
NATURAL ANTI�CARBOHYDRATE ANTIBODIES

Natural antibodies (NAb) are defined as those

immunoglobulins (mainly IgM isotype) continuously

secreted by B�1 type lymphocytes without any previous

external antigen stimulation [1, 2]. IgM NAb not only

recognize and take part in the elimination of pathogens

through the activation of complement, but also have an

important role in apoptotic cell clearance, tissue homeo�

stasis, and immune modulation [3, 4]. Less clear is the

role of natural IgG antibodies considered on occasions as

incompetent to identify antigens and nonreactive.

However, recent studies demonstrated that they collabo�

rate with lectins for rapid and effective removal of

pathogens, suggesting that might be a part of the bridge

between innate and adaptive immunity [5].

A broad range of NAb target carbohydrates (NAbC)

and can be divided into three different groups: 1) conser�

vative NAbC that are practically the same regarding speci�

ficity and blood levels in all healthy individuals; 2) allo�

antibodies to blood group antigens and xenoantibodies to

antigens from other species; 3) plastic antibodies, which

include antibodies from the two previous groups but with

variable levels during certain conditions, such as pregnan�

cy or inflammation [6]. Plastic antibodies also include

NAbC reacting to tumor�associated carbohydrate anti�

gens, such as Galβ1�3GalNAcα (Thomsen–Friedenreich

antigen) or GalNAcα (Tn antigen). These antibodies are

not specific for tumors, but they show changes in cancer

and other diseases [7]. In addition, they involve those anti�

bodies reacting to Galα1�3Galβ (αGal) and particularly

to Galα1�3Galβ1�4GlcNAcβ. For many years, they were

considered the most abundant antibody in humans (up to

2% of total immunoglobulins), although recent studies

have estimated this proportion as only 0.1%, as for many

other NAbC [6]. The αGal epitope is expressed in various

microorganisms including viruses, bacteria, and protozoa.

This led to propose the continuous production of anti�

αGal antibodies in humans, apes, and Old World monkeys

as the result of antigenic stimulation by normal gut bacte�

rial flora [8, 9]. In humans, anti�αGal antibodies react to

red blood cells of patients with β�thalassemia or sickle cell

anemia, and to normal senescent red blood cells [10].

Increased levels of anti�αGal antibodies have been

described in patients with autoimmune diseases such as

Grave’s disease, Henoch�Schцnlein purpura, and

Crohn’s disease [11]. Augmented levels of anti�αGal anti�

bodies are also associated with higher mortality in patients
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undergoing renal replacement therapy and peritoneal

dialysis�related enteric peritonitis [12].

Unfortunately, changes in anti�αGal antibodies and

other NAbC evidenced a low sensitivity and specificity

for the diagnosis of particular diseases or conditions. This

may change in the near future with the great progress

achieved in recent years in carbohydrate synthesis and

microarray technology. To date, NAbC are clinically rec�

ognized by adverse reactions to ABO�mismatched blood

transfusions or organ transplantation, and the rejection of

xenografts expressing αGal epitopes. These clinical

effects do not reflect the biological functions of NAbC.

However, they unveil the possibility of using NAbC for

boosting immunity at clinical level by means of: 1)

expression of glycan antigens in elements that do not hold

them to allow the binding and reactivity of existing

NAbC; 2) removal of existing NAbC; 3) manipulation of

the glycosylation pattern of NAbC.

ENHANCEMENT OF IMMUNITY THROUGH

EXPOSURE TO CARBOHYDRATE ANTIGENS

There is no evidence of any attempt to express ABO�

incompatible antigens on cells to generate an immunolog�

ical response against the cells. The clinical interest in this

carbohydrate antigen–antibody reaction relies on the

manipulation of antibodies to allow the transfusion or

transplantation of ABO�incompatible blood or grafts, both

on an intentional basis and when it occurs accidentally.

