed to demonstrate presence of anti-B-glucan antibodies
even in yeast-infected persons and led to the conclusion that B-glucan is not exposed
on Candida cell surface (Ballou, CE.1982). Recent studics on the physiological roles
of ABG do not focus on IgA, mostly owing to the fact that IgA does not mediate

effector functions like 1gG/IgM.

Fig.11. Separation of yeast glycoproteins (YGP) by alkaline PAGE. Cell surface
glycoproteins from S. cerevisiae were isolated as described in Methods and alkaline
PAGE was done at pH 3.3 in 7% gel.
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Ten bands were seen in electrophoresis (Fig.11) and their corresponding

protein portion was cut from unstained gels, and protein obtained by electroelution.
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Fig.12. Carbohydrate —dependent recognition of yeast glycoproteins by ABG-
HRP and DIg -HRP. One microgram each of the ten electroeluted yeast
glycoproteins was coated on NUNC ELISA plate wells and probed using ABG-HRP

(3pg antibody/ml) and DIg-HRP (3pg antibody/ml). Values are mean + S.D of six
trials.

The presence of antigenic epitopes for ABG and DIg was checked in the
electrophoresed YGP. Both of these anti-carbohydrate antibodies recognize yeast
glycoproteins (Fig.12), even though the response was higher in the case of ABG-
HRP. This is expected since B-linked glucans form majority of the cell wall of
S.cerevisisae. The recognition of YGP by DIg can be attributed to the multiple
specificity of this a (1,6) linked glucan specific antibody to B (1,3) linked glucans
also.

The carbohydrate dependency of the YBG recognition by ABG was confirmed
by inhibiting the binding of ABG to coated Candida Cellwall Antigens (CCA) using

different fractions of yeast glycoproteins (Table 1.)
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No. of the YGP protein band Concentration required for

50%inhibition
Band No.1 4.6pg/ml
Band No.2 1.8pg/ml
1-O-Methyl B-D glucoside 1164 ng/ml
Cellobiose 194 pg/ml

Table 1. Inhibition of ABG binding to Candida cellwall antigen (CCA) by yeast
glycoproteins. Two micrograms CCA coated on ELISA plates were treated with
ABG (2 pg/well) which had been pre-incubated for 1h at 4° C with and without serial
dilutions of yeast glycoproteins and bound ABG estimated using a mixture of HRP
conjugates of goat anti-human immunoglobulin.
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Fig.13. Comparison of binding of ABG-HRP and DIg-HRP to coated yeast f-
glucan and CCA. CCA (1pg/well) (2) and yeast B-glucan (0.5pg/well) coated on
ELISA plate wells were probed with DIg-HRP and ABG-HRP (3 pg/ml antibody).
Values are mean + S.D of six trials.

Glycoconjugates present in wild yeast offers efficient epitopes for the two
anti-carbohydrate antibodies studied (Table 1). ABG was found to be more efficient
than DIg in recognizing the glycoconjugates of Candida albicans. Comparative study
shows that yeast B-glucan is far better than CCA in ABG/DIg binding (Fig.13).

Though CCA used is crude isolate while yeast B-glucan used for the study is a
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purified form purchased from Sigma. The former has been found to be >95%
carbohydrate by mass. Results in table 1 suggest that as ligands for ABG, yeast
polysaccharides are superior to the best mono- and disaccharide of the antibody by
orders of 10° and 107 respectively. The yeast polysaccharide from fractions 1 and 2
(Table 1) were used for comparison since they were leading constituents of YBG.
Dextran-like glucans form part of bacterial, yeast and fungal surface antigens
(Sutherland, L.W. 1985). Dextran is yet another polysaccharide that provides linear
epitopes for natural antibody recognition. It is a typical example for T-independent
typé 2 antigen. Dextran is produced from sucrose by L.mesenteroides which
contaminates the sugar cane during processing. To detect dextran-like molecules in
edible sugar, non-dialysable portion that was left after removal of sucrose by
extensive was isolated as described in Methods. Commercially available high
molecular weight dextran was used as standard. Presence of antigenic epitopes for

ABG and DIg in non-dialysable sugar (NDS) was checked.
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Fig.14. Antigenic epitopes for ABG and DIg from edible sugar. Two pg/well NDS
coated on microtitre plates, probed with DIg-HRP and ABG —HRP with and without
sugar inhibition (50 mM 1-0-Methyl alpha D- glucoside for DIg and 50 mM
Cellobiose for ABG) . Values are mean = S.D of six trials.
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Results suggest that non-dialysable portion of the edible sugar contains
epitopes for ABG and to a lesser extent for DIg (Fig.14). Reversibility of the binding
by inhibitory sugars confirms the specificity of binding. Even though these antibodies
show anomer preference, their multiple specificity, which is characteristic of natural
antibodies, enables them to bind to various epitopes present on microbial cell

surfaces.
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Fig.15. Binding of DIg to non-dialysable fraction from table sugar. Non-dialysable
sugar (NDS) fractions isolated by polyacrylamide tube gel electrophoresis at aikaline pH
and passive elution (Methods) were coated on to polystyrene microtitre wells after ten
times dilution and probed using DIg (1 pg per well) followed by HRP conjugates of goat
antibodies to human immunoglobulins IgA, IgG and IgM. Values are mean +S.D of six
trials.

Leuconostoc mesenteroides that contaminates unhygienically processed sugar
cane extract has been reported to synthesize dextrans using sucrose (Sidebotham

1974). NDS was present in all of 10 consecutive table sugar samples collected from

grocery shops of this region and varied between 0.03 to 0.1 % (w/w) of total sugar
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(Data not shown). NDS was separated into 8 components by electrophoresis. All the
components were recognised by DIg indicating the potential of impure dietary sugar

to form DIg-mediated immune complexes (Figure 15).
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Fig.16. Relative affinity of DIg binding to dextran and B-glucans from yeast (YBG)
and barley (BBG). Each sample was coated on NUNC ELISA plate wells (2 pg/well).
DIg (1 pg) previously incubated with or without 50 mM aMG at 4°C for 1 h was added
to each well. After incubation for two hours at 4°C, bound DIg was assayed using HRP
conjugates of anti-human IgA, IgG and IgM. Values are mean +S.D of six trials. P =
0.04

The affinity of DIg for a-linked glucose moiety was evident from the efficiency
of various polysaccharides coated on polystyrene wells to capture the antibody (Figure
16). B-1,3 Glucans from yeast and barley were significantly less effective in capturing
DIg than dextran which consists almost exclusively of a(l—6)- linked glucose
moieties. Notably the reversibility of DIg binding with o MG also decreased from
dextran to yeast and barley B —glucan (Figure 16). DIg is a natural antibody and hence
multiple specificity is expected. Multiple specificity of an antibody is thought to be
caused by the flexibility of the antigen binding pocket (Notkins, 2004). A well known
example of a protein with specificity for two different carbohydrate epitopes is serum

mannan binding protein (MBP) which accommodates both mannose and glucose
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moieties (Summerfield and Taylor, 1986). In humans of A or O (H) blood group,
synthesis of anti-blood group B antibody is not precluded so that their serum anti-Gal
antibody has been reported to accommodate either a(1—3 )- linked or a(1—4)- linked
galactose ( Galili et al.,1987a ). Dlg purified using an exclusively a (1—6)- linked
glucose polymer is unique in accommodating the structurally distant B (1—3)- linked
glucose in glycans.

Polyreactive antibodies are said to Be more of IgM class. DIg preparation usin
Sephadex G-100 consisted mostly of IgG and relatively little IgM. Since the occurrence «
IgM was suspected more in DIg, modified affinity chromatography using Sephadex G-2(

gel that offers pores that can accommodate IgM molecules as well was employed to prepa:

Dlg.
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Fig.i7. Comparison of immunoglobulin class in DIg prepared on Sephadex G-100 arx
Sephadex G-200. DIg was isolated from plasma of same donor using Sephadex G-100 at
Sephadex G-200 column. Anti-human IgA/IgG/IgM was coated on Nunc Polystyrene wel
(0.5 pg/well). DIg isolated from both affinity chromatography columns was added to tl
wells (1 pg/ml) and probed using anti-human immunoglobulins separately (3 pg each/wel
as per the coating.
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The comparison study shows that there is tremendous increase in the yield of
IgM in the DIg population prepared using Sephadex G-200 (Fig.17). Though usually
used as a gel filtration column Sephadex here is used as an affinity matrix and is made
up of dextran crosslinked by epichlorhydrin. Sephadex G-100 acts as a molecular
sieve and molecuies of larger dimension i.e. above 150,000 Da do not penetrate the
matrices of swollen gel. Lower yield using Sephadex G-100 must have resulted from
restricted access into the relatively smallervpores of this gel for the pentameric IgM
that forms bulk of DIg. But Sephadex G-200 permits even IgM to pass through.

Results show that IgM yield is six times higher in Sephadex G-200. Yield of
DIg employing Sephadex G-200 as affinity matrix was in the range of 4-6 mg from 70
ml plasma each from 12 donors, as against 0.9 to 1.4 mg obtained using Sephadex G-
100 as matrix earlier (Chacko, B.K. and Appukuttan, P.S. 2003).
Demonstration of the formation of Glycan-Anti-
glycan immune complexes using Candida albicans
cellwall antigen (CCA).

