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Significance: Rapid recruitment and activation of macrophages may acceler-
ate wound healing. Such accelerated healing was observed in wounds and
burns of experimental animals treated with o-gal nanoparticles.

Recent Advances: «-Gal nanoparticles present multiple a-gal epitopes (Gala1-
3Galf1-4GleNAc-R). a-Gal nanoparticles applied to wounds bind anti-Gal (the
most abundant antibody in humans) and generate chemotactic complement
peptides, which rapidly recruit macrophages. Fc/Fc receptor interaction be-
tween anti-Gal coating the o-gal nanoparticles and recruited macrophages
activates macrophages to produce cytokines that accelerate healing. «-Gal na-
noparticles applied to burns and wounds in mice and pigs producing anti-Gal,
decreased healing time by 40-60%. In mice, this accelerated healing avoided
scar formation. «-Gal nanoparticle-treated wounds, in diabetic mice producing
anti-Gal, healed within 12 days, whereas saline-treated wounds became chronic
wounds. «-Gal nanoparticles are stable for years and may be applied dried, in
suspension, aerosol, ointments, or within biodegradable materials.

Critical Issues: «-Gal nanoparticle therapy can be evaluated only in mammalian
models producing anti-Gal, including «1,3-galactosyltransferase knockout mice
and pigs or Old World primates. Traditional experimental animal models syn-
thesize o-gal epitopes and lack anti-Gal.

Future Directions: Since anti-Gal is naturally produced in all humans, it is of
interest to determine safety and efficacy of «-gal nanoparticles in accelerating
wound and burn healing in healthy individuals and in patients with impaired
wound healing such as diabetic patients and elderly individuals. In addition,
efficacy of o-gal nanoparticle therapy should be studied in healing and regen-
eration of internal injuries such as surgical incisions, ischemic myocardium
following myocardial infarction, and injured nerves.

Keywords: skin injury, wound healing, macrophage activation, a-gal glyco-
lipids, anti-Gal antibody, myocardium regeneration, nerve regeneration, bio-
materials, tissue engineering

SCOPE AND SIGNIFICANCE anti-Gal antibody (the most abundant

THIS REVIEW DESCRIBES preclinical
studies on acceleration of wound and
burn healing by a novel method that
induces rapid recruitment and acti-
vation of macrophages within injured
sites. The method uses a-gal nano-
particles, which harness the natural
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natural antibody in humans), for re-
cruitment and activation of macro-
phages that orchestrate healing of
injuries. Studies performed in mice
and pigs producing anti-Gal demon-
strate 40-60% decrease in healing
time in wounds treated with o-gal
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nanoparticles in comparison with saline-treated
wounds. «-Gal nanoparticle treatment was further
found to prevent scar formation in mice.

TRANSLATIONAL RELEVANCE

Studies on wound therapy by «-gal nanoparticles
may provide a new approach for exploiting the
natural anti-Gal antibody in various clinical set-
tings. The interaction of anti-Gal with its carbo-
hydrate antigen—the «-gal epitope, abundantly
presented on «-gal nanoparticles, enables rapid
recruitment of macrophages and their activation
for the secretion of a wide range of cytokines, pro-
moting repair and regeneration of wounds, which
may occur before the onset of fibrosis. The obser-
vations on accelerated healing of skin raise the
possibility that such therapy may be of significance
in treatment of internal injuries as well.

CLINICAL RELEVANCE

The decrease in wound and burn healing time in
anti-Gal-producing animals may suggest that such
treatment could be effective in humans since mul-
tiple studies have shown that human anti-Gal
binding to «-gal epitopes results in extensive local
activation of the complement system at least as
much as in the experimental animal models. In
addition, the observed healing of wounds in dia-
betic mice by «-gal nanoparticles raises the possi-
bility that such treatment may jump-start the
healing process in chronic wounds in diabetic pa-
tients and in elderly individuals suffering from
impaired wound healing.

BACKGROUND

Macrophages are the pivotal cells in early stages
of injury healing and tissue regeneration.' Macro-
phages migrate into wounds and debride them.
Subsequently, macrophages orchestrate the heal-
ing processes within the wound by secreting a va-
riety of cytokines.' Macrophages are recruited
into wounds by cytokines such as MIP-1 and MCP-1
released from cells within and around injury
sites.*"® In view of the significance of macrophages
in wound healing, one may hypothesize that rapid
recruitment of macrophages and their activation
in wounds might result in accelerated healing.

