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Blocking RAGE improves wound healing in diabetic pigs
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Abstract

Receptor for Advanced Glycated End-products (RAGE) is highly expressed

in diabetes and impairs wound healing. We proposed that administering an

antibody that blocks RAGE will hasten the healing of dorsal wounds in dia-

betic pigs compared with a non-immune IgG. Two purpose-bred diabetic

(D) Yucatan minipigs (Sinclair, Auxvasse MO) each underwent 12 2 � 2 cm

full thickness dorsal wounds: four wounds received decellularized porcine

skin patches (Xylyx Bio, Bklyn NY): four anti-RAGE Ab (CR-3) infused

patches, four saline infused patches and four wounds were left open. One

pig received anti-RAGE Ab (CR-3) 1 mg/kg IM q 10 days and other received

non-immune IgG. Wounds were measured at 2 and 4 weeks followed by

euthanasia and wound harvesting. At 2 weeks few of the patches appeared

to be incorporated into the wound. By 4 weeks all patches in pigs treated

systemically with CR-3 were detached and the wounds almost healed. For

all 24 wounds for both pigs regardless of presence of patch or type of patch,

the average IgG treated pig wound size at 4 weeks was 69.2 ± 14.6% of ini-

tial size and the average CR-3 treated pig wound size was 40.9 ± 11.3% of

initial size (P = 0.0002). Quantitative immunohistology showed greater

staining for collagen in the CR-3 treated wounds compared with IgG trea-

ted. Staining was positive for RAGE, Mac, and IL-6 in the IgG treated

wounds and negative in the CR-3 treated wounds. From these pilot experi-

ments, we conclude that a RAGE blocking antibody given parenterally

improved wound healing in a diabetic pig while patches were not effective.
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Key Messages
• wound healing is impaired in diabetics, particularly in the distal lower

extremities.
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• increased expression of Receptor for Advanced Glycation Products (RAGE)
plays a major role in impairing wound healing in diabetes by inhibiting
angiogenesis, prolonging inflammation, and increasing susceptibility to bac-
terial infections

• we developed a RAGE blocking antibody and tested it on full thickness dor-
sal wounds on diabetic Yucatan minipigs. We compared local versus sys-
temic administration of the antibody

• wounds on the pig given the Ab systemically healed almost completely by
4 weeks compared with the pig treated with control Ab, while the patches
served predominately as “band aids”

• results from this pilot experiment suggest that blocking RAGE is a therapeu-
tic approach to hastening diabetic wound healing

1 | INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder
that affects 170 million people worldwide, 29 million in
the US.1,2 A common major complication of diabetes is
non-healing leg and foot ulcers that arise from a com-
bination of poor tissue perfusion, inhibition of reepithe-
lialisation, and poor collagen formation.3,4 Current
standard of care for non-healing wounds includes
reperfusion therapy, nutritional supplementation, off-
loading, compression, and management of comorbid-
ities.5 These measures are largely supportive and fail to
address the underlying molecular pathology.

Receptor for Advanced Glycation Endproducts
(RAGE), a multiligand member of the immunoglobulin
superfamily of cell surface molecules, plays a key role in
the pathogenesis of impaired wound healing in dia-
betics.6-9 Binding of RAGE to it ligands such as AGEs
and S100 calgranulins are responsible for inducing pro-
coagulant initiator tissue factors that include cytokines,
such as interleukin (IL)-6, and cell adhesion molecules,
such as VCAM-1.9-12 These cytokines affect the immune
response causing prolonged wound exposure time and
increasing susceptibility to bacterial infection. RAGE is
responsible for failure of the normal angiogenic response
to tissue hypoxia in diabetes and failure of angiogenesis
is a major contributor to loss of tissue viability.13,14

The blockade of RAGE promotes angiogenesis,
improves blood flow to hypoxic sites of a wound, reduces
the pro-inflammatory response, and reduces pro-
apoptotic signalling to a chronic non-healing
wound.6,10-12 In this pilot study, we aimed to investigate
the effect of blocking RAGE on wound healing in diabe-
tes via two approaches: (1) systemically administering
our RAGE blocking antibody and (2) local delivery of the
Ab via a bioengineered extracellular matrix (ECM) patch.

