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Abstract

Macrophages are pivotal in promoting wound healing. We hypothesized that topical application of

liposomes with glycolipids that carry Gala1-3Galb1-4GlcNAc-R epitopes (α-gal liposomes) on

wounds may accelerate the healing process by rapid recruitment and activation of macrophages in

wounds. Immune complexes of the natural anti-Gal Ab (constituting ~1% of Ig in humans) bound

to its ligand, the α-gal epitope on α-gal liposomes would induce local activation of complement

and generation of complement chemotactic factors that rapidly recruit macrophages. Subsequent

binding of the Fc portion of anti-Gal coating α-gal liposomes to FcγRs on recruited macrophages

may activate macrophage genes encoding cytokines that mediate wound healing. We documented

the efficacy of this treatment in α1,3galactosyltrasferase knockout mice. In contrast to wild-type

mice, these knockout mice lack α-gal epitopes and can produce the anti-Gal Ab. The healing time

of excisional skin wounds treated with α-gal liposomes in these mice is twice as fast as that of

control wounds. Moreover, scar formation in α-gal liposome-treated wounds is much lower than

in physiologic healing. Additional sonication of α-gal liposomes resulted in their conversion into

submicroscopic α-gal nanoparticles. These α-gal nanoparticles diffused more efficiently in

wounds and further increased the efficacy of the treatment, resulting in 95–100% regeneration of

the epidermis in wounds within 6 d. The study suggests that α-gal liposome and α-gal nanoparticle

treatment may enhance wound healing in the clinic because of the presence of high complement

activity and high anti-Gal Ab titers in humans.

Macrophages are pivotal cells in orchestrating the healing of wounds and internal injuries

(1–6). Macrophages debride wounds and phagocytose and destroy invading bacteria.

Macrophages are further activated within the wound to secrete a variety of cytokines that

recruit additional cells and induce their proliferation, thereby promoting regeneration of the

injured tissue. Injection of activated macrophages into wounds of patients was reported to

promote wound healing (7). These data led to the hypothesis that induction of rapid in situ
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recruitment of macrophages into wounds and localized activation of these cells may

accelerate healing.

Macrophages are physiologically recruited into wounds by chemotactic factors, such as

MIP-1, MCP-1, and RANTES, released from cells within and around the wound and from

endothelial cells at injury sites (8–12). Migration of macrophages into wounds can be

markedly accelerated by exploiting the complement system. In many microbial infections,

Ab interaction with Ags on the invading pathogen results in complement activation and

formation of complement cleavage peptides, such as C5a and C3a. These complement

cleavage peptides are effective chemotactic factors that direct extravasation of neutrophils

and monocytes from blood vessels, differentiation of monocytes into macrophages, and

migration of macrophages into infection sites (13, 14). We exploited this immune

mechanism of complement activation for rapid recruitment and activation of macrophages

by eliciting an Ag–Ab interaction within treated wounds. We hypothesized that topically

applied liposomes with glycolipids that carry Galα1-3Galβ1-4GlcNAc-R epitopes (α-gal

liposomes) would bind the natural anti-Gal Ab to generate Ag–Ab complexes that would

activate the complement system, recruit and activate macrophages at the wound site, and

promote wound healing.

Anti-Gal is the most abundant natural Ab in humans. It constitutes ~1% of serum Igs in all

young and elderly individuals that are not severely immunocompromised (15, 16). Anti-Gal

Ab production is elicited as a result of constant antigenic stimulation by gastrointestinal

bacteria (17). Anti-Gal Ab interacts specifically with a carbohydrate Ag called the

Galα1-3Galβ1-4GlcNAc-R (α-gal) epitope on glycolipids and glycoproteins (18, 19). This

Ab is naturally produced in large amounts in humans, apes, and Old World monkeys, all of

which have no α-gal epitopes because they lack the glycosylation enzyme

α1,3galactosyltransferase (α1,3GT) (15, 18–20). In contrast, nonprimate mammals,

prosimians, and New World monkeys synthesize α-gal epitopes by α1,3GT and lack anti-

Gal Ab (19, 20). In vivo interaction between anti-Gal Ab and α-gal epitopes results in a very

effective activation of the complement system. Such in vivo complement activation was

demonstrated in xenotransplantation studies (21–25). Following xenotransplantation of pig

organs into humans or monkeys, binding of serum anti-Gal Ab to the multiple α-gal epitopes

on endothelial cells of pig xenografts activated complement, causing cytolysis of these cells,

collapse of the vascular bed, and rapid (hyperacute) rejection (21–25).

We mimicked this process of localized complement activation by using α-gal liposomes

structured to deliver very large numbers of α-gal epitopes (~1015 α-gal epitopes/mg

liposomes) on their membranes. This amount is equivalent to that of α-gal epitopes present

on 105 pig endothelial cells (20). When applied on wounds, α-gal liposomes introduce a

very high concentration of α-gal epitopes into the treatment site. These multiple α-gal

epitopes effectively bind anti-Gal Ab present in the fluid containing serum proteins leaking

from damaged capillaries in the wound.

We hypothesized that this Ag–Ab interaction results in two consecutive processes that

accelerate wound healing: first, anti-Gal/α-gal liposome interaction activates the

complement system and generates chemotactic complement cleavage peptides (e.g., C5a and
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C3a) that induce rapid migration of macrophages into the wound site. Second, the

interaction between the Fc “tails” of anti-Gal Ab coating the α-gal liposomes and FcγRs on

macrophages migrating into the wound activates the macrophages, similar to macrophage

activation by various immune complexes (26). The activated macrophages produce

cytokines that promote tissue repair. Combined, these two cellular processes should

accelerate wound healing.

The interaction between anti-Gal in human serum and α-gal liposomes, leading to

complement activation, can be readily demonstrated in vitro. However, experimental animal

models, such as mice and other nonprimate mammals, synthesize α-gal epitopes and are

unable to produce anti-Gal Abs because of immune tolerance to these self-epitopes (19, 20).

Therefore, standard laboratory (wild-type) mice cannot be used as an animal model for anti-

Gal–associated studies. A mouse lacking self α-gal epitopes has been generated by targeted

disruption (i.e., knockout [KO]) of the α1,3GT gene (αGT KO) (27). This αGT KO mouse

is not immunotolerant to α-gal epitopes and can produce anti-Gal Abs with characteristics

similar to those of human anti-Gal Abs (27–32). In the current study, we used αGT KO mice

with circulating anti-Gal Abs to document that treatment of wounds with α-gal liposomes

induced rapid recruitment and activation of macrophages, accelerated healing of excisional

wounds, and decreased scar formation.

