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Abstract

Wound healing is a complex sequence of tissue protection, replacement, and reorganization
leading to regenerated tissue. Disruption of any of these steps results in the process being
incomplete as an ulcer or over-exuberant as a hypertrophic scar. Over the past decade, it has
become evident that the extracellular matrix and associated components orchestrate this process.
However, the cellular events that are induced by the extracellular matrix to accomplish wound
healing remain to be defined. Herein we propose that matrix-regulated cellular macro-autophagy is
key to both the tissue replacement and resolution stages of healing by directing cellular function
or apoptosis. Further, disruptions in matrix turnover alter autophagic function leading to chronic
wounds or scarring. While the literature that directly investigates autophagy during wound healing
is sparse, the emerging picture supports our proposing a model of the centrality of the matrix-
autophagy modulation as central to physiologic and pathologic healing.
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Introduction

Wound healing is a highly dynamic and complex process that involves three major phases
of repair: hemostasis/inflammation, tissue replacement, and resolution. The modulation,
structure, and signaling of extracellular matrix (ECM) through all these phases is key
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to obtaining a successful wound resolution. The dynamic influential nature of the ECM

not only directs the transitions through the various phases of wound healing! 2, but also
determines the survival and fate of cells in the wound bed. Early in the inflammatory

phase, the provisional matrix includes many pro-migratory and promitogenic matricellular
components that then provide for the rapid tissue replacement phase. These include not

just matrix-associated growth factors, but also bioactive matricellular elements such as
thrombospondin, fibronectin, and tenascin-C1 2. These support the expansion of the cell
numbers not only by driving proliferation but also by protecting against death signals. As an
example, tenascin-C protects stem cells and others from death signals via cryptic matrikine
domains activating the epidermal growth factor (EGF) receptor in a tonic manner to signal
via the Akt survival pathway?3. This is critical during the very early stages before viable
vasculature can provide both nutrients and oxygen, in addition to the removal of toxic cell
fragments and death signals released by innate immune cells. An open question relates to
how the cells that provide for the tissue replacement can withstand the lack of nutrients; this
reveals an avenue for macro-autophagy?*.

Macro-autophagy (hereafter, autophagy) is an evolutionarily conserved catabolic process
that utilizes double membraned vacuoles called autophagosomes to transport cellular cargo
to the lysosomal degradation machinery to maintain homeostasis within the cell®. Output
metabolites of the system (amino acids, nucleotides, etc) can then be reused to make other
macromolecules desired by the cell. The autophagic process functions in two conditions:
selective and non-selective. Under normal circumstances, this process is discriminatory
and only selects cargo such as a dysfunctional organelle or aggregate prone proteins®.
However, under situations where a cell is under an extreme amount of stress such as nutrient
deprivation or hypoxia, this process becomes non-selective and all cellular components can
be randomly metabolized to keep the cell alive’. It is the responsiveness of autophagy

to both extracellular and intracellular cues that lends it to contribute to a variety of
physiologic pathways from cell survival to differentiation and signaling®. This has led to
further investigations examining how the ECM interacts and influences autophagic activity
involved in wound healing (Table 1).

As the wound progresses towards resolution, the matrix changes to a suppressive phenotype,
dominated by collagen I fibrils8. The stimulatory matricellular proteins are diminished,

with a near-complete absence of thrombospondin and tenascin-C1. In their stead appear a
family of small leucine-rich proteoglycans (SLRPs), including lumican and decorin®: °. The
latter molecule acts as a non-competitive inhibitor of multiple growth factors, preventing
activation of the receptors for EGF, IGF-1, HGF, and even VEGF0. 11, This change is
commensurate with the skin epidermis quiescing to reduce basal proliferation with fewer
transitional keratinocytes and an epidermis returning to its paucicellular state. Over the
weeks of wound resolution, approximately 90% of the neovessels involute and over half of
the fibroblasts disappear, returning the skin to a resolved homeostatic state8,

