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Anti-Gal and its ligand the «-gal epitope in

mammals

Summary

Anti-Gal is the most abundant natural antibody in humans, constituting
~ 1% of immunoglobulins. Anti-Gal is naturally produced also in apes
and Old World monkeys. The ligand of anti-Gal is a carbohydrate antigen
called the ‘a-gal epitope’ with the structure Galal-3Galfi1-4GlcNAc-R. The
a-gal epitope is present as a major carbohydrate antigen in non-primate
mammals, prosimians and New World monkeys. Anti-Gal can contributes
to several immunological pathogeneses. Anti-Gal IgE produced in some
individuals causes allergies to meat and to the therapeutic monoclonal
antibody cetuximab, all presenting a-gal epitopes. Aberrant expression of
the a-gal epitope or of antigens mimicking it in humans may result in
autoimmune processes, as in Graves’ disease. a-Gal epitopes produced by
Trypanosoma cruzi interact with anti-Gal and induce ‘autoimmune like’
inflammatory reactions in Chagas’ disease. Anti-Gal IgM and IgG further
mediate rejection of xenografts expressing a-gal epitopes. Because of its
abundance, anti-Gal may be exploited for various clinical uses. It increases
immunogenicity of microbial vaccines (e.g. influenza vaccine) presenting
a-gal epitopes by targeting them for effective uptake by antigen-presenting
cells. Tumour lesions are converted into vaccines against autologous
tumour-associated antigens by intra-tumoral injection of a-gal glycolipids,
which insert into tumour cell membranes. Anti-Gal binding to a-gal epi-
topes on tumour cells targets them for uptake by antigen-presenting cells.
Accelerated wound healing is achieved by application of a-gal nanoparti-
cles, which bind anti-Gal, activate complement, and recruit and activate
macrophages that induce tissue regeneration. This therapy may be of fur-
ther significance in regeneration of internally injured tissues such as is-
chaemic myocardium and injured nerves.

Keywords: anti-Gal; increased immunogenicity; tumour vaccine; wound
healing; o-gal epitopes.

bacteria. Anti-Gal in humans is encoded by several
heavy-chain genes primarily of the VH3 immunoglobulin
gene family.*> The distribution of anti-Gal in mammals

Anti-Gal is the most abundant antibody in humans, con-
stituting ~ 1% of immunoglobulins, and is found as
IgG, IgM and IgA isotypes.' It is continuously produced
throughout life as an immunological response to anti-
genic stimulation by bacteria of the normal flora.” As
many as 1% of human B cells can produce anti-Gal,’
most of which are quiescent and only those along the
gastrointestinal tract produce this antibody in response
to continuous antigenic stimulation by gastrointestinal
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is unique in that it is found only in humans, apes and
Old World monkeys (monkeys of Asia and Africa)®
(Table 1). In contrast, the rest of the mammals, includ-
ing non-primate mammals, prosimians and New World
monkeys (monkeys of South America) produce the
ligand of anti-Gal, a carbohydrate antigen called the o-
gal epitope with the structure Galxl-3Galf1-4GIcNAc-R
on carbohydrate chains of glycolipids (Fig. 1) and glyco-
proteins.”® The synthesis of o-gal epitopes in mammals



U. Galil

Table 1. Reciprocal distribution of the natural anti-Gal antibody
and of its ligand the o-gal epitope in mammals

o-gal epitope Natural

Mammalian  «1,3galactosyltransferase  (Galx1-3Galfi1-  anti-Gal
group 4GlcNAc-R) antibody

Non-primate  + + -
mammals

Prosimians + + -
(lemurs)

New World + + —
monkeys

Old World - - +
monkeys

Apes — - +

Humans - — +

is catalysed by the glycosylation enzyme ol,3galactosyl-
transferase (21,3GT)°!? (Table 1). The combining site of
anti-Gal has a ‘pocket’ for the o-gal epitope with a size
corresponding to the free trisaccharide Galal-3Galfi1-
4GlIcNAc. This is suggested from studies on the affinity
of this natural antibody to oligosaccharides."” The affin-
ity of anti-Gal to the free trisaccharide Galal-3Galf1-
4GIlcNAc is approximately sevenfold higher than that to
the disaccharide Galo1-3Gal. The similarity in binding of
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anti-Gal to a-gal epitopes on carbohydrate chains of gly-
coproteins (mannose in the fourth position) and glycoli-
pids (no mannose in the carbohydrate chains) further
implies that the pocket size is limited to a trisaccharide
length of the antigen.'

