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Abstract: This review describes a novel method for accelerating tissue regeneration by o-gal nanoparticles and proposes
methods for a-gal nanoparticles mediated increased efficacy of biomaterials used in tissue engineering. o.-Gal nanoparti-
cles present multiple o-gal epitopes (Galol-3Galf1-4GIcNAc-R) that bind the most abundant natural antibody in all hu-
mans- the anti-Gal antibody, constituting ~1% of immunoglobulins. Anti-Gal/o-gal nanoparticles interaction generates
chemotactic complement cleavage peptides that induce rapid and extensive recruitment of macrophages. The subsequent
interaction between the Fc portion of anti-Gal coating a--gal nanoparticles and Fcy receptors on macrophages activates
these cells to produce cytokines/growth factors that promote tissue regeneration and recruit stem cells. Intradermal injec-
tion of o-gal nanoparticles induces localized extensive recruitment and activation of macrophages. These macrophages
disappear within 3 weeks without altering normal skin architecture. Application of o-gal nanoparticles onto wounds of
anti-Gal producing animals reduces healing time by 40-70%. o-Gal nanoparticles injected into ischemic myocardium in-
duce extensive recruitment of macrophages that secrete cytokines preserving the structure of the ischemic tissue. These
macrophages may recruit progenitor cells and/or stem cells that are guided by myocardial microenvironment and extracel-
lular matrix to differentiate into cardiomyocytes. o-Gal nanoparticles applied to nerve injures will recruit macrophages
that can promote angiogenesis required for induction of axonal sprouting and thus may regenerate the severed nerve. In
tissue engineering, incorporation of o-gal nanoparticles into decellularized tissue and organ implants may improve in vivo
regeneration and restore biological function of implants because of accelerated recruitment of macrophages and stem

cells.
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This review describes a novel method for recruitment and
activation of macrophages within injured tissues by o-gal
nanoparticles. The review further proposes the use of these
nanoparticles in biomaterials for tissue engineering, in order
to accelerate and increase the efficacy of tissue repair and
regeneration processes. The method is based on harnessing
the immunological potential of the natural anti-Gal antibody,
which is the most abundant natural antibody in humans.
Anti-Gal interacts specifically with a carbohydrate antigen
called “the o-gal epitope” with the structure Galol-3Galf1-
4GIcNAc-R. Nanoparticles presenting multiple o-gal epi-
topes and called o-gal nanoparticles introduce these epitopes
into injury sites or into biomaterials. The interaction of anti-
Gal with a-gal epitopes on o-gal nanoparticles activates the
complement system for rapid chemotactic recruitment of
macrophages. This interaction further induces pro-healing
functions in the recruited macrophages which may recruit
stem cells. The review describes studies on the efficacy of
anti-Gal/o-gal nanoparticles interaction in acceleration of
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wound healing and in recruitment and activation of macro-
phages. The review further proposes possible uses of a-gal
nanoparticles in facilitating regeneration of tissues affected
by internal injures such as ischemia of the myocardium. In
addition, the review suggests methods for incorporating
these nanoparticles into biomaterials used for tissue engi-
neering. The ultimate purpose of this review is to interest
researchers in the area of tissue engineering, repair and re-
generation in studying the possible uses of o-gal nanoparti-
cles in various regenerative treatments for increasing the
efficacy of such treatments and for accelerating the regenera-
tive process.

IMMUNE RECRUITMENT OF MACROPHAGES FOR
TISSUE HEALING AND REGENERATION

Macrophages are the pivotal cells in early stages of injury
healing and tissue regeneration. Macrophages migrating into
injury sites debride the injured tissue by phagocytosis. Sub-
sequently, upon transition into the pro-healing phase, macro-
phages orchestrate regeneration by secreting a variety of
cytokines/growth factors that induce angiogenesis and re-
generation of the injured tissue [1, 2]. Macrophages are re-
cruited into wounds within several days post injury by cyto-
kines such as MIP-1 and MCP-1 released from cells within
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and around injury sites [3, 4]. This recruitment can be mark-
edly accelerated by antibodies interacting with various anti-
gens and causing local activation of the complement system.
Complement activation results in generation of complement
cleavage peptides such as C5a and C3a which are chemotac-
tic factors that induce rapid extravasation of monocytes, and
their differentiation into macrophages which migrate along
the chemotactic gradient [5, 6]. This immune mediated re-
cruitment of macrophages and their activation can be
achieved in humans by harnessing the natural anti-Gal anti-
body. The harnessing of this antibody is feasible by using o-
gal nanoparticles.