Materials and Methods

Materials

Rabbit RBCs and pig kidneys were purchased from PelFreez (Rogers, AR). Pig RBCs from

αGT KO pigs were a generous gift from Fios Therapeutics. Peroxidase (HRP)-coupled goat

anti-mouse IgG and IgM Abs were purchased from Accurate Chemicals (Westbury, NY),

HRP-coupled F4/80 anti-mouse macrophage Ab was purchased from Caltag (Invitrogen,

MD), and rhodamine-coupled Abs for CD11b were purchased from Pharmingen (San Diego,

CA). HRP-coupled rabbit anti-human IgG Abs were purchased from Dako (Copenhagen,

Denmark). FITC-coupled Bandeiraea (Griffonia) simplicifolia IB4 lectin (BS lectin) was

purchased from Vector Labs (Burlingame, CA). Cobra venom factor (CVF) was purchased

from Sigma (St. Louis, MO).

Preparation of α-gal liposomes and nanoparticles used for wound dressing

α-Gal glycolipids make up the majority of glycolipids in rabbit RBCs (33–39). Therefore, α-

gal liposomes were prepared from rabbit RBC membranes, as previously described (30, 40).

Batches of 1 l rabbit RBCs were lysed in water and washed repeatedly to remove

hemoglobin. For the extraction process, rabbit RBC membranes (RBC ghosts) were mixed

with 1000 ml chloroform and 1000 ml methanol (1:1 chloroform/methanol) for 2 h and then

1000 ml methanol was added for overnight incubation with constant stirring (1:2

chloroform/methanol). The extract was filtered under vacuum through Whatman filter paper

for removing residual RBC membranes and precipitated proteins. The membrane extract

was dried in a rotary evaporator. Saline (20 ml) was added to the evaporation flask, and the

dried extract was sonicated in a sonication bath to form liposomes. The liposome suspension

was spun at 1,000 rpm for 10 min to remove precipitating materials that form a pellet.
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Supernatants containing liposomes were further centrifuged at 14,000 rpm, and the liposome

pellet volume was determined. The pellets were resuspended in the supernatant at a final

concentration 100 mg/ml (10% v/v). The liposomes are referred to as α-gal liposomes,

because they present an abundance of α-gal epitopes on their membranes.

Size evaluation using a microscope indicated that most α-gal liposomes were 0.5–3.0 μm. In

some of the wound-healing studies, these liposomes were further converted into

submicroscopic α-gal liposomes with an estimated diameter of 100–300 nm. Liposomes of

this size range are referred to as nanoparticles. This decrease in liposome size was achieved

by additional sonication using a sonication probe in a tube placed on ice within a laminar

flow hood. The sonication was performed for 10 min, with the sonication probe

intermittently active for 30 s in 30-s intervals. The determination that the sonicated α-gal

liposomes have the size of nanoparticles is based on the finding that >90% of the particles

passed through a 0.2-μm filter (Nalgen) and that >99% of the sonicated liposomes could not

be visualized by light microscopy.

Preparation of control liposomes lacking α-gal epitopes

Control liposomes lacking α-gal epitopes were prepared from αGT KO pig RBCs. These

αGT KO pigs lack α-gal epitopes because of targeted disruption (KO) of the α1,3GT gene

(41). The αGT KO pig blood was received as a generous gift from Fios Therapeutics

(Rochester, MN). Control αGT KO pig liposomes were prepared by a method identical to

the one described above for α-gal liposomes.

Breeding and immunization of αGT KO mice

Mice used in this study have disrupted (KO) α1,3GT genes (27) and are referred to as αGT

KO mice. The mice were generated on a C57BL/6 3 BALB/c genetic background and were

bred and maintained at the animal facility of the University of Massachusetts Medical

School. All experiments were performed with male and female mice. Study protocols were

approved by the University of Massachusetts Institutional Animal Care and Use Committee

and are in compliance with national guidelines. Anti-Gal Ab production was elicited in αGT

KO mice by three or four weekly i.p. immunizations with 50 mg pig kidney membrane

homogenate (i.e., xenogeneic membranes expressing multiple α-gal epitopes) (28–30).

Production of anti-Gal Ab in αGT KO mice was confirmed to be at titers similar to those

observed in humans (titers of 1:100–1:2000), by ELISA with synthetic α-gal epitopes linked

to BSA (Dextra UK) as solid-phase Ag (28–30).

Treatment of excisional skin wounds with α-gal liposomes

Wounds were formed in shaved abdominal flanks of anesthetized αGT KO mice. A 3 × 6-

mm oval skin incision was made in the right abdominal flank of the mouse. The epidermis,

dermis, and upper part of the hypodermis were removed in the wound area created by this

incision, resulting in the exposure of the connective tissue fascia over the panniculus

carnosus muscle layer. Prior to treatment, 0.1 ml of the liposome suspension containing 10

mg α-gal liposomes was applied to the pad (1 × 1cm) of a small circular wound dressing

(clear “spot” bandage; CVS Pharmacies) in a sterile laminar flow hood. The pads of the

control wound dressings had 0.1 ml saline or 10 mg αGT KO pig liposomes applied. The
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wound dressing was applied to cover the wound and was further covered with Tegaderm and

with Transpore adhesive tape (3M, St. Paul, MN) to prevent removal by the mouse.

Preparation of peritoneal macrophages

αGT KO mice were injected i.p. with 1.5 ml of a 4% Brewer’s thioglycolate solution.

Macrophages migrating into the peritoneal cavity were harvested after 7 d by i.p. injection

of 10 ml PBS into euthanized mice and subsequent collection of the fluid from the peritoneal

cavity.

Flow cytometry analysis

Binding of anti-Gal Ab-coated α-gal liposomes via Fc–FcγR interaction in macrophages was

measured by flow cytometry. α-Gal liposomes were coated with mouse anti-Gal IgG Abs by

1 h incubation with αGT KO mouse serum diluted 1:50. The liposomes (1 mg/ml) were

washed and further incubated with mouse peritoneal macrophages for 1 h at 4°C. The cells

were washed at 1000 rpm for removal of unbound liposomes and then stained with

rhodamine anti-CD11b Ab (macrophage specific) and with FITC-BS lectin, which binds to

α-gal epitopes on the liposomes. After 30 min of incubation, cells were washed, fixed, and

subjected to flow cytometry analysis. Macrophages incubated with non–Ab-coated α-gal

liposomes served as controls.