All mammals synthesizing «-gal epitopes are immuno-
tolerant to it and cannot produce anti-Gal. It is probable
that anti-Gal tolerance is induced at the level of B-cell
development in the bone marrow, by deletion or receptor
editing. This is suggested from studies on B cells in indi-
viduals with blood group A or B antigens, which have
structures that are similar to the «-gal epitope. No
lymphocytes producing anti-blood group A or anti-B
antibodies were detected among Epstein—Barr virus-trans-
formed human B cells obtained from the blood of indi-
viduals with the corresponding blood group A or B as
self-antigen.” This suggests that B cells capable of produc-
ing antibodies to major self-carbohydrate antigens are
deleted or undergo receptor editing in the bone marrow
and do not reach the circulation.

The «1,3GT gene (also called GGTAI) was inactivated
in ancestral Old World monkeys and apes at a period
thought to be 20-28 million years ago.'”'® This evolu-
tionary event was likely to be a catastrophic epidemiolog-
ical event that correlates with the almost complete
extinction of hominoids, as indicated in the fossil
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Figure 1. Insertion of a-gal glycolipids into cell membranes of injected tumours. o-Gal glycolipids are injected into solid tumours in the form of

micelles in which the hydrophobic ceramide tails form the core of the micelle whereas the hydrophilic carbohydrate chains protrude into the sur-

rounding aqueous environment. The glycolipids spontaneously insert into the outer phospholipid leaflet of tumour cell membranes because the

hydrophobic tail of glycolipids is energetically much more stable when surrounded by the fatty acid tails of phospholipids in tumour cell mem-

branes than within the micelle where they are surrounded by water molecules. This insertion results in presentation of multiple «-gal epitopes on

the tumour cell membranes (described as phospholipid bilayer) and binding of the natural anti-Gal antibody molecules to these epitopes. The

representative o-gal glycolipid has 10 carbohydrate units (ceramide decasaccharide) and two branches (antennae), each capped by an o-gal epi-

tope marked by a dashed line rectangle.
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record.'® The inactivation of the «1,3GT gene in ancestral
Old World monkeys and apes is a unique event in mam-
malian evolution because it was followed by production
of large amounts of the natural anti-Gal antibody against
the eliminated a-gal epitope."*** Anti-Gal could provide
immune protection against pathogens endemic to the Old
World land mass that were detrimental to primates and
that expressed o-gal epitopes.”'>'® Several pathogens,
including enveloped viruses,”' ** bacteria®*>*® and proto-
z0a,”” ** were found to express a-gal epitopes and so can
be destroyed by anti-Gal.

It is of interest to note that the initial discovery of
anti-Gal was on red blood cells (RBC) of patients with
[3—thallassaemia,30 on human normal senescent RBC'!
and on sickle cell anaemia RBC.*” It is possible that a
cryptic antigen capable of binding anti-Gal is exposed on
human RBC that are ~ 120 days old, or on thalassaemia
and sickle cell anaemia RBC where this antigen is exposed
at a younger age of the RBC."**> The amount of this
cryptic antigen on RBC is very low, resulting in the bind-
ing of only a few hundred anti-Gal IgG molecules and its
molecular structure has yet to be characterized.

As detailed below, anti-Gal contributes to a number of
pathological phenomena. Nevertheless, as this antibody is
ubiquitous in humans, anti-Gal may be amenable to
exploitation in a number of clinical settings, some of
which are presented in this review.

Allergic reactions caused by anti-Gal IgE

Anti-Gal-producing B cells occasionally undergo isotype
switch to produce anti-Gal IgE antibodies, which cause
allergies by binding to «-gal epitopes.” >’ Such allergies
were found in a small proportion of cancer patients trea-
ted with the monoclonal antibody cetuximab (anti-EGFR)
which carries on its Fab a-gal epitopes.”® Anti-Gal IgE
binding to the infused cetuximab induces a systemic aller-
gic reaction that may be severe enough to result in a life-
threatening anaphylactic shock.”® An isotype switch to
anti-Gal IgE was observed in several individuals following
a bite from the tick Amblyomma americanum, which
transmits Lyme disease.”® Additional studies indicated
that allergic reactions to meat are also associated with
anti-Gal IgE antibodies interacting with a-gal epitopes in
beef and pork.”> >’ Such allergic reactions may be avoided
by performing a skin test with nanoparticles that present
multiple a-gal epitopes on glycolipids. Such nanoparticles
interact with anti-Gal but do not activate T cells,”®** so
they may elicit a localized skin allergic response in the
presence of anti-Gal IgE.