THE NATURAL ANTI-GAL ANTIBODY, a-GAL EPI-
TOPES AND a-GAL NANOPARTICLES

Anti-Gal is the most abundant natural antibody in all hu-
mans, constituting ~1% of circulating immunoglobulins in
young [7] and in elderly individuals [8]. Anti-Gal binds spe-
cifically to a carbohydrate antigen called the o-gal epitope
with the structure Gala1-3Galp1-4GIcNAc-R [9]. This anti-
body is produced throughout life in response to continuous
antigenic stimulation by bacteria of the normal gastrointesti-
nal flora [10]. Anti-Gal is naturally produced also in Old
World monkeys (monkeys of Asia and Africa) and in apes,
however, it is absent in other mammals [11]. In contrast,
other mammalian species including nonprimate mammals
(e.g. mice, rats, rabbits, dogs, pigs, etc.) as well as prosimi-
ans and New World monkeys (monkeys of South America)
lack the anti-Gal antibody but all produce its ligand the o-gal
epitope, by using a glycosylation enzyme called o.1,3galac-
tosyltransferae (01,3GT) [11, 12]. The al,3GT gene was
inactivated in ancestral Old World monkeys and apes 20-28
million years ago, resulting in elimination of o-gal epitope
synthesis in these primates and the appearance of the natural
anti-Gal antibody [13-17].

The activity of anti-Gal can be manipulated in humans by
the use of a-gal nanoparticles. These are submicroscopic o.-
gal liposomes comprised of glycolipids with multiple a-gal
epitopes (o-gal glycolipids), phospholipids and cholesterol
[18, 19] (Fig. 1). Since a-gal glycolipids comprise most of
the glycolipids in rabbit red blood cell (RBC) membranes
and since these cell membranes are the richest source of o-
gal glycolipids in mammals [20-23], rabbit RBC are a con-
venient natural source for preparation of a-gal liposomes and
a-gal nanoparticles [18, 19, 24]. For this purpose, glycolip-
ids, phospholipids and cholesterol are extracted from rabbit
RBC membranes in a solution of chloroform and methanol
[25]. The dried extract is sonicated in saline, using a sonica-
tion bath, to generate liposomes (size of 1-10um) that pre-
sent multiple a-gal epitopes. These liposomes (referred to as
a-gal liposomes) are further sonicated into submicroscopic
particles called o-gal nanoparticles, by the use of a sonica-
tion probe. o-Gal nanoparticles have the same composition
as a-gal liposomes, however their size range is 10-300nm.
The o-gal nanoparticles suspension is further sterilized by
filtration through a 0.2um filter. It is probable that synthetic
a-gal nanoparticles can be generated, as well, by currently
available technologies.

A schematic presentation of an o-gal nanoparticle is il-
lustrated in Fig. (LA). This nanoparticle has a wall of phos-
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pholipids and cholesterol in which o-gal glycolipids are an-
chored via the fatty acid tails of their ceramide portion. The
illustrated glycolipid has 10 sugar units in its carbohydrate
chain and two branches (antennae), each capped with an o-
gal epitope. a-Gal glycolipids in rabbit RBC membranes are
of various lengths ranging from 5 to 40 carbohydrate units
carrying 1-8 branches each capped with an o-gal epitope [22,
23, 25]. The various components of o-gal nanoparticles are
illustrated in Fig. (1B) where the nanoparticles are dissolved
in chloroform:methanol solution and run on a thin layer
chromatography (TLC) plate. With the exception of the gly-
colipid ceramide tri-hexoside which lacks o-gal epitopes
(present also in human RBC membranes), all other glycolip-
ids with 5-25 carbohydrate units separated on the plate are
capped with o-gal epitopes (i.e. are o-gal glycolipids) as
indicated by immunostaining with a monoclonal anti-Gal
antibody.

The number of o-gal epitopes on o-gal nanoparticles is
very high, corresponding to ~10*° o-gal epitopes per mg o-
gal nanoparticles [18]. From 1 liter of rabbit RBC it is possi-
ble to prepare 3-4 grams of a-gal nanoparticles. These o-
nanoparticles are highly stable since they contain no tertiary
structures. Accordingly, no changes in expression of o-gal
epitopes have been found in o-gal nanoparticles kept at 4°C
for 4 years, in comparison with freshly produced o-gal
nanoparticles (unpublished observations).

It should be stressed that the study of anti-Gal mediated
acceleration of wound healing by o-gal nanoparticles cannot
be performed in standard experimental animal models such
as mice, rats, guinea-pigs, rabbits and pigs. All these mam-
mals produce o-gal epitopes on their cells and thus cannot
produce the anti-Gal antibody [11, 12]. The only two non-
primate experimental animal models which are suitable for
anti-Gal studies are a1,3GT knockout mice (GT-KO mice)
produced in the mid-1990s [26, 27] and al,3GT knockout
pigs (GT-KO pigs) produced in the last decade [28-30].
These two knockout animal models lack a-gal epitopes and
can produce the anti-Gal antibody. Old World monkeys,
which naturally produce the anti-Gal antibody also can serve
as animal models for evaluating therapies associated with the
natural anti-Gal antibody.