In vitro studies were done to demonstrate the formation of anti-glycan
antibody polysaccharide immune complexes between anti-f- glucan antibody on one
hand and fungal polvsaccharides on the other. The dimorphic fungus Candida
- albicans is both a commensal and opportunistic pathogen of humans. Candida species
are found as the normal flora of skin, mouth, intestine and mucocutaneous junctions.
Predisposing factors for Candidiasis include immunosuppressive, antibiotic and
cytotoxic therapies, the presence of intravenous catheters and indwelling devices, very
low birth weight, AIDS, diabetes, and drug abuse. Depending on the underlying host

effect, this microorganism is able to cause a variety of infections that range from
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mucosal candidiasis to life- threatening disseminated candidiasis (Martinez, J.P., et al.

1998).
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Fig.18. Immune complex formation in serum upon the addition of varying
concentrations of CCA. Seven different concentrations of CCA (0, 10, 20, 40, 80

and 160 pg/ml respectively) were added to normoglycemic serum and processed as
described in Methods. Two microgram per well coated CCA was treated with 20 x
dilution of the IC-pellet and the bound antibodies were probed with a 1:1:1 mixture of
HRP conjugates of anti-human Ig.

In order to isolate serum antibodies specifically reacting with CCA,
increasing amounts of CCA were added to fixed volume of serum and immune
complexes formed separated, and antibodies thereof analysed in terms of their
capacity to bind to microplate coated CCA. Results show that, as the concentration of
CCA increases, there is a correésponding increase in immune complex formation till
the zone of equivalence is reached (Fig.18).

The cell wall of Candida albicans is not only the structure in which many
biological functions essential for the fungal cells reside but also is a significant source

of candidal antigens. Although cell-mediated immunity is often considered to be the
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most important line of defense against candidiasis, cell wall protein and glycoprotein
components also elicit a potent humoral response from the host that may include some
protective antibodics. Thus, coating of fungal cells with host antibodies has the
potential to influence profoundly the host-parasite interaction by affecting antibody-
mediated functions such as opsonin-enhanced phagocytosis and blocking the binding
activity of fungal adhesins for host ligands. The addition of CCA to serum from
normal healthy individuals results in formatien of ICs which can be precipitated by
2% Polyethylene glycol (PEG). Even though PEG precipitation is a non-specific
method of IC isolation which works on the principle of solvent exclusion, the low
concentration of PEG used in this study reduces the sensitivity and hence increases
the specificity. CCA coated NUNC polystyrene wells used for the ELISA further
enhances the specificity of the test. There is a minimal absorbance value seen even in
the control wells were IC not incubated with CCA is added. This shows that a
minimum amount of circulating IC contributed by CCA-reactive antibodies occurs in
serum even without the intentional addition of the antigen. This result is not
unexpected in the tropical climatic conditions where moist and warm atmosphere
favours the growth of various saprophytic as well as pathogenic fungi. It should be
noted that normal population has a minimum level of 10-20 pg/ml B-glucan in blood.
The specificity of the newly formed ICs was confirmed by adding glycogen as
a control antigen to an aliquot of the serum tested (Fig.19). Result suggests that
glycogen>precipitates no more CCA-reactive antibodies than where no antigen wae

added and the hike in the response in cases of CCA addition was structure-specific.
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Fig.19. Comparison of immune complexes formed upon the addition of CCA and
glycogen to serum. CCA and glycogen 20 pg/ml each was added to normoglycemic
serum aliquots and processed as described in Methods. To Two microgram per well
coated CCA 20 x dilution of the IC-pellet was added and the bound antibodies were
probed with a 1:1:1 mixture of HRP conjugates of anti-human Ig. (3 pg of each).
- Mean +/-S.D of triplicate trials shown. P <0.05.

The C. albicans cell wall may be envisaged as a dynamic and plastic,
multilayered structure located external to the plasma membrane. The cell wall is the
structure responsible for maintaining the shape that characterizes each growth form
(yeast and hyphae) of the fungus. In addition it mediates the initial interaction
between the microorganism and the environment.

Antibody preduction may be stimulated as a result of gastrointestinal
colonization or other types of infection, and this may explain the presence of anti-
Candida antibodies in the sera of healthy individuals (Martinez, J.P., et al. 1998). The
occupation of the gastrointestinal tract by C. albicans result in release of candida cell
wall carbohydrates like B glucan into circulation, which elicits the production of

ABG. Most cases of systemic candidiasis are endogenous in origin with a continuum

from colonisation to infection.
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Effect of cellobiose and mannose on the binding of immune complexes to
coated CCA was checked. Immune complexes to CCA were precipitated and

inhibition studies were done as described in Methods.

0.5

045 4
0.4 4
0.35

0.3
Absorbance 025

at 490nm
0.2

Mannose C+M (50 mM
each)

None Cefiobiose

Inhibitors used

Fig.20. Sugar-dependent binding of antibodies to CCA. One ml serum to which
20 pg/ml CCA was added was kept at 37°C for 3 hours. After PEG precipitation and
separation of proteins as described in Methods, 20X dilutions of the samples were
added to Two pg CCA-coated wells with or without previous inhibition with the
sugars and probed with HRP conjugates of antibodies to human IgA, IgG and IgM
separately (3 pg each). (1) no inhibition, (2) inhibition with cellobiose 50 mM (3)
inhibition with mannose 50 mM (4) inhibitions with both sugars together, each 50
mM. Mean +/-S.D of triplicate trials shown. P <0.05.

Sugar inhibition using 50 mM cellobiose as well as 50 mM mannose brings
about remarkable reduction in the binding of IC to the CCA-coated wells (Fig.20).
This suggests that anti-B-glucan as wel! as anti-mannan antibodies which occur in the
serum as natural antibodies are capable of forming immune complexes with the
antigenic epitopes presented by C.albicans. Also both sugars together will bring
about a synergistic effect depicting the presence of two types of antibodies. Anti-
mannan antibodies were shown to be ubiquitous in human sera, presumably because

the immune system can be stimulated as a result of colonization by C.albicans in the
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absence of disease (Domer, J.E. 1989). Along with the anti-mannan antibodies, anti-f3
—glucan antibodies also have a major role in precipitating the immune complexes as
evident from the above result. The role of anti-B-glﬁcan in defence against fungal
infections like C.albicans and Aspergillus Spp. was suggested by Ishibashi et al
(Ishibashi, K., et al. 2005).

It was reported that interplay between protective and inhibitory antibodies
dictates the outcome of experimentally disseminated Candidiasis in recipients of a
Candida albicans vaccine (Bromuro, C., et al. 2002).They demonstrated that some
anti-Candida antibodies i.e., anti-mannoprotein antibodies can block the protective
potential of the immune serum, a potential to which anti-B-glucan antibodies appear
to contribute.

Both laminarin (linear B-1,3 linked glucose polymer with occasional B-1,6
branches) and pustulan (linear B-1,6 linked glucose polymer)-like molecular
structures  are commonly present in B -glucans of most pathogenic fungi
(Torosantucci, A., et al. 2005). The balance between antibodies against these two
specificities is strongly influenced by the nature of the adjuvant and route of
administration. The protective B-giucan epitope has a linear, B -(1,3), laminarin-like
configuration (Chiani, P., et al. 2009). Anti-beta-glucan antibodies elicited by a
laminarin-conjugate vaccine confer cross-protection to mice challenged with major
fungal pathogens such as Candida albicans, Aspergillus fumigatus and Cryptococcus
neoformans. The protective IgG2b selectively bound to § 1,3-linked (laminarin-like)
glucose sequences whereas the non-protective IgM bound to  1,6- and B 1,4-linked
glucose sequences in addition to B 1,3-linked ones (Chiani, P., et al. 2009). The
isotype of anti- B-glucan antibodies may affect the p-glucan epitopes recognized, and
this may be associated with differing abilities to inhibit virulence attributes of the

fungus and confer protection in vivo.
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Altogether, anti-f -glucan antibodies are indeed commonly present in human
serum, although with rather large individual subject variations. Different exposure to
the different sources of this antigen, coupled with the possible different
immunogenicity of the B-glucans present in the different sources, could account for
the wide differences in individual antibody response. In human candidiasis, the value
of anti-mannan and anti-B -glucan antibodies, and their interaction in terms of
protection from fungal disease, are debated (Cassone, A., et al. 2005).

Results shown above prove that ABG-mediated immune complexes are
present in normal individuals and are markedly elevated during fungal infections.
Immunoglobulin class prevalence in CCA immune complexes in comparison with
natural immune complexes was done for further characterisation of the immune

complexes.
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Fig.21. Immunoglobulin class composition of CCA-IC. To one ml serum 20 pg/ml
CCA or PBS was added and incubated at 37° C for 3 hours. After PEG precipitation
and separation of proteins as described in Methods, 20X dilutions of the samples were
added to CCA -coated wells and probed with HRP conjugates of antibodies to human
IgA, IgG and IgM separately.