Anti-Gal and autoimmunity in Graves’ disease
Aberrant expression of «-gal epitopes in human tissues

. . . . 10
may result in anti-Gal mediated autoimmune processes.
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Pathology and benefits of anti-Gal

Graves’ disease in which autoantibodies constantly stim-
ulate thyroid cells is an example of association between
anti-Gal and autoimmunity. Patients with Graves’ disease
display elevated titres of anti-Gal IgG,*' raising the pos-
sibility that «-gal epitopes aberrantly expressed on thyro-
cytes induce activation of quiescent anti-Gal B cells.
Anti-Gal was further found to mimic thyroid-stimulating
hormone (TSH) function if o-gal epitopes are expressed
on TSH receptors (TSHR). Anti-Gal purified from nor-
mal human serum binds in vitro to porcine thyrocytes
and stimulates them to proliferate, produce cAMP and
incorporate iodine into thyroglobulin in a manner simi-
lar to TSH-mediated stimulation of these thyrocytes
because TSHR on porcine thyrocytes are glycoproteins
that carry o-gal epitopes.*”*> By a similar mechanism,
anti-Gal binds to recombinant porcine TSHR expressed
on transfected mouse 3T3 fibroblasts (cells producing
the o-gal epitopes) and stimulate these cells to produce
CAMP in a manner similar to stimulation by TSH.*?
However, anti-Gal does not bind and does not stimulate
in vitro normal human thyrocytes as these cells lack o-
gal epitopes.**

In contrast to normal human thyrocytes, cultured
Graves’ disease thyrocytes bind anti-Gal and are stimu-
lated by this antibody to produce cAMP, and to prolifer-
ate and display iodine uptake as well as iodine
incorporation into thyroglobulin.** Moreover, specific
depletion of anti-Gal antibody from the serum of patients
with Graves’ disease resulted in a decrease of ~ 80% in
the stimulatory effect of the serum on autologous thyro-
cytes.** Together, these observations suggest that o-gal
epitopes are aberrantly expressed on Graves’ disease thy-
rocytes, through an as yet unknown mechanism. These
epitopes elicit anti-Gal production above the normal
level, and the binding of this antibody to the aberrantly
expressed epitopes results in stimulation of these thyro-
cytes at a level that is higher than that of the anti-TSHR
antibodies directed against the peptide epitopes on this
receptor. It is not clear at present whether aberrant
expression of the o1,3GT gene is feasible because of the
insertion of a single base mutation in this gene.*” A
report on an alternative galactosyltransferase in pig cells*
raises the possibility that a similar enzyme may be aber-
rantly active in Graves’ disease thyrocytes. Alternatively,
anti-Gal binding to these thyrocytes may be facilitated by
an unknown cell surface molecule with a structure similar
to that of the «-gal epitope (e.g. a peptide mimetic to the
a-gal epitope), which stimulates production of anti-Gal
and interacts with it, ultimately resulting in chronic thy-
rocyte stimulation. Peptides mimetic to the o-gal epitope
were previously identified.*>*” Another possibility may be
that the cryptic antigen binding anti-Gal on senescent
normal RBC"“*' and on pathological RBC’>’* may
undergo increased expression on Graves’ disease thyro-
cytes, resulting in anti-Gal binding and propagation of
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the autoimmune process. Characterization of this antigen
on senescent RBC will enable the evaluation of its expres-
sion on Graves’ disease thyrocytes.

A marked increase in anti-Gal titre has also been
reported in other autoimmune diseases including
Henoch—Schonlein purpura, where the increase is primar-
ily in anti-Gal IgA antibody*® and in Crohn’s disease
where the increase is mainly of anti-Gal IgG antibody.*’
It is not clear at present whether anti-Gal contributes to
the pathology of these diseases.