The above wound healing process is found in near regenerative healing, with the biphasic
matrix-induce survival and death signals leading to an orderly tissue regeneration and

subsequent quiescent resolution. However, disruptions of this orderly progression leads to
pathologies of healing, including chronic wounds/ulcers and hypertrophic scars!. Scarring
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ensues when the tissue replacement phase persists with a weakened resolution. In these
circumstances, the matrix remains rich in tenascin-C, fibronectin, and thrombospondin while
being relatively devoid of the SLRPs, such as decorinl2 13, We will discuss below, how this
matrix may increase one mode of autophagy to pathologically enhance cell numbers while
suppressing the autophagy that triggers cellular apoptosis.

The second wound pathology occurs when the tissue replacement phase of healing does
not cover the wound bed and stalls. There are a number of situations that impact and
block tissue replacement. Repeated injury, as in pressure ulcers, activates excessive matrix
breakdown by matrix metalloproteinases (MMP)14. Insufficient vascular supply, due to
diabetic arteriolosclerosis or pressure as in pressure ulcers, limits cellular replacement4: 15,
Insufficient drainage, as in venous stasis ulcers, leaves toxic components and increased
MMP activity that drives premature cell apoptosis and dysfunctional matrix4 15, Wound
infection, even without biofilms, also leads to matrix breakdown secondary to chronic
inflammatory infiltrates8. In all these situations, the pathological wound beds impact

the survival of the parenchymal cells, in situations of nutrient limitations that regulate
autophagy.

Thus, we are confronted with complex processes leading to near regenerative healing when
the notes are played in proper sequence, but ulcers or scarring when the tone is discordant.
This is orchestrated by matrix and matrix-associated signals directing cells to play their
assigned roles. Central to the melodious outcome is the sequencing of cell differentiation
and then involution of over-exuberant tissues. An aspect that is not fully appreciated is the
intracellular processes that enact these changes. Herein, we explore the supposition that
autophagy, as regulated by matrix and matricellular components, and how dysfunctional
autophagy can lead to chronic wounds or scarring. As direct studies are few in number
(Table 1), the following posits a testable model wherein matrix components regulate the
autophagic flux in physiologic and pathologic skin wound healing.

Extracellular matrix regulation of autophagy in the normal wound healing

response.

Hemostasis

and inflammation phase of wound healing.

Hemostasis is the first reaction in an activated wound healing response (Fig.1). It is initiated
when an injury to the skin results in damaging the underlying vasculature and serves as the
primary mechanism to prevent extensive hemorrhaging. This is accomplished through the
formation of a fibrin clot; where circulating platelets adhere to newly exposed collagen |
matrix and subsequently become activated through the glycoprotein VI receptor”. These
activated platelets undergo morphological changes to increase their surface area along with
secreting additional pro-coagulation factors in the local environment. The activated platelets
also begin to express binding receptors for fibrinogen. This allows for the capture of
circulating plasma fibrinogen, which then acts as a tether for additional circulating platelet
cells allowing for their aggregation and activation!8. Fibrinogen can also activate platelets
through glycoprotein VI receptor similar to the earlier exposed collagen | fragments’.
Similar to other mammalian cells, platelets have been found to express key autophagic
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related markers such as Beclin-1, LC3 and ATG 71920, Further investigation revealed

that resting platelets undergo a basal level of autophagic activity. Where activated platelets
exhibited an agonist-induced loss of LC3-11 demonstrating a change in autophagic activity1®.
In vitro autophagic manipulations of MTOR and /7 vivo murine knock out models of

ATG7 and Beclin-1 demonstrated that disruption to the autophagic mechanism resulted in
decreased platelet aggregation, adhesion, and activation1®: 20, Though not directly linked

to a full thickness cutaneous wound model, these studies suggest that collagen | and
fibrinogen may be associated with inducing and regulating the autophagic response of
activated platelets.