GalNAcα1�3(Fucα1�2)Gal and Galα1�3(Fucα1�2)Gal

were the classical antigenic determinants of blood group A

and B, respectively. However, GalNAcα1�3(Fucα1�

2)Galβ1�4GlcNAc and Galα1�3(Fucα1�2)Galβ1�

4GlcNAc emerged recently as antigens for blood A and B,

respectively [13]. Anti�blood group A antibodies, which

generally show a low level, include both NAb against tetra�

and trisaccharide moieties. However, only antibodies tar�

geting the tetrasaccharide form can agglutinate red blood

cells since anti�trisaccharide antibodies are present in both

blood group B and A individuals. Interestingly, there is

evidence that a large proportion of the elicited antibodies

against the incompatible ABO antigens consists of anti�

αGal antibodies, which interact with the αGal epitope in

the blood group A or B core structure Galα1�3Galβ1�

4GlcNAcβ [14]. These data, along with the classical con�

sideration that anti�αGal antibodies constitute the largest

quantity of immunoglobulins in humans, is probably the

reason for the consideration of the αGal epitope as the

carbohydrate antigen to target in the generation of an

immunological response at clinical level.

One of the first potential applications of anti�αGal

antibodies was to boost immunity against tumor cells. As

we described previously, NAbC include plastic antibodies

targeting tumor�associated antigens (TAA), which are not

specific for tumor cells because they can be observed in

normal tissues, although at different levels. An immune

response that can be generated against TAA can be asso�

ciated, in some cases, with an improved prognosis of can�

cer [15]. However, in most patients the tumor escapes this

immune response. The immunogenicity of tumors can be

increased by the expression of αGal epitopes after intra�

tumoral injection of αGal glycolipids, as evidenced in the

α1,3�galactosyltransferase knockout (Gal�KO) mouse

model [16]. Anti�αGal antibodies bind αGal on glyco�

lipids activating complement�mediated cytotoxicity and

antibody�dependent cell�mediated cytotoxicity against

tumor cells [16, 17]. This strategy has been evaluated in a

phase I clinical trial including patients with advanced

cancers. Intratumoral injection of αGal glycolipids was

safe, with an apparent prolongation of survival in some

patients [18].

Other potential clinical application of carbohydrate

antigens is related to the enhancement of immunogenic�

ity in vaccines against infectious diseases. Synthetic β1�6�

D�glucosamine and β1�6�D�N�acetylglucosamine oligo�

saccharides produce conjugated vaccines protecting

against a broad range of pathogens. Many bacteria gener�

ate the surface polysaccharide β1�6�poly�N�acetyl�D�

glucosamine (PNAG), and production of antibodies

against this epitope can generate immunity to a large

number of germs [19]. Furthermore, expression of αGal

epitopes in inactivated influenza virus vaccine and in

gp120 vaccine of HIV produces a prominent increase of

the humoral and cellular immune responses generated by

the two vaccines [20, 21]. Additionally, polyanhydride

nanoparticles carrying αGal�transformed antigens

induce higher antibody responses with broader epitope

recognition compared to other adjuvants [22].

Combination of αGal�modified antigens with nanoparti�

cle technology could be a novel approach to design the

next generation of vaccines against emerging and re�

emerging pathogens.

Anti�αGal antibodies can also accelerate wound and

burn healing. The idea is based on a local recruitment and

activation of macrophages to promote the regeneration of

damaged tissue. Topical application of liposomes carrying

αGal epitopes improve wound healing time, avoiding

fibrosis and scar formation in both Gal�KO mice and pigs

[23�25]. The capacity to restore and revitalize skin

wounds achieved by αGal glycoconjugates led to propose

the use of these particles for the regeneration of internal

tissues such as myocardium after infarction and injured

nerves [26].

DEPLETION OF ANTI�CARBOHYDRATE

ANTIBODIES TO BOOST IMMUNITY

AGAINST MICROORGANISMS

Antibody�dependent enhancement of infection.
Antibodies play a crucial role in host defense against
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infections. However, there is evidence that in some con�

ditions antibodies can enhance the infective potential of

microorganisms instead of protecting the host. Antibody�

dependent enhancement (ADE) of infection was initially

described in viral diseases, especially in virus from the

family of Flaviviridae [27]. Thus, the severity of Dengue

disease seems associated with preexisting maternal anti�

Dengue virus antibodies or a previous exposure to one of

the four Dengue virus serotypes before a secondary infec�

tion. Similarly, the presence of non�neutralizing antibod�

ies in HIV infection, besides failing to generate a protec�

tive immune response, can enhance viral infectivity [28].