Anti-Gal mediated ‘autoimmune like’ phenomena
in Chagas’ disease

Chagas’ disease caused by Trypanosoma cruzi is marked
by 10-30-fold higher anti-Gal titres than in uninfected
individuals.”®>* Accordingly, T. cruzi was found to pres-
ent on its cell membrane multiple a-gal epitopes on gly-
coinositolphospholipids and  lipophosphoglycans.®” >’
Anti-Gal readily binds to these epitopes on T. cruzi and
induces complement-mediated lysis of this pathogen,
suggesting that anti-Gal contributes to protection against
T. cruzi infections.”®™* However, T. cruzi parasites
escaping anti-Gal protection penetrate various tissues.
The parasite in cells is protected from destruction by
anti-Gal. Intracellular parasites continue to produce and
release glycoinositolphospholipids and lipophosphogly-
cans with o-gal epitopes, as shown in Vero cells infected
with T. cruzi®® These released glycoconjugates stimulate
the immune system for continuous production of anti-
Gal at high titres. Anti-Gal further interacts with these
glycoconjugates resulting in extensive localized ‘autoim-
mune-like’ inflammatory reactions characterized by
extensive infiltration of macrophages and lymphocytes
and which result in cardiomyopathy, hepatomegaly and
megacolon characteristic of acute and chronic Chagas’
disease.*® The a-gal epitope was also found to be
expressed on Trypanosoma brucei,”’ Leishmania mexicana
and Leishmania major glycoinositolphospholipids,****>°
so it is possible that anti-Gal also contributes to the
chronic inflammations seen following infections with
these protozoa.

A similar anti-Gal-mediated autoimmune-like process
may result from the adhesion to cells of bacterial frag-
ments expressing carbohydrate epitope resembling o-gal
epitope structure.”>**>® Adhesion of such antigens to cells
in the gastrointestinal tract, urinary tract or other tissues
may result in anti-Gal-induced destruction of the cells
by complement or antibody-dependent -cell-mediated
cytotoxicity.

Anti-Gal as a barrier in xenotransplantation

Anti-Gal has been a major immune barrier in xeno-
transplantation, i.e. transplantation of organs and tissues

from various animals, in particular from pigs, into
humans. Xenotransplantation research is motivated by
the paucity of organ allografts available for transplanta-
tion. Pig cells, however, express very high numbers of
a-gal epitopes (several million epitopes/cell).””” Anti-Gal
in xenograft recipients binds to «-gal epitopes on the
endothelial cells of xenografts and induces their comple-
ment-mediated cytolysis followed by platelet aggregation,
occlusion of small blood vessels, collapse of the vascular
bed and hyperacute rejection of the xenograft within
0-5-12 hr.°>** This immunological barrier was recently
overcome by the generation of «1,3GT knockout pigs
(GT-KO pigs), which lack a-gal epitopes.®>®® Heart and
kidney xenografts from these GT-KO pigs transplanted
into monkeys were found to survive for from several
weeks to several months®” ® and even up to 6 months
in one monkey recipient of pig heart.”® The ultimate
rejection of such xenografts lacking o-gal epitopes is
associated with the production of many antibodies des-
ignated anti-non gal antibodies against multiple immu-
nogenic pig proteins.”” ”' Prevention of anti-non gal
antibody production will require the development of
tolerance-inducing methods that selectively prevent the
immune response to the multiple pig xenoproteins with-
out significantly affecting the immune protection against
various pathogens. Another issue that has to be resolved
in xenotransplantation is the effect of pig endogenous
retrovirus in human recipients. This virus was shown to
infect in vitro human fibroblasts co-incubated with pig
cells.”” As the genome of this retrovirus can be incorpo-
rated in various domains of the recipient’s genome, a
white paper has been published that recommends that
before large studies on xenotransplantation of porcine
xenografts in humans, the study of pig endogenous ret-
rovirus genome incorporation should be performed in
xenograft recipients.”” If such incorporation is observed,
then it should be elucidated whether it has any detri-
mental outcomes.”

The issues of anti-Gal and anti-non gal response to a
xenograft implant are not only of future relevance in xe-
notransplantation, but are of present relevance in patients
with a porcine heart valve. There is an inverse correlation
between the age of the recipient and the rate at which the
implanted valve function is deteriorating due to calcifica-
tion, which seems to be caused by binding of antibodies
to the valve.”* The observation that in porcine valve
recipients there is elevation of anti-Gal antibody titre as
an immune response to the a-gal epitopes on the porcine
valve” raised the possibility that this antibody may
contribute to the calcification of the valve. Indeed, valve
specimens from GT-KO pigs pre-incubated in human
serum (i.e. valves not binding anti-Gal) displayed
significantly less calcification following subcutaneous
implantation in rats than valves from wild-type pig
implants pre-incubated in human serum (i.e. valves
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binding anti-Gal to their a-gal epitopes).”®”” It remains
to be determined whether in the absence of o-gal epitopes
on porcine valve implants (i.e. valve implants from GT-
KO pigs), the deterioration of the implant in young
recipients will be reduced in comparison to valves from
wild-type pigs, or is this deterioration also associated with
extensive production of anti-non-gal antibodies.