Analysis of the expression of cytokine genes associated with tissue healing

Activation of macrophage genes encoding for cytokines associated with healing was

evaluated in αGT KO mouse skin 48 h postinjection with 10 mg α-gal liposomes, or with

αGT KO pig liposomes lacking α-gal epitopes. Gene activation in the injected skin was

determined by quantitative real-time PCR (q-RT-PCR). Skin specimens from mice injected

with saline served as controls. Custom-made SABiosciences (Frederic, MD) q-RTPCR 96-

well plates containing primers for 11-cytokine encoding genes and for the housekeeping

gene GADPH were used for this purpose. The reaction was performed with SYBR Green

master mix solution (SABio-sciences PA-011). Expression of the following genes was

measured: Fgf1, Il1a, IL6, Pdgfb, Tnf, Vegfa, Bmp2, Fgf2, Csf1, and Csf2. Total RNA was

isolated using gentle MACS (Miltenyi Extractor apparatus), followed by mRNA isolation

and cDNA synthesis using Miltenyi Magnetic Micro Beads. The cDNA was added as ~1 ng/

well to wells containing the various primers. PCR reaction (30 cycles) was performed in the

Biorad MyiQ single-color Real Time PCR detection system. The results were normalized

based on the housekeeping gene and fold increase in Ct values (threshold concentration)

determined by using the software program provided on the SABioscience Web site that

calculates ΔΔCt-based fold change.

Analysis of in vitro secretion of vascular endothelial growth factor by macrophages

Macrophages coincubated with anti-Gal–coated α-gal liposomes or with α-gal liposomes not

coated by anti-Gal Ab were plated in 24-well plates at 3 × 105 cells/well in 1 ml volume.

Macrophages cultured without liposomes served as control. Supernatants were collected

after 24 and 48 h and subjected to analysis of vascular endothelial growth factor (VEGF)
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secretion using a VEGF ELISA kit (Antigenix, NY), according to the manufacturer’s

protocol.

ELISA with liposomes as solid-phase Ag

Binding of anti-Gal IgG in αGT KO mouse sera to α-gal liposomes and to αGT KO pig

liposomes was studied in ELISA wells that were coated with these liposomes. Liposomes in

PBS (1 mg/ml) were dried in ELISA wells, resulting in firm attachment of the liposomes to

the wells. After blocking with PBS containing 1% BSA, αGT KO mouse serum samples at

serial 2-fold dilutions were placed as 50-μl aliquots in liposome-coated wells and incubated

for 2 h at 24°C. The wells were washed with PBS containing 0.05% Tween, and HRP-

coupled anti-mouse IgG Abs were added for 1 h. Color reaction was developed with o-

phenylenediamine, and absorbance was measured at 492 nm.

Histological analysis

Wound healing was determined in histological sections and expressed as the percentage of

wound surface covered with regenerating epidermis. The wound bed was determined by the

intact dermis. The number of infiltrating neutrophils and macrophages at skin sites injected

with liposomes was determined by counting cells within a rectangular area demarcated in a

microscope lens at ×400 magnification. The rectangle, with a size corresponding to 100 ×

200 μm at that magnification, was placed at the border of the liposome hypodermic injection

site within the skin. Neutrophils were identified by segmented nuclei, and macrophages

were identified by the kidney- or oval-shaped nuclei and large size of the cells. Four fields

were counted in each section. Two sections of the same specimen were evaluated. The data

represent mean + SD from at least five mice/group.

Statistics

An ANOVA test was used for statistical analyses. A p value < 0.05 was considered

statistically significant.

Results

In vitro interaction of anti-Gal–coated α-gal liposomes with αGT KO mouse macrophages
induces VEGF secretion

We first generated α-gal liposomes using rabbit RBCs that provide multiple glycolipids with

α-gal epitopes (α-gal glycolipids). As we showed previously, incubation of rabbit RBC

membranes with chloroform and methanol results in extraction of phospholipids,

cholesterol, and multiple α-gal glycolipids (33). Rabbit RBCs have the highest concentration

of α-gal glycolipids among mammals, ranging in chain size from 5–40 carbohydrates, and

having one, two, or multiple branches, each capped with an α-gal epitope (34–39).

Sonication of the dried organic extract from rabbit RBC membranes in saline results in

formation of liposomes constructed of a membrane of phospholipids and cholesterol and

multiple α-gal glycolipids anchored in that membrane (30, 40). Because of the many α-gal

epitopes on these liposomes (~1015 α-gal epitopes/mg liposomes), they have been

designated α-gal liposomes and were found to interact effectively with anti-Gal produced by

αGT KO mice (30, 40).
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We first studied the ability of anti-Gal/α-gal liposomes to interact with αGT KO mouse

macrophages and activate them. Such activation was documented by measuring VEGF

secretion. For these experiments, α-gal liposomes precoated with αGT KO mouse anti-Gal

Abs were incubated with αGT KO mouse peritoneal macrophages. Non–Ab-coated α-gal

liposomes incubated with macrophages served as controls. Binding of liposomes to

macrophages was determined by flow cytometry following double staining of fluorescein

(green)-coupled BS lectin binding specifically to α-gal epitopes (18, 19)] and rhodamine

(red)-coupled anti-CD11b Ab (specific for macrophages).

Non–Ab-coated α-gal liposomes adhered to ~15% of the macrophages (Fig. 1A). However,

binding increased by ~4-fold when the liposomes were coated with anti-Gal Ab (55%) (Fig.

1B). These data are similar to those observed using a system in which tumor cells coated

with mouse or human anti-Gal Abs bound to mouse and human macrophages via Fc–FcγR

interaction (31, 32).

VEGF secretion was quantified in peritoneal macrophages cocultured with anti-Gal–coated

or non–Ab-coated α-gal liposomes to determine whether macrophages were activated by the

anti-Gal/α-gal liposome immune complexes. Macrophages cocultured with anti-Gal–coated

α-gal liposomes produced 2–4-fold more VEGF than did the same macrophages incubated

with α-gal liposomes lacking anti-Gal Ab (Fig. 1C). The latter macrophages produced low

levels of VEGF, similar to those secreted by macrophages cultured in the absence of

liposomes. These findings support the assumption that interaction between the Fc portion of

anti-Gal Ab bound to α-gal liposomes and FcγR on macrophages activates these cells to

produce and secrete tissue-healing cytokines.

Recruitment of macrophages into skin sites injected with α-gal liposomes

Studies on the in vivo interaction between anti-Gal Abs with α-gal liposomes require animal

models that lack self-expressed α-gal epitopes and can generate anti-Gal Abs. The αGT KO

mouse lacks α-gal epitopes (27). Following immunization with pig kidney membranes, these

mice produce anti-Gal Abs in titers comparable to those attained in humans (28–30). Anti-

Gal produced in the immunized mice displays characteristics (i.e., classes and subclasses)

similar to human anti-Gal Abs (29). Anti-Gal Abs produced in αGT KO mice can readily

bind to α-gal liposomes (30, 40).