Macrophages may be recruited by the comple-
ment cleavage peptides, C5a and C3a, which are
potent chemotactic factors inducing rapid extrav-
asation and migration of monocytes and their dif-
ferentiation into macrophages.” The complement
system can be activated to produce these cleavage

peptides by antigen/antibody interactions. There-
fore, we hypothesized that C5a and C3a may be
generated within wounds by interaction between
the natural anti-Gal antibody, commonly found in
all humans, and the carbohydrate antigen it rec-
ognizes, the a-gal epitope.

THE NATURAL ANTI-GAL ANTIBODY
AND «-GAL NANOPARTICLES

Anti-Gal is present in humans as ~1% of im-
munoglobulins®*? and is produced throughout
life'® as a result of antigenic stimulation by gas-
trointestinal bacteria of the natural flora.'*'® Anti-
Gal binds specifically to the «-gal epitope with the
structure, Galo1-3Galf1-4GleNAc-R,'®'” and is
produced also in Old World monkeys (monkeys of
Asia and Africa) and in apes, but not in other
mammals.'®'® In contrast, mammals other than
Old World monkeys, apes, and humans, present on
their cells multiple «-gal epitopes, which are syn-
thesized on glycolipids and glycoproteins by ol,
3-galactosyltransferase («1,3GT), a glycosylation
enzyme absent in humans.'”2° Interaction be-
tween anti-Gal and «-gal epitopes results in effec-
tive activation of the complement system.?!~24 This
was further demonstrated in studies on trans-
plantation of pig cells or organs into Old World
monkeys. Transplantation of pig heart or kidney
into monkeys results in a rapid (hyperacute) re-
jection caused by binding of anti-Gal to «-gal epi-
topes on pig cells, activation of the complement
system that bores holes in cell membranes, collapse
of the vascular bed, and rejection of xenografts
within 30min to few hours.?*2% Similarly, incu-
bation of pig cells with human serum results in
activation of the complement system by this anti-
Gal/u-gal epitope interaction.?’~>* By-products of
the complement activation cascade are small
cleaved complement peptides, including C5a and
C3a. Therefore, we assumed that application of
nanoparticles presenting multiple a-gal epitopes
(called a-gal nanoparticles) onto wounds is likely to
result in binding of the anti-Gal antibody to these
nanoparticles, activation of the complement cas-
cade, and generation of C5a and C3a chemotactic
gradients that may induce rapid recruitment of
macrophages. The origin of wound anti-Gal and
complement is serum proteins that are released
into wounds from ruptured capillaries.

o-Gal nanoparticles are submicroscopic a-gal li-
posomes made of glycolipids with multiple «-gal
epitopes (a-gal glycolipids), phospholipids, and cho-
lesterol (Fig. 1).2772° Rabbit red blood cell (RBC) mem-
branes are used for formation of o-gal nanoparticles
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Figure 1. lllustration of a-gal nanoparticles. (A) Suggested functions of «-gal nanoparticles in wounds. The «-gal nanoparticle comprises phospholipids and
a-gal glycolipids, each capped with an «-gal epitope (x-GAL in rectangles). When «-gal nanoparticles are applied to wounds, their «-gal epitopes bind the
natural anti-Gal antibody, resulting in activation of the complement system (step #1). The produced chemotactic complement cleavage peptides induce rapid
recruitment of macrophages (step #2). Anti-Gal coating the «-gal nanoparticles further interacts through its Fc tail with Fcy receptors (FcR) on macrophages
(step #3). This interaction activates macrophages to produce and secrete a variety of cytokines that accelerate wound healing (step #4). (B) Binding of anti-
Gal-coated «-gal nanoparticles to macrophages as a result of Fc/FcR interaction (step #3 in Fig. 1A), as evaluated by scanning electron microscopy. (C)
Enlargement of the insetin (B). The surface of a representative macrophage is covered with «-gal nanoparticles. The size of the «-gal nanoparticles is ~100—

300 nm (modified from Ref.?).

since they are rich in «-gal glycolipids.'®3%-35 Rab-
bit RBC membranes are obtained by hypotonic
shock of the RBC and removal of hemoglobin by
repeated washes. A mixture of glycolipids, phos-
pholipids, and cholesterol is extracted from the
RBC membranes in a solution of chloroform and
methanol.® The extract is dried, then resuspended
in saline in a sonication bath to generate a-gal li-
posomes (size of 1-10 um) that present multiple -
gal epitopes of o-gal glycolipids.?”?® The size of
these liposomes is further decreased by sonication
with a sonication probe to form smaller particles
with the size range of 10-300 nm, called «-gal na-
noparticles, which can be sterilized by filtration
through a 0.2-um filter.28:2°

o-Gal nanoparticles made of rabbit RBC mem-
branes have phospholipid and cholesterol bilayer
or monolayer, as in the micelle in Fig. 1A, in which
o-gal glycolipids are anchored through their fatty
acid tails. «-Gal glycolipids have 1-8 carbohydrate
branches (antennae), each carrying an o-gal epi-
tope,'®3%736 and the total number of these epitopes is
105 per mg.?® «-Gal nanoparticles may also be pre-
pared from synthetic a-gal glycolipids and phospho-
lipids in a process similar to that described above.