2 | METHODS

2.1 | Animals

All animal experiments were performed with the
approval of the Institutional Animal Care and Use
Committee of Columbia University. Purpose bred dia-
betic Yucatan mini-pigs (castrated male 27–30 kg)
were obtained from Sinclair Laboratories (Auxvasse
MO). The Sinclair diabetic Yucatan minipigs have
type I diabetes induced with Alloxan and blood sugar
stabilised in the range of 300–500 mg/dL on 7–8 units
NPH Humulin N (range 2–12). Upon arrival at CU,
each pig was continued on the dose of insulin, deter-
mined by Sinclair, given once daily SQ with blood
sugar monitored twice daily with a handheld gluc-
ometer (Accu-check Aviva, Roche). Additional doses
of regular insulin were given as needed. The veteri-
nary staff weighed pigs weekly and observed them
daily for signs of hyperglycemia or hypoglycemia.

2.2 | Patches

We used tissueSpec™ Matrix patches (Xylyx, Brook-
lyn NY). These patches are derived from porcine skin
cells and contain free natural matrix biomaterial
collagenous skin matrix (type I, III) and other skin-
specific matrix components. The raw material is natu-
ral healthy skin tissue (porcine, 6 months, 44 kg)
from which the hair, subcutaneous fat are removed.
The patch producing process utilises serine proteases,
polysorbate-type non-ionic surfactants for membrane
solubilisation, bile acid salts for cell lysis, intracellu-
lar component dissolution, and hyper- and hypotonic
solutes for osmotic stress.
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2.3 | Antibody

The anti-RAGE Ab binds a unique peptide sequence
on the V domain of the receptor which cross-reacts to
human, porcine, murine tissue. We immunised mice
to the unique peptide and developed hybridomas pro-
ducing murine monoclonal antibodies of IgG2a isotype
with kappa light chain. Subsequently, we found the
antibody had blocking properties in cell culture exper-
iments by Western blot. We humanised the anti-RAGE
Ab using the chimeric Ab intermediary process. The
Ab cDNA was cloned and expressed on mammalian
cells and then large-scale antibody produced using
plasmid technology (AvantGen San Diego CA). The
humanised antibody is called CR-3. The average
apparent affinity of CR-3 for the receptor and ligands
is in the range of 42 nanomolar by ELISA. Eight
patches (four for each pig) were immersed in 0.6 mg
of antibody solution for 24 h and four immersed in
normal saline.

2.4 | Wound placement and patch
placement

Day 1, pigs were subjected to full thickness wounds
along the dorsal column of the spine. Using a deep
anaesthetic by intraperitoneal injection of ketamine
and xylazine, the backs of the pigs were shaved and
sterilised using a povidone-iodine solution and alcohol.
Twelve 2 � 2 cm full thickness wounds were created by
removing the skin and panniculus carnosus layers.
Four patches pre-treated with CR-3 and four -untreated
TissueSpec™ Matrix patches were placed in wounds
and sutured with 8 sutures at corners and middle of
each side to remain in place. Four wounds were left to
heal by secondary intention. Wounds were marked for
identification: TissueSpec™ Matrix patch with anti-
body (A1-A4), TissueSpec™ Matrix patch without anti-
body (B1-B4), and patch alone (C1-C4). Wounds were
then covered with a 4 cm � 10 cm piece of Tegaderm™
dressing (3 M, St. Paul, MN, USA) and mesh jackets

FIGURE 1 Digital photographs of the dorsum of each pig focused on the area of wounding and patch placement. Row (A) patch plus

CR-3, row (B) patch alone, (C) wound without patch. Left images from pig receiving q 10 days IM injections of 1 mg/kg IgG and right

images from pig receiving same dosing of CR-3. The top panels show baseline photos and bottom panels photos taken at 4 weeks
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placed on each pig. Benadryl was given to reduce itch-
ing and prevent animals from scratching their sides
on cage.