As circulating platelets and fibrinogen continue to build up at the injury site, they eventually
form what is known as the platelet plug. As more and more platelets become activated
within the platelet plug, they proceed to enhance the coagulation signaling cascade. This
involves a final step where the structure of the platelet plug is further reinforced and
transformed into a fibrin clot. Within this clot, additional plasma fibrinogen is enzymatically
modified into fibrin and crosslinked together with plasma fibronectin to form a structural
mesh that solidifies the entire structure2L. This newly formed barrier is now termed the
“Early Provisional Matrix” and is the first major ECM framework within the activated
wound healing response?2. In addition to creating a barrier to stop the bleeding, the

body also releases the matrix glycoprotein thrombospondin-1 that acts as an endogenous
angiogenic inhibitor. Thrombospondin-1 adheres to the CD47 receptor on endothelial cells
and subsequently downregulates their ability to undergo enhanced autophagy; thus further
limiting their ability to survive and respond to any pro-angiogenic signals coming from the
early wound bed?3-25,

Once the primary goal of stopping the localized hemorrhage is accomplished, the early
provisional matrix priorities shift to augment a robust inflammatory response to counter the
breach in the anti-microbial barrier. The main goal of the immune system is to sterilize

the wound bed against foreign pathogens and to remove all damaged tissue to prepare

for a smooth transition into the tissue replacement phase. Neutrophils are one of the first
immune cells to respond, sensing chemical cues in the local microenvironment from the
fibrin clot and transmigrating through the vascular wall to reach the site of injury within 24
hours after injury2®: 27, They begin the fight against infection and combat foreign pathogens
through a variety of measures including the phagocytosis of small microbes, the release

of antimicrobial granules and reactive oxygen species, and the distribution of neutrophil
extracellular traps (NETs)28. In recent findings, autophagy is a major regulating factor in
all three of these defense mechanisms2% 30, A unique form of LC3-associated phagocytosis
(LAP) has been exhibited by neutrophils as a selective type of autophagy that is induced
upon activation of pathogen associated molecular pattern (PAMPS) sensing pathways

and internalization of foreign pathogens, ultimately enhancing the cells phagocytosis
capabilities31-33, It has also been shown that a deficiency in autophagic machinery can lead
to reduced degranulation and reactive oxygen species (ROS) generation in neutrophils29: 31,
Furthermore, autophagy is thought to be linked to the second step of NET preparation by
providing the necessary bioactive proteins3l: 34, The link between these key autophagic
regulation events and the ECM's ability to modulate these responses in neutrophils during
wound healing awaits elucidation. Neutrophil functions have been shown to be enhanced and
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altered through ECM attachment via B2 integrin3. Overall, there is much to still investigate
as to how the ECM dynamics influence neutrophile form and function.

Monocytes are the next major immune cell to emigrate into the wound bed. They

are recruited by pro-inflammatory cytokines (IL-6, TNF-a, CCL2, CCL5) produced by
activated platelets from the fibrin clot or activated neutrophils already on site36: 37,
Additionally, ECM- derived damage associated modifying proteins (DAMPS) can also
recruit monocytes as smaller ECM fragments can break from the wound area and into the
localized vasculature38. Once monocytes arrive at the site of injury, they extravasate into
the wound bed relying on B1 integrins to adhere to ECM proteins such as fibronectin to
navigate around3®. Once in the wound bed they receive additional inflammatory chemical
cues, such as IFN-y and lipopolysaccharide, which stimulate their polarization into the
M1 -pro-inflammatory macrophage phenotype®®. The M1 macrophage relies heavily on its
phagocytosing ability, eradicating additional remnants of pathogen fragments missed by
neutrophils, and debriding the rest of the wound bed of damaged tissue°.