Percentage increase in O.D was obtained as;

(Absorbance for CCA-IC-absorbance for control IC)X100
Absorbance for control IC
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Percentage increase in each Ig type in IC formed upon addition of CCA
compared to normal IC has been determined (Fig.21). Result suggests that IgA is the
most prevalent immunoglobulin class in CCA- ICs unlike the natural immune
complexes where IgG forms the major portion. Anti-mannan antibodies are formed T-
dependently and are devoid of IgA in remarkable amounts (Durandy, A., et al. 1983).
Hence it can be concluded that the high IgA in CCA-IC corresponds mostly to ABG.

Since B-glucans and related antigens reside on cell surfaces and are released
into host circulation, frequent exposure to these organisms as commensals or éystemic
infectants, experienced by even normal individuals leads to a considerable increase in

IgA-containing IC, contributed by ABG and related antibodies.
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Fig.22. Effect of high serum glucose on CCA-IC formation. (Shaded blocks
represent CCA added samples whereas unshaded one is the control.) Twenty pg/ml
CCA was added to sera, which was pre-treated with (3™,4™ and 5th blocks) and
without(znd block) sugar. [1) No antigen added, 2) serum glucose level; 80mg/dl), 3)
serum glucose level; 400mg/dl), 4) scrum glucose 80mg/dl + xylose 320mg/dl, 5)
serum glucose 80mg/dl+ 320mg/dl arabinose]. Two micrograms of coated CCA was
treated with 20 x dilutions of the immune complex pellet and the bound antibodies
were probed with a 1:1:1 mixture of HRP conjugates of anti- human Ig. Values are
mean + S.D of six trials. P<0.05
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Inhibition of ABG binding to microplate-coated fungal polysaccharides by
common sugars had been reported earlier from this laboratory (Geetha, M., et al.
2007). In the present study, inhibition of CCA-mediated IC-formation in serum by
glucose and control sugars at different concentrations was attempted.

To rule out any colligative effect by high amounts of inhibitory sugar, equally
high concentrations of arab\inose and xylose to which ABG does not show specificity
is used as controls (Fig.22). The minimal inhibition mediated by this non-specific
sugar clearly indicates that very high glucose concentration is inhibitory to ABG.
Serum to which glucose was added to a final concentration of 400 mg/dl which is
usually attained in diabetes showed marked reduction in the IC formation compared to
controls. Results point towards the possibility that high sugar in serum prevents the
ABG population from forming IC. The marked reduction in IC formation in high
serum sugar conditions indicates that glucose concentrations achieved in diabetic
conditions can inhibit the ABG from taking part in IC formation. It is reasonable to
postulate that inhibition of natural and front-line vdefence mechanism mediated by
antibodies like VABG by high serum blood glucose may be the primary reason for the
high susceptibility of diabetics to infections.

Diabetic serum samples were collected from Indian Institute of Diabetes

Thiruvananthapuram, for further studies after obtaining informed consent from

patients in prescribed format.
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Fig.23. Comparison of CCA-IC from diabetic and normal serum To one ml serum
20 pg/ml CCA was added and incubated at 37° C for 3 hours. After PEG precipitation
and separation of proteins as described in Method, 20X dilutions of the samples were
added to CCA -coated wells and probed with HRP conjugates of antibodies to human
IgA, IgG and IgM separately. Values are mean + S.D of thirty trials. P<0.05
In diabetes there is a notable surge of IC formation following the addition of
CCA in comparison to that in normal serum (Fig.23). Since previous data (Fig.22)
showed that in normal sera artificially increased glucose concentrations keeps ABG
from binding to added CCA, the pattern of CCA-IC formation in clinically
confirmed diabetic patients was examined further.
Sugar inhibition pattern of CCA-precipitated antibodies varied widely among
diabetic cases included for the study. In most cases there is only marginal inhibition
by the sugars (Fig.24). Carbohydrate independent antibodies seem to bring about the

elevated response in diabetic serum. Further characterisation of the CCA-IC was done

by studying the IC-interaction with electrophoretically separated CCA fractions.
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Fig.24. Immune complex formation mediated by CCA addition to dizbetic serum
and its characteristic sugar independency. To one ml serum 20 pg/ml CCA was
added and the mixture incubated at 37° C for 3 hours. After PEG precipitation and
separation of proteins as described in Method, 20X dilutions of IC pre-incubated with
or without sugars (50 mM) were added to CCA -coated wells and probed with HRP
conjugates of antibodies to human IgA, IgG and IgM separately. [Shaded blocks
represent CCA-IC whereas unshaded one is the control where no antigen is added].
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Fig.25. Inhibition pattern of CCA-IC to plate coated CCA by cellobiose in
normal and diabetic serum. To one ml serum 20 pug/ml CCA was added and
incubated at 37° C for 3 hours. After PEG precipitation and separation of proteins as
described in Method, 20X dilutions of IC pre-incubated with or without sugars were
added to CCA -coated wells and probed with HRP conjugates of antibodies to human
IgA, IgG and IgM. {No. of samples in each group =26}. Graphical representation was
done using GraphPad Prism software.
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The inhibition pattern of CCA-IC to plate coated CCA by cellobiose in normal
and diabetic serum was studied. The mean percentage inhibition of CCA-IC from
normal and diabetic serum samples using 50 mM cellobiose was 35% and 21%
respectively (Fig.25).

Eventhough high glucose concentration was found to be inhibitory for ABG
(Fig.20) the results as a whole suggest that clinical status of the subject is relevant
while studying the pattern of the antibody fesponse. Even as present results indicate
glﬁcose mediated inhibition of ABG type antibodies as reason, the predisposition of
diabetic patients to infection by pathogenic Candida Spp. has also been explained in
terms of enhancement of yeast growth by elevated tissue fluid glucose levels
(Knight, L. and Fletcher, J. 1971). Studies have shown that prevalence of yeasts were
greater among diabetics than among normal subjects (Barlow, A.J. and Chattaway,
F.W. 1969). Because germ-tube formation is generally considered to be an essential
step in the pathogenesis of C.albican; infection and a fundamental component of the
invasive process, enhanced yeast-mycelial conversion that occurs in diabetic serum
could potentially augment the ability of C.albiéans to establish infection in patients
witﬁ type Il diabetes (Plotkin, B.J., et al. 1996). Both PMNLs and macrophages play
an essential role in the early response to infection with C.albicans (Diamond, R.D.
1989). Hyperglycemia and hyperlipidemia have been shown to affect the phagocytic
capability of granulocytes (Stanley, V.C. and Hurley, R. 1969). Oral yeast colony
levels in diabetic patients rapidly fell within few days as their hyperglycemia was
controlled (Odds, F.C., et al. 1978).

It has been reported that if blood is collected in the early stages of infection,

before the development of humoral response, then the tests to detect antibodies may
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yield negative results (Mitsutake, K., et al. 1996). Study on the behaviour of ABG
antibody titer in blood on administration of glucan to DBA/2 mice showed that on the
administration of pathogenic fungal cell wall glucan, a remarkable decrease in the
antibody titer was specifically observed, which suggested the formation of an Ag-Ab
complex and prompt clearance from the blood. ABG antibody also showed great
reactivity to the pathogenic fungal cell wall glucan in vivo. Furthermore, in deep
mycosis patients, whose sera was positive fér B -(1,3)-glucan, ihe ABG antibody titer
de;:reased and this decreése correlated with the clinical syﬁlptoms. It was suggested
that ABG antibody could play a role for -glucén recognition molecule, and induce
clearance of pathogenic fungi and biological activity by collaboration with other
recognition molecule such as B -glucan receptor or complement in humans (Ishibashi,
K., et al. 2005).

Since the diabetics are at higher risk of fungal infection, the decrease
in ABG in diabetics, as observed from the sugar inhibition pattern can also be
attributed the possible entry of ABG in circulation to form IC with the Candidal
antigens. CCA was electrophoresed and redissolved IC was added to the separated

fractions for further characterization of diabetic and normal CCA-IC.
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Fig.26. Nature of CCA-IC from diabetic serum binding to electrophoretically
separated CCA. CCA was electrophoresed in 3.5% alkaline tube gel for 2 hours. The
tube gels were cut into 8 sections and CCA fractions were passively eluted to PBS pH
7.4 and was coated on to microtitre wells and 20x dilution of the CCA —IC prepared
from diabetic serum was added to the wells. This was probed with HRP conjugates of
anti- immunoglobulin mixtures of IgA, IgM and IgG.
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Fig.27. Nature of CCA-IC from normal serum binding to electrophoretically
separated CCA. CCA was electrophoresed in 3.5% alkaline tube gel for 2 hours. The
tube gels were cut into 8 sections and sections from the same regions were chopped
and CCA fractions were passively eluted to PBS pH 7.4.The CCA eluate from each
section was coated on to microtitre wells and 20x dilution of the normoglycemic
CCA -IC was added to the wells. This was probed with HRP conjugates of anti-
immunoglobulin mixtures of IgA, IgM and IgG.
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Out of the six diabetic cases studied, having fasting blood glucose level above
300 mg/dl, binding of immunoglobulins from redissolved CCA-IC is restricted to a
particular portion alone in four of the cases, i.e. the seventh fraction of the
- electrophoresed CCA eluate (Fig.26).