RAPID RECRUITMENT AND ACTIVATION OF

MACROPHAGES BY «-GAL NANOPARTICLES
We hypothesized®"2? that topical application of

o-gal nanoparticles to burns and wounds may en-

able harnessing of the natural anti-Gal antibody
for recruitment and activation of macrophages,
which, in turn, will accelerate the healing process
in the following sequential steps (Fig. 1A): (1)
Anti-Gal/a-gal nanoparticle interaction activates
the complement system, which generates the
chemotactic peptides, C5a and C3a. (2) These
chemotactic peptides induce rapid extravasation
of monocytes and their differentiation into mac-
rophages that migrate toward the «-gal nano-
particles. (3) The recruited macrophages bind
through their Fcy receptor (FcR) the Fc portion
of anti-Gal coating the o-gal nanoparticles. (4)
Binding of «-gal nanoparticles to FcR of the mac-
rophages activates these cells to secrete cytokines
that promote and accelerate the healing process.
Whereas steps #1-3 were predictable from previ-
ous studies on anti-Gal/o-gal epitope interaction,’
step #4 was hypothesized without previous sup-
porting data.

The study of anti-Gal-mediated acceleration
of wound healing by a-gal nanoparticles requires
experimental animal models that produce the
anti-Gal antibody. As indicated above, Old World
monkeys, apes, and humans are the only mammals
producing anti-Gal, whereas other mammals syn-
thesize a-gal epitopes on their cells and are pre-
vented from producing anti-Gal by immune
tolerance mechanisms.”'"~!° The only two known
nonprimate mammals, which lack «-gal epitopes
and produce anti-Gal, are o1,3GT knockout mice3"3®
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(GT-KO mice) and «1,3GT knockout pigs®®*°
(GT-KO pigs), in which the «1,3GT gene (GGTAI)
encoding the enzyme that synthesizes o-gal epi-
topes was disrupted (i.e., knocked out). Whereas
GT-KO pigs naturally produce anti-Gal,*'~*3
GT-KO mice require immunization with cells or
tissue homogenates presenting «-gal epitopes (e.g.,
pig kidney homogenate) as antigenic stimulation
for anti-Gal production. The sterile environment
and food of mice do not enable the development of

bacterial flora that can induce natural anti-Gal
antibody production.***5

Intradermal injection of a-gal nanoparticles into
anti-Gal-producing GT-KO mice demonstrated re-
cruitment of macrophages to injection sites within
24h (Fig. 2A). These macrophages readily stain by
the macrophage-specific anti-F4/80 antibody
(Fig. 2B). Macrophages were found at the injection
site for ~2 weeks postinjection. These cells com-
pletely disappeared after 3 weeks without altering
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Figure 2. Macrophage recruitment by «-gal nanoparticles in GT-KO mice. (A) One milligram of «-gal nanoparticle suspension in saline was injected
intradermally (indicated as the empty area). Inspection after 24 h demonstrates multiple macrophages recruited around the injection site (H&E staining 100 x ).
(B) The injection site after 4 days immunostained with the macrophage-specific anti-F4/80 antibody, demonstrating that most of the recruited cells are
macrophages (peroxidase immunostaining 200x ). (C) Macrophages recruited into PVA sponge discs implanted subcutaneously and containing 1 mg o-gal
nanoparticles, studied after 6 days. Most of the recruited cells display ample vacuolated cytoplasm due to the uptake of anti-Gal-coated «-gal nanoparticles
and activation of the macrophages, with size of ~30 um (Wright staining 1,000 x ). (D) Secretion of VEGF by GT-KO mouse peritoneal macrophages cocultured
with anti-Gal-coated «-gal nanoparticles (black columns), «-gal nanoparticles without anti-Gal (gray columns), or macrophages alone (white columns). VEGF
was quantified in culture media after 24 or 48 h (mean + SD n=4 mice/group). p<0.05 between the group with anti-Gal-coated «-gal nanoparticles and the
other two groups. (E) Flow cytometry analysis of cells recruited by «-gal nanoparticles into implanted PVA sponge discs indicates that >90% of the recruited
cells are macrophages as they are CD11b+ and CD14+ cells. (Representative results from five mice with similar results, modified from Refs.Z"%) PVA, polyvinyl
alcohol. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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normal skin histology at the injection site and with
no granulomas, chronic inflammatory responses,
keloids, or fibrosis.?® Intradermal injection of «-gal
nanoparticles mixed with cobra venom factor,
which inhibits complement activation, resulted in
no macrophage recruitment.?® Saline injection re-
sulted in no recruitment of macrophages as well.
No recruitment of macrophages was also observed
following intradermal injection of o-gal nano-
particles in mice lacking anti-Gal.?® These findings
suggested that steps #1 and #2 in Fig. 1A, hy-
pothesizing recruitment of macrophages, require
binding of anti-Gal to the «-gal nanoparticles to
activate the complement system and generate
chemotactic complement cleavage peptides that
induce rapid recruitment of macrophages.?®