The list of human and animal viruses that may exploit

ADE is long and includes influenza A, Coxsackievirus,

respiratory syncytial virus, Ebola, and others [29]. After

vaccination, ADE of viral infections can also occur, and

the induction of non�neutralizing antibodies appears as a

primary cause for incapacity to develop vaccines against

some viruses, including HIV [30].

The same ADE phenomenon appears to be present

during the development of bacterial infections. The spe�

cific antibody response to capsular polysaccharides of

Streptococcus pneumoniae or Bacillus anthracis and

Staphylococcus aureus toxins can enhance infections

caused by these bacteria [31]. In addition, natural anti�

bodies to specific polysaccharide of S. aureus such as

poly�N�acetyl glucosamine interfere with the protective

antibodies induced by different vaccines against this

microorganism, causing the failure of immunization [32].

The case of anti�αGal antibodies is particularly paradox�

ical. These antibodies appear to be produced in response

to enterobacteria of the intestinal microbiota [8]. We were

able to strengthen this hypothesis by showing a reduction

of anti�αGal IgG antibodies after the removal of these

microorganisms from the bowel in non�human primates

[9]. However, there is also evidence that anti�αGal anti�

bodies facilitate the survival of Enterobacteriaceae or

Neisseria meningitidis by enhancing the infectivity and

disease caused by these bacteria [33, 34].

Several factors appear to be associated with ADE of

infections. These include the strain and load of the

microorganism, along with the concentration, class, and

epitope specificity of the antibody [29]. Complement is

also important in controlling the biological activity of

antibodies and seems to have a particular role in the ADE

of bacterial infections. The lack of alternative comple�

ment pathway activation is a mechanism described to

explain the deleterious effect of anti�αGal antibodies on

Enterobacteriaceae and N. meningitidis infections [33,

34]. The failure of complement�mediated bacterial killing

can result from the binding of IgG2 antibodies to the O�

linked glycans of the lipopolysaccharide (LPS) of Gram�

negative bacteria. This type of response is the cause for an

increased severity of lung infection by Pseudomonas

aeruginosa in patients with bronchiectasis [35]. The

amount of alternative complement pathway amplification

required for optimal bactericidal activity depends on the

extent of classical complement activation, which in turns

is dependent on the quantity of antigen expression [36].

This high epitope density is also crucial for efficient acti�

vation of complement by IgG2 antibodies, which are the

principal IgG antibodies in immunity against carbohy�

drate antigens. Accordingly, binding of IgG2 antibodies

to a low density of carbohydrate�antigens can lead to

deficient alternative complement pathway activation.

Removal of these antibodies, by passing the serum in vitro

through an affinity column coated with a monoclonal

anti�IgG2 antibody, restores complement activation and

serum bactericidal activity [35]. We also have evidence

that this strategy works in vivo. Depletion of anti�αGal

antibodies, which includes IgG2 subclass, prevents mor�

tality by Enterobacteriaceae sepsis in Gal�KO mice after

a cecal ligation puncture (CLP) procedure [37].

Therefore, the removal of existing non�neutralizing anti�

carbohydrate antibodies might be an innovative tool to

enhance immunity for the prevention or treatment of

infectious diseases. The potential impact of this strategy

might be similar to that achieved by the production of

new antibodies by vaccination.

Methods for depletion of anti�carbohydrate antibod�
ies. Extracorporeal absorption of antibodies, obtained by

plasmapheresis or adsorption through columns carrying

specific antigens, is the method usually employed both

clinically and experimentally for the depletion of anti�

bodies. Patients can undergo these techniques on a daily

basis, demonstrating the safety of the procedures.