Results show that in all six normoglycemic cases studied, having fasting
blood glucose level 80 mg/dl, binding of immunoglobulins from CCA-IC occurs to
all regions, maximum being seen to the 7™ fraction (Fig.27).

Carbohydrate portion of many candidal cell wall surface adhesions and
receptors is important in fungal cell adherence to host epithelial cells and proteins
(Casanova, M., et al. 1992, Chaffin, W.L. and Stocco, D.M. 1983). Circulating
antibodies specific for this fraction correlated with an increased resistance to
disseminated candidiasis. Such antibodies may alter the adherence of Candida cells in

vivo or may enhance phagocytosis (Matthews, R. and Burnie, J. 1996).
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Fig.28. Sugar independent antibody binding to the 7" fraction. CCA was
electrophoresed in 3.5% alkaline tube gel for 2 hours. The tube gels were cut into 8
sections and sections from the same regions were chopped and fungal polysaccharides
were passively eluted to PBS pH 7.4.The CCA eluate (e.g., fraction 7) was coated on to
microtitre wells and 20x dilution of the CCA-IC from normoglycemic serum which
was incubated in the presence or absence of cellobiose, mannose and glucose (50mM
each) were added to the wells. This was probed with HRP conjugates of anti-
immunoglobulin mixtures of IgA, IgM and IgG. P<0.05
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Result suggests that even though in normoglycemics the immune complex
formation is mainly sugar dependent, antibodies that recognize the immunodominant
region (7th fraction) is sugar independent (Fig.28). This shows the non-carbohydrate
nature of this epitcpe.

Sugar inhibition pattern shows that apart from fraction 7, binding to all other
cut sections can be inhibited by cellobiose and mannose; where as binding to the 7th
cut section was sugar independent. in diabetié CCA-IC also, binding of antibodies to
the 7™ fraction is sugar independent (results not shown). This finding is in correlation
with the previous observation that immunoglobulins that take part in IC formation
with CCA in normoglycemics are more sugar reversible than the hyperglycernic

Cases.
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Fig.29. Sugar dependency of antibodies from CCA-IC of normal serum to
fractions other than 7™. CCA was electrophoresed in 3.5% alkaline tube gel for 2
hours. The tube gels were cut into 8 sections and sections from the same regions were
chopped and CCA fractions were passively eluted to PBS pH 7.4.The CCA eluate
(e.g., section 6) was coated on to microtitre wells and 20x dilution of the CCA -IC
normal serum which was incubated in the presence or absence of cellobiose, mannose
and glucose (50mM each) were added to the wells. This was probed with HRP
conjugates of anti- immunoglobulin mixtures of IgA, IgM and IgG. P<0.05
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Result suggests that the antibodies bind to all other sections apart from 7 is
sugar dependent in nature (Fig.29). The molecular weight of the 7™ fraction
component was estimated to be 47 kDa by using ovalbumin as a marker (Results not
shown).

Despite the considerable heterogeneity of the humoral responses to antigens of
C.albicans in humans, several immunodominant antigens have been identified.
Immunoblotting experiments with sera frbm patients suffering from systemic
candidiasis had showed the presence of a 47kDa immunodominant antigen present in
whole cell extracts of the fungus later identified as a heat-stable breakdown product of
hsp90 with a cell wall location (Matthews, R. and Burnie, J. 1988). Patients who
recover from invasive candidiasis generate a major antibody response to the 47-kDa
component, whereas fatal cases seem to have little antibody or declining titres
(Matthews, R. and Burnie, J. 1988). An immunodominant cytoplasmic 48kDa antigen
(Candida enolase antigen) ié present in many patients with invasive Candidiasis
(Walsh, T.J., et al. 1991). Patients with disseminated Candidiasis had significantly
higher levels of antibodies against 48kDa protein than did patients with non-invasive
forms of Candidiasis, patients with other fungal infections, or normal healthy persons
(Strockbine, N.A., et al. 1984). This 48kDa protein antigen was subsequently
identified as enolase (Franklyn, K.M., et al. 1990).

_ Sugar inhibition studies done with cellobiose and mannose in diabetic sera
have shown that in most of these patients, who supposedly have combated the
Candida infection, there was significant reduction in response to all
electrophoretically separated fractions other than the 47 kDa fraction which is sugar

independently recognized. The former are rich in mannoproteins of varying molecular
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weights to which B-glucan is covalently associated. But in few diabetics antibodies

were found responsive to the non-47 kDa fractions as well.
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Fig.30. The major immunoglobulin type that binds to the immunodominant
region of CCA- eluate. Fungal polysaccharide was electrophoresed in 3.5% alkaline
tube gel for 2 hours. The tube gels were cut into 8 sections and sections from the
same regions were chopped and CCA were passively eluted to PBS pH 7.4.The CCA
eluate (e.g., section 7) was coated on to microtitre wells and 20x dilution of the CCA—
IC was added to the wells. This was probed with HRP conjugates of anti-
immunoglobulin IgA, IgM and IgG separately.

The immunoglobulin composition of the antibody population binding to the
immunodominant antigen in diabetics was characterised. The significantly high
concentration of IgA in this antibody population is noted. Result shows that IgA is the.
major immunoglobulin type that is involved in immune complex formation even in
diabetics even though the role of anti-carbohydrate antibodies in immune response is
minimal in them (Fig.30).

Type II Diabetes is marked by the high amounts of circulating IC rich in

polymeric IgA. The relative contribution of monomeric and polymeric IgA was

investigated in diabetic sera showing that 80-87 % of IgA in diabetes are polymeric. A
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defective mechanism of hepatobiliary transport of IgA is suggested in diabetes
mellitus (Triolo, G., et al. 1984). Secretory IgA and immune complexes containing
IgA and secretory component seem to participate in the hyper-IgA of patients with
Type 2 (non-insulin-dependent) diabetes only, suggesting an éltered hepatic clearance
via secretory component receptors on hepatocytes. In Type 1 (insulin-dependent)
diabetes, the high serum IgA levels might be explained by an increase in IgA
production in response to antigenic ‘stimuﬁ. Evidence is also accumulated that
immune complexes containing IgA of mucosal origin may be involved in

microangiopathy production in Type 2 diabetes (Triolo, G., et al. 1984).

Immune complex formation by DIg.

Dextran is a normal contaminént in sugar produced by L.mesenteroides.
Dextran from sugar is of average M,, 5 X 10® and 5 x 10* Da. Even macrocorpuscular
food particles whose diameter is weil within the micron range are regularly
incorporated into the organism by persorption. This prompted investigations on the
nature of dextran-induced immune éomplexes from human serum.

Hundred micrograms of dextran (Mw 4, 00,000-5, 00,000) was added to 1 ml
of serum and incubated at 37° C for 3 hours. Polyethylene glycol precipitation of
immune complexes was done as described in the methods. Immune complex
formation against dextran was measured by ELISA using dextran coated wells.
Naturally occurring circulating-immune complexes from normal young blood donors
in our region, isolated by precipitation with 2 % PEG consisted also of those formed
by Dlg (Figure 31, 32). However addition of bacterial dextran resulted in a marked
increase in DIg-containing IC. Even at high concentration (50 mM) 1-O-methyl a-Glc
, the best inhibitor of DIg could only partially prevent the binding of
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immunoglobulins from IC to dextran (Figure 29), indicating the high avidity of the
antibody for the polymer. NDS, which consisted mostly of dextrans, behaved similar
to dextran in IC formation (Fig.32) from serum and its inhibition by sugar.

Result shows that immune complexes are formed in serum upon the addition
of dextran. The potential of non-dialysable sugar (NDS) to form immune complexes
in serum was studied. The role of DIg in precipitating such immune responses was

specially noted. This was compared with the IC formation mediated by dextran.