2.5 | Wound monitoring

Dressings were changed and wounds monitored every
week. Wounds were considered closed when moist gran-
ulated tissue was no longer visible and new epithelial
growth present. At days 14 and 28 post-wounding, calli-
per measurements of each wound were made and area
expressed as width � length = mm2. Digital photos of
the wounds were taken. The wound areas were expressed
as a percentage of their original area (200 mm2), using
the following formula: wound area on day X/wound area
on day 0 � 100.

2.6 | Histology

At the end of experiment, pigs were euthanized,
wounds were excised, formalin fixed, embedded, and
sectioned. Tissue sections were stained with H&E for
morphology, Movat Pentachrome for the presence of
collagen, and immunohistochemistry for RAGE, mac-
rophages, TNF-α, and IL-6. Briefly, serial sections were
deparaffinised in xylene, treated with 0.3% hydrogen
peroxide for 20 min, and incubated in protein-free
block (Dako Inc., Carpinteria, CA, USA) for 10 min to
inhibit the non-specific binding of primary antibody.

For immunohistochemical staining, tissue sections
were incubated overnight with humanised anti-RAGE
antibody (50 μg/mL) followed by incubating for 30 min
with biotinylated secondary antibody (1:200). To stain
for macrophages (1:50; Santa Cruz Biotechnology),
IL-6 (1:500; Abcam), and TNF-α (1:100; Abcam) tissue
sections were treated for 30 min with VECTASTAIN
ABC reagent (Vector Laboratories), followed by 30,30-
diaminobenzidine (DAB substrate kit for peroxidase;
Vector Laboratories, Burlingame, CA, USA), and coun-
terstaining with Gill's haematoxylin solution. Morpho-
metric and immunohistochemical analyses of the
wound sections were performed using a Nikon micro-
scope (Tokyo, Japan) and Image-Pro Plus software
(Media Cybernetics Inc., Silver Spring, MD, USA).

FIGURE 2 Top graphs shows plot of serial values for average % wound size from baseline, 2 and 4 weeks for IgG treated pig on left and

CR-3 treated pig on right. Legend identifies the three groups: patch + CR-3 (blue line), patch alone (orange line), and no patch (grey line).

The tables on the bottom show the numerical values (average ± SD) for the data points plotted in the graphs for 2 and 4 weeks for the IgG

treated pig on the left and the CR-3 treated pig on the right

FIGURE 3 Bars represent average ± SD for all wounds on the

IgG treated pig (n = 12) (light grey) and for the CR-3 treated pig

(n = 12) (dark grey)
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2.7 | Statistical analysis

Statistics for data of each group are expressed as mean
± standard deviation (SD) followed by the range. Com-
parisons of means between two groups for all variables
were made using two sample t tests with a P value <0.05
considered statistically significant.

3 | RESULTS

3.1 | Antibody retention in patches

We performed an in-vitro experiment to show uptake
and retention of the anti-RAGE antibody in the patch
material. Humanised anti-RAGE antibody labelled
with fluorescent dye (100 μg in 100 μL) was incubated
overnight at 4 �C in wells. We washed the Skin
matrix patch twice with 200 μL phosphate-buffered
saline. The wash fluids (first, second) and skin matrix
patch were imaged in multi-well plate on the
Biospace Lab Photon Imager at 4 and 24 h. There
was >95% antibody retention at 24 h and 80% reten-
tion at 4 days.

3.2 | Wound observations

For the IgG treated diabetic pig at 2 weeks post wound-
ing, group A and B TissueSpec™ Matrix patches were
still in place and several appeared to be incorporating
into the wounds while one appeared swollen and by
4 weeks was detached. The wounds without patches
appeared unchanged at 2 weeks and shrank in size by
4 weeks but were not completely healed (Figure 1).

For the CR-3 treated pig, at 2 weeks the group A
patches had fallen off and the wounds underneath
appeared to be healing. The B patches appeared adherent
to the wound. The open wounds were smaller and
appeared to be healing. At 4 weeks all patches were
detached and the wound beds appeared to be almost
completely healed (Figure 1).