However, it also requires a sophisticated technology that

makes the application of these methods feasible only for

limited periods. Thus, a soluble inhibitor that can bind

and clear antibodies systemically is certainly a much bet�

ter strategy to remove antibodies of the bloodstream.

Such an inhibitor should bind antibodies at least as tight�

ly as the natural antigen; it should be non�immunogenic;

and the resulting immune complexes should be rapidly

cleared from the circulation to prevent diseases related to

immune complexes. Another feature to take in consider�

ation in the particular case of anti�carbohydrate antibod�

ies is their high avidity for multivalent antigens, glycopro�

teins, and glycolipids, but low affinity for single oligosac�

charides [38]. Thus, polymers were selected to provide

flexible backbones for the multivalent presentation of

αGal and maximize avidity to anti�αGal antibodies [39].

These antibodies emerged for many years as the most

important hurdle for the transplantation of pig grafts in

humans (xenoantibodies), requiring a continuous deple�

tion that was not attainable by extracorporeal adsorptions

[40].

Maximal increase in avidity of anti�αGal antibodies

relative to αGal monomer was achieved with polyethyl�

ene glycol polymers and a linear polylysine backbone with

an average length of 1000 lysines and with 25% of side

chains conjugated to αGal trisaccharide (GAS914;
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Fig. 1) [41, 42]. Administration of GAS914 to non�

human primates intravenously or subcutaneously led to a

rapid and long�lasting removal of anti�αGal antibodies

from circulation with minimal complement and B cell

activation (Fig. 2). GAS914 accumulated in the lymphoid

organs. This may cause an antigen�specific B cell unre�

sponsiveness that can explain the suppression of anti�

αGal antibodies for periods far in excess of the period that

the glycoconjugated was measurable in the blood (Fig. 2).

The ability of small doses of GAS914 to efficiently elimi�

nate anti�αGal antibodies, along with the possibility of

synthesizing large amounts with restricted physicochem�

ical variability, generated many expectations regarding

the possibility of offering a relevant therapeutic option for

pig graft xenotransplantation. Unfortunately, continuous

removal of anti�αGal antibodies using GAS914, as the

use of pig organs from Gal�KO pigs that do not express

αGal, could not be clinically applied. The reason is the

xenograft rejection observed in non�human primate

models as result of the emergence of antibodies targeting

non�αGal antigens [43, 44].

The availability of GAS914 allowed us to assess in

vivo the impact of anti�αGal antibody removal in infec�

tions caused by enteric bacteria with the positive results

previously described. The enhancement of immunity

achieved by the depletion of anti�αGal antibodies might

have applications in the prevention or treatment of sever�

al infections. These include most Gram�negative bacteri�

al infections that now cause the majority of hospital�

acquired infections, involving in many cases microorgan�

isms resistant to multiple antibiotics and producing severe

diseases such as sepsis. Severe sepsis is a common, expen�

sive, and frequently fatal condition, with as many deaths

annually as those caused by acute myocardial infarction

[45]. Case�fatality rate depends on the setting and severi�

ty of disease, but it can reach up to 30% for sepsis, 50%

for severe sepsis, and 80% for septic shock. If sepsis is

identified and treated earlier, mortality can be reduced

producing cost�effective benefits in terms of life

years/quality�adjusted life years gained [46]. With αGal�

glycoconjugates such as GAS914 or similar, we might

have for first time created a tool to prevent sepsis, a dis�

ease that now has no specific treatment. Finally, the

αGal�glycoconjugates can also have an impact on the

treatment of protozoan parasitic infections such as malaria

and Chagas disease. Both are associated with boosts of

anti�αGal antibodies that cannot prevent the progress of

the infection to a chronic state [47, 48].

Another strategy that may be used to systemically

remove anti�carbohydrate antibodies involves the inser�

tion of synthetic glycolipids on red blood cells (KODE

technology), generating what is defined as kodecytes [49].