0 No Antigen
B Dextran
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Fig.31. Immune complex formation by DIg. 100 pg dextran (400 KDa-500KDa)
was added to 1 ml serum, incubated at 37°C for 3 h, PEG precipitation done, washed,
5x dilution of immune complexes were added to coated dextran 1pg/well and probed
with a mixture of HRP conjugates of anti human Ig A, G, M .
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Fig.32. Formation of immune complexes in serum between Dig and
polysaccharides. NDS (20 pg) or dextran (400 KDa-500KDa; 50 pg) were added to
500 pl serum and the mixture incubated at 37°C for 3 h. PEG precipitation of IC and
isolation of proteins from IC were done as described in ‘Methods’. IC proteins
incubated at 4°C with or without 50 mM oMG were added to microplate-coated
dextran (1 pg per well) and probed with a mixture of HRP conjugates of goat
antibodies to human IgA, IgG and IgM. Values are mean + S.D of six trials.
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natural IC D g indextran
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Fig.33. Comparison of immunoglobulin composition of DIg, natural IC and DIg in
dextran-induced IC. One microgram of DIg, natural IC or DIg separated from IC
which was isolated from serum after addition of dextran was coated on microtitre wells,
blocked with 0.5% PBS-T and probed with HRP conjugates of anti-human IgA, IgG
and IgM separately. Percentage of each immunoglobulin class was calculated assuming
that optical density was proportional to the amount of respective Ig class. Mean of three
trials shown; standard deviation was less than 10% of mean.
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Fig.34. Effect of high glucose on DIg-IC formation. Shaded blocks represent
dextran added samples whereas unshaded one is the control.) Hundred pg/ml dextran
was added to sera, which was pre-treated with (3™,4™ and 5th blocks) and withc ut(2™
block) sugar. [1) No antigen added, 2) serum glucose level; 80mg/dl), 3) serum
glucose 80mg/dl + 1-O-methyl a-D glucoside,320mg/dl ,4) serum glucose level;
400mg/dl), 5) serum glucose 80mg/dl+ 320mg/dl arabinose]. Two micrograms of
coated dextran was treated with 20 x dilutions of the immune complex pellet and the
bound antibodies were probed with a 1:1:1 mixture of HRP conjugates of anti- human
Ig. Values are mean + S.D of six trials.

In total human serum, immunoglobulins are mostly IgG whereas IgA amounts
to 20-25% of IgG in abundance and IgM is a still minor component.

In comparison DIg had IgM content nearly equal to its IgG content, while IgA
content remained low (Figure 33). Notably DIg isolated from IC formed after addition
of dextran to serum consisted overwhelmingly (about 72%) of IgM with both igG and
IgA contributing marginally (Figure 33). Role of high sugar in serum on DIg-IC
formation was examined (Fig.34). As in the case of ABG, Dlg also is likely to be

inhibited by high sugar in serum. Natural IC prepared from normal healthy donors in

this study consisted up to 50% of IgG and the rest equally of IgA and IgM.
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Considerable amount of DIg exists in serum as immune complex (Figure 31,
32) in addition to the relatively high titre of free DIg that could be isolated by affinity
chromatography (= 50pg/ml; see above). Such large turnover indicates heavy influx
of corresponding antigens from the environment. The inability of 1-O-methyl a-Glc to
fully reverse immune complex formation by serum DIg probably indicates the high
affinity of these antigens for the antibody. The nearly consistent binding of DIg to
each of the non-dialysable sugar fractioris of differing electrophoretic mobility
(Fig.15) suggests that such high molecular weight and indigestible biomolecules from
diet may contribute substantially towards IC formation involving Dlg. Dietary
biomolecules have been shown to enter systemic circulation in normal individuals and
more so in those with breaches in intestinal barriers (Husby, S., et al. 1985). NDS
consisting of bacterial dextrans having been detected consistently in table sugar
samples in this region, this indigestible high molecular weight biomolecule may enter
systemic circulation as an antigen. The recognition by DIg of each of the eight
fractions of NDS with varying size and charge points to the high potential of this
dietary polysaccharide to act as a constant trigger for formation of IC with DlIg.
Results in figure 16 suggest that other environmental antigens from yeast and cereals
that may enter the body in large quantities are also capable of IC formation with DIg.

The extremely high content of IgM in DIg-dextran ICs, far higher than expected
from the relatively high IgM content of DIg as such may point to the biological fate of
such ICs. IgM, being the most efﬁcient immunoglobulin type in complement fixation
(Davis, A.C. and Shulman, M.J. 1989), these ICs may be sequestered faster. It is

interesting to examine if fast disposal of incoming antigens like dextrans and B-glucans
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by the IgM-rich DIg precludes formation of secondary antibodies in which generally
IgG dominates.

IgM- producing B cells class switch to IgA in vivo (Coutinho, A. and Forni, L.
1982). In fact, in vivo studies have shown that dextran immune response can result in
formation of IgA-IC. In an active model of IgA nephropathy, induced in mice by
repeated injections of dextran, serum total IgA and anti-dextran IgA antibody levels
increased significantly over the period of inlrnunization. Glomerular IgA deposition
occurred as a result of circulating IgA complexes and/ or IgA polymers deposition
(Gonzalez-Cabrero, J., et al. 1990). Also as stated by Gallo et al (Gallo, G.R., et al.
1981) cationic dextran complexes interact with anionic sites on endothelial cells and
within the membrane proper. Such electrostatic interactions also may lead to the
localization of Dextran-IC (Isaacs, K.L. and Miller, F. 1983). Although, the serum IgA
anti-dextran antibody level is much less than that of IgM, IgA was detected in high
density in glomerular deposits due to in situ complex formation (Bagheri, N., et al.
2005). Abnormally high humoral responses have been described in IgA nephropathy
(IgAN) towards antigens commonly involved in infectious events or food intolerance.
In a comparative analysis of humoral responses to a common environmental antigen,
dextran B 512, present both in non-pathogenic microorganisms and normal diet, anti-
dextran IgA and IgG were at significantly higher levels in IgAN patients than in
controls (Kennel, A., et al. 1995). Considering all these factors DIg can also be a source

of pIgA-IC in serum
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PART III

Immobilisation of galectin-1 by biotinylation and
demonstration of IgA binding to immobilised galectin-1

in immune complex and free form.
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IgA in monomeric and polymeric forms are good ligands for galectin-1 in
solution (Sangeetha and Appukuttan 2005). Since in vivo galectin-1 may be available
on tissues in immobilized form direct coating of galectin-1 to NUNC polystyrene
wells in order to study properties of immobilized galectin was not successful due to
loss of sugar binding activity following immobilization. /n vitro immobilization of
galectin-1 was therefore done by adding biotinylated galectin-1 to NUNC-polystyrene
well coated streptavidin. |

Streptavidin is a 52,800 dalton tetrameric protein purified from Streptomyces
avidinii. It finds wide use in molecular biology through its extraordinarily strong
affinity for biotin (also known as vitamin H). This interaction is the strongest non-
covalent binding known (Kd = 10™"° M) (Green 1990). Taking advantage of this
property, the interaction biotin-(strept)avidin has been exploited for a large number of
biotechnological applications (Parrott and Barry 2000; Cognet et al. 2005) Currently,
biotinylation of proteins is achieved by different chemical reactions.

Biotin derivatives like NHS-biotin, Sulpho NHS-biotin, and NHS-LC Biotin
are able to couple with particular functional groups in proteins. Biotin modification of
secondary molecules, called “biotinylation” results in covalent derivatives containing
one or more bicyclic biotin rings extending from the parent siructure. Biotin moieties
in these biotinylated molecules are still capable of binding avidin or streptavidin with
the specificity and avidity of free biotin in solution. Since the biotin components are
relatively small, macromolecules can be modified with these reagents without
significantly affecting their physical or chemical properties. Common to all such
modification reagents is the presence of the bicyclic biotin ring at one end of the

structure and a reactive functional group at the other end that can be used to couple
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with other molecules. As the binding sites for biotin on streptavidin are pockets buried
about 9 A beneath the surface of the proteins, spacers can affect the accessibility of
biotinylated compounds for efficiently binding streptavidin (Green et al. 1971). The
rate of binding of streptavidin to a biotinylated molecule is affected by the length of
spacer in the biotinylation reagent used. When longer spacers are used to make
biotinylated macromolecules, it potentially can result in a five-fold greater rate of
streptavidin interaction. |

The only disadvantage to the use of NHS-biotin or sulpho-NHS-biotin is the
lack of a long spacer group off the valeric acid side chain. NHS-LC biotin is a
derivative of D-biotin containing a spacer arm off the valeric acid side chain,
terminating in an NHS ester. The compound is also known as succinimidyl-6-
(biotinamido) hexanoate. The 6-aminocaproic acid spacer provides greater length
between a covalently modified molecule and the bicyclic biotin rings. The total
distance from an attached molecule to the biotin component is about 22.4 A’
significantly greater than the 13.5 A° length of NHS-biotin without a spacer length.
This increased distance can result in better binding potential for avidin or streptavidin
probes, because the binding sites on these proteins are buried relatively deeper inside
the surface plane.

The major disadvantage of this approach is the uncontrollable coupling of
biotin to sites of the target protein that can be important for its biological activity.
During biotinylation of galectin-1, this has been prevented by adding specific sugar
lactose to the lectin during the time of biotinylation. Engagement of the carbohydrate
binding site with the specific sugar moiety prevents biotinylation of the sites

important for biological activity.
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Galectin-1 obtained from bovine heart was used for the study. Both human
and bovine heart galectin-1 contain 134 aminoacids but are different at 17 residues
only resulting in 87% identity and several differences are non conservative (Abbott et

al., 1989; Hirabayashi et al., 1989).

Absorbance
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Fetuin-HRP binding

Fig 35. Immobilization ef galectin-1 by biotinylation. Galectin was biotinylated
using NHS-LC-Biotin (Methods). To streptavidin coated wells (two microgram/well)
10x dilution of the biotinylated lectin was added after blocking the wells with 0.5%T-

20 PBS. Wells were kept at 4°C for 2 hours and probed with fetuin- HRP (100X) in
the presence and absence of 50 mM lactose.

