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Abstract '

Activated protein C (APC) is a serine protease that plays a central role in physiological anticoagulation and has, more recently,

been shown to be a potent anti-inflammatory mediator. Recent work in our lab shows that APC upregulates expression and

activation of matrix metalloproteinase-2 (MMP-2), an enzyme that plays a prominent role during angiogenesis in cultured human

skin fibroblasts (HF), endothelial cells and keratinocytes (HK). Furthermore, APC promotes the migration and proliferation of

these cells in vitro. In a full-thickness rat skin healing model, APC enhances wound healing compared to saline control.

In summary, our results demonstrate that APC promotes cutaneous wound healing at least partly by upregulating MMP-2

activity, increasing angiogenesis, promoting re-epithelialisation and dampening inflammation. These unique properties of APC

make it an attractive therapeutic agent to promote the healing of chronic wounds.

Jackson CJ & Xue M. Activated protein C (APC) as a novel agent to promote wound healing. Primary Intention 2006; 14(1):31-34.

Introduction

Healing of cutaneous wounds is a complex, well-orchestrated
physiological event involving a series of dynamic events,
including formation of fibrin clot, inflammatory response,
granulationtissueformation (incorporatingre-epithelialisation
and angiogenesis) and matrix formation and remodelling '.
Although some of these stages overlap, for normal wound
healing to proceed it is important that the temporal sequence
of these events is maintained. That is, the early events of
coagulation and inflammation occur quickly and then cease
in order to allow the subsequent reparative processes to
occur. Conversely, a chronic wound occurs when this normal

integrated sequential process of healing is disrupted, such
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as prolonged inflammation >3, imbalanced enzyme activity,
or reduction or absence of angiogenesis * which results in

prolonged or incomplete healing.

APC as a anti-inflammatory mediator

This study shows how APC damps inflammation, increases
matrix metalloproteinase-2 (MMP-2) activity, stimulates
angiogenesis, stimulates the proliferation and migration of
human skin keratinocytes (HK) and promotes rat wound

healing.

APC damps inflammation

Protein C is a plasma serine protease that plays a key role in
maintaining normal homeostasis. The thrombin-activated
form of APC acts as a feedback inhibitor of the coagulation
cascade and has anti-thrombotic activity in numerous model
systems>¢. Recently, APC has been shown both in vivo and
in vitro to have significant anti-inflammatory properties
associated with a decrease in proinflammatory cytokines
and a reduction of leukocyte recruitment”®. In vitro, APC
suppresses nuclear factor (NF) f pathway in monocytes® ',

endothelial cells "

and keratinocytes 2. APC also inhibits
LPS-induced TNF-f expression in a monocytic cell line? and
inhibits endothelial cell apoptosis*®. The importance of APC
as an anti-inflammatory agent is reflected by the finding that

it is effective in treating patients with severe sepsis .
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APC increases MMP-2 activity

MMP-2 is a member of zinc-dependent endopeptidases that
play a vital role in the tissue repair process by remodelling
the extracellular matrix (ECM) *°. Tight MMP regulation at
the level of synthesis, secretion, activation and inhibition is

critical to maintain normal function.

The regulation of MMP-2 is different to the other 24 known
human MMPs. MMP-2 is not responsive to inflammatory
cytokines but constitutively secreted as a latent enzyme by
most cell types. In addition, MMP-2 is resistant to direct
cleavage by enzymes that cleave other MMPs and can be
activated by a unique mechanism on the cell surface through
involving membrane type (MT)-MMPs and tissue inhibitor of
MMP-2 (TIMP-2) 117,

We have shown that APC can rapidly, directly, efficiently
and specifically activate MMP-2 ¥ (Figure 1). Furthermore,
APC can upregulate gene and protein expression of MMP-2
in human endothelial cells, human skin fibroblasts (HF) and
HK (Figure 1). By degrading the collagens present in the
basement membrane, MMP-2 plays an important role in
cellular invasive processes that occur during angiogenesis

and re-epithelialisation.

APC stimulates angiogenesis

APC dose-dependently upregulates the gene and protein
expression of other angiogenic factors in cultured human
cells. In human umbilical vein endothelial cells (HUVE)
and HK, APC stimulates interleukin (IL)-6 and IL-8
expression'??. Vascular endothelial growth factor (VEGEF),
the most potent angiogenic mediator known, is markedly
enhanced in HK and HF by APC?* and HF increase their
expression of monocyte chemoattractant protein-1 (MCP-1)
in response to APC.

To determine whether APC stimulates angiogenesis, we
added APC- or saline (control)-treated gelatin sponges to
the chick embryo chorio-allantoic membrane (CAM). After
5 days there was a massive formation of fine capillary blood
vessels invading the APC-treated gelatin sponges which were
not present in the control (Figure 2), indicating that APC
stimulates angiogenesis . Uchiba et al. ! have also recently
shown that APC induces angiogenesis in the rabbit corneal
assay and provided evidence that mitogen-activated protein
(MAP) kinase activation was involved as endothelial cell

proliferation and was inhibited by MAP kinase inhibition.