Similar to neutrophils, M1 macrophages rely on autophagic machinery for most
inflammatory processes from activation to phagocytosis to regulating the inflammasome?L.
Yet, little information has connected ECM regulation of natural autophagic function within
macrophages of the skin. In recent findings in the kidney however, a small leucine-rich
proteoglycan called biglycan, which is also expressed in the skin, was able to induce

a pro-autophagic response in M1 macrophages through interactions with a TLR-4/CD44
receptor complex during a renal ischemia/reperfusion injury. Interestingly this increase in
autophagic ability in M1 macrophages was associated with an increase of M2 macrophage
recruitment and polarization in the later stages of repair2.

As the composition of the original early provisional matrix becomes altered through
debridement and release of ECM modifying enzymes, macrophages and early migrating
fibroblasts start to synthesize and deposit versican and hyaluronan into the matrix#3. This

is a second major modification to the wound ECM, which will be termed the “Late
Provisional Matrix”. Versican is a large proteoglycan that can be cleaved by a disintegrin
and metalloproteinase with thrombospondin motifs(ADAMTS) proteases to elicit different
responses throughout wound healing. It has the ability to attach to numerous inflammatory
cell receptors and is considered a key molecule in regulating the inflammation response®4.
Hyaluronan is a glycosaminoglycan that can also play a part in all aspects of wound healing.
For the immune response, it's size dictates whether it will have pro-inflammatory or anti-
inflammatory effects*®. Together these two ECM proteins mark the end of the hemostatic/
inflammation phase of repair as the wound transitions away from the provisional matrix to
the next stage of wound healing where it will need to support the survival, proliferation, and
migration of numerous cell types.

Tissue replacement phase of wound healing.

As the wound reaches its final stages of sterilization and most of the damaged ECM

has been removed, the late provisional matrix starts to transform into a more modular
granulation tissue; ultimately setting the stage for the tissue replacement phase to begin. The
overall goal of this phase of wound healing is to repopulate and restore the tissue to its
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original state. This involves various cell types proliferating around the edges of the wound
and then migrating within to rebuild the tissue.

Within the epidermal layer, keratinocytes begin to proliferate and migrate into the edges of
the provisional matrix under the eschar, creating what is known as the epithelial tongue.
The keratinocytes will continue to bore through the provisional matrix until they converge
with keratinocytes migrating in from the adjacent side. Once this connection is made in
the epidermis, dermal fibroblasts arrive and begin to reconstruct the basement membrane
below, further separating the epidermis/dermis of the skin. A recent study discovered that the
keratinocytes rely upon TNF induced autophagy through AMPK-MAPK1/3-AP1 signaling
pathway to regulate the expression of CCL2. This increase in CCL2 expression could

then be used to activate keratinocytes behind the leading edge for their proliferation and
migration into the wound bed. Even more interesting was that this CCL2 expression was
also critical for dermal fibroblast activation as well46.

In the underlying dermis, fibroblasts all along the wound margin proliferate and migrate
into the wound bed. They are tasked with creating new stroma that will replace the
existing fibrin/platelet dense provisional matrix. The structure of the new matrix called

the “granulation matrix” is made from a more accommodating collagen Il environment.
Collagen V1 is also produced during the tissue repair phase as it helps to regulate dermal
fibroblast motility and ECM assembly?7: 48, Studies have shown fibroblasts from knockout
collagen VI models exhibited increased apoptosis when subjected to nutrient-stringent
conditions similar to those seen at the initiation of the tissue replacement phase. This
increase in cell death was due to a deficiency in autophagic flux while also increasing
negative regulation pathways like the Akt/mTOR signaling pathway“°. In addition to
collagen secretion, other matricellular ECM proteins such as tenascin-C, osteopontin, and
fibronectin are also present and aid the migration and survival of incoming cells. In
particular, tenascin-C has been shown to enhance the survival of mesenchymal stem cells
(MSCs) post transplantation into a cutaneous wound healing model. As stated earlier, the
EGF-like repeat domain of tenascin-C will bind to the EGF receptor and promote survival
via the Akt survival pathway? 0. Tenascin-C also has the capability to regulate and induce
Beclin-1 expression via 14-3-3T in immortalized cell lines®L. More work needs to be

done exploring the relationship between autophagy and tenascin-C in the context of wound
healing, but this may provide added insight to tenascin-C's survival influence overs MSCs
during the early stages of wound repair. . These new ECM proteins are important as prior
to this point the provisional matrix was an acellular space devoid of supporting vasculature.
Hence, any cells migrating into the granulation tissue early on will face ischemic conditions
and be challenged both in survival and in function.