Fetuin, the major glycoprotein in fetal calf serum, consists of three alkali-
labile, O-glycosidically linked moieties and three complex, asparagine-linked
oligosaccharide moieties as established by (Spiro 1962; Spiro and Bhoyroo 1974).
Bovine galectin-1 binds to fetuin through core-I-O glycan structure (Sangeetha and
Appukuttan 2005). Sustenance of activity of galectin-1 after its immobilization by
adding biotinylated lectin to plate-coated streptavidin was checked by addiﬁon of

HRP-labelied fetuin (Fig.35).

Result shows that biotinylation of galectin-1 occurs effectively. Sugar

reversibility of the fetuin-HRP binding by 50 mM lactose confirms that biotinylated
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lectin retains carbohydrate binding activity. Thus biotinylated galectin-1 attached to

plate coated streptavidin can be used for immobilization of galectin in an active form.

Efficiency of glycoconjugates as galectin-1 ligand was measured in terms of
their ability to inhibit fetuin-HRP binding to immobilized galectin-1. When IgA and
IgG were tried in this way there was 41% inhibition by IgA whereas IgG brings about
no inhibition at all (Fig.36). Human serum IgG (Sigma chemicals, USA) contained
traces of IgA and was purified by passing its solution in PBS, pH 6.5(2 mg/ml)
thréugh a 5ml jacalin-Sepharose 4B column in the same buffer at 4°C. Unbound
fraction (free from IgA) was used as IgG.

IgA is unique in having a hinge region with core I-O glycans that makes it a
good ligand for galectin-1 (Sangeetha and Appukuttan 2005). IgG and IgM are devoid

of any ligand for galectin-1.

1.2

Absorbance
at 490nm

Fig.36. IgA binding to immobilized galectin-1. IgA (from Colostrum); 30 pg/100 pl
and IgG (36 pg/100 pul) was added to immobilized galectin-1 by simultaneous addition
along with 100 pl of fetuin-HRP (100X).
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Fig.37. CCA-IC from diabetic and normal sera binding to immobilized galectin-1.
Binding of 3 pg/ml of fetuin-HRP to immobilized galectin-1 was inhibited by
simultaneous addition of dissolved CCA-IC; 10X dilution from both diabetic and
normal sera.

To study the binding of IgA rich IC to immobilized galectin-1, inhibition of
fetuin-HRP binding to immobilized galectin-1 by CCA-IC from normal and diabetic
sera was checked. There is 21% inhibition in the binding of fetuin-HRP to
immobilized galectin-1 by CCA-IC from normoglycemic cases whereas diabetic
CCA-IC brings about 38% feduction in binding (Fig.37).

Studies on the relative contribution of monomeric and polymeric IgA in
diabetic sera showed that 80-87% of IgA in diabetes are polymeric. (Triolc et al.,
1984 a). ICs may play a role in developing pericarditis or they may be considered a
marker of pericarditis by an immunological mechanism.(Triolo et al. 1984b). Though
high amount of polymeric IgA1 in IC form is reported in type II diabetes, the etiology

is unknown. The possibility that soluble immune complexes involving insulin and
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anti-insulin, as well as other antigen-antibody systems play some role in the
pathogenesis of the complications of diabetes mellitus was first postulated by
Faulk et al (Faulk, Karam et al. 1971). Present study show that anti-B-glucan
antibodies are kept in check by the high sugar concentrations attained in diabetics, but
the antibodies that bind the immunodominant antigens mostly belong to IgA class.
Several studies, originating from the immunological implications of
heterologous insulin administration suggested that immune mechanisms could be of
imﬁortance in the etiology of diabetic vascular complications (Di Mario, lavicoli et al.
1980). Various factors might influence the formation of high amounts circulating IC
in diabetes, namely age and sex of the patient, type of treatment, insulin antibody
levels, degree of metabolic control and the presence of complications (Di Mario,
Iavicoli et al. 1980). An increase in soluble antigen-antibody complexes (due to
impaired phagocytic clearance) in patients with severe microangiopathy may
contribute to the vascular damage after passive binding or trapping of IC in the small

vessel walls and in the perivascular tissues.

Percentage 15 1
inhibition of
binding 10 A
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Fig.38.Percentage inhibition of binding of fetuin-HRP to immobilized galectin-1 by DIg
and anti-Gal. DIg (20 pg) and anti-Gal (50 pg) was added simultaneously along with fetuin-
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- HRP (100X) to immobilized galectin-1. Percentage inhibition of binding of fetuin-HRP to
immobilized galectin-1 by DIg and anti-Gal is calculated.

DlIg and anti-Gal are two functional serum immunoglobulins; the former
containing both polymeric and monomeric IgA while the latter was free from
polymeric IgA (Fig.4 and Fig.5). Comparing the above antibodies as inhibitors of
fetuin-HRP binding to immobilized galectin-1 revealed that DIg was a good inhibitor
while anti-Gal was poor (Fig.38). Since the galectin-1 binding component in both
thesc antibodies are IgA, it is reasonable to conclude that polymeric IgA is far
superior to monomeric in attaching‘to galectin-1.

While galectin binding to a single saccharide ligand is typically a low-affinity
interaction (association constants ~10* M—1), the multivalent nature of galectin-
saccharide interactions results in high overall avidity (association constants ~10°
M-1) (Vasta, Ahmed et al. 2004; Dam, Gabius et al. 2005). This multivalency also
allows the formation of lectin-carbohydrate lattices. Both in solution and on the cell
surface, multivalent galectins selectively cross-link a single species of glycoprotein to
form homogeneous lectin-carbohydrate lattices (Brewer, Miceli et al. 2002). Proto-
type galectin-1 is a dimer in solution and crystallizes as a dimer in cross-linked
complexes with a divalent oligosaccharide (Morris, Ahmad et al. 2004).
Glycoproteins often bear multiple copies of the saccharide ligands that are recognized

by galectins.

Discussion

IgA deposited in the glomeruli is composed of dimers and/or larger polymers

of circulating IgA in some patients with IgA nephropathy (Tomino, Sakai et al. 1982).
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The levels of serum IgA in patients with HSP nephritis increased as observed in IgA
nephropathy. It is suggested that there are some immunopathological similarities
between HSP nephritis and IgA nephropathy (Tomino, Endoh et al. 1982). Present
results suggest that pIgA which has got multiple binding sites for the dimeric galectin-
1 brings about the effective binding.

Galectin-1 is expressed on the surface of activated endothelium, stromal
fibroblasts, tumor cells, and antigen presentiﬁg cells, with increased expression in
inflamed and neoplastic tissues. Galectin-1 expression on the surface of endothelial
cells is increased by endothelial ceil activation in vitro with LPS or cytokines, and
increased galectin-1 expression by endothelial cells has been observed in inflamed
human lymph nodes (Baum, Seilhamer et al. 1995). In vitro, galectin-1 expression on
HUVECs 1is increased by treatment with proinflammatory cytokines and by
conditioned medium from prostate carcinoma cells (Clausse, van den Brule et al.
1999).

Even in atherosclerosis high concentration of IgA in circulation is noted even
though few cite it as an event following the ischemic event. The infection etiology of
atherosclerosis is well cited in literature. IgA response to infectious agents like
Cytomegalovirus, Chlamydia pneumoniae, Helicobacter pylori etc which are
associated with atherosclerosis has been noted very often. Cross sectional studies on
atherosclerotic plaques have shown the presence of IgA in plaques.

Galectins form networks of glycoconjugates on the cell surface, where they
may modulate various cell response pathways such as growth, activation and

adhesion.
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Galectin-1 is induced in the plasma of type 2 diabetic individuals, in vivo.
(Liu, Feng et al. 2009). Galectin-1 is postulated to be an important regulator of the
pathophysiology of type 2 diabetes. Galectin-1 is a novel plasma marker protein of
this disease. IgA1l rich in polymeric IgA obtained from DIg is reported to be more
efficient in its binding to human heart galectin-1 in solution than total serum IgA with
proportionally less polymer content (Sangeetha, SR and Appukuttan, PS., 2005).

Lectin binding to cells often leads to .cross-linking énd aggregation of specific
glyboprotein and glycolipid receptors. Structural studies of multivalent lectin-
carbohydrate cross-linked complexes have provided new insights into the specificity
of these interactions. In general, two types of multivalent complexes are observed,
designated type 1 and type 2. In type 1 complexes, cross-linking occurs between a
bivalent carbohydrate and bivalent lectin. Type 1 interaction, may result in the
formation of linear (one-dimensional) cross-linked complexes. These complexes are
often soluble (Bhattacharyya, Haraldsson et al. 1988; Mandal and Brewer 1993) and
possess a high degree of polymorphism due to their flexibility. In theory, such
complexes may accommodate more than one type of bivalent lectin or bivalent
carbohydrate in the cross-linked complex.