Kodecytes were originally designed with the purpose of

creating quality control systems in blood transfusions, to

identify and quantify special antibodies, or for a more

precise analysis of antibody responses through the reac�

tivity to cells expressing single antigens [49]. However,

they have also the potential to be used clinically in

humans to determine cell survival [50], and to deplete

anti�blood group antibodies or any other antibody target�

ing carbohydrate antigens that can be conjugated to func�

tion�spacer lipids [51]. Undoubtedly, the availability of

methods for systemically eliminating antibodies, with a

more than acceptable toxicity profile in animal models,

could be a major clinical advance to treat disorders asso�

ciated with excess of particular antibodies (autoimmune

Fig. 1. Structure of GAS914 [42]. a) Chemical structure of random copolymer with: n, average degree of polymerization; x, fraction of gly�

cosylated monomer; (1 – x), fraction of thioglycerol�capped monomer. Arrows indicate the positions labeled with 14C for pharmacokinetic

studies. b) Atomic force microscopy of GAS914 shows a chain�like molecule with an average chain diameter of 4.0 ± 0.2 nm and average

chain length of 79 ± 24 nm.
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diseases) or modulate antibody�mediated immune

responses.

MODULATION OF ANTIBODY GLYCOSYLATION

Antibody glycosylation. Antibodies are serum glyco�

proteins essential for the humoral immune response that

can be categorized, according to the heavy chain, into

five main classes: IgG, IgM, IgA, IgE, and IgD [52, 53].

In serum, the most abundant class is IgG comprising 75%

of antibodies in the circulation [54]. This immunoglobu�

lin also has the longest half�life and can be subdivided

into four different subclasses: IgG1, IgG2, IgG3, and

IgG4 [55, 56]. IgM and IgA are the following most abun�

dant immunoglobulins (10 and 15%, respectively) and

have markedly shorter serum half�lives [54, 57]. In gener�

al, IgG comprises two identical heavy chains and two

identical light polypeptide chains (Fig. 3). Each heavy

chain features one variable domain (VH) and three con�

stant domains (CH1, CH2, and CH3). In addition, each

light chain features one variable domain (VL) and one

constant domain (CL) [52, 58, 59]. The two heavy chains

are linked to each other and to a light chain by disulfide

bonds [60]. The resulting tetrameric�quaternary structure

(“Y”�shaped) has three functional units, two antigen�

binding fragments (Fab), and one constant fragment (Fc)

[54, 61].

Immunoglobulins elicit their effector functions (bio�

logical activity) through interactions of the Fc portion

with distinct target molecules and receptors [62, 63].

Glycosylation of the antibody Fc region is a versatile

enzyme�directed site�specific process, which occurs as a

posttranslational modification in the endoplasmic reticu�

lum and in the Golgi complex of the cell [59, 63]. The Fc

region of IgG contains one highly conserved N�linked

glycosylation site at N297 (Fig. 3) in the CH2 domain of

each heavy chain [64, 65]. The N�linked glycans influ�

ence the steric hindrance between the two heavy chains,

maintaining the IgG Fc in an opened conformation.

These glycans are essential for initiation of many IgG

effector functions [54]. Removal of glycans results in col�

lapse of the heavy chains [66], ablating binding to Fc

receptors and C1q [52, 54]. In addition, roughly 10�20%

of the Fab has N�glycosylation sites in the binding region

[53].

The core structure of the IgG�Fc glycans comprises

N�acetylglucosamine (GlcNAc) and mannose residues

(Fig. 3). This can be further extended by variable addi�

tions of terminal and branching sugar residues such as

galactose, sialic acid, fucose, and bisected GlcNAc [53,

54]. The majority of human IgG�Fc glycans contain a

core�fucose (>92%) [67]. The most variable residue of the

Fc sugar core is the galactose (Fig. 3), with a variability

that is age�dependent [65]. Depending on the absence or

presence of galactose on one or both branches of the sugar

moiety, three glycoforms called IgG�G0 (no galactose),

IgG�G1 (galactose on one arm), and IgG�G2 (galactose

on both arms) have been defined [54, 62].