Cells recruited by a-gal nanoparticles could be
further studied by subcutaneous implantation of
biologically inert sponge discs (made of polyvinyl
alcohol) that contained o-gal nanoparticles. The
sponge discs were explanted after 6 days and the
recruited cells retrieved after squeezing these
sponges in phosphate-buffered saline. The recruited
cells displayed a morphology of large macrophages
filled with vacuoles representing internalized «-gal
nanoparticles (Fig. 2C). Flow cytometry analysis
indicated that >90% of the cells were stained with
macrophage-specific anti-CD11b and anti-CD14
antibodies (Fig. 2E), whereas no B cells or T cells
were found among the recruited cells.?’” Recent
studies have suggested that these macrophages are
primarily M2 macrophages as they are producing
arginase and IL12, but lack IL10 (in preparation).

Once macrophages reach the o-gal nano-
particles, they bind them through Fc/FcR interac-
tion with the Fc portion of anti-Gal coating these
nanoparticles (step #3 in Fig. 1A). This binding is
visualized in Fig. 1B, C with macrophages of GT-
KO pig coincubated with anti-Gal-coated o-gal na-
noparticles. No such binding is observed with «-gal
nanoparticles that lack the coating anti-Gal anti-
body (not shown). This Fc¢/FcR interaction was as-
sumed to generate transmembrane signal(s) that
activates these macrophages to produce various
cytokines known to promote wound healing, as
described in step #4 in Fig. 1A. Cytokines display-
ing increased production in the activated macro-
phages included VEGF, FGF, IL1, PDGF, and
CSF.?® An example for elevated cytokine produc-
tion is that of VEGF secreted by macrophages and
measured in the culture medium (Fig. 2D). Mac-
rophages coincubated with «-gal nanoparticles that
were not coated with anti-Gal secreted VEGF at a
level similar to that of macrophages incubated in
the absence of these nanoparticles. However,

macrophages incubated with anti-Gal-coated «-gal
nanoparticles displayed a much higher secretion of
VEGF already within 24 h of incubation.

«-GAL NANOPARTICLE EFFECTS ON WOUND
HEALING IN GT-KO MICE

The ability of «-gal nanoparticle-recruited mac-
rophages to accelerate wound healing was studied
in anti-Gal-producing GT-KO mice. Oval, full-
thickness skin wounds (~6x9mm) were formed
under anesthesia in the dorsal region of the mouse
flank. Wounds were covered with spot bandage
dressing coated with 10mg o-gal nanoparticles,
nanoparticles lacking «-gal epitopes (from GT-KO
pig RBC), or with saline. Inspection of wounds on
day 6 revealed 95-100% healing (i.e., regeneration
of epidermis),?® as shown in the representative
example in Fig. 3B, D, whereas wounds treated
with nanoparticles lacking «-gal epitopes or with
saline displayed <20% of surface healing at that
time (Fig. 3A, C). Healing of saline-treated wounds
was observed in these mice only after 12—-14 days.?®
Overall, there was 60-70% decrease in healing
time in comparison with saline-treated wounds.?®
Histological evaluation of wounds further in-
dicated that the processes of vascularization, fi-
broblast migration, and collagen deposition in the
dermis also are accelerated in wounds treated
with o-gal nanoparticles in comparison with
saline-treated wounds.?® The studies on o-gal
nanoparticle-treated wounds raise the possibility
that the observed accelerated vascularization and
migration of fibroblasts, as well as the faster
regrowth of the epidermis over the wound, are all
associated with increased concentration of cyto-
kines produced by o-gal nanoparticle interaction
with the recruited macrophages.?®