Macrophages also play a large role in the early part of the tissue replacement stage

as newly recruited monocytes and M1 macrophages start to polarize towards the M2
anti-inflammatory/pro-repair phenotype. The macrophage polarization is triggered by a
culmination of a few signaling pathways, with the major signals of CCL2 and IL-6 pathways
triggering an autophagic induction response. These signals help macrophages improve their
survival and help fibroblasts with granulation tissue formation®2. M2 macrophages will

also start to release growth factors, such as VEGF and PDGF, to help in the initiation of
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angiogenesis3®. In addition to the construction of a new matrix, angiogenesis plays just

as vital of a role in the tissue replacement phase as a substantial amount of energy (e.g.
nutrients and oxygen) is required to rebuild the wound bed to its proper form. In conjunction
with the M2 macrophages, the ischemic/hypoxic conditions of the wound bed will also
trigger MSCs to secrete higher levels of VEGF through enhanced autophagic flux®3: 54,

An additional ECM protein, osteopontin, further aids in the angiogenic response by acting
as a major chemokine for macrophages and MSCs to migrate to the wound bed, while

also promoting the differentiation of MSCs into endothelial cells®>: 36, Osteopontin has
also been observed to induce an autophagic response in smooth muscle cells (SMCs) via
integrin/CD44 and p38 MAPK?>7. However, osteopontin's autophagic increase in SMCs was
also linked to enhanced cell death®’. Additional wound healing studies have shown that
higher levels of osteopontin could be linked to chronic ulcers or fibrosis®6: %8, Thus, timing
of osteopontin and its regulation of autophagy in various cell types will be a key area to
explore to further understand why it can lead to both normal and abnormal wound healing
events.

Resolution phase of wound healing

The final phase of the wound healing mechanism is the resolution phase. Up to this point
both the provisional matrix and granulation matrix focused heavily on recruiting cells into
the wound bed and supporting their additive functions. The focus of the “mature matrix” is
to quell all superfluous tissue repair mechanisms and reorganize into a more mature matrix
that restores the local microenvironment back to a homeostatic state.

The reorganization of the granulation matrix into the mature matrix starts with the turnover
of collagen I11 fibrils to collagen I. The collagen 111 network provided a flexible environment
that allowed for an abundant amount of cell migration and function in and around the wound
bed. Turnover into collagen | fibrils enhances the tensile strength of the tissue and offers the
additional support needed to return to normal function. This is achieved through fibroblasts
differentiating into myofibroblasts which acquire higher amounts of intracellular alpha
smooth muscle actin, allowing for stronger manipulation and contraction of the underlying
ECM via integrin interactions®. The myofibroblasts along with remaining M2 macrophages
release a series of ECM modulating enzymes such as MMPs, transglutaminases, and lysyl
oxidases to strategically crosslink ECM back to its collagen-I state>®. Subsequently after this
conversion, majority of the myofibroblasts and M2 macrophages undergo apoptotic events
and are removed from the restored wound bed.