Antibody�mediated effector functions are crucially

dependent on the interaction of its constant region with

the complement system, initiated through binding and

subsequent activation of C1q (complement�dependent

cytotoxicity, CDC), as well as with cellular Fc receptors

Fig. 2. Inhibition of αGal IgG, IgM, and hemolytic anti�pig Ab (HAPAb) by GAS914 [42]. Baboons treated with intravenous injections of

GAS914 at the times indicated by arrows. Thick arrows indicate injection of 5 mg/kg and thin arrows indicate injection of 1 mg/kg. Anti�αGal

IgM (circles), IgG (triangles), and HAPAb (squares) titers are relative to a human standard serum (1 for anti�αGal antibodies and 1000 for

HAPAb).
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(antibody�dependent cell cytotoxicity, ADCC, and

phagocytosis, ADCP) [65]. Fc�mediated effector func�

tions are determined by the antibody isotype and the

presence and type of oligosaccharides attached to the Fc

region [53, 62, 63]. Glycosylation of antibodies, particu�

larly in the Fc region of IgG, has been extensively studied

in disease and health [64, 68, 69], detecting more than 30

distinct glycan patterns in the circulating IgG antibodies

of healthy individuals [59, 67, 70].

Variations in the composition of the sugar moiety can

dramatically influence antibody activity. Increased levels

of antibodies lacking terminal sialic acid and galactose

residues (IgG�G0) are associated with autoimmune dis�

eases like rheumatoid arthritis, systemic lupus erythe�

matosus, and Crohn’s disease [54, 65]. The absence of

these terminal sugar residues exposes the high mannose

core heptasaccharide, which can now be recognized by

mannose�binding lectin (MBL) in vitro [71]. The

increased MBL�binding in agalactosylated IgG, however,

did not translate into increased CDC in vivo [64]. The sig�

nificance of an elevated presence of G0 glycoforms is still

unclear [54, 65]. However, recent evidence suggests that

agalactosylated IgG might have a role in the lack of anti�

body effector functions observed in some bacterial infec�

tions, in chronic HIV infections, and on anti�αGal IgG

of hepatitis C virus�infected individuals with fibrosis and

cirrhosis [68, 72�74]. IgG galactose deficiency was also

correlated with the severity of liver necro�inflammation

and fibrosis in chronic hepatitis B [69]. It is remarkable

that the presence or absence of a single sugar on IgG Fc

glycans so significantly influence the antibody effector

functions. Thus, the possibility of modulating such phe�

nomena is a very appealing way to have impact on the

effector functions of antibodies.

Controlling antibody glycosylation. The potential for

glycosylation is genetically determined; thus, the glycan

profile is dependent on host production. The structure of

the resulting glycans depends on the glycosyltransferases

and modification enzymes present in the cell. The glyco�

sylation pattern of human serum IgG can vary markedly

depending on the physiological status of the individual

[54]. Thus, levels of galactosylated and sialylated serum

IgG increases during pregnancy and decreases postpar�

tum [75]. IgG glycosylation is also altered in several other

conditions. As mentioned before, compared to healthy

individuals, there is a marked increase of agalactosylated

and asialylated serum IgG in individuals with autoim�

mune diseases and infectious diseases. However, it

remains to be elucidated how the disease affects the pat�

tern of antibody glycosylation [54].

So far, little is known about the factors that could

drive the composition of Fc�coupled carbohydrate struc�

Fig. 3. Schematic representation of general architecture of an IgG antibody. Ag, antigen; VH, variable heavy chain; VL, variable light chain;

CL, constant light chain. CH1, CH2, and CH3 are constant domains of heavy chains. Enlarged representation of the Asn297�linked oligosac�

charide complex is also shown (Fuc, fucose; Man, mannose; GlcNAc, N acetylglucosamine; Gal, galactose; Sia, sialic acid). The carbohy�

drate chain can contain 0, 1, or 2 galactose residues, defining G0, G1, and G2 glycoforms, respectively.
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tures of secreted IgG during the activation and differenti�

ation of B lymphocytes [62]. It is speculated that the reg�

ulation of expression of glycosyltransferases and glycosi�

dases and their activity is differentially regulated in

response to stimulation of environmental factors. Both

environmental factors, such as all�trans retinoic acid, as

well as factors stimulating the innate immune system (i.e.