o-Gal nanoparticles also have a long-term effect
on healed wound. Physiologic healing in saline-
treated wounds is characterized by distinct fibrosis
and scar formation, as the default healing process
in large injuries. Trichrome staining of such wounds
on day 28 demonstrates the formation of dense
fibrotic tissue in the wound dermis, no skin ap-
pendage regrowth, relatively poor vascularization,
and hyperplasia of the epidermis (Fig. 3E). In con-
trast, wounds treated with «-gal nanoparticles dis-
played restoration of the normal histology in most of
the healed wounds, including loose connective tis-
sue in the dermis, regrowth of skin appendages such
as hair shafts and sebaceous glands, fat tissue and
smooth muscle in the hypodermis, and normal thin
epidermis (Fig. 3F).?® These differences suggest
that healing in a-gal nanoparticle-treated wounds
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Figure 3. Healing of representative excisional wounds in anti-Gal-producing GT-KO mice treated with «-gal nanoparticles. (A, B) Gross appearance of a day
6 wound (9x 6 mm) treated with saline (A) or with 10 mg saline «-gal nanoparticles (B). Whereas the saline-treated wounds do not display healing, «-gal
nanoparticle-treated wounds are covered with regenerating epidermis (representative mice of n=20/group). (C, D) Histology of the wounds in (A, B). Saline-
treated wounds display no healing, whereas o-gal nanoparticle-treated wounds are covered with regenerating epidermis (representative mice of n=20/group,
H&E 100x). (E, F) Healed wounds 28 days post-treatment. Saline-treated wounds (E) display distinct fibrosis and scar formation, characterized by multiple
fibroblasts, extensive deposits of collagen (stained blue), few blood vessels, no skin appendages, and hypertrophic epidermis. Bar represents 100 um. Wounds
treated with «-gal nanoparticles (F) display restoration of normal skin structure with loose connective tissue, skin appendages such as hair shafts and
sebaceous glands, and thin epidermis (Trichrome staining, representative mice of n=5/group, 200 x ) (modified from Ref.2%). To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/wound

restores normal structure of the injured skin before
onset of the fibrosis process and scar formation.
Fibrosis and scar formation are also the causes for
irreversible damage in the course of healing of inter-
nal injuries, such as surgical incisions, ischemic heart
muscle following myocardial infarction, and severed
nerves. It would be of interest to determine whether
such damage may be avoided by administration
of o-gal nanoparticles to these injuries to induce
accelerated repair and regeneration of the normal
tissue before initiation of the fibrosis default process.

HEALING OF BURNS IN GT-KO MICE

Studies on anti-Gal-mediated accelerated heal-
ing of burns in GT-KO mice preceded those of

wound healing and were performed with «-gal li-
posomes, which have the same structure as «-gal
nanoparticles, but are ~5-10-fold larger.?” -Gal
liposomes are made of one or several lipid bilayers
studded with multiple o-gal glycolipids presenting
o-gal epitopes. Subsequent conversion into smaller
o-gal nanoparticles by additional sonication was
performed in wound healing studies because the
nanoparticle preparations can be sterilized by fil-
tration through 0.2-um filters. In addition, «-gal
nanoparticles were found to be somewhat more
effective in wound healing than «-gal liposomes,
possibly because of better dispersion of the multi-
ple small nanoparticles in wounds.?®

Thermal injuries (~2x 3 mm) in the shaven skin
were performed under anesthesia by a brief touch
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with the heated end of a metal spatula. This re-
sulted in skin damage comparable to a second-
degree burn in humans, in which the epidermis
and approximately half of the upper region of the
dermis are injured. Burn injuries in anti-Gal-
producing GT-KO mice were treated with spot
bandages coated with 10 mg «-gal liposomes or with
saline. The healing of «-gal liposome-treated burns
was twice as fast as that of saline-treated burns.?’
Accelerated migration of macrophages and neu-
trophils was observed already by day 3 in burns
treated with o-gal liposomes (Fig. 4B) in compari-
son with saline-treated burns (Fig. 4A). Wounds
treated with «-gal liposomes displayed complete
regeneration of the epidermis, including formation
of stratum corneum by day 6, as shown in the rep-
resentative example in Fig. 4D, whereas no sig-
nificant regeneration of epidermis was observed in
saline-treated wounds (Fig. 4C). Similar studies in
wild-type mice synthesizing autologous «-gal epi-
topes and lacking anti-Gal antibody demonstrated
no acceleration in healing following o-gal liposome
treatment,?’ suggesting that the observed accel-
eration in the healing process is dependent on anti-
Gal interaction with «-gal epitopes. These studies
on burn healing further suggest that the mecha-
nism described in Fig. 1A for accelerated healing of

wounds treated with «-gal nanoparticles is likely to
mediate accelerated healing of burns as well.