ANTI-GAL/a-GAL NANOPARTICLES INTERAC-
TION INDUCES RAPID AND EXTENSIVE MACRO-
PHAGE RECRUITMENT

Interaction between serum anti-Gal and o-gal epitopes
results in activation of the complement system. Transplanta-
tion of pig xenografts in monkeys is a dramatic demonstra-
tion of this complement activation process. Binding of circu-
lating anti-Gal to the multiple c-gal epitopes on pig endothe-
lial cells lining the blood vessels of pig kidney or heart
xenografts [31, 32], or to New World monkey heart
xenograft [33], results in activation of the complement sys-
tem. The activated complement cascade causes lysis of the
endothelial cells, collapse of the vascular bed and hyperacute
rejection of the xenograft within 30 minutes to several hours
[31-33]. A similar activation of the complement system oc-
curs when serum anti-Gal binds to the multiple o-gal epi-
topes on o-gal nanoparticles. This complement activation
results in the generation of chemotactic complement cleav-
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Fig. (1). Structure of a-gal nanoparticles and their suggested functions in wounds. A. Schematic illustration of an o-gal nanoparticle
with oa-gal glycolipids containing 10 carbohydrates in two branches, each capped with an o-gal epitope (marked by a dashed line rectangle).
When a-gal nanoparticles are applied to wounds, binding of the natural anti-Gal antibody to their o-gal epitopes results in activation of the
complement system. The produced chemotactic complement cleavage peptides induce rapid recruitment of macrophages. Anti-Gal coating
o-gal nanoparticles further interacts via its Fc “tail” with Fcy receptors (FcyR) on macrophages. This interaction activates macrophages to
produce and secrete a variety of pro-healing cytokines/growth factors which affect tissue repair and recruit stem cells. The components of the
a-gal nanoparticles are illustrated at the bottom of the figure (modified from ref. 19). B. Characterization of o-gal nanoparticle components
extracted from rabbit RBC membranes, separated on thin layer chromatography (TLC) plate and stained nonspecifically by orcinol (left lane)
or immunostained with anti-Gal antibody (right lane). The glycolipids, phospholipids and cholesterol are stained by orcinol in the left lane.
CTH- ceramide trihexoside which lacks a-gal epitopes is also found human RBC. Ceramide pentahexoside (CPH with 5 carbohydrates), and
larger glycolipids are indicated as bands beneath CPH (left lane). All glycolipids with > = 5 sugar units in their carbohydrate chains have o-
gal epitopes and thus are immunostained by anti-Gal in the right lane. Their size (number of carbohydrate units) is indicated right of the lane.
The structure of these a-gal glycolipids with 5, 7, 10, 15 and 20 carbohydrates is illustrated as well in the right panel (modified from ref. 25).

age peptides that are among the most potent physiologic phages into the site of o-gal nanoparticles application (Fig.
chemotactic factors. These include C5a and C3a complement 1A) [18].
cleavage peptides which induce rapid migration of macro-
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In studies with o-gal nanoparticles injected intradermal
in anti-Gal producing GT-KO mice, macrophages were
found to be recruited by this chemotactic mechanism. The
macrophages reached the injection site within 24h and con-
tinued migrating into that site for several days (Fig. 2) [18].
Identification of the migrating cells as macrophages could be
established by immunostaining with the macrophage specific
anti-4/F80 antibody [18]. The macrophages were found at
the injection site for 14-17 days. These macrophages com-
pletely disappeared after 21 days without changing skin ar-
chitecture. No chronic granulomas and no detrimental in-
flammatory responses were found in such a-gal nanoparti-
cles injection sites. The in vivo recruitment of macrophages
by a-gal nanoparticles was further validated by subcutane-
ous implantation of biologically inert sponge discs (made of
polyvinyl alcohol- PVA) that contained 10mg o-gal
liposomes (i.e. nanoparticles prior to sonication into submi-
croscopic liposomes). After 6 days, the implanted PVA
sponge discs contained multiple migrating cells of which
>99% were immunostained by the macrophage specific anti-
CD11b antibody, whereas no T cells or B cells were detected
[24]. Sponges lacking o-gal liposomes contained 10 fold less
macrophages than those containing o-gal liposomes. Simi-
larly, sponges containing a-gal liposomes and implanted into
wild type mice (i.e. mice not producing anti-Gal) were de-
void of infiltrating macrophages [24]. Another example for
the extensive recruitment of macrophages by o-gal nanopar-
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ticles is described below in ischemic myocardium of GT-KO
mice injected with these nanoparticles.