CpG oligodeoxynucleotide, a ligand for toll�like recep�

tor�9) or coming from the adaptive immune system (i.e.

interleukin�21, a T�cell derived cytokine), can modulate

IgG1 Fc�glycosylation [62]. There are several examples

where antibody glycosylation has been modified in order

to achieve a better immunological response against disor�

ders such as breast, colon, and hematological cancers

[76]. Among the antibodies, human IgG1 is the main iso�

type employed as a therapeutic antibody because has the

longest half�life in blood and strongest effector functions

(CDC, ADCC) compared to other antibody classes and

subclasses. Modification of glycosylation pattern of these

antibodies can have great therapeutic value. Thus, the

removal of α1,6 fucose from oligosaccharides attached to

Asn297 of human IgG1 Fc greatly increased ADCC, pro�

ducing a stronger effect than any other structural change

in the Fc oligosaccharides [77, 78]. After the discovery of

ADCC enhancement by defucosylation, almost 20 glyco�

engineered antibodies have entered clinical trials using

this modification [76].

Another possible way to modulate antibody glycosy�

lation involves the control of extracellular metabolites

(mainly glycans) and the enzymes related to their synthe�

sis, transport, and in general, the glycosylation reactions.

N�glycosylation of antibodies begins in the endoplasmic

reticulum. Then, the glycoprotein is transported to the

Golgi apparatus where the high�mannose glycans are

enzymatically processed giving rise to large variations in

glycoform depending on host cell line [79]. The local spe�

cific activities of enzymes and availability of the reaction

substrates, like the nucleotide sugar donor (NSD) species

[80], are key elements that determine type and grade of

antibody glycosylation. The NSDs are synthesized in the

cytoplasm and are then transported into the Golgi. Their

synthesis is highly influenced by the presence of key

nutrients during cell culture [81, 82], e.g. glucose and

galactose. The addition of specific metabolic intermedi�

ates of the nucleotide�sugar synthesis pathways to the cul�

ture will drive metabolic flux towards the desired

nucleotide sugar [83, 84]. This supports a novel approach

for engineering of the glycoform by means of feeding

strategies [79, 85]. As an example, the effects of

nucleotide�sugar precursor feeding on intracellular glyco�

sylation activities were analyzed in CHO cells producing

recombinant human interferon�gamma (IFN�γ) [86].

Galactose (+/–uridine), glucosamine (+/–uridine), and

N�acetylmannosamine (ManNAc) (+/–cytidine) feed�

ing resulted in 12, 28, and 32% increase in IFN�γ sialyla�

tion as compared to the untreated control cultures. This

could be directly attributed to increases in nucleotide�

sugar substrates, UDP�Hex (approximately 20�fold),

UDP�HexNAc (6� to 15�fold), and CMP�sialic acid (30�

to 120�fold), respectively [86]. Recently, a modeling

framework was developed to provide a link from the extra�

cellular environment and its effect on intracellular

metabolites to the distribution of glycans on the constant

region of an antibody product. This work is focused on

the mechanistic in silico reconstruction of the nucleotide

sugar donor metabolic network. The result is a modeling

platform that is able to describe the product glycoform

based on extracellular conditions [80].

Finally, a nonenzymatic glycation of serum proteins,

including Ig, has been described in diabetic patients and

is associated with the impairment of immunoreactivity

described in these patients [87]. The nonenzymatic IgG

glycation observed when the extracellular glucose�fruc�

tose concentration is elevated suggests that exposure to

other carbohydrates can also lead to new changes in anti�

body glycation. Thus, we postulate that after removing

anti�αGal antibodies, continuing the exposure to αGal

through glycoconjugates might provide a tool to modify

IgG glycation. Exposure to αGal glycoconjugates could

be particularly useful in pathological conditions associat�

ed with an increase in agalactosylated IgG antibodies

such as observed in autoimmune and infectious diseases.

This approach along with the expression of new carbohy�

drate antigens or the removal of non�neutralizing anti�

carbohydrate antibodies might provide novel therapeutic

applications for a broad number of disorders.
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