HEALING OF WOUNDS IN GT-KO PIGS

As indicated above, GT-KO mice and GT-KO
pigs are the only mammals that can serve as non-
primate experimental models capable of producing
anti-Gal. Thus, the study of wound healing fol-
lowing «-gal nanoparticle treatment was also per-
formed in GT-KO pigs. Studies in pigs were
performed to determine whether the observations
described above in GT-KO mice can be validated in
wounds of a large animal model in which the skin
has a histological structure similar to that in hu-
mans.?® Analyses of natural anti-Gal antibody ac-
tivity in GT-KO pig serum samples indicated that
this antibody displays characteristics similar to
those of human anti-Gal, in that it readily binds to
o-gal nanoparticles and activates the pig comple-
ment cascade.*?

Excisional 20x20 mm square wounds (~3mm
deep) were formed on the back of 3-month-old
GT-KO pigs under anesthesia. Borders of the
wounds were marked by tattooed dots before
wounding. Wounds were covered with dressing
coated with 100 mg a-gal nanoparticles, 10 mg a-gal

a-Gal LIPOSOMES

S Lo

Figure 4. Healing of burns in GT-KO mice treated with «-gal liposomes. (A, B) Representative second-degree burns (~2x3mm) in an anti-Gal-producing GT-KO
mouse treated with a spot bandage covered with saline (A) or with 10 mg o-gal liposomes (B) and studied after 3 days. Note that the number of macrophages and
neutrophils recruited in the injured dermis of the «-gal liposome-treated burn is >5-fold higher than that in the saline-treated burn. (C, D) Wounds, as in (A, B),
studied after 6 days. The burn treated with «-gal liposomes (D) is covered with the regenerating epidermis, including stratum corneum, and the debris of recruited
macrophages and neutrophils is found above the intact epidermis. The saline-treated burn (C) lacks regenerating epidermis and displays macrophages and
neutrophils within the dermis migrating toward the surface of the wound. Each burn pair is from the same representative mouse of five mice/time point (modified
from Ref.?’, H&E staining, 200 x ). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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nanoparticles, or saline.?® Treated pigs were eu-
thanized and wound healing was evaluated by
gross appearance and histology. No granulation
tissue was observed on day 3; however, on day 7, all
wounds were filled with granulation tissue. Al-
though wound size (defined as area of the open
wound, not covered by regenerating epidermis)
was not significantly different on day 7 (Fig. 5E),
wounds treated with «-gal nanoparticles contained
many more macrophages than saline-treated
wounds and deposits of collagen could be observed
in the o-gal nanoparticle-treated wounds, but not
in saline-treated wounds.? Measurements on day
10 indicated that wounds treated with 100 and
10mg o-gal nanoparticles were ~60% (p<0.05)
and ~35% smaller than saline-treated wounds,
respectively (Fig. 5E).

The greatest differences between o-gal nano-
particles and saline-treated wounds were observed
on day 13. Regeneration of epidermis was observed
also in saline-treated wounds, in which the open
wound area was ~25mm? (i.e., 0.5x0.5 cm) (Fig. 5).
However, many of the wounds treated with 100 mg
o-gal nanoparticles were completely covered by re-
generating epidermis (Fig. 5B). On average, wounds
treated with 100 and 10 mg o-gal nanoparticles had
on day 13 ~ 90% and 80% smaller noncovered ar-
eas, respectively, than saline-treated wounds
(p<0.05) (Fig. 5E). The data in Fig. 5E further
suggest that the treatment of wounds displayed
some extent of dose dependence, in that wounds
treated with 10 mg «-gal nanoparticles healed faster
than saline-treated wounds, but slower than
wounds treated with 100 mg of these nanoparticles.
However, the extent of wound contraction (marked
by stretching of tattooed dots) in «-gal nanoparticle-
treated wounds was similar to that in saline-treated
wounds (Fig. 5A, B).%? Full healing of saline-treated
wounds was observed on days 18-22 (not shown).
Thus, healing time of wounds treated with 100 mg
o-gal nanoparticles was shortened by ~40%. No local
or systemic toxicity responses were observed in any
of the treated pigs, including histologic specimens of
the pig kidneys and myocardium.?* Monitoring the
wounds for 60 days revealed no keloid formation in
both «-gal nanoparticle- and saline-treated wounds.
Interestingly, the regenerating dermis in o-gal
nanoparticle-treated wounds displayed the pres-
ence of skin appendages such as hair.?*