The effect of anti-Gal/α-gal liposome interaction on localized recruitment of macrophages

was studied in vivo in anti-Gal Ab-producing αGT KO mice injected s.c. with 10 mg α-gal

liposomes in 0.1 ml saline. Control liposomes were generated using αGT KO pig RBCs that

lack α-gal epitopes due to targeted disruption of the α1,3GT gene (41). As with αGT KO

mice, αGT KO pigs completely lack α-gal glycolipids; therefore, liposomes produced from

their RBC membranes completely lack α-gal epitopes. Because αGT KO pig liposomes lack

α-gal epitopes, they do not bind IgG Abs in αGT KO mouse serum, as indicated in ELISA

in wells coated with αGT KO pig liposomes (Fig. 2). The marginal binding of IgG Abs at

the lowest dilutions is likely to be nonspecific binding of serum IgG to the ELISA wells. In

contrast, anti-Gal in these sera readily binds to α-gal liposomes coating ELISA wells (Fig.

2). This binding is detectable (>1.0 OD) even at serum dilutions of 1:320, whereas no such

binding was observed at the lowest dilution (1:20) in wells coated with αGT KO pig
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liposomes. Previous studies by flow cytometry demonstrated a similar interaction of anti-

Gal IgG and IgM Abs with α-gal liposomes incubated in αGT KO mouse serum (40).

Skin specimens were obtained from euthanized mice at various time points, fixed, and

stained with H&E (Fig. 3). The empty areas in Fig. 3A, 3F, and 3G are likely injection sites

where liposomes were dissolved by ethanol and removed during the staining process. Within

12 h, the injection site in the hypodermis was surrounded by neutrophils (Fig. 3A, 3D). Most

of the neutrophils had disappeared by 24 h and were replaced by infiltrating macrophages

(Figs. 3B, 3E, 4). These infiltrating cells were confirmed to be macrophages by anti-

macrophage Ab (F4/80 Ab) immunostaining, 96 h post α-gal liposome injection (Fig. 3K).

Macrophage recruitment seems to be highly dependent on activation of the complement

cascade. This is suggested from the low macrophage recruitment observed 24 h after

coinjection of α-gal liposomes and CVF (20 μg), which inhibits complement activation

(Figs. 3C, 4). The significance of α-gal epitope expression on liposomes for induction of

rapid recruitment of macrophages through complement activation is further strengthened by

failure of 10 mg αGT KO pig liposomes (liposomes lacking α-gal epitopes) to induce

recruitment within 24 h postinjection (Figs. 3F, 4).

Inspection of α-gal liposome injection sites after 4 and 7 d (Fig. 3K, 3J, respectively)

revealed a gradual increase in the size of macrophages and the formation of large clusters of

these cells with almost no space between the macrophages. Individual macrophages

inspected after 7 d were very large (20–30 μm) and contained multiple vacuoles that

represented the internalized α-gal liposomes (Fig. 3L). This morphology of infiltrating

macrophages was also observed 14 d postinjection (Fig. 3H). However, by 4 wk, all

macrophages had disappeared, and the injected skin displayed normal histology, with no

indication of a localized long-term immune response (Fig. 3I). Parallel studies in mice

injected s.c. with saline did not show evidence of recruitment of cells into the injection site

at any time point (data not shown).

In vivo induction of cytokine gene expression by injected α-gal liposomes

In vitro studies of macrophages that interact with α-gal liposomes (Fig. 1) suggested that

these cells were activated following the Fc–FcγR interaction with anti-Gal Ab coating these

liposomes. We next determined whether macrophages migrating into the injection sites of α-

gal liposomes activate genes encoding cytokines that promote wound healing. To test this,

αGT KO mice were injected s.c. with 10 mg α-gal liposomes (Figs. 3, 4) or with saline as

control. After 48 h, the skin at the injection site was harvested, RNA was extracted, mRNA

was isolated, and cDNA was synthesized and subjected to q-RT-PCR with primers specific

for 11 cytokine genes known to be produced by activated macrophages. GADPH was used

as a control housekeeping gene for normalizing the cDNA. Skin specimens from αGT KO

mice injected with αGT KO pig liposomes served as a specificity control for the effect of

liposomes that lack α-gal epitopes. Because of variations in extracted mRNA, the data were

normalized to the housekeeping GAPDH expression using the SABiosciences software

program. The extent of gene expression was calculated and presented as relative fold change

compared with saline-injected skin specimens (Fig. 5).
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Although there was a mouse to mouse variation, three of the assayed genes (Il1a, Pdgfb, and

Csf1) displayed ≥3-fold increase in expression compared with controls and expression that

was significantly higher than that in the skin of αGT KO mice injected with liposomes

lacking α-gal epitopes (i.e., liposomes prepared from αGT KO pig RBCs) (Fig. 5).

Activation of the genes for cytokines that promote wound healing in mice injected with α-

gal liposomes (Fig. 5) coincided with the observed extensive recruitment of macrophages

into the injection site (Fig. 4). These data strongly suggested that these activated genes are

expressed in macrophages recruited by anti-Gal/α-gal liposome interaction.

α-Gal liposome treatment accelerates epidermal healing of skin wounds

The above observations on accelerated recruitment of macrophages and activation of these

cells following ant-Gal/α-gal liposome interaction suggested that topical application of these

liposomes on wounds might induce accelerated healing. To test this, we performed

excisional skin wounds (~3 × 6-mm oval excision) in which epidermis, dermis, and the

upper part of the hypodermis were removed from the abdominal flank of anesthetized αGT

KO mice. The wounds were treated with 10 mg α-gal liposomes, 10 mg αGT KO pig

liposomes (lacking α-gal epitopes), or saline on a 10 × 10-mm pad of spot bandages used as

wound dressing. The gross appearance of the wound was documented on various days, and

the wound area was removed from euthanized mice and subjected to histological analysis.

Wound healing was determined by the percentage of wound surface covered by regenerating

epidermis. This was evaluated by histological analysis (Figs. 6–8), as well as by morphology

on day 6 in cohorts of mice (Fig. 9).

Control wounds treated for 3 d with dressing that had saline displayed no evidence of

regeneration of the epidermis (Fig. 6) and no significant infiltration of macrophages into the

wound (Fig. 7A). In contrast, wounds treated with α-gal liposomes for 3 d displayed

extensive infiltration of mononuclear cells with macrophage morphology and that formed a

characteristic granulation tissue (Fig. 7B). These α-gal liposome-treated wounds also

exhibited a distinct initiation of epidermis regeneration, as indicated by the multilayered

large epidermal cells observed over the newly formed dermis at the border of the injured

area (Figs. 6, 7B). The regenerating epidermis covered, on average, 12% of the wound (Fig.