Anti-Gal-mediated enhancement of viral vaccines
immunogenicity by targeting to antigen-
presenting cells

The presence of anti-Gal in large amounts in humans
provides a unique opportunity for exploiting this anti-
body in several clinical settings. One versatile clinical
application is to enhance immunogenicity of viral and
other microbial vaccines as well as cancer vaccines by tar-
geting vaccines for effective uptake by antigen-presenting
cells (APC) such as dendritic cells and macrophages, pro-
vided that the vaccine expresses o-gal epitopes.”® Studies
were performed in anti-Gal producing «1,3GT knockout
mice (GT-KO mice) with ovalbumin as a vaccine model.
If the vaccine expresses o-gal epitopes, anti-Gal forms
immune complexes with it. These immune complexes are
effectively internalized by APC via interaction between
the Fc portion of immunocomplexed anti-Gal and Fcy
receptors (FcyR) on the APC.”® These APC transport the
vaccine to regional lymph nodes where they present the
vaccinating peptides on MHC molecules for the activa-
tion of vaccine-specific T cells.””

Increased immunogenicity of viral vaccines by in situ
immunocomplexing with anti-Gal was demonstrated
with influenza virus vaccine and gpl20 vaccine of HIV
engineered to express o-gal epitopes.**® Vaccination
with inactivated influenza virus processed by the use of
recombinant o1,3GT to express multiple o-gal epitopes
elicited a 100-fold higher specific CD4" T-cell response
and anti-influenza virus antibody response as well as
approximately sixfold higher CD8" T-cell response than
vaccination with virus lacking «-gal epitopes.*® More-
over, GT-KO mice immunized with influenza virus vac-
cine-presenting o-gal epitopes were ~ 11-fold more
resistant to challenge with live virus than GT-KO mice
immunized with virus lacking «-gal epitopes.*® A similar
increase in immunogenicity was observed with gp120
recombinant protein®" or with a fusion protein of
gpl120 and p24 of HIV on which «-gal epitopes were
synthesized by the use of recombinant o1,3GT.* As
gp120 has 13-16 N-linked carbohydrate chains of the
complex type on which «-gal epitopes can be synthe-
sized with recombinant «1,3GT, it may serve as an
effective platform for targeting proteins lacking carbohy-
drate chains (e.g. core and matrix proteins of HIV) to
APC by formation of immune complexes between the

fusion protein and anti-Gal.**
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Pathology and benefits of anti-Gal

Conversion of tumours into vaccines by intra-
tumoral injection of «-gal glycolipids

Anti-Gal may be exploited for eliciting a protective
immune response against micrometastases by enhancing
the immunogenicity of tumour-associated antigens (TAA)
on autologous tumour cells. Many of the TAA are autolo-
gous TAA unique to each cancer patient and are gener-
ated by multiple coding mutations as a result of genomic
instability.*> ®> Some of these mutations confer a growth
advantage to tumour cells (driver mutations) whereas
others have no effect on growth (passenger mutations).
The autologous TAA may serve as target for active immu-
notherapy against metastatic cells.

The immune system in humans has the potential to
mount a protective immune response against the autolo-
gous TAA. This is evidenced by the correlation between
the extent of CD8" T cells and T helper type 1 memory
T-cell infiltration into tumours and improved prognosis
in malignancies such as melanoma, ovarian carcinoma
and colorectal carcinoma.®*®* However, in a large pro-
portion of cancer patients no T cells are found in resected
tumours because tumours evolve to evade recognition by
APC, so no anti-TAA immune response is elicited in the
pre-clinical stage.

Identification of the multiple autologous TAA in indi-
vidual patients and their synthesis for vaccination pur-
poses are not feasible at present. Therefore, the tumour
itself is a practical source for vaccinating autologous
TAA. Immunogenicity of the undefined autologous TAA
can be increased by anti-Gal-mediated in situ targeting of
tumour cells within tumour lesions to APC.”® It was
assumed that anti-Gal binding to tumour cells manipu-
lated to express o-gal epitopes results in effective uptake
of these cells by APC via Fc/FcyR interaction between the
Fc portion of anti-Gal coating tumour cells and FcyR on
APC, thereby converting the tumour itself into a vaccine
(Fig. 2). Accordingly, studies performed in GT-KO mice
producing anti-Gal and using the tumour model of B16
mouse melanoma, which lacks a-gal epitopes, have dem-
onstrated increased immunogenicity of melanoma
tumour antigens or of pancreatic carcinoma MUCI
tumour antigen after induction of «-gal epitope expres-
sion on the tumour cells.””