Histological analysis of day 13 wounds, in com-
parable areas of the epidermis regenerating front,
demonstrated many more blood vessels and cells
with macrophage morphology in «-gal nanoparticle-
treated wounds than in saline-treated wounds
(Fig. 5D, C respectively). The increased vasculari-

SALINE a-Gal NANOPARTICLES
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Figure 5. Healing of wounds in GT-KO pigs treated with «-gal nanoparticles.
(A, B) Excisional wounds (20x20 mm and ~3mm deep) in a representative
GT-KO pig of eight pigs treated with wound dressing covered with saline or
with 100 mg «-gal nanoparticles. The figure shows a representative pair of
wounds from the same pig and inspected on day 13 post-treatment. Saline-
treated wound (A) displays partial regrowth of the epidermis, whereas «-gal
nanoparticle-treated wound (B) is covered with regenerating epidermis. No
differences are observed in wound contraction indicated by the elongated
shape of the tattooed dots around the wounds. (C, D) Histology of the gran-
ulation tissue under the leading front of the regenerating epidermis in saline-
(C) and o-gal nanoparticle-treated wounds (D), in which the wound is almost
completely covered with regenerating epidermis. There are many more blood
vessels and recruited cells in «-gal nanoparticle-treated wounds than in
saline-treated wounds (representative pigs of n=8, H&E 100x). (E) Size of
wounds measured as area not covered by regenerating epidermis in GT-KO
pig wounds treated with 100 or 10 mg «-gal nanoparticles or with saline at 7, 10,
or 13 days. Mean = SD from nine pigs on day 7 and eight pigs on days 10 and 13
(modified from Ref.2). To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/wound

zation of wounds treated with a-gal nanoparticles
may be associated with elevated concentration of
VEGF within the granulation tissue produced by
the many activated macrophages that bound the
anti-Gal-coated a-gal nanoparticles, as observed in
GT-KO mice (Fig. 2D).2® Overall, these observations
suggest that accelerated healing observed in GT-KO
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mouse wounds treated with a-gal nanoparticles also
can be demonstrated in GT-KO pig wounds.
Therefore, it may be of interest to determine the
effects of o-gal nanoparticle treatment also on
healing of wounds and burns in humans.

A possible limitation, as yet unproven, for o-gal
nanoparticle treatment of injuries in humans is as-
sociated with the production of anti-Gal IgE in a very
small proportion of the population.*®~*® Individuals
producing anti-Gal IgE are usually those who are
allergic to beef, pork, and lamb meat, all containing
very high concentrations of a-gal epitopes.’® It may
be possible that topical application of a-gal nano-
particles on wounds and burns could result in an
allergic skin reaction. A skin prick test with «-gal
nanoparticles before treatment may enable identi-
fication of individuals allergic to «-gal epitopes.

WOUND HEALING IN DIABETIC GT-KO MICE

A relatively common disease in which wound
healing is impaired is diabetes. It is well established
that impairment in wound healing in diabetes is
associated with deficient recruitment and activation
of macrophages in wounds and in lower concentra-
tions of cytokines, which normally are required for
healing and regeneration of wounds.**?° Thus, it

was of interest to determine whether o-gal nano-
particles can affect wound healing in diabetic mice.
This was addressed in preliminary studies in GT-KO
mice that became diabetic following five daily intra-
peritoneal injections of streptozotocin (50 mg/kg).
Mice that were hyperglycemic for >1 month were
subjected to wounding, as in Fig. 3A, and then trea-
ted with «-gal nanoparticles or with saline on wound
dressing. No indication of epidermis regeneration
was observed in saline-treated wounds after 12 days
(Fig. 6A, C) or even after 1 month (not shown). In
contrast, o-gal nanoparticle-treated wounds dis-
played complete regeneration of the epidermis
within 12 days post-treatment (Fig. 6B, D), sug-
gesting that the recruitment and activation of mac-
rophages by ¢-gal nanoparticles may overcome the
obstacles in macrophage migration and activation in
diabetes. These preliminary observations further
suggest that it may be of interest to study «-gal na-
noparticle therapy as a possible approach for induc-
ing wound healing in patients with impaired wound
healing such as diabetic and elderly individuals.