A second component of the wound bed that is largely manipulated during the resolution
phase is the underlying vasculature. The tissue replacement phase required a large amount of
cellular traffic, nutrients, and cargo to come in and out of the wound bed. Consequently,
these systems are not necessary anymore resulting in vascular pruning to regress the

density of blood vessels back to normal levels and allowing for the remaining vasculature

to fully mature. One of the key regulators during this step is a small leucine rich
proteoglycan called decorin. Decorin is considered an important shut off switch for the
pro-reparative mechanism of the tissue replacement phase, as it binds to growth factor
receptors such as EGFR and VEGFR280; and limits the occurrence of hypertrophic scarring
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through preventing excessive repair. Upon binding VEGFR2 on endothelial cells, decorin
induces a pro-autophagic response through the AMPKa/Vps34/Peg3 signaling pathway and
concurrently inhibits angiogenesis by suppressing VEGFA levels10: 60. 61 |n conjunction
with the decorin finding, the same group of researchers have since looked at other ECM
proteins as they relate to the modification of endothelial cells. They identified endorepellin,
a matrikine subdomain protein of perlecan, which was also found to induce a pro-
autophagic response via the same signaling cascade as decorin 2. Similarly, endorepellin
actively contributes to blocking the angiogenic capability of endothelial cells®3. Like the
myofibroblasts and macrophages, the autophagic signaling of these SLRPs eventually lead
to an apoptotic clearing of all leftover endothelial cells in the final transition from resolution
to homeostasis.

Extracellular matrix regulation of autophagy in the pathological wound

healing response.

The pathologies of healing fall into two large groups — failure to regenerate the lost tissue
(stalled healing or ulcer) and excessive dermal/matrix expansion (scarring)(Fig. 2). Since
these groups relate to either too few or too many cells, the interactions of autophagy with
cell number may underlie these pathologies.

Skin ulcers ensue usually from underlying co-morbidities or extreme age. The age-related
failures to heal can be traced to limited replicative capacity of the dermal fibroblasts,

the Hayflick number64, and/or lack of stem cells62:66. but successful and stable coverage
requires a mature dermis. Even though this cause of ulceration does not involve autophagy,
the other main comorbidities likely impact by healing via dysregulated autophagy.

Diabetic ulcers occur in areas of the skin with limited revascularization and hyperglycemia
in the extracellular fluids. The resultant prolonged hypoxia and limited nutrients push

the balance of autophagy past the tipping point and into apoptosis of the MSCs®7. The
hyperglycemia of diabetes contributes to the healing dysfunction by nonenzymatic glycating
matrix proteins resulting in advanced glycation end products (AGEs) that impact multiple
aspects of healing. Fibroblasts are driven to apoptosis via AGE-induced autophagy®8,

and macrophages are stuck in the inflammatory M1 polarization®®. The authors showed
autophagy to be a key regulating mechanism for impaired wound healing as it's inhibition
restored normal healing in the their diabetic mouse model.

Venous stasis ulcers and infected wounds prevent completion of the tissue replacement
phase by the same final mechanisms of increased matrix turnover. In venous stasis ulcers
the sterile edematous fluids polarize macrophages towards M1 with secretion of MMPs.
This mirrors the leukocyte activation by infecting bacteria and also increases the presence
of MMPs and other matrix-degrading proteases. It is the unrelenting degradation of the
matrix and produced matrix fragments that increase the autophagic flux in the otherwise
stressed fibroblasts and induces MSCs to push the cells towards apoptosis and away from
differentiation.
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Scarring can be viewed as a dysregulation of the transition to resolution. Here the main

issue is that by delaying and decreasing the levels of decorin and other SLRP, the
autophagy-mediated involution is limited, leading to increased deposition of matrix. This

is compounded by the lower levels of autophagy not reaching the threshold for apoptosis but
rather redirecting the fibroblasts into myofibroblasts’C. Thus, insufficient autophagic activity
leads to a higher population of synthetic and fibrotic cells in the dermis in a feed forward
manner.

Conclusion

The matrix is emerging as the main regulator of wound healing. A procession of ECM
components directs a diverse array of cells in the wound bed to in-migrate, expand, form
tissue and then mostly involute to return to a pauci-cellular tissue. However, the key cellular
processes induced by the ECM components are only now being deciphered. Within, we
presented a strong case that autophagy is critical to every phase of wound healing, and
changes in the relative balance of autophagy leads to either unhealed chronic wounds or
excessive ECM deposition and scarring.