ACTIVATION OF MACROPHAGES BY ANTI-GAL
COATED a-GAL NANOPARTICLES

After the recruited macrophages reach the o-gal nanopar-
ticles, the Fc “tails” of anti-Gal coating these nanoparticles
bind to Fcy receptors (FcyR) on the macrophages (Fig. 1A).
This extensive binding to FcyR on macrophages is visualized
in Fig. (3) where anti-Gal coated o-gal nanoparticles were
incubated in vitro with cultured macrophages of ol,3GT
knockout pig origin (GT-KO pig). Multiple a-gal nanoparti-
cles attach to the macrophages via the Fc/FcyR interaction.
In the absence of anti-Gal, no significant binding of o-gal
nanoparticles to macrophages was observed. This Fc/FcyR
interaction generates a trans-membrane signal that activates
the macrophages to produce various cytokines/growth fac-
tors that promote tissue repair and regeneration. Analysis of
growth factor secretion into the culture medium demon-
strated increased production of VEGF, whereas quantitative
PCR demonstrated increased production of FGF, IL1, PDGF
and CSF [18]. Based on these observations it was hypothe-
sized that the high concentration of multiple cytoki-
nes/growth factors secreted in vivo by activated macrophages
following this Fc/FcyR interaction is likely to mediate
wound healing and tissue regeneration [18].
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Fig. (2). Rapid recruitment of macrophages by a-gal nanoparticles injected into the skin of GT-KO mouse. (A) The injection site of
1mg a-gal nanoparticles in 0.1ml suspension, inspected after 24h. Macrophages are recruited around the injection site. The injection site is
the empty area in the dermis as the o-gal nanoparticles are dissolved and washed away by the alcohol used in the hematoxylin & eosin
(H&E) staining process (x100). (B) The injection site after 48h demonstrating increased recruitment of macrophages (x100). (C) The injec-
tion area after 6 days showing multiple activated macrophages bordering each other and displaying ample cytoplasm due to the activation
process (x200). (D) Control injection sites injected only with saline and inspected after 48h. The injection sites display no recruitment of
macrophages (x100). Representative specimens of 5 mice with similar results.
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Fig. (3). Binding of anti-Gal coated a-gal nanoparticles to macrophages, as evaluated by scanning electron microscopy. A-C. The o-
gal nanoparticles coated with natural GT-KO pig anti-Gal antibody were incubated with adherent GT-KO pig macrophages for 2h at room
temp. The macrophages were then extensively washed to remove nonadherent nanoparticles and subjected to scanning electron microscopy
processing and analysis. The surface of a representative macrophage is covered with o-gal nanoparticles as a result of Fc/FcyR interaction.
The inset in (A) is enlarged in (B). In A and B the size of the a-gal nanoparticles is ~100-300nm. In (C) the size is 10-30nm. D. A macro-
phages incubated with a-gal nanoparticles that were not coated with anti-Gal antibody. No nanoparticles binding is observed.

ACCELERATING WOUND AND BURN HEALING IN
GT-KO MICE

The potential of a-gal nanoparticles for accelerating heal-
ing and regeneration of injured tissues was demonstrated in
studies on wound and burn healing. Excisional deep skin
wounds were formed in anti-Gal producing GT-KO mice.
Wounds were treated with spot bandage coated with 10mg
a-gal nanoparticles, nanoparticles lacking o-gal epitopes
(from GT-KO pig RBC), or with saline. Treatment of
wounds with a-gal nanoparticles resulted in 95-100% heal-
ing (i.e. regeneration of epidermis) by day 6 post injury,
whereas wounds treated with nanoparticles that lack o-gal
epitopes or with saline displayed < 20% healing at that time
[18]. Measurements of wound healing at various time points
indicated that treatment with o-gal nanoparticles reduced the
healing time by ~70% in comparison to saline control. His-
tological evaluation of wounds further indicated that the
processes of vascularization, fibroblast migration and colla-

gen deposition in the dermis also were accelerated in wounds
treated with a-gal nanoparticles in comparison to saline
treated wounds [18].