SUMMARY AND FUTURE DIRECTIONS

Wound and burn healing may be accelerated by
the use of o-gal nanoparticles, which harness the
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Figure 6. Wound healing in streptozotocin-induced diabetic mice treated with «-gal nanoparticles. (A) Control wound treated for 12 days with saline. No
significant regenerating epidermis (H&E). (B) A wound treated for 12 days with 10 mg «-gal nanoparticles. The border of the wound (wound bed) is indicated by
the intact dermis in the /eft area. The wound is completely covered with regenerating epidermis (H&E). (C, D) Trichrome staining of sections (A) and (B),
respectively. The collagen in the wound bed is stained in the left area as deep blue. Representative mice of five diabetic mice/group (100x ). To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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immunologic potential of the natural
anti-Gal antibody, the most abundant
antibody in humans constituting ~ 1% of
immunoglobulins. Binding of anti-Gal to
the multiple a-gal epitopes on o-gal na-
noparticles applied to injuries activates
the complement cascade that generates
complement cleavage chemotactic pep-
tides, which induce rapid migration of
macrophages into the injury. Studies in
knockout mice and pigs lacking o-gal
epitopes and producing anti-Gal demon-
strated binding of anti-Gal-coated «-gal
nanoparticles to macrophages through
Fc/Fereceptor interaction and activation of
such macrophages to secrete various cyto-
kines. Topical application of «-gal nano-
particles to wounds in these experimental
animal models resulted in accelerated
healing of wounds and burns and decrease
of healing time by ~40-60%. This healing
of wounds in anti-Gal-producing mice
treated with o-gal nanoparticles occurs

TAKE-HOME MESSAGES

e The interaction between anti-Gal, which is the most abundant natural

antibody in humans, and its carbohydrate antigen, the a-gal epitope, may
be harnessed for promoting wound and burn healing.

Studies in mice and pigs producing the anti-Gal antibody demonstrated
that application of nanoparticles presenting multiple «-gal epitopes
(«-gal nanoparticles) to wounds and burns results in acceleration of the
healing process to the extent that healing time decreases by ~ 40-60%.

o-Gal nanoparticles applied to injuries bind anti-Gal and activate the
complement system, which generates chemotactic factors that induce
rapid recruitment of macrophages. In mice, the accelerated healing
following o-gal nanoparticle treatment occurs before the onset of fi-
brosis, thereby scar formation may be avoided.

Recruited macrophages, binding anti-Gal-coated «-gal nanoparticles
through Fc/Fc receptor interaction, are further activated to secrete cy-
tokines that accelerate the healing process as well as induce healing of
wounds in diabetic mice.

In view of the abundance of the natural anti-Gal antibody in humans, it
would be of interest to evaluate safety and efficacy of a-gal nanoparticle
therapy in clinical trials on healing of wounds and burns in healthy
individuals and in patients with impaired wound healing mechanisms
such as diabetic patients and elderly individuals.

before the onset of fibrosis, thus a scar is
avoided. Physiologic repair and regeneration
mechanisms in wounds also function in internal
injuries. Thus, it may be of interest to determine
whether application of a-gal nanoparticles to in-
ternal injured tissues, such as surgical incisions,
ischemic heart muscle, and severed nerves, can
induce tissue regeneration and prevent fibrosis of
the injured tissue. Preliminary studies in mice
with streptozotocin-induced diabetes further
suggest that o-gal nanoparticle wound therapy
may induce healing of chronic wounds, which fail
to heal under physiologic conditions. The «-gal
nanoparticles are highly stable for years in sus-
pension or in a dried state on wound dressing.
Thus, application of these nanoparticles to in-
juries may be feasible in the form of dried nano-
particles on wound dressings and as suspensions,
aerosols, hydrogels, water-based ointment, or in-
corporated into sheets of biodegradable scaffold
materials such as collagen.
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o-gal epitope = Gala1-3Galf1-4GIcNAc-R
carbohydrate epitope
o1,3GT = ol,3-
galactosyltransferase
o-gal nanoparticles = submicroscopic
liposomes
presenting multiple
o-gal epitopes
GT-KO mice or pigs = knockout mice or pigs
for the a1,3-
galactosyltransferase
gene that lack o-gal
epitopes and can
produce the anti-Gal
antibody
PVA = polyvinyl alcohol
RBC = red blood cell