Whereas extensive expression of o-gal epitopes on vac-
cinating tumour cells can be achieved by in vitro stable
transfection of the cells with the «1,3GT gene’ ** or by
in vitro synthesis of o-gal epitopes on tumour cells with
recombinant «1,3GT,”**> such methods are not effective
in inducing in situ expression of these epitopes in tumour
lesions to convert them into autologous tumour vaccines.
In situ expression of o-gal epitopes on tumour cells can
be achieved by intra-tumoral injection of o-gal glycoli-
pids.”® These glycolipids can be obtained in relatively
large amounts from rabbit RBC membranes where they
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Figure 2. Targeting of tumour cells to antigen-presenting cell (APC) by the natural anti-Gal antibody. Following insertion of injected «-gal

glycolipids into tumour cell membranes both anti-Gal IgM and IgG antibodies (released from ruptured capillaries) bind to «-gal epitopes on the

tumour cells. Binding of anti-Gal IgM results in effective complement activation and generation of the chemotactic complement cleavage peptides

C5a and C3a, which induce rapid migration of APC (dendritic cells and macrophages) into the treated tumour. Following anti-Gal IgG binding

to the o-gal epitopes on tumour cells (i.e. opsonization), its Fc portion interacts with Fcy receptor (FcyR) on APC. This interaction stimulates

APC to internalize intact or lysed tumour cells and the tumour-associated antigens (TAA) they carry. Internalized TAA are transported by the

APC to regional lymph nodes, processed and various immunogenic TAA peptides (e, m, A) are presented by the APC in association with class I

and class II MHC molecules. These immunogenic peptides interact with the corresponding T-cell receptors (TCR) and activate the multiple

TAA-specific cytotoxic and helper T-cell clones that mediate a protective anti-tumour immune response.

comprise the majority of glycolipids.”® «-Gal glycolipids

include a hydrophobic ceramide ‘tail’ and a hydrophilic
carbohydrate chain linked to the ceramide and carrying
one or several carbohydrate branches capped by o-gal epi-
topes. These glycolipids are purified from rabbit RBC by
chloroform : methanol extraction and removal of phos-
pholipids and cholesterol.”® Purified a-gal glycolipids dis-
solve in water as micelles (Fig. 1). When injected into
subcutaneous B16 melanoma lesions growing in GT-KO
mice, the o-gal glycolipids in the micelles insert spontane-
ously into tumour cell membranes. This insertion occurs
because the hydrophobic lipid ‘tail’ of a-gal glycolipids is
energetically much more stable when surrounded by cell
membrane phospholipids than in micelles surrounded by
water (Fig. 1). The multiple a-gal epitopes of the inserted
o-gal glycolipids bind anti-Gal. This interaction activates
complement that induces lysis of some of the tumour
cells and generates chemotactic complement cleavage pep-
tides as C5a and C3a. These chemotactic factors induce
rapid and extensive recruitment of dendritic cells and
macrophages into the injected tumour.”®®” The recruited

APC further internalize anti-Gal-coated tumour cells via
Fc/FcyR interaction (Fig. 2). Within ~ 2 weeks post-injec-
tion, APC in GT-KO mice transport the internalized mela-
noma TAA to regional lymph nodes where they present
TAA peptides and activate tumour-specific CD8" and
CD4" T cells.”®*® This immune response results in protec-
tion by CD8" T cells against distant micrometastases and
is potent enough to overcome the immunosuppressive
effect of regulatory T cells.”® No immune tolerance was
broken as treated mice displayed no indication of autoim-
munity to normal tissue antigens and no vitiligo.”* *® Lack
of autoimmunity to normal tissue antigens was also
observed in GT-KO mice immunized with B16 melanoma
engineered to express o-gal epitopes by stable transfection
with 21,3GT cDNA.”"”

Of note is the report that generation of complement
C5a in a tumour microenvironment enhances tumour
growth by suppressing the anti-tumour CD8" T-cell-
mediated response.'® The immunotherapy by intra-tu-
moral injection of o-gal glycolipids is unlikely to be
affected by this process as it elicits an anti-tumour CD8"

© 2013 John Wiley & Sons Ltd, Immunology, 140, 1-11



protective immune response in the draining lymph nodes
and spleen, rather than within the treated tumour.”®
Nevertheless, a proportion of the tumour cells with
inserted «-gal glycolipids are destroyed within the injected
lesions by complement-mediated cytotoxicity and by anti-
body-dependent  cell-mediated cytotoxicity following
anti-Gal binding to the «-gal epitopes de novo expressed
on the tumour cells in the treated tumour.””’