3.3 | Calliper measurements

Figure 2 shows the graph plots and the tables of data
used to plot the graphs for the 3 groups of patches in the
two pigs. For the IgG treated pig, TissueSpec™ Matrix
patches with anti-RAGE Ab (group A) had a surface area

FIGURE 4 Pentachrome IHC

staining on wound sections taken at

necropsy on the two pigs. The %

collagen (yellow stain) for each

section is shown on the image. The

yellow staining was higher in the

CR-3 treated pig for wounds

receiving no patch, patch alone, and

patch plus Cr-3. The bottom images

show “stitched” together sections to
give an overall view of wound size

and collagen content from IgG

treated (left) and CR-3 treated pig

(right)
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of 74.9 ± 10.8% initial wound 2 weeks post wounding,
and 73.1 ± 17.5% at week 4 post wounding. The
TissueSpec™ Matrix patches alone (without antibody)

(group B) for the IgG treated pig had values of 88.1 ±
11.1% surface area 2 weeks post wounding, and 73.8 ±
17.9% at week 4. The wound alone sites had the smallest

FIGURE 5 Pentachrome ICH from IgG treated pig wound on left and CR-3 treated pig on right with pentachrome on top and RAGE

staining on bottom

FIGURE 6 IHC stained tissue sections for macrophages (Mac), TNF-α in middle, and IL-6 on right for diabetic pig treated with IgG top,

and diabetic pig treated with CR-3 on bottom row
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% of initial surface area at 2 weeks at 57.3 ± 7.2% initial
wound size and 60.8 ± 3.8% at week 4.

For the RAGE Ab treated diabetic pig, wound sizes as
% initial size in Group A were 57.4 ± 13.6% at week
2 and a 32.9 ± 5.1% at week 4 post wounding. For the
TissueSpec™ Matrix patches alone, the wound size was a
67.3 ± 10.5% initial wound size at week 2, with a 36.6 ±
4.4 at week 4 post wounding. Group C's values were
69.2 ± 8.1% at week 2, and 53.3 ± 10.7% at week 4.

All wound sizes as % initial size at week 4 for each
pig- IgG treated and CR-3 treated pig- were compared
using two sample t-test. Average for the IgG treated dia-
betic pig was 69 2 ± 14.6% and for the CR-3 pig 40.9 ±
11.3%. The CR-3 values were significantly lower than the
IgG values, P = 0.0002 (Figure 3).

3.4 | Immunohistology

H & E staining of the wounds at day 28 showed new
epithelial layer growth for all groups. Patches that were
incorporated into the wound site in IgG treated pig
showed no epithelial layer at junction but reepitheliali-
sation where patch was no longer attached. Collagen
deposition identified as yellow/orange stain on Movat's
pentachrome stain was greater in the anti-RAGE Ab
treated group then in the IgG treated groups indicating
more advanced healing (Figure 4). Areas of wounds
from the IgG treated pig with low collagen showed
staining for RAGE localised to arterioles and macro-
phages while CR-3 treated pig wounds with high colla-
gen showed no staining for RAGE (Figure 5). Staining
for inflammatory markers are shown in Figure 6. ICH
showed greater staining qualitatively for macrophages,
TNF-α, and IL-6 in the IgG treated pig compared with
the CR-3 treated pig.

4 | DISCUSSION

Observations from clinical and experimental models of
diabetes underscores its association to impaired wound
healing and ulcer formation.6,15-19 The current standard
of care is managing the comorbidities, addressing the
metabolic abnormalities, and supportive care through fre-
quent dressing changes and offloading techniques, and
revascularisation via endovascular or surgical approaches
to restore blood flow but with limited success because of
poor target vessels, poor wound healing, and chronic
renal failure limiting the contrast load.20 Treatment
aimed at blocking pathw33ays contributing to poor
wound healing in diabetics could be therapeutically very
beneficial. Receptor for Advanced Glycation Endproducts

(RAGE) expression in diabetes underlies several of the
molecular pathways contributing to poor wound healing.