Throughout the discussion of this model of healing, we often have alluded to apoptosis,

or rescue from, in relationship to autophagy modulated by matrix components. It must

be borne in mind that autophagy is just one inducer of apoptosis, and apoptosis is just

a single outcome of autophagy, though a major one. We have tried to link this event to

the physiologic (such as vascular involution and resolution) or pathologic (for instance,
persistence of excess fibroblast in scarring) healing phenomenon. However, these causative
links remain to be directly tested

What makes this proposed model of matrix-modulated autophagy during wound healing
especially attractive is that autophagy would fit into a physiological process that is
characterized by cellular starvation to initiate the wound healing. As autophagy can rescue
cells from both nutrient or energy deprivation by recycling cellular elements, it is centrally
placed to be a trigger for stem cell recruitment at the beginning of the tissue replacement
phase. Meanwhile during the resolution phase, autophagy may be able to induce the cell
death of involution. Thus, by reinstating autophagy, the cells would survive or die, and
result in the pathologies of dysfunctional healing if unbalanced. Should this centrality of
autophagy be supported, it opens avenues for direct interventions to enhance or restore
wound healing and subsequently treat hypertrophic scars and ulcerations.
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Highlights
We propose that autophagy plays a major role in wound healing.
The procession of the ECM drives the extent of autophagic flux.

Alterations in timing or extent of autophagy results in pathologies of healing.
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Figure 1:
Overview of ECM-Autophagic relationships during wound healing. During the initial stages

of the hemostasis/inflammation phase of repair, a provisional matrix barrier known as the
fibrin clot is generated to suppress further hemorrhaging from the wound site. Concurrently
with the formation of the clot, activated platelets signal to the surrounding tissue to initiate
a hasty immune response recruiting neutrophils and monocyte derived M1 macrophages to
sterilize the wound and remove all damaged ECM debris; this is driven by cell-specific
autophagy to elicit the cell behaviors. The increase of inflammatory cell manipulations along
with early fibroblasts ECM secretions further modify the provisional matrix changing it
from an early to late form. The late provisional matrix further manipulates the inflammatory
response, preparing it to transition from anti-inflammatory to pro-repair. During the tissue
replacement phase, further modification by fibroblasts and M2 macrophages to the late
provisional matrix transforms it to a granulation matrix. The granulation matrix is meant to
provide easier cell movement and function as it mostly made from a loose collagen 3 base
with interspersed signaling ECM proteins. The last phase of repair is the resolution phase
where the ECM is recognized to its final form, vasculature is pruned, and the spare cells are
removed, again involving autophagy-initiated apoptosis of endothelial cells and autophagy-
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triggered phenotypic shifts of fibroblasts. This figure was created with BioRender.com (on
10 October 2020). ECM - Extracellular Matrix, Fibronectin (P) — Plasma, Fibronectin (C)

— Cellular, THBS1 — Thrombospondin 1, MSC — Mesenchymal Stem Cell, SMC — Smooth
Muscle Cell, Col V1 - Collagen Type VI, SPARC — Secreted Protein Acidic and Cysteine

Rich
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Figure 2:
Disruption of wound healing balance leads to chronic ulcers or scars. Wounds that do not

heal properly result in two categories: chronic wounds or fibrotic wounds. Chronic wounds
occur most often due to an over-activate turnover of ECM within the wound bed. The
persistent exposure to debris, heightened inflammatory cytokines, and ischemic conditions
places an extraordinary amount of stress on surrounding cells. This leads to activation of
internal pro-survival responses including autophagy within these cells, but the longevity

of stress will eventually lead to apoptotic induction and a failure of tissue replacement.