6). Control wounds treated with αGT KO pig liposomes displayed only residual epidermis

regeneration (Fig. 6).

By day 6, control saline-treated wounds displayed extensive infiltration of macrophages into

the regenerating dermis (Fig. 7C, 7E) and initial regeneration of the epidermis (Fig. 7E).

However, at this time point, the regeneration of the epidermis was observed only at the

periphery of the wound, whereas the dermis remained exposed at the center of the wound

(Fig. 7C). The leading edge of the regenerating epidermis on day 6 in saline-treated wounds

is shown in Fig. 7E. In wounds treated for 6 d with saline, the regenerating epidermis

covered only ~20% of the wound surface (Fig. 6). Wounds treated with αGT KO pig

liposomes also displayed ~20% healing on day 6. In contrast, the extent of epidermis

regeneration in wounds treated with α-gal liposomes was much higher on day 6 and reached

an average of ~60% of the wound surface (Figs. 6, 9). At this time, ~35% of mice treated

with α-gal liposomes displayed complete closure of the wound by regenerating epidermis
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(Fig. 7). In the remaining mice, the regenerating epidermis covered 30–80% of the wound

(Fig. 9). This regenerating epidermis is thicker than regular epidermis (four to eight layers of

epithelial cells versus two layers, respectively), suggesting a highly proliferative state of

epidermal cells (Fig. 7D, 7F). Also, in many α-gal liposome-treated wounds examined on

day 6 the dermis was thicker than that in saline-treated wounds (Fig. 7D versus 7C),

suggesting accelerated regeneration of the dermis. By day 9, only ~40% of the surface of

saline- or αGT KO pig liposome-treated wounds was covered by regenerating epidermis

(Fig. 6). In comparison, most α-gal liposome-treated wounds showed complete epidermal

closure, with some displaying 60–90% regeneration. However, variations in the extent of

healing were observed between animals, and the SD at various time points, particularly in

the α-gal liposome-treated wounds, is high (Fig. 6).

After 12 d of treatment, on average, ~60% of the wound surface in saline- and αGT KO pig

liposome-treated wounds were covered by the regenerating epidermis, whereas most of the

α-gal liposome-treated wounds were completely covered by epidermis. Overall, the

regeneration of epidermis in wounds treated with α-gal liposomes was approximately twice

as fast as the physiologic regeneration of saline-treated wounds (Fig. 6). The similar rate of

epidermis regeneration in saline-treated and αGT KO pig liposome-treated wounds strongly

suggested that accelerated regeneration in these studies is dependent on α-gal epitope

presentation on the liposomes.

The efficacy of α-gal liposomes in inducing accelerated healing was further increased by

reducing their size. These liposomes were converted into α-gal nanoparticles by sonication.

Application of 10 mg α-gal nanoparticles on wounds resulted in regeneration of ~40% of the

wound epidermis within 3 d (Fig. 6). By day 6, 60% of the treated wounds displayed

complete regeneration of the epidermis, whereas the remaining 40% displayed 95%

epidermis regeneration (Figs. 6, 9). As controls, we observed that healing following

treatment with αGT KO pig nanoparticles did not differ from that observed using αGT KO

pig liposomes (data not shown).

The differences in efficacy between α-gal nanoparticles and α-gal liposomes may be

attributed to the fact that there are many more particles in 10 mg of α-gal nanoparticles than

in 10 mg of α-gal liposomes. This is because each liposome is split by sonication into

several nanoparticles. Thus, it is possible that α-gal nanoparticles diffuse better than α-gal

liposomes throughout the wound as a result of their higher number and smaller size.

Increased diffusion would likely result in increased efficacy of recruitment and activation of

macrophages.

Regeneration of dermis in wounds as evaluated by trichrome staining

Evaluation of connective tissue (i.e., dermis and hypodermis) regeneration in the wound can

best be performed following trichrome staining. The collagen fibers of the connective tissue

within the dermis and hypodermis are stained blue, whereas epidermal- and dermal-residing

cells are stained purple (Fig. 8). Although α-gal liposome-treated wounds displayed

regenerating dermis within 3 d of wounding (Fig. 8B), no evidence for regeneration was

observed in the saline-treated wounds (Fig. 8A). In the α-gal liposome-treated wounds,

initiation of dermal recovery was indicated by the collagen fibers appearing beneath the
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regenerating epidermis (Fig. 8B). The uninjured dermis surrounding the wound was

characterized by deep blue staining of collagen that was much denser than the newly formed

collagen in the regenerating dermis. The histology presented in Fig. 8B suggested that

collagen-secreting fibroblasts are among the first cells recruited within 72 h postinjury into

wounds treated with α-gal liposomes.

Day-6 control wounds showed newly formed dermis that contained multiple macrophages

(Fig. 8C, 8E). A distinct border is present between the newly formed dermis and the

uninjured dermis in day-6 control wounds (Fig. 8E). Newly formed dermis filled with many

cells was also observed on day 6 in wounds treated with α-gal liposomes (Fig. 8D, 8F).

Some of the cells residing in the regenerating dermis are fibroblasts depositing collagen.

Many of the other cells forming the granulation tissue in this dermis are likely to be

macrophages that have been recruited into the wound.

α-Gal liposome treatment reduces scar formation

To investigate whether accelerated healing of wounds by α-gal liposomes could result in

hyperplasia of the epidermis and/or scar formation, wounds were subjected to histological

analysis 28 d postwounding and treatment. Control wounds treated for 28 d with saline-

coated dressing displayed wide areas of dense dermis devoid of skin appendages,

characteristic of scar formation. In addition, the regenerating epidermis in these control

wounds was thicker than normal epidermis and had at least five layers of cells (Fig. 10A–D).

The histology of wounds treated with αKO pig liposomes was similar to that of wounds

treated with saline (Fig. 10E–H). This scar formation is a reflection of the physiologic

default mechanism for filling the injured area with dense connective tissue and with

epidermis that is thicker than in uninjured skin. In contrast, epidermis in α-gal liposome-

treated wounds displayed normal thickness of two cell layers, and the density of collagen in

the dermis, based on trichrome staining, was normal (Fig. 10I–L). Healed wounds treated

with α-gal liposomes also contained regenerating appendages, such as hair follicles and

sebaceous glands, as well as fat cells. A similar regeneration without scar formation was

observed in wounds treated with α-gal nanoparticles (data not shown). It is notable that all

treated wounds contained no granuloma at 28 d and that most macrophages had disappeared

from the wounds at that time point (Fig. 10).