The wound healing process occurs in four phases:
(1) coagulation and haemostasis, beginning immediately
after injury; (2) inflammation, 24–26 h after injury;
(3) proliferation, 3–14 days after injury; and (4) wound
remoulding with the formation of scar tissue, 1–2 years
after injury.21-25 The molecular pathology of this process
involves the ECM, actions of soluble mediators like
growth factors and cytokines, and a variety of cell popu-
lations. Interactions between the ECM and its soluble
mediators transduce signalling cascades that is pivotal to
the wound healing process.15-17,19,26 Abnormalities in the
ECM have been shown to delay the healing process.27-29

RAGE signalling plays a major role in poor wound
healing in diabetes by blocking the hypoxic stimulus to
angiogenesis thereby reducing blood flow to the wound,
reducing the pro-inflammatory response to infection, and
reducing pro-apoptotic signalling to a chronic non-
healing wound.6,10-12 We developed an anti-RAGE anti-
body that binds to a unique peptide sequence on the
extracellular domain of RAGE and has blocking proper-
ties. In mouse model of hindlimb ischemia we showed
the extent of RAGE expression and showed the effect of
RAGE to inhibit the angiogenic response to hypoxia.27

We treated diabetic mice with the murine anti-RAGE Ab,
and found that in mice treated with antibody, angiogene-
sis was enhanced compared with mice treated with vehi-
cle. We extended this research to porcine model of
diabetes with endovascular occlusion of the anterior fem-
oral artery to show similar results of systemic administra-
tion of anti-RAGE Ab to improve angiogenesis to the
ischemic muscle in the limb occluded.30 Other investiga-
tors demonstrated that soluble RAGE given as a decoy to
diabetic db/db mice with full thickness dorsal wounds,
showed accelerated wound healing in treated compared
with untreated mice.6

Local approaches to treat diabetic wounds have
included sustained topical administration of drugs in
patches. Bioengineered ECM patches can be fashioned
from decelluarlized porcine ECM scaffolds to reproduce
the tissue site. These scaffolds then act as a vehicle for
administering drugs directly to a wound. Demonstration
of a method for delivery of exosomes with similar molec-
ular weights to whole IgG antibodies, from a scaffold
applied to the myocardium has been established.31 The
molecular weights and sizes of exosomes are similar to
antibodies and therefore the development for this type of
delivery for antibodies directly to the wound should apply
to patches applied directly to wounds carrying our anti-
RAGE antibody.

As a result of its passive physical support for cells and
its role in transducing signals pivotal for tissue repair, the
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ECM provides the scaffolding needed during each stage
of the healing process.29,30,32,33 The ECM patch acts as a
physical placeholder for the missing tissue and if not
immediately incorporated into the wound would act
more like a dressing. In this study, we observed that the
patches on the IgG treated pig tended to stay attached to
the wound and showed partial incorporation into the
wounds. In the CR-3 treated pigs, the patches were not
incorporated into the wounds and fell off mid-way
through treatment associated with healing of the under-
lying tissue. In these wounds, the patches acted more as a
covering or dressing for the wound. It is possible that
there was some local delivery of antibody to the wound
because the antibody plus patch in the CR-3 treated pig
healed faster than the patch without antibody but the
numbers are very small. Improved collagen deposition in
wounds of the CR-3 treated pig strengthened the integrity
of the wound.

We chose to perform our study in porcine model
because of similarities of the dermal repair process to
human wound healing.32,34 Similarities in relative thick-
ness of the dermis and epidermis, presence of similar
density of dermal appendages, and the formation of
keloid, hypertrophic and exuberant scar formation are a
few examples that are not seen in other animal models.32

The results of these experiments showing that our anti-
RAGE Ab improves wound healing must be interpreted
as preliminary because of the sample size and need to be
repeated in larger number of pigs but when combined
with our other work in diabetic pigs, suggests that this
antibody has potential to improve patients with chronic
limb threatening ischemia.
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