In type 2 complexes, cross-linking occurs between lectins and carbohydrates
in which one of the two molecules possesses a valency of >2. An example is a cross-
linked complex between a tetravalent lectin and a bivalent carbohydrate. Sucﬁ
interactions lead to the formation of two- and three-dimensional cross-linked
complexes, which can be insoluble and precipitate from solution (Bhattacharyya et al.
1990; Mandal and Brewer 1992; Mandal and Brewer 1992). Type 2 complexes may

exist as ordered cross-linked lattices.
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The X-ray crystal structures of a single tetravalent lectin cross-linked with
four different bivalent carbohydrates have been reported (Dessen et al. 1995; Olsen et
al. 1997). These results have provided insight into the molecular basis for the
formation of type 2 homogeneous carbohydrate—lectin noncovalent cross-linked
complexes.

IgA nephropathy is the most common form of glomerulonephritis worldwide.
In this disease, IgA-containing immune complexes which are deposited in the
mesangial area are supposed to stimulate the accumulation of matrix proteins and lead
to glomerulosclierosis. These phenomena have been shown to be mediated by
inflammatory cytokines and growth factors excreted on stimulation by immune
complexes (Montinaro et al. 1999) . Immune complexes form and are deposited
within the vessel walls leading to complement activation. Direct immunofluorescent
tests for IgA deposits on biopsies of normal appearing skin from patients with proven
renal disease have shown that patients with IgA nephropathy had high levels of IgA
deposition, often accompanied by notable deposits of IgM, Clq and fibrin, and iess
frequently by C3 and IgG, in small vessels of the superficial dermis (Thompson et al.
1980).

Henoch-Schonlein purpura (HSP) is a systemic vasculitis of the small vessels
of the skin, joints and kidney in which electron-dense deposits of pIgA is seen on the
endothelium. In a variant of HSP, named as gastric enteropathy polymeric IgAl
deposits were ultrastructually seen along the plasma membranes of the endothelial
cells (Kato et al. 2004). Mechanism of IgA-deposition in vascular endothelium as well
as in mesangial tissues during IgA-deposition diseases is still an enigma sipce the

receptors responsible for this pathogenic event still remain obscure.
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The results presented here propose a possible role for galectin-1 in mediating
diseases involving IgA deposition since a) galectin-1 binds only IgAl among
immunoglobulins; b) galectin-1 has remarkable preference for desialylated IgA1, over
native IgA1 and the former only has been found to be involved in IgA nephropathy,
for instance; c) galectin-1 has several fold affinity for polymeric compared to
monomeric IgA and disease conditions that precipitate tissue deposition of IgA1l like

diabetes are accompanied by spurt in circulating pIgA.
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Chapter 5

SUMMARY, CONCLUSION

AND

FUTURE DIRECTIONS
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SUMMARY AND CONCLUSION

Glycan aniigens entering the human body through foobd, environment and
microflora colonizing the skin, epithelia and gut, especially in humid tropics is
enormous making it pertinent to characterize the anti-glycan antibodies and their
immune complexes. Anti-glycan antibodies are rich in polymeric IgA content making
it potential source of high quantities of pIgA-IC in serum. Different anti-glucan
anatibodies are used in this study to characterise their amount of polymeric IgA
content. ABG was isolated at a yield of 4-7 mg/100 ml plasma. ABG has significantly
higher IgA content in comparison with total serum Ig leading to a three times higher
IgA to IgG ratio. Electrophoretic pattern showed that anti-p glucan consists of IgA in
polymeric as well as monomeric form.

High circulating concentrations of dextran-binding immunoglobulin (3-6
mg/100 m! plasma) is seen iﬁ donors who had no history of exposure to dextran
infusions. DIg consists of IgA in the polymeric and monomeric form eventhough IgM
forms the major immunoglobulin component.

Anti o- galactoside was isolated at a yield of i.e., 0.8-1 mg/100 ml plasma.
Anti a- galactoside is devoid of any polymeric IgA content. The above results indicate
that presence of polymeric forms of IgA in the anti-glycan antibodies which make up
a large portion of the natural antibody repertoire is observed. It is possible that anti-
glycan antibodies that constitute such a high concentration is the major source of

polymeric IgA in serum.
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Before ascertaining the difference between polymeric IgA and monomeric IgA
in their capacity as ligands for lectins, anti-IgA recognition of the two was studied.
Treatment with 2ME (3mM) reduces the intersubunit disulphide bonds and cleaves
apart polymeric IgA subunits. This treatment helps to quantitatively assess its unit
monomer content. Results suggested that the response of polymeric IgA to anti-IgA

HRP is 2.4 times more than that of the monomeric form.

Before polymeric IgA and monomeric IgA were compared in terms of their
capacity to act as ligands for galectin-1, activity of another similar lectin i.e., peanut
agglutinin (PNA) was checked. PNA-HRP response for unit monomeric IgA is 1.6
times more in the case of polymeric IgA compared to monomeric IgA fraction.
Enhancement of the recognition by PNA-HRP upon neuraminidase treatment is 2.77
times more in the case of polymeric IgA than in the case of monomeric IgA.
Desialylation increases PNA binding by 1520% for polymeric IgA and 750% for

monomeric IgA.

Galectin-1 isolated from human placenta using lactose-Sepharose column was
used for the study. Binding of HRP-conjugated galectin-1 to polystyrene plate-coated
IgA was studied. Results showed that in native (non-desialylated) form, polymeric
IgA was 1.71 times more efficient than monomeric as a ligand for galectin-1, when
same protein contents of both were coated. Neuraminidase enzyme produced by
various pathogens like influenza virus cleaves the a-linked N-acetyl neuraminic acid
exposing the T antigen (GalB-1,3GalNAc-a) which is an efficient ligand for galectin-
1. Enhancement of the recognition by human placental lectin-HRP wupon

neuraminidase treatment is 2.66 times more in the case of polymeric IgA than for
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monomeric [gA. HPL-HRP response for unit IgA after desialylation is 2.7 times more
in the case of polymeric IgA compared to monomeric IgA. Together these results
indicate that polymeric IgA compared to monomeric IgA and desialylated IgA

compareéi to native IgA are far superior ligands for galectin-1.

Further studies involving polymeric IgA1 rich immune complexes are done to
elucidate the role of galectin-1 in binding IgA1-IC. Anti-polysaccharide antibodies
like ABG and DIg which are notably rich in polymeric IgA are used for the study.
These anti-polysaccharide antibodies are present in: very high concentrations in serum
and hence make up a major portion of the natural antibody repertoire. Exposure to
carbohydrate moieties like B-glucan and dextran from microbial, food and other
environmental sources can lead to the formation of pIgA-rich immune complexes in
circulation. Under situations of immune system overload, owing to increased
formation or defective removal, ICs are likely to get deposited‘ extrahepatically. Since
high titres of anti-glycan antibodies are detected even in normal physiological
situations, it is reasonable to assume that such antibodies and their ICs account for a
major part of pIgA which is more pathogenic than mIgA, especially in desialylated

state.

The presence of antigenic epitopes for ABG and DIg was checked in
electrophoretically separated yeast glycoprotein fractions. Both of these anti-
carbohydrate antibodies recogﬁize yeast glycoproteins, even though the response was
higher in the case of ABG-HRP. The recognition of the B-1,3 glucan containing YGP
by DIg can be attributed to the extended specificity of this a (1,6) linked glucan

specific antibody.
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The carbohydrate dependency of the YBG recognition by ABG was confirmed
by inhibiting the binding of ABG to coated Candida Cellwall Antigens (CCA) using

different fractions of yeast glycoproteins.

Dextran is yet another polysaccharide that provides linear epitopes for natural
antibody recognition. To obtain high molecular weight polysaccharides in the edible
sugar that are larger than the 10,000 Da pore size of dialysis bags, non-dialysable part
of commercial edible sugar was compared to standard high dextrans for presence of
antigenic epitopes for ABG and DIg. Results suggest that non-dialysable portion of
the edible sugar contains epitopes for ABG and to a lesser extent for DlIg.
Reversibility of the binding by inhibitory sugars confirms the sugar-specificity of
binding. Even though these antibodies show anomer preference, their multiple
specificity, which is characteristic of natural antibodies, enables them to bind to
various epitopes present on microbial cell surfaces. All components of NDS separated

by electrophoresis were recognized by DIg.

B-(1,3)Glucans from yeast and barley were significantly less effective in capturin,
DIg than dextran which consists almost exclusively of a(1—6)- linked glucose moieties
Notably the reversibility of DIg binding with aMG also decreased from dextran to yeas

and barley B —glucan.

In vitro studies were done to demonstrate the formation of anti-glycan
antibody polysaccharide immune complexes between anti-f- glucan antibody on one
hand and fungal polysaccharides on the other. In order to isolate serum antibodies

specifically reacting with CCA, increasing amounts of CCA were added to fixed
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volume of serum, immune complexes formed separated, and CCA-interacting
antibodies thereof assayed by their capacity to bind to microplate coated CCA.
Results show that as fhe concentration of CCA increases, there is a corresponding
increase in immune complex formation till the zone of equivalence is reached. There
is a minimal level of CCA-binding antibodies in ICs prepared without addition of
CCA showing that a minimum amount of circulating IC contributed by CCA-reactive

antibodies occurs in normal serum.