Overall, these findings suggested that the healing of wounds without formation of a scar

requires the rapid recruitment of macrophages and their effective activation due to anti-Gal

Ab interaction with α-gal liposomes or nanoparticles. In the absence of such interaction, as

with KO pig liposomes lacking α-gal epitopes, healing results in scar formation similar to

that observed in physiologic healing in saline-treated wounds.

Discussion

This study describes a novel method for inducing rapid recruitment and activation of

macrophages by α-gal liposomes and by α-gal liposomes sonicated into nanoparticles, both

interacting with natural anti-Gal Abs. This recruitment and activation of macrophages

accelerate wound healing in αGT KO mice while avoiding scar formation. Because humans

naturally produce anti-Gal Abs that constitute ~1% of IgG, IgM, and IgA Igs in their serum
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(15, 42–44), topical application of α-gal liposomes may also result in accelerated wound

healing in a clinical setting.

Very large amounts of α-gal epitopes on glycolipids of α-gal liposomes bound anti-Gal Abs

and induced strong complement activation. Because there are ~1015 α-gal epitopes/mg

liposomes, their topical application on wounds results in a high concentration of α-gal

epitopes on the wound surface, allowing for robust local interaction with anti-Gal Abs

released from damaged capillaries and the ensuing local activation of the complement

cascade. The diminished recruitment of macrophages following injection of CVF, together

with α-gal liposomes, suggests the need for complement activation but does not prove it.

The direct activation of complement by anti-Gal–binding α-gal glycolipids was

demonstrated in a previous study (33). It is difficult to demonstrate such direct activation by

anti-Gal/α-gal liposome interaction in treated wounds because the activated complement is

deposited on α-agal liposomes following anti-Gal binding. These liposomes are washed

from wound specimens during processing for histological evaluation and are dissolved in the

alcohol used for fixation.

Liposomes that do not express α-gal epitopes have been used in wound healing as vesicles

for delivery of substances to wounds that affect wound healing, such as superoxide

dismutase (45) and hemoglobin (46), or of genes that encode growth factors (47). The α-gal

liposomes deliver multiple α-gal glycolipids in their membranes, rather than within the

liposomes, to mediate their therapeutic effects. Our data showed that the novel aspects in α-

gal liposome treatment versus other wound-healing treatments are the harnessing of at least

two immunological mechanisms for accelerating the healing process. First, anti-Gal/α-gal

liposome interaction activates complement to produce complement cleavage peptides that

induce rapid extravasation of monocytes, their conversion into macrophages, and their

chemotactic migration into the treated wound. Second, Fc–FcγR interaction between anti-

Gal–coated α-gal liposomes and recruited macrophages results in activation of these cells

and secretion of cytokines that promote wound healing.

This study suggests that the macrophages recruited following anti-Gal/α-gal liposome

interaction were activated, resulting in production of various cytokines. Increased specific

expression of Il1a, Pdgfb, and Csf1 further suggests that these genes may be involved in

wound healing. We also observed that anti-Gal–coated α-gal liposomes activated

macrophages to secrete VEGF in vitro, but we were unable to confirm this in vivo. Elevated

cytokine gene activity in macrophages is usually observed in inflammation. It may be

possible that after an initial proinflammatory response, the macrophages start to secrete

healing-promoting (prohealing) cytokines or they recruit macrophages that produce

cytokines that promote the repair of the injured tissue. In our study, the analysis of cytokine

gene expression was performed 48 h postintradermal injection of α-gal liposomes. It is not

clear whether the observed elevated cytokine activity at that early stage is already associated

with the prohealing activity of macrophages. Detailed correlation between the various stages

of the wound-healing process (evaluated by histology and immunostaining) and the

expression level of various cytokine genes will allow for establishing the association

between temporal changes in cytokine gene expression and the resulting histological effects,

as previously demonstrated (48). Such analysis will enable the comparison of these
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parameters between α-gal liposome-treated wounds and wounds that undergo physiologic

healing.

The direct mechanisms contributing to the in vivo activation of macrophages and the

subsequent activation of the cytokine genes by anti-Gal–coated α-gal liposomes were not

evaluated in the current study. The increased binding of anti-Gal–coated α-gal liposomes to

mouse macrophages, the increased VEGF production following this interaction, and the

previously demonstrated interaction of human immunocomplexed anti-Gal with FcγR on

autologous macrophages (32) suggest that a similar Fc–FcγR interaction is likely to occur in

vivo between anti-Gal on α-gal liposomes and human macrophages. However, additional

studies are required to determine whether activation of macrophages as a result of this Fc–

FcγR interaction is similar to the interaction of other immune complexes with FcγRs on

macrophages (26).

The ultimate result of the rapid recruitment of macrophages and their activation by anti-

Gal/α-gal liposome immune complexes is the accelerated healing of wounds. By comparing

the extent of epidermis regeneration in α-gal liposome-treated wounds to that in control

wounds, this treatment seems to decrease the mean healing time by ~50%. The histological

observation of macrophages in the α-gal liposome-treated wounds at 72 h was associated

with efficient regeneration of epidermis on day 6, suggesting that anti-Gal/α-gal liposome

interaction induces the rapid recruitment of macrophages and the activation of these cells to

produce cytokines that mediate wound healing. These observations are supported by studies

on healing of skin burns treated with α-gal liposomes, which also demonstrated ~50%

decrease in healing time due to accelerated recruitment and activation of macrophages by

anti-Gal Ab bound to α-gal liposomes (40). The efficacy of this wound-healing process was

improved by decreasing the α-gal liposome size to that characteristic of nanoparticles. This

was achieved by additional sonication of the liposomes. This sonication splits liposomes into

submicroscopic liposomes referred to as α-gal nanoparticles. Treatment of wounds with α-

gal nanoparticles decreased the wound healing time by ~70%, resulting in complete

regeneration of the epidermis in the majority of mice within 6 d of treatment. It is possible

that the larger number of submicroscopic particles generated by splitting of each liposome

and the increased diffusion of these multiple nanoparticles throughout the wound contribute

to a faster recruitment and more effective activation of macrophages in treated wounds.

The early increased production of healing-promoting cytokines by activated macrophages

may also be associated with the observed lack of hyperplasia in skin tissues and the decrease

in scar formation. Such a decrease in scar formation was demonstrated in healing wounds in

αGT KO mice treated with α-gal liposomes but not in those treated with saline or with KO

pig liposomes (liposomes lacking α-gal epitopes). Formation of scar tissue (i.e., dense

connective tissue lacking skin appendages and covered with thick epidermis) is the

physiologic default mechanism for wound healing that occurs after the closure of the wound

with regenerating epidermis. We suggest that rapid anti-Gal–mediated activation of recruited

macrophages to secrete cytokines that promote tissue healing may lead to restoration of the

cellular components of normal skin, prior to the scar-formation process. Proving this will

require a larger and more long-term study. Nevertheless, the histology of day-28 wounds
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strongly suggested that α-gal liposome treatment did not induce hyperplasia and formation

of scars in the skin tissues during the healing process.