Immunotherapy by intra-tumoral injection of
a-gal glycolipids in cancer patients

Immunotherapy by intra-tumoral injection with «-gal gly-
colipids was studied for safety in a Phase I dose escalation
trial in patients with malignant solid tumours at
advanced stages of disease.'”" Studies were approved by
the Food and Drugs Administration (IND12946) and the
Institutional Review Board. Informed consent was
received from participating patients. Intra-tumoral injec-
tion of 0-1, 1 and 10 mg o-gal glycolipids per tumour
was found to be safe and no patients developed clinical
signs of toxicity, or any indication for autoimmunity.'"'
Some patients with tumours such as renal carcinoma and
pancreatic adenocarcinoma appeared to have an unex-
pectedly long survival after injection whereas other
patients did not.'"!

Immunotherapy with o-gal glycolipids may be of par-
ticular interest in cancer patients before the surgical
removal of their primary tumour, ie. in neoadjuvant
immunotherapy. Intra-tumoral injection of o-gal glycoli-
pids in cancer patients shortly after diagnosis, i.e.
2—4 weeks before resection, may convert the treated
tumour into a temporary vaccine that ‘educates’ the
immune system to recognize and destroy metastatic cells
presenting autologous TAA. This treatment may be suit-
able in patients with mammary, colon or pancreatic carci-
noma as well as other internal solid tumours that can be
injected by imaging. Because of immunological memory,
the immune response elicited in the period between diag-
nosis and resection may protect against micrometastases
long after the primary tumour was removed.

Acceleration of wound healing and tissue
regeneration by «-gal nanoparticles

Anti-Gal can be exploited also for accelerating the heal-
ing of wounds and burns.”>'°>'Wound healing requires
the local recruitment and activation of macrophages,
which orchestrate this process by secreting various cyto-
kines that direct the regeneration of the injured
tissue.'®* 1% Accelerated macrophage recruitment and
activation can be achieved by application of «-gal nano-
particles to wounds. These nanoparticles are submicro-
scopic liposomes prepared from w-gal glycolipids,
phospholipids and cholesterol, all extracted from rabbit
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RBC membranes.””'**!> When applied into injuries, o-
gal nanoparticles effectively bind the natural anti-Gal
antibody that ‘leaks’ from ruptured capillaries and acti-
vate the complement cascade, which generates chemotac-
tic cleavage complement peptides such as C5a and C3a
(Fig. 3). These chemotactic peptides induce rapid and
extensive migration of macrophages into the treated
wound, observed already within 24 hr post—treatment.39
The recruited macrophages are further activated follow-
ing the binding of the Fc portion of anti-Gal coating o-
gal nanoparticles via FcyR on the macrophages (Fig. 3).
The activated macrophages produce cytokines such as
vascular endothelial growth factor, interleukin-1, platelet-
derived growth factor and colony-stimulating factor that
promote healing of injuries.’® As the a-gal glycolipids are
surrounded in the nanoparticle wall by phospholipids
they are energetically stable and do not insert into cell
membranes in treated wounds.

The o-gal nanoparticle treatment was found to decrease
wound and burn healing time in GT-KO mice by
50-70% in comparison with physiological healing
time.”>'%> Moreover, anti-Gal-mediated accelerated heal-
ing of the wound is associated with rapid restoration of
normal skin architecture, thereby avoiding fibrosis and
scar formation.”® In anti-Gal-producing GT-KO pigs the
healing time of a full-thickness excisional skin wound
(20 x 20 mm) was found to decrease by 40% following
topical application of o-gal nanoparticles in comparison
to saline-treated wounds on the same animal.'®

It is of interest to note that whereas the natural anti-
phospholipid antibody ‘anti-phosphatidyl-choline (anti-
PC) IgM Ab’ was reported to be an anti-inflammatory
antibody,'?”” the natural anti-Gal antibody may be a pro-
inflammatory as well as anti-inflammatory antibody,
depending on the type of cells or particles presenting the
a-gal epitope. If this epitope is expressed on cells (e.g.
xenograft cells or tumour cells with inserted o-gal glycoli-
pids), the interaction with anti-Gal may lead to cell lysis
and a pro-inflammatory response. However, if the «-gal
epitope is expressed on nanoparticles and there is no
insertion into cells because of the stability of the «-gal
glycolipid molecules surrounded by phospholipids, then
anti-Gal/a-gal epitope interaction results in recruitment
and activation of macrophages into pro-healing activity,
as observed in the wound-healing studies.”'**'*?