This results in a 'stalled' healing response or open chronic wound. In Fibrosis or scarring

the wound fails to successfully complete the resolution phase of healing. Often the key

stop signal regulators such as decorin or other SLRPs, are under expressed, with reduced
autophagy-triggered apoptosis of the excess endothelial cells, and limited autophagy leading
to excess myofibroblasts that produce bio-active replacement matrix, rather than suppressive
collagen-1 rich resolution matrix. This figure was created with BioRender.com (on 15
October 2020).
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Extracellular matrix — autophagic relationships during wound healing in the literature.

Article
Reference

Phase of
Wound
Healing

Key Finding

Implications in wound healing

Ouseph et al.1®

Hemostasis/
Inflammation

Autophagy is induced upon platelet
activation via LC3 turnover and is
essential for platelet function.

ECM platelet activators such as Col | and fibrinogen may
act as key regulators of autophagy within the activated
platelets.

Soto-Pantoja

Hemostasis/

Thrombospondin 1 signals through
CDA47 to downregulate autophagic flux

Thrombospondin 1 acts as a negative regulator
of angiogenesis early in hemostasis to prevent

etal. Inflammation subsequently limiting cell survival of cells leaky vasculature and hemorrhaging in the wound

in ischemic conditions. microenvironment.

Biglycan is an SLRP protein that Biglycan’s induction of autophagy in M1 macrophages
Poluzzi et al. Hemostasis/ will induce autophagic flux within M1 enhances their survival under the ischemic conditions of

42 Inflammation macrophages by signaling through the the wound bed.

TLR-4/CD44 receptor.

Fibroblastg f_rom a CO_LVI null mouse Collagen Vi is a key regulatqr of fibroblasts 'survival .
Castagnaro et Tissue model exhibit an impaired autophagic and function through regulation of autophagic flux. This

response resulting in increased apoptosis

is key for migrating fibroblasts entering the wound bed

Replacement

49
al. Replacement when subjected to nutrient-stringent during the early phases of repair when the wound is still
conditions. ischemic.
Tenascin-C upregulates Beclin 1 through Tenascin-C is a vital protein for the tissue replacement
Tissue 13-3-3T and is required for induction phase of wound healing. Its ability to induce autophagy
Wang et al.5t of autophagy in immortalized cells under may add additional insight to its pro-survival capacity of

nutrient limited conditions.

MSCs and other cell types and their regulation during the
early phases of wound repair.

Zheng et al.5”

Tissue
Replacement

Osteopontin stimulates autophagosome
formation and expression of autophagic
flux of vascular smooth muscle cells
through signaling integrin/CD44 and
MAPK pathways. This enhancement of
autophagy has been linked to increased
cell death in diseases such as abdominal
aortic aneurysm.

The timing of osteopontin in wound healing is critical,

as it had been shown to both improve wound healing
outcomes as well as lead to increased fibrosis. It acts

as a major chemokine for inflammatory cells and MSCs
entering the wound bed, with additional observations of
key signaling through the CD44 pathway. The downstream
autophagic regulations on smooth muscles cells and other
cells types may be a determining feature for healthy
wound healing and abnormal wound healing.

Decorin suppresses endothelial cell
angiogenesis via binding to VEGF

Decorin is a major stop signal in the resolution phase of
wound healing with one of the key functions being the

Buraschi et Resoluti receptor 2 and inducing a pro-autophagic pruning of unnecessary vasculature. Decorin’s ability to
al. esolution response through the Beclin 1 and Peg3 initiate an autophagic response in endothelial cells actively
convergence. leads to the suppression of angiogenesis within the wound
bed.
Endorepellin suppresses endothelial cell Endorepellin is another SLRP that supports decorin in
angiogenesis by signaling through VEGF the resolution phase of wound healing to prune excess
Poluzzi et al.52 Resolution receptor 2 and a2p1 integrin to modulate vasculature and help return the wound to homeostasis.

the expression of Beclin 1 and Peg3 to
enhance autophagic flux.
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