Anti-Gal mediated accelerated healing was also demon-
strated in GT-KO mice with burn injuries treated with 10mg
a-gal liposomes (a-gal nanoparticles prior to sonication)
[24]. The healing of a-gal liposomes treated burns was twice
as fast as that of saline treated burns. Histology of the heal-
ing burns demonstrated accelerated migration of neutrophils
followed by macrophages migration into treated burns. This
rapid migration is further followed by accelerated regenera-
tion of the epidermis and deposition of collagen by recruited
fibroblasts in the regenerating dermis of the burns. Similar
studies in wild-type mice synthesizing autologous o-gal epi-
topes and lacking anti-Gal antibody demonstrated no accelera-
tion in healing following a-gal liposomes treatment [24], fur-
ther indicating that the observed acceleration in the healing
process is associated with anti-Gal/oi-gal epitope interaction.
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ACCELERATED WOUND HEALING DECREASES
SCAR FORMATION IN GT-KO MICE

Scar formation due to fibrosis of injured tissues is the
default mechanism for repair and regeneration of both exter-
nal and internal injuries. In the absence of recruited stem
cells that differentiate in order to restore the original cell
composition of the injured tissue, fibroblasts migrate into the
injury site, secrete collagen and form a scar. Indeed, saline
treated wounds in GT-KO mice that were inspected after 28
days displayed wide areas of dense fibrotic dermis devoid of
skin appendages, and epidermal hyperplasia, both character-
istic to scar formation [18]. In contrast, epidermis in o-gal
nanoparticles treated wounds displayed normal thickness and
the collagen in the dermis displayed normal density. These
healed wounds also contained regenerating skin appendages
such as hair follicles and sebaceous glands, as well as fat
cells and muscle cells, however, no granulomas were de-
tected [18].

The lack of scar tissue in the o-gal nanoparticles treated
wounds strongly suggests that the rapid anti-Gal mediated
recruitment and activation of macrophages results in local-
ized secretion of cytokines/growth factors that promote tis-
sue healing, recruitment of stem cells and restoration of the
cellular components of normal skin. The rapid regeneration
of the normal skin components prevents the induction of the
default fibrosis and scar formation processes. It remains to
be determined whether this mechanism of increased efficacy
of wound healing by o-gal nanoparticles is applicable to
wound treatment in humans. If successful, this treatment
may facilitate accelerated wound healing in the elderly as
well, since natural anti-Gal antibody production is observed
also in elderly individuals above the age of 75 [8].

o-GAL NANOPART.
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ACCELERATING WOUND HEALING BY a-GAL
NANOPARTICLES IN GT-KO PIGS

The acceleration of wound healing by a-gal nanoparticles
treatment was validated in the large animal model of GT-KO
pigs [19]. These pigs lack a-gal epitopes because of targeted
disruption (knockout) of the a1,3GT gene [28-30] and thus,
they produce the natural anti-Gal antibody. The study of
wound healing in pigs is of further interest since their skin
structure is similar to that of human skin. The natural anti-
Gal antibody in GT-KO pig sera readily binds to a-gal
nanoparticles and activates pig complement, as well as anti-
Gal in human serum. Excisional 20x20mm square wounds
(~3mm deep) were formed on the back of 3 month old GT-
KO pigs. Borders of the wounds were marked by tattooed
dots prior to wounding. The wounds were covered with
dressing coated with 100mg o-gal nanoparticles, or with
saline as control. On day 7, all wounds were filled with
granulation tissue. Although on day 7 there was no signifi-
cant difference in the size of wounds treated with a-gal
nanoparticles in comparison to saline treated wounds, the
former wounds contained many more macrophages [19].

On day 13, the wounds treated with o-gal nanoparticles
were completely or almost completely covered with regener-
ating epidermis (Fig. 4), whereas complete healing of saline
treated wounds was observed only 18-22 days post wound-
ing. On average, wounds treated with o-gal nanoparticles
were 10 fold smaller than saline treated wounds and the ex-
tent of angiogenesis in the former was much higher [19]. No
significant differences were observed, however, in wound
contraction (marked by conversion of tattooed dots into
stretched lines) between o-gal nanoparticles treated wounds
and saline treated wounds (Fig. 4). Interestingly, the regen-
erating dermis in o-gal nanoparticles treated wounds allowed

Fig. (4). Day 13 morphology of excisional wounds (20x20mm, ~3mm deep) in the skin of GT-KO pigs treated by a-gal nanoparticles
or saline. Each pair of wounds is of the same pig. In most pigs, the surface of wounds treated with 100mg o-gal nanoparticles is completely
covered by regenerating epidermis whereas epidermis regeneration is significantly slower in saline treated wounds. Results are representative