Activation of macrophages in wounds was demonstrated by application of

immunomodulating substances, such as carrageenan (49) and BCG (50). However, these

treatments also resulted in nonbeneficial prolonged inflammatory immune responses that

may be manifested as chronic granulomas (49, 50). No chronic granuloma formation was

observed in wounds 1 mo after the initiation of α-gal liposome or α-gal nanoparticle

treatment. This implies that the rapid recruitment and activation of macrophages is not

followed by any additional immune response to the treating substance. This is likely to be

associated with the lack of immunogenicity of α-gal liposomes, which contain no antigenic

proteins capable of activating T cells (28, 51). The α-gal epitope itself, like other Ags

composed of carbohydrate chains of the complex type (e.g., blood group A and B Ags), does

not activate T cells. In the absence of T cell help, the α-gal epitope does not elicit a B cell

immune response (51). Moreover, the interaction between FcγR on the recruited

macrophages and anti-Gal coating the α-gal liposomes results in the rapid internalization of

these liposomes because of effective phagocytosis and their elimination from the wound.

Following the removal of liposomes, the recruited macrophages disappear within 3–4 wk

and do not elicit a chronic immune response or a granuloma within the treated wound. This

restoration of normal skin histology 3–4 wk post-injection of α-gal liposomes and the

diminished scar formation in α-gal liposome-treated wounds suggested that this treatment

does not induce an overly exuberant inflammatory response that may be detrimental.

Treatment with α-gal liposomes in the clinical setting is of potential significance. If this

treatment is found to be successful in humans, the resulting decrease in the healing time of

wounds will reduce morbidity and decrease the costs associated with acute and chronic

wound treatment, which are expected to increase significantly in the coming years (52). The

following observations suggest that the accelerated wound healing in αGT KO mice may

also be observed in patients with wounds treated with α-gal liposomes. First, anti-Gal Abs

are present in very large amounts in all humans who are not severely immunocompromised.

Second, anti-Gal Abs in human serum effectively bind to α-gal liposomes and induce

complement activation. Third, human anti-Gal Abs immunocomplexed with α-gal epitopes

readily bind to FcγR on macrophages (21, 32). Fourth, cultured human macrophages

activated in vitro by hypotonic shock were found to accelerate wound healing in patients

with deep sternal wounds (53) and with ulcers (7). The use of α-gal liposomes on wound

dressings is likely to be much easier to perform than injection of activated macrophages into

wounds because it does not require specialized equipment and facilities for in vitro culturing

of macrophages. It is also possible that the treatment with α-gal liposomes in humans may

be even more effective than that described above in αGT KO mice, because complement

activity in human serum is many fold higher than that in mouse serum (33). In addition,

because anti-Gal is present in all individuals who are not severely immunocompromised,

including diabetic patients (54) and elderly individuals (16), the effective recruitment and

activation of macrophages by α-gal liposomes may jumpstart the healing process in chronic

wounds of diabetic patients and elderly individuals who usually display impaired wound

healing. Because anti-Gal activity may vary from one person to another (55), it remains to

be determined in clinical trials whether there is a correlation between the Ab activity and
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rate of healing or whether Ab levels in all treated individuals are above a threshold level

required for inducing accelerated healing.

α-Gal liposomes/nanoparticles are highly stable, and their α-gal epitopes do not alter their

structure during prolonged storage. α-Gal epitopes, in contrast to biologically active

proteins, have no folding or tertiary structures, leading to their robust stability. Furthermore,

α-gal epitopes do not undergo oxidation for prolonged periods and can be stored for years

without losing activity. This conclusion can be inferred from studies on blood group Ags.

The structure of the α-gal epitope is very similar to that of blood group A and B Ags (18,

56). Because of their stability, these blood group Ags have been detected and characterized

in Egyptian mummies that are >2000 y old (57). Thus, if α-gal liposomes/nanoparticles are

found to be effective in accelerating wound healing in humans, they can be stored for

prolonged periods and delivered to wounds in many forms, including sprays, hydrogels, on

wound dressings, in suspension, or incorporated into devices and dressings that are currently

used for treating injuries. Moreover, because repair and regeneration of internal injured

tissues are also dependent on effective local recruitment and activation of macrophages (5),

it is possible that delivery of α-gal liposomes/nanoparticles to such injuries (e.g., ischemic

tissue and trauma injuries) may result in the accelerated regeneration and restoration of the

original biological activity of the injured tissue, while avoiding irreversible scar formation.
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FIGURE 1.
Binding of anti-Gal Ab-coated α-gal liposomes to macrophages induces macrophage

activation. αGT KO mouse peritoneal macrophages were incubated for 1 h at 4°C with α-gal

liposomes (1.0 mg/ml) (A) or with anti-Gal Ab-coated α-gal liposomes (B). Binding of

liposomes to macrophages was determined by flow cytometry with FITC-BS lectin (green:

binding to α-gal liposomes) and with rhodamine–anti-CD11b (red: specific for

macrophages). The proportion of double-stained cells representing α-gal liposomes bound to

macrophages is indicated in the upper right corner. Data are representative of three

independent studies. Number of stained cells increased in yellow and green areas and was

the highest in red areas. C, Secretion of VEGF by peritoneal macrophages cocultured with

anti-Gal Ab-coated α-gal liposomes (black columns), non-Ab–coated α-gal liposomes (gray

columns), or no liposomes (white columns). VEGF was quantified in culture media after 24

or 48 h (mean + SD from four mice/group). VEGF secretion by macrophages incubated with

anti-Gal Ab-coated α-gal liposomes was significantly greater than in the other two groups at

24 h. p < 0.05.

Wigglesworth et al. Page 20

J Immunol. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 2.
Binding of anti-Gal IgG in αGT KO mouse serum to α-gal liposomes or to αGT KO pig

liposomes coating ELISA wells. Data are presented as OD as a function of serum dilution

(circles represent median, and lines represent the range of values).
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FIGURE 3.
Recruitment of cells following s.c. injection of 10 mg α-gal liposomes in αGT KO mouse

skin. A, Twelve hours postinjection. Empty areas likely represent injected liposomes that

were dissolved during the staining process. B, Twenty-four hours postinjection. C, Twenty-

four hours postinjection of α-gal liposomes and 20 μg CVF. D, Enlargement of area outlined

in A, showing recruited neutrophils. E, Enlargement of area outlined in B, indicating that

most (>85%) of the cells have the morphology of macrophages. F, Twenty-four hours

postinjection of 10 mg αGT KO pig liposomes (i.e., liposomes that lack α-gal glycolipids).