APC stimulates the proliferation and migration of HK

In addition to promoting angiogenesis in the CAM assay,
APC stimulated ectoderm epithelial cells to grow across the
top of the gelatin sponge (Figure 2). This process mimics
the regrowth of skin epithelial cells (HK) during the healing
of cutaneous wounds. HK are the major cell type of the
epidermis and play a fundamental role in normal skin
metabolism and cutaneous wound healing. We investigated
the regulatory role of APC on the function of human primary
cultured HK. In an in vitro wounding assay, APC accelerated
wound closure which was jointly due to increased cell
proliferation and migration 2. APC also attenuated calcium-
and LPS-induced HK apoptosis 2.

The signalling mechanisms of APC’s stimulation of HK
function are unknown and, to date, no keratinocyte receptor
for APC has been identified. Using RT-PCR, Western blotting
and immunohistochemistry, we have recently shown that
cultured HK express endothelial protein C receptor (EPCR),

the major receptor of protein C pathway *.

EPCR was also strongly expressed by epidermal layers of

neonatal foreskin using immunohistochemistry (Figure 3). In

Figure 1. APC upregulates the expression and activation of MMP-2 in cultured cells.
Human keratinocytes (HK), fibroblasts (HF) and umbilical vein endothelial cells (HUVE) were treated with 20ug/ml APC for 24 hr.
Zymography was used to detect the latent (pro-MMP-2) and active (MMP-2) forms of MMP-2 in culture supernatants.
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Figure 2. APC stimulates angiogenesis and re-epithelialisation in
the CAM assay.
Gelatin sponges (bordered by small arrows) treated
with PBS or 10ug APC were removed from the CAM
after 5 days and, together with the surrounding area
of membrane, were fixed, sectioned and stained with
Masson’s trichrome stain. Saline-treated (control)
sponges stained orange with little evidence of cellular
infiltrate. APC-treated sponges were infiltrated by many
new blood vessels and showed marked proliferation of the
ectodermal epithelial layer (large arrows).

'

Saline APC ¢

Figure 3. EPCR expression in human foreskin.
Neonatal foreskin sections were processed using
immunohistochemistry for expression of EPCR.
The sub-epidermal layers and dermal vessels
stained positive for EPCR.

Control EPCR

cultured HK, EPCR expression was upregulated by the addition
of APC and inhibited by tumour necrosis factor-a.*. RCR252,
a monoclonal antibody which blocks APC binding to EPCR,
abolished proliferation of HK and induction of MMP-2 by
APC?Z. Similar effects were observed with a blocking antibody
to PAR-1, indicating that APC’s stimulation of HK’s function
occurs via EPCR and PAR-1%. These results demonstrate
a central role for APC in promoting re-epithelialisation by
stimulating proliferation and migration, preventing apoptosis
and increasing MMP-2 activity in cultured HK (Figure 4).

APC promotes rat wound healing

In a full-thickness rat skin healing model, a single topical
application of APC enhanced wound healing compared
to saline control. No adverse effects, including toxicity or

excessive bleeding, were observed in response to topical APC

administration. Wounds treated with 20-40ug APC showed
accelerated healing after 40 hours, with wound size noticeably
reduced and the surface of the wound less inflamed than the
control. This improvement was maintained until wound
healing was complete at Day 15%. APC-treated wounds
had more blood vessels on Day 7 and a lower infiltration
of neutrophils at Days 4 and 7.
MMP inhibitor, GM6001, prevented APC’s ability to promote
wound healing, suggesting that MMPs were necessary for

The broad spectrum

healing ®. Thus, APC promotes cutaneous wound healing
in the rat via a complex mechanism involving stimulation of

angiogenesis and inhibition of inflammation.

Conclusion

The actions of APC in wound healing are summarised in
Figure 4. APC canbind to EPCR on the surface of keratinocytes
and endothelial cells and cleave PAR-1 to induce signal
transduction via MAP kinase and inhibition of NF-p. This
signalling causes increased proliferation, MMP-2 activation
and subsequent migration and prevention of apoptosis,
leading to stimulation of angiogenesis and re-epithelialisation

and inhibition of inflammation to promote wound healing.

These findings highlight an interesting new role for a protein
that has classically been defined as an anti-coagulant and,
more recently, as an anti-inflammatory mediator. Thus, APC
has unique properties which make it an attractive therapeutic
agent to promote the healing of chronic wounds, particularly
those that become locked in the inflammatory phase of

healing and cannot progress to form granulation tissue.
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Figure 4. Mechanism of action of APC as a promoter of wound healing.
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