of 8 KO pigs studied (from ref. 19).
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Fig. (5). Recruitment of macrophages into ischemic heart tissue by a-gal nanoparticles- The myocardium of GT-KO mouse hearts was
injected with 1mg o-gal nanoparticles (B-D) or with saline (A) prior to subcutaneous implantation. The implanted hearts were harvested after
2 weeks (A,B) or 4 weeks (C,D) and subjected to H&E staining and histological analysis. A. Hearts injected with saline displayed necrosis
and infiltration of neutrophils that are characteristic to ischemic tissues (x100). B. Hearts injected with o-gal nanoparticles displayed exten-
sive infiltration of macrophages at the injection site (x100). C. The implanted heart harvested 4 weeks post o.-gal nanoparticle injection and
implantation. Macrophages migrated from injected area (lower area) into non-injected area (x200). D. The heart injected with o-gal hanopar-
ticles harvested 4 weeks after implantation. The area of myocardium presented was far from the injection site area and was devoid of infil-
trating macrophages. (x100). Note that despite lack of nuclei in ischemic cardiomyocytes, the myocardium was not necrotic and the cardio-
myocytes preserved their structure, including the intercalated discs. Displayed hearts are representative of 5 hearts per group [57].

for growth of skin appendages including hair and sebaceous
glands. Monitoring the wounds for 60 days indicated that
despite the accelerated healing, wounds treated with a-gal
nanoparticles did not form excessive scars and did not dis-
play keloid formation [19]. These findings suggest that simi-
lar treatment in humans may induce accelerated wound heal-
ing without adverse effects.

In addition to direct application of the a-gal nanoparti-
cles on wounds or on bandages, these nanoparticles may be
incorporated into sheets or flowable gel made of biodegrad-
able scaffold materials such as natural or recombinant colla-
gen [34]. Treatment of wounds or burns with biodegradable
sheets containing o-gal nanoparticles may increase their
wound healing efficacy by accelerated recruitment and acti-
vation of macrophages due to anti-Gal and complement pro-
teins diffusion into such sheets and interaction of this anti-
body with the o-gal nanoparticles, causing complement acti-
vation and formation of gradients of complement chemotac-
tic factors.

POSSIBLE BENEFICIAL EFFECTS IN REGENERA-
TION OF ISCHEMIC MYOCARDIUM AND OF IN-
JURED NERVES

Two examples of internal injuries in which a-gal
nanoparticles may have regenerative effects are those of
ischemic myocardium and injured nerves.

Ischemia post myocardial infarction- In post myocardial
infarction, as in wound healing, macrophages migrate to the
injured myocardium, debride it of dead cells and secrete cy-

tokines/growth factors that recruit stem cells from the circu-
lation and/or progenitor cells from adjacent uninjured myo-
cardium (referred here collectively as stem/progenitor cells).
The recruited stem/progenitor cells receive cues from the
adjacent healthy cells, the microenvironment and the ex-
tracellular matrix (ECM) to differentiate into cardiomyocytes
that regenerate the tissue and restore its physiologic activity
[35-38]. Myocardium with limited ischemic damage may
display spontaneous regeneration by this mechanism. How-
ever, in more extensive ischemic damage, migration of
macrophages into injured myocardium and the recruitment
of stem/progenitor cells processes are too slow to prevent
irreversible fibrosis which is the default mechanism for tis-
sue repair. It is suggested that this fibrosis may be reduced
and possibly avoided by direct transendocardial injection of
a-gal nanoparticles into the injured myocardium. This can be
achieved by an injecting catheter within the left ventricle,
shortly after the myocardial infarction event, so that regen-
eration is induced prior to onset of fibrosis. Injected o-gal
nanoparticles will bind anti-Gal and induce rapid chemotac-
tic migration of macrophages which will be activated to se-
crete cytokines/growth factors that recruit stem/progenitor
cells. These recruited cells may be guided by the microenvi-
ronment and the ECM to differentiate into cardiomyocytes
that restore the biological activity of the ischemic myocar-
dium.

An example for the high ability of o-gal nanoparticles to
recruit macrophages into ischemic myocardium is illustrated
in Fig. (5). Harvested GT-KO mouse hearts were injected
with saline or with 1mg o-gal nanoparticles and implanted



8 The Open Tissue Engineering and Regenerative Medicine Journal, 2013, Volume 6

: ~
w5

Uri Galili

Fig. (6). Recruitment of macrophages into a plasma clot containing a-gal nanoparticles. Clots of human plasma mixed with o-gal
nanoparticles (10mg/ml) were placed on skin wounds of GT-KO mice. A. A representative clot after 3 days. Initial migration of macrophages
is observed within the clot and in the dermis bordering it. B A representative clot after 6 days, demonstrating extensive recruitment of macro-
phages within the clot and growth of epidermis over the clot. The broken lines mark the approximate edge of the clot. Representative speci-

mens from 5 mice in each time point.