Future directions on regeneration of ischaemic
myocardium and of injured nerves

Repair and regeneration of skin wounds and of internal
injuries are mediated by similar mechanisms so it may be
possible that acceleration of injured tissue repair and
regeneration by o-gal nanoparticles can be achieved also
in internal injuries such as in ischaemic myocardium and
in injured nerves. After myocardial infarction, as in
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wound healing, macrophages migrate to the injured myo-
cardium, debride it of dead cells and secrete cytokines/
growth factors that recruit stem cells. The recruited stem
cells receive cues from the adjacent healthy cells, the
microenvironment and the extracellular matrix, to differ-
entiate into cardiomyocytes that regenerate the tissue and
restore its physiological activity.'”*''° Myocardium with
limited ischaemic damage may display spontaneous
regeneration by this mechanism. However, in more exten-
sive ischaemic damage, migration of macrophages into
injured myocardium and the recruitment of stem cells are
processes that are too slow to prevent irreversible fibrosis
and scar formation, which is the default mechanism for
tissue repair. It may be possible that post-infarction fibro-
sis can be reduced or prevented by injection of o-gal
nanoparticles into the injured cardiac muscle via a cathe-
ter, shortly after the ischaemia event (i.e. before the onset
of myocardium fibrosis). Injected a-gal nanoparticles will
bind anti-Gal and induce rapid chemotactic migration of
macrophages, which will be activated and may further
recruit stem cells from the circulation or from uninjured
adjacent myocardium. It may further be possible that the
recruited stem cells are guided by the microenvironment
and extracellular matrix to differentiate into cardiomyo-
cytes that repopulate the ischaemic myocardium and
restore its biological activity before the onset of fibrosis.
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Figure 3. Acceleration of wound healing by o-
gal nanoparticles applied to wounds. Binding
of the natural anti-Gal antibody to o-gal epi-
topes on o-gal nanoparticles activates the com-
plement system within the treated wound. The
resulting complement cleavage chemotactic fac-
tors induce rapid recruitment of macrophages
into the wound. The recruited macrophages
undergo activation as a result of interaction
between the Fc ‘tails’ of anti-Gal immunocom-
plexed to the w«-gal nanoparticles with Fcy
receptor (FcyR) on macrophages. The activated
macrophages produce and secrete cytokines/
growth factors that accelerate healing and may
% recruit stem cells. Symbols for o-gal glycoli-

pids, phospholipids and cholesterol are illus-
trated at the bottom of the figure.

Activated macrophages are also pivotal in regeneration
of severed nerves, as in spinal cord injury. Regeneration
of nerves requires regrowth of multiple sprouts from
injured axons. These sprouts ‘attempt’ to reconnect across
the lesion and grow into the distal axonal tube of the
damaged neurons. This axonal sprout growth depends on
growth factors such as vascular endothelial growth factor
secreted by macrophages migrating to the injury site and
inducing local angiogenesis.''" If this growth of axonal
sprouts is delayed because of insufficient recruitment of
macrophages into the injury site, the ongoing fibrosis
process will irreversibly prevent regeneration of the
injured nerve. «-Gal nanoparticles applied to the injury
site will bind anti-Gal and may induce rapid macrophage
migration and activation for the secretion of vascular
endothelial growth factor, vascularization and hence
growth of many axonal sprouts. The resulting growth of
multiple axonal sprouts may enable regrowth of the axons
into the distal portion of the axonal tubes and ultimately
induce regeneration of the injured nerve.

It should be stressed that the proposed treatments for
regeneration of ischaemic myocardium and injured nerve
by application of a-gal nanoparticles are theoretical possi-
bilities at present. The assumption that such regeneration
will precede the default fibrosis processes may be studied
in the experimental mammalian animal models that
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produce anti-Gal such as GT-KO mouse or GT-KO pig
which were found to be instrumental in the study of
wound healing, or in anti-Gal-producing monkeys, which
have been essential in evaluating the role of anti-Gal as a
barrier for xenotransplantation.

Conclusions

The natural anti-Gal antibody, which is the most abun-
dant natural antibody in humans, is involved in a number
of detrimental processes that may result in allergic, auto-
immune and ‘autoimmune-like’ pathogeneses. Because of
its abundance in humans, anti-Gal may be exploited in
increasing immunogenicity of microbial vaccines and of
autologous tumour vaccines expressing «-gal epitopes by
targeting vaccines to APC. Application of «-gal nanoparti-
cles to wounds further accelerates wound healing by rapid
recruitment and activation of macrophages. Additional
basic and clinical research exploiting this unique natural
antibody may lead to numerous beneficial clinical applica-
tions that are, as yet, undefined.
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