Sugar inhibition using 50 mM cellobiose as well as 50 mM mannose brings
about remarkable reduction in the binding of CCA-IC immunoglobulins to the CCA-
coated wells. This suggests that anti-B-giucan as well as anti-mannan antibodies
which occur in the serum as natural antibodies are capable of forming immune
complexes with the antigenic epitopes presented by C.albicans. Also both sugars

together exerted a synergistic effect depicting the presence of two types of antibodies.

Results prove that ABG-mediated immune complexes are present in normal
individuals and are markedly elevated during fungal infections. Immunoglobulin class
prevalence in CCA immune complexes determined with coated antibody of CCA
revealed that IgA is the most prevalent immunoglobulin class in CCA- ICs unlike the
natural immune complexes where IgG forms the major portion. Since B-glucans and
related antigens reside on cell surfaces and are released into host circulation, frequent
exposure to these organisms as commensals or systemic infectants, experienced by
even normal individuals leads to a considerable increase in IgA-containing IC,

contributed by ABG and related antibodies.
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Serum to which glucose was added to a final concentration of 400 mg/dl
which is usually attained in diabetes showed marked reduction in IC formation with
CCA compared to controls. Results point towards the possibility that high sugar in
serum prevents the ABG population from forming IC. The marked reduction in IC
formation in high serum sugar conditions indicates that glucose concentrations
achieved in diabetic conditions can inhibit the ABG from taking part in IC
formation. It is reasonable to postulate that inhibition of natural and front-line
rdefence mechanism mediated by antibodies like ABG by high serum blood glucose
may be the primary reason for the high susceptibility of diabetics to infections.

In diabetes there is a notable surge of IC formation following' the addition of
CCA in comparison to that in normal serum. Since the study showed that in normal
sera artificially increased glucose concentrations keeps ABG from binding to added
CCA, the pattern of CCA-IC formation in clinically confirmed diabetic patients was
examined further.

Sugar inhibition pattern of CCA-precipitated antibodies varied widely among
diabetic cases included for the study. In most cases there is only marginal inhibition
by the sugars. Carbohydrate independent antibodies seem to bring about the
elevated response in diabetic serum. Further characterization of the CCA-IC was
done by studying the IC-interaction with electrophoretically separated CCA
fractions. The mean percentage inhibition of CCA-IC from normal and diabetic
serum samples using 50 mM cellobiose was 35% and 21% respectively.

Eventhough high giucose concentration was found to be inhibitory for
ABG the results as a whole suggest that clinical status of the subject is relevant

while studying the pattern of the antibody response. Out of the six diabetic cases
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studied, having fasting blood glucose level above 300 mg/dl, binding of
immunoglobulins from redissolved CCA-IC is restricted to a particular portion
alone in four of the cases, i.e. the seventh fraction of the electrophoresed CCA
eluate.

Results show that in all six normoglycemic cases studied, having fasting blood
glucose level 80 mg/dl, binding of immunoglobulins from CCA-IC occurs to all
regions, maximum being seen to the 7™ fraction. Result suggests that even though in
normoglycemics the immune complex formation is mainly sugar-dependent,
antibodies that recognize the immunodominant region (7" fraction) is sugar
independent. This shows the non-carbohydrate nature of this epitope.

Sugar inhibition pattern shows that apart from fraction 7, binding to all other
cut sections can be inhibited by cellobiose and mannose; where as binding to the 7™
cut section was sugar independent. In diabetic CCA-IC also, binding of antibodies to
the 7™ fraction is sugar independent. This finding is in correlation with the previous
observation that immunoglobulins that take part in IC formation with CCA in
" normoglycemics are more sugar reversible than the hyperglycemic cases.

Result suggests that the antibodies that bind to all other sections than section 7
are sugar dependent in nature. The molecular weight of the 7" fraction component
was estimated to be 47 kDa by using ovalbumin as a marker.

Sugar inhibition studies done with cellobiose and mannose in diabetic sera
have shown that in most of these patients, who supposedly have combated the
Candida infection, there was significant reduction in response to all
electrophoretically separated fractions other than the 47 kDa fraction which is sugar

independently recognized. The former are rich in mannoproteins of varying molecular
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weights to which B-glucan is covalently associated. But in few diabgtics antibodies
were found responsive to the non-47 kDa fractions as well.

The immunoglobulin coniposition of the antibody population binding to the
immunodominant antigen in diabetics was characterized. The significantly high
concentration of IgA in this antibody population is noted. Result shows that IgA is the
major immunoglobulin type that is involved in immune complex formation even in
diabetics even though the role of anti-carbohydrate antibodies in immune response is
loWer in them.

Immune complexes fermation in serum upon the addition of dextran was
studied. NDS consisting of ‘bacterial dextrans having been detected consistently in
table sugar samples in this region, this indigestible high molecular weight
biomolecule may enter systemic circulation as an antigen. The recognition by DIg of
each of the eight fractions of NDS with varying size and charge points to the high
potential of this dietary polysaccharide to act as a constant trigger for formation of IC
with DIg. Results also suggest the possibility that other environmental antigens from
yeast and cereals that may enter the body in large quantities form IC with DIg.

The potential of non-dialysable sugar (NDS) to form immune complexes in
serum was checked. The role of DIg in precipitating such immune responses was
specially noted. This was compared with the IC formation mediated by dextran. In
comparison DIg had IgM content nearly equal to its IgG content, while IgA content
remained low. Notably DIg isolated from IC formed after addition of dextran to serum
consisted overwhelmingly (about 72%) of IgM with both IgG and IgA contributing
marginally. Role of high sugar in serum on DIg-IC formation was examined. As in the

case of ABG, Dlg also is likely to be inhibited by high sugar in serum. Natural IC
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prepared from normal healthy donors in this study consisted up to 50% of IgG and the

rest equally of IgA and IgM.

Immobilisation of galectin-1 on microtitre plate was done by adding
biotinylated lectin to streptavidin coated plates. The binding of immobilized galectin-
1 to IgA was demonstrated. DIg consisting of polymeric IgA binds to immobilised
galectin-1 whereas Anti-Gal which lacks pIgA does not. This leads to the conclusion
that the homogé,-nous lattice formation that occurs by crosslinking of multivalent
ligand i.e., pIgA and bivalent lectin galectin-1 leads to the effective binding of the
former. Since monovalent ligand as occurs in monomeric IgA does not lead to such an
efficient lattice formation with galectin-1 they do not bind. This demonstrates that
when galectin-1 1s in immobilised state as it occurs in endothelial or mesangial cell
surfaces, its carbohydrate binding capacity is retained. High titre of pIgA in type II
diabetes makes diabetic-IC more efficient in binding to galectin-1 since the
glycosylated part of IgA in IC is free. Type II diabetes is associated with increased
expression of galectin-1, polymeric forms of IgA as well as high concentrations of

sialidases in circulation which altogether aggravates the scenario.

The results obtained from this thesis suggest that high titre anti-glycan
antibodies in the circulation of tropical individuals meet their epitopes resulting in a
surge of immune complexes. The heavy microbial load of the tropical environment

enhances the phenomenon.

The binding of pIgA in free as well as complexed form to immobilised

galectin-1 is demonstrated. This offers a likely explanation for the high turn over rate
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of IgA1l in normal physiological situations as well as the pathogenicity owing to the
deposition of pIgAl-IC. The correlation of place of IgAl deposition with the
occurrence of galectin-1 further validates this hypothesis. The reported occurrence of
plgA more in depositions as well as the asialo-nature of O-glycan in deposited IgA

further supports this hypothesis.

Immune complexes that are known causes of vascular damages and
inflammation have been shown to be formed between several carbohydrate binding
serum antibodies in the one hand and carbohydrate antigens of dietary, environmental
or microbial origin on the other. In particular, diabetic individuals have been shown to
develop a quantitatively and qualitatively different antibody profile that exposes them
to potential IC—induced damages. Polymeric IgA synthesized more in diabetes have
been shown to be particularly susceptible to bind tissue galectin-1. Finally, in order to
mimic the action of in vivo galectin-1 which is immobilized, a novel method to study
the properties of immobilized tissue galectin-1 in active form has been developed.

An outcome of the study is the possible use of galectin-1 inhibitors in
mitigating inflammatory immune damage to vessel walls in diabetes. It was
demonstrated in this laboratory that human RBC glycopeptides can efficiently reverse
the binding of galectin-1 to its ligands. Fusther studies in this topic may result in
development of the therapeutics to block immune complex deposition mediated

illnesses.
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Future directions

Y

2)

3)

4)

5)

Demonstration of uptake of IgA1-IC by galectin-1 in activated HUVEC cell

line.

Kinetic studies to determine the dynamics of uptake of IgA1 in free as well as

complexed form.

Studies on atherosclerotic patients to correlate the titre of anti-glycan

antibodies with severity of illness.

Histochemical analyses to demonstrate in situ localization of pIgA on

galectin-1 on human arterial sections.

Develop inhibitors of pIgA binding to galectin-1 to stall pIgA-IC deposition.
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