subcutaneously in anti-Gal producing GT-KO mice. The
implanted hearts were not connected to the recipient’s circu-
lation. In saline injected implanted hearts, the process of
necrosis was evident in specimens retrieved after two weeks.
This necrosis is characterized by the eosinophilic staining of
the cardiomyocytes and the multiple neutrophils in the tis-
sue. However, in o-gal nanoparticles injected hearts, the
interaction between o-gal nanoparticles and anti-Gal induced
extensive migration of macrophages into the ischemic myo-
cardium within two weeks post implantation. After four
weeks, the recruited macrophages migrated into the adjacent
non-injected myocardium. The activation of the recruited
macrophages by anti-Gal coated a-gal nanoparticles resulted
in secretion of cytokines that conserved the myocardium
structure and delayed necrosis, as observed after four weeks
in areas devoid of infiltrating macrophages (Fig. 5). Heart
implants injected with saline completely disappeared after
four weeks.

Previous observations demonstrated the significance of
macrophages in inducing angiogenesis and recruitment of
stem cells in post infarct ischemic myocardium [37-39]. In
view of these studies, it is possible that the extensive migra-
tion and activation of macrophages following intramyocar-
dial injection of o-gal nanoparticles may result in effective
recruitment of stem/progenitor cells which receive the ap-
propriate guidance from the structurally conserved myocar-
dium in order to differentiate into cardiomyocytes that re-
store myocardial function.

Regeneration of injured nerves- Activated macrophages
are also pivotal in regeneration of injured nerves, as in spinal
cord injury. Regeneration of nerves requires regrowth of
multiple sprouts from the injured axons. These sprouts “at-
tempt” to reconnect across the lesion and grow into the distal
axonal tube of the damaged neurons. This axonal sprout
growth occurs along de novo generated blood capillaries in

the nerve lesion site and thus depends on local angiogenesis
induced by VEGF secreted from pro-healing macrophages
recruited to the injury site [40, 41]. If this growth of axonal
sprouts is delayed because of insufficient recruitment of
macrophages into the injury site, the ongoing fibrosis will
irreversibly prevent regeneration of the injured nerve. The
wound healing studies [18, 19] suggest that o-gal nanoparti-
cles applied to nerve injury sites will bind anti-Gal, induce
rapid macrophage migration and activation of these macro-
phages for the secretion of VEGF. This process is likely to
result in local angiogenesis and growth of many axonal
sprouts that increase the probability for axonal growth into
the distal portion of the axonal tubes, ultimately inducing
regeneration of the injured nerve. The ability of o-gal
nanoparticles to induce nerve regeneration may be studied by
applying them within a conduit in which the nanoparticles
are mixed with a semi-solid filler such as keratin hydrogel-
filled conduit [42] or conduits containing nerve tissue ECM
[43]. Additional possible fillers which may be used for ap-
plying a-gal nanoparticles are described below.

ADMINISTRATION OF a-GAL NANOPARTICLES
TO INTERNAL INJURIES BY PLASMA CLOT, FlI-
BRIN GLUE OR HYDROGEL

Administration of o-gal nanoparticles into internal spaces
in the body requires the use of semi-solid media that prevent
the diffusion of these nanoparticles throughout the body.
Few examples of such media include plasma clots, fibrin
glue and hydrogels. Since antibodies and complement pro-
teins readily diffuse via these media, anti-Gal can reach the
a-gal nanoparticles, bind to them and activate the comple-
ment cascade in order to induce macrophage recruitment. An
example of plasma cloth containing o-gal nanoparticles and
applied to wounds in the skin of GT-KO mice is described in
Fig. (6). Plasma from human blood was mixed with o-gal
nanoparticles (10mg/ml) and was induced to form a clot by
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addition of 10mM calcium chloride. Recruitment and infil-
tration of macrophages were observed within 3 days after
placing the clot on the wound. However, after 6 days, the
plasma clots were filled with macrophages recruited as a
result of anti-Gal/o-gal nanoparticles interaction. The ob-
served epidermal growth over the plasma clots may reflect
the cytokines/growth factors secreted by the activated
macrophages which stimulate regeneration of the epidermis
[18]. It remains to be determined whether fillers such as hy-
drogels or fibrin glue containing a-gal nanoparticles are also
conducive to macrophage recruitment.