Seven (G), 14 (H), and 28 (I) d postinjection of α-gal liposomes. J, Enlargement of area

outlined in G, indicating that the mass of cells by the injection site is comprised of large

macrophages containing multiple vacuoles that represent internalized phagocytosed α-gal

liposomes. K, Ninety-six hours postinjection. The section was immunostained with HRP–

anti-4/F80 Ab, which stains macrophages brown, and counterstained with hematoxylin. L,

Morphology of individual recruited macrophages 7 d postinjection. The multiple vacuoles

represent the anti-Gal Ab-coated α-gal liposomes internalized by the macrophages. For the

purpose of orientation, the epidermis is shown in the upper areas of B, C, and G–I. Each

figure is representative of five mice/group. A–C and F–I, H&E, original magnification ×100;

D, E, J, and K, H&E, original magnification×200; L, H&E, original magnification ×1000. A,

Scale bar, 100 μm; L, scale bar, 10 μm.
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FIGURE 4.
Recruitment of neutrophils and macrophages by 10 mg of liposomes injected s.c. in 0.1 ml

suspension into αGT KO mice. In some experiments, α-gal liposomes were coinjected with

20 μg CVF (which inhibits complement activity). Liposomes produced from α1,3GT KO

pig RBCs (liposomes that lack α-gal epitopes) are referred to as KO pig Lipo. Number of

infiltrating cells was determined in histological sections by counting cells within a

rectangular area marked in a microscope lens at a magnification of ×400, corresponding to a

100 × 200-μm area. The differences in the number of macrophages between day 1 and day

14 are not statistically significant. Mean + SD from five mice/group.
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FIGURE 5.
Cytokine gene expression in αGT KO mouse skin injected with liposomes, as measured by

q-RT-PCR. Fold changes in expression of the various cytokine genes in RNA extracts of

αGT KO mice injected in the skin with α-gal liposomes and harvested after 48 h compared

with saline-injected skin as control (n = 5, black columns). Skin specimens from αGT KO

mice injected with 10 mg αGT KO pig liposomes served as a specificity control (n = 4, gray

columns). Data are mean + SD, with the exception of Il1a in α-gal liposome-treated wounds,

for which it is mean − SD.
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FIGURE 6.
Wound healing at different time points after excisional wound formation and topical

application of dressing covered with 10 mg of α-gal liposomes (striped columns), 10 mg of

αGT KO pig liposomes lacking α-gal epitopes (gray columns), or saline (open columns).

Healing of wounds treated with α-gal nanoparticles is shown in black columns. Extent of

wound healing is presented as the percentage of the wound area covered with regenerating

epidermis. On day 3, n = 11 for all groups. On day 6, n = 20 for mice with wounds treated

with α-gal liposomes or with saline and n = 11 for mice treated with α-gal nanoparticles and

those treated with αGT KO pig liposomes. On day 9, n = 8 for all groups, whereas n = 11 for

all groups on day 12. Data are presented as mean + SD. A statistically significant difference

was observed in mice treated with α-gal nanoparticles compared with the other groups on

days 3 and 6. p < 0.05.
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FIGURE 7.
Healing of representative excisional wounds treated with spot bandage dressing covered

with 10 mg of α-gal liposomes or with saline. A, Control wound treated with saline dressing

for 3 d. Panniculus carnosus muscle layer is exposed where epidermis and dermis were

removed. No significant cell infiltration is observed. B, Wound treated for 3 d with α-gal

liposomes. Note the multilayered proliferating epidermis at the periphery of the wound and

infiltration of macrophages in the regenerating dermis. The platelet plug is present above the

healing wound. Arrow marks the wound edge. C, Day-6 saline-treated wound (center of the

wound). Regenerating thin dermis over panniculus carnosus is filled with macrophages. No

regenerating epidermis is observed. D, Day-6 wound treated with α-gal liposomes (center of

the wound). Note that multilayered regenerating epidermis covers the entire area of the

wound, and many macrophages infiltrate the dermis. E, Day-6 saline-treated wound

(periphery of the wound). The regenerating epidermis in the lower left area does not cover

the entire wound. The dermis is filled with macrophages. F, Day-6 wound treated with α-gal

liposomes (periphery of the wound). The uninjured skin is observed in the right area. The

dermis of the wound is filled with macrophages. Arrow marks the wound bed. Pink stratum

corneum is observed over the regenerating epidermis. Scale bar, 50 μm. A, H&E, original

magnification ×100; B–F, H&E, original magnification ×200. Specimens are representative

of 7 mice treated with α-gal liposome (complete wound closure) and of 20 mice treated with

saline.
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FIGURE 8.
Trichrome staining of regenerating dermis in the skin wounds treated with dressing (spot

bandages) covered with saline (A, C, E) or with 10 mg of α-gal liposomes (B, D, F), as

detailed in Fig. 7. Collagen is stained blue, and the various cells are stained purple. The

border of the wound bed between uninjured and regenerating tissues is marked with arrows

in B, E, and F. A, C, and D, Original magnification ×100; B, E, and F, original magnification

×200. Scale bar, 50 μm. Specimens are representative of 7 mice treated with α-gal liposome

(complete wound closure) and of 20 mice treated with saline.
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FIGURE 9.
Gross appearance of day-6 excisional wounds treated with dressing (spot bandages) covered

with saline, αGT KO pig liposomes, α-gal liposomes, and α-gal nanoparticles (2–4-fold

magnification). Note that wounds treated with saline or αGT KO pig liposomes displayed

minimal healing. In contrast, wounds treated with α-gal liposomes displayed 30–80%

healing, and those treated with α-gal nanoparticles displayed 95–100% healing. Wounds are

from representative mice presented in Fig. 6. The wound observed in the lower left of the

first mouse in the group treated with α-gal nanoparticles is due to rubbing of the adhesive

tape on the skin and is not related to the actual wound performed by excision and that

displayed 100% healing.
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FIGURE 10.
α-Gal liposome treatment decreases scar formation. Wounds treated for 28 days with saline

(A–D) or αGT KO pig liposome (E–H) developed a scar characterized by dense connective

tissue containing multiple fibroblasts, thick epidermis, and no skin appendages, such as hair

and sebaceous glands (right area in A–H). In contrast, wounds treated for 28 d with α-gal

liposomes (I–L) displayed restoration of normal skin histology, including thin epidermis,

loose connective tissue in the dermis, and the appearance of hair and sebaceous glands, as

well as fat cells in the hypodermis. H&E and trichrome (collagen is stained blue), original

magnification ×100. Specimens in each group are two representative mice of five mice/

group.
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