INCORPORATION OF o«a-GAL NANOPARTICLES
INTO DECELLULARIZED TISSUE AND ORGAN
IMPLANTS

In the recent two decades, the research in generation of
biodegradable natural biomaterials for tissue engineering has
been extensive [44-46]. One exciting direction is the possible
use of decellularized tissues and organs containing ECM that
maintains the original scaffold architecture and composition.
Conservation of the ECM in whole organs is being achieved
by advanced dynamic decellularization techniques using
perfusion of various detergents combined with DNA de-
stroying solutions [44-46]. The ECM in decellularized tis-
sues and organs instructs stem cells to differentiate into cells
that restore the biological function of the injured tissue [44-
47]. Several studies have demonstrated the use of scaffold
derived from decellularized porcine bladder submucosa for
urethral tissue engineering [48], porcine decellularized myo-
cardium for regeneration of the injured ventricular wall
[49,50] and porcine small intestinal submucosa for repair of
small bowel tissue [51]. Because of the decellularization
processing, these biomaterials are porous [45]. Thus, it is
probable that by soaking them in an a-gal nanoparticles sus-
pension the nanoparticles will diffuse into such biomaterials.

When whole decellularized organs are used as biomateri-
als for tissue engineering, a-gal nanoparticles penetration
throughout the organ may be achieved by perfusion, similar
to the perfusion of the decellularizing solutions into such
organs [44-46]. Following implantation, these nanoparticles
will bind anti-Gal since this antibody is ubiquitous in the
body. The resulting complement activation will induce rapid
migration of the macrophages into the implant as in Fig. (5).
In order for these macrophages to induce regeneration of the
implant, they have to differentiate into a pro-healing state
[52,53]. This can be achieved by activation of these macro-
phages which bind anti-Gal coated o-gal nanoparticles via
the Fc/FcyR interaction (Fig. 1A). The pro-healing activity of
the activated macrophages may induce recruitment of stem
cells that will be guided by the ECM of the implant to differ-
entiate into the original cells that comprised the decellular-
ized tissue. Thus, the a-gal nanoparticles within the implant
may shift the dynamics of cell repopulation from fibroblasts
infiltration and fibrosis (as the default regenerative process)
to the recruitment of stem cells that differentiate under the
guidance of the ECM into the desired cells. In the case of a
heart ventricular patch, this process may result in repopula-
tion of the patch with cardiomyocytes that assist in the con-
tractile activity of the ventricular myocardium, whereas in
decellularized urinary bladder tissue, these recruitment and
activation processes may result in the repopulation of the

implant with smooth muscle cells and the covering of the
surface with transitional epithelium.

In some natural biomaterials of nonprimate mammalian
origin (e.g. of porcine origin), there may be the need to strip
the implant of autologous o-gal epitopes (e.g. by recombi-
nant o-galactosidase), or use implants from GT-KO pigs
devoid of a-gal epitopes. Since the a-gal epitope is present
both on cells and on glycoproteins of the ECM, binding of
anti-Gal to these epitopes on the ECM may result in immune
mediated destruction of the ECM. A study addressing this
issue has been performed by implantation of ECM scaffold,
prepared from porcine intestinal submucosa, in an anti-Gal
producing monkey [54]. This study has indicated that despite
presentation of o-gal epitopes by this ECM, and the resulting
elevation in anti-Gal titer, no adverse effects were observed
upon tissue remodeling and regeneration of the connective
tissue [54]. However, in decellularized organs containing
epidermal components, ECM that includes basement mem-
brane expresses much higher amounts of co-gal epitopes,
primarily because of the abundance of laminin that carries
50-70 o-gal epitopes per molecule and thus readily binds
anti-Gal [55]. If anti-Gal binding to these multiple a-gal
epitopes interferes with the regeneration of the tissue, these
epitopes can be removed by exposure of the ECM to recom-
binant o-galactosidase (e.g. by perfusion, or immersion).
The efficacy of porcine implants stripped of a-gal epitopes
in humans has been demonstrated in regeneration of anterior
cruciate ligaments (ACL) in patients with torn ACL that
were implanted with pig patellar-tibia tendon treated with
recombinant o-galactosidase and mildly cross-linked with
glutaraldehyde [56].

CONCLUSIONS

o-Gal nanoparticles accelerate healing of injuries by bind-
ing the natural anti-Gal antibody, activation of complement
system for rapid recruitment of macrophages and activation of
these macrophages into pro-healing macrophages. The cytoki-
nes secreted from these macrophages may recruit stem cells
which are guided by the microenvironment to differentiate
into various cells. It is possible that this treatment which ac-
celerates healing of wounds may also be effective in repair
and regeneration of internal injuries such as post infarction
ischemic myocardium and injured nerves. o-Gal nanoparticles
may be administered to internal injuries within semi-solid
fillers such as plasma clot, fibrin glue and hydrogels and may
be incorporated into porous natural biomaterials for inducing
the rapid in vivo repopulation of such implants with cells that
may restore biological functions in the injured site.
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a-gal nanoparticles
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o.1,3galactosyltransferase
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with glycolipids that carry
multiple o-gal epitopes

knockout mice or pigs for the
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gene

= red blood cells
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