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Significance: The process of wound healing includes the regulated destruction
of proteins via enzymes called proteinases. However, when the proteolytic
process becomes excessive, pro-healing factors are destroyed and the wound
healing process stalls. Matrix metalloproteinases (MMPs) are one key class of
proteinases that have been observed to be elevated in many cases of failed
wound healing.

Recent Advances: Two key advances have been made in recent years. First is
that, until recently, MMPs were only implicated in impaired healing of chronic
wounds. Measurements of MMPs in wound fluids and serum from individuals
with acute traumatic wounds have revealed that elevated MMPs are predic-
tive of both impaired healing and of dehiscence of surgically closed wounds.
The second advance is in the development of at least three clinically viable
methods for measuring MMPs at the point of care.

Critical Issues: At present there is no objective method of determining pro-
teinase levels within a wound. Since elevated MMPs have now been shown to
be predictive of dehiscence in surgically closed acute wounds, a new clinical
utility for measuring MMPs has been established. With the advent of several
new technologies to measure MMPs, the translation of this valuable molecular
knowledge into improved therapeutic regimens is nearly complete.

Future Directions: The clinical utility of measuring MMPs continues to expand
and be further validated with each new investigation. The tools that will en-
able clinicians to leverage this valuable information are nearing maturity and
integration into the clinic.

SCOPE

OVER THE LAST DECADE, the un-
derstanding of the molecular causes
of failed healing has dramatically
improved. Across many different
studies of a variety of wound eti-
ologies, one consistent fact continues
to emerge: excessive proteinase ac-
tivities impair wound healing.™" In-
itially, elevated levels of proteinase
activity were linked to reduced heal-
ing rates of chronic wounds, but
recent research has revealed that
excessive proteinases in acute wound
fluids and patient serum also cor-
relate with impaired healing and
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wound dehiscence of surgically
closed traumatic acute wounds.! In
both cases, excessive proteinases are
responsible for destroying endoge-
nous pro-healing growth factors,
co-factors, receptors, and the under-
lying extracellular matrix.>? While
effective pro-healing biological thera-
pies, such as recombinant growth
factors, acellular matrices, and grafts,
have been shown to effectively aid
in wound closure, they too can be
destroyed by excessive proteinases in
the wound. Thus, consistent success
in closing wounds appears to hinge on
clinicians having timely knowledge
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of the levels of proteolytic activities in the wound. A
solution to this critical clinical need would be a ra-
pid, point-of-care, molecular indicator that would
provide clinicians with an indication of the proteo-
Iytic activity level within a wound. With this infor-
mation in hand, the clinician can make an informed
decision about whether a wound is ready for surgical
closure or an advanced biological therapeutic, or
whether the wound bed requires additional prepa-
ration or proteinase modulating therapy. Ulti-
mately, such a technology is expected to aid in more
consistent and rapid closure of wounds in an eco-
nomically feasible manner.
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TRANSLATIONAL RELEVANCE

As shown in Fig. 1, matrix metalloproteinases
(MMPs) play key roles in at least five essential
processes of wound healing. MMPs released by
inflammatory cells during the first few days after
skin injury provide the initial debridement of ex-
tracellular matrix proteins and tissues that were
damaged and denatured during the injury. MMPs
secreted by vascular endothelial cells in response to
angiogenic growth factors like vascular endothelial
growth factor “erode holes” in the basement mem-
brane of arterioles, through which new capillary
endothelial cells migrate into the ischemic wound
bed, generating granulation tissue. Myofibroblasts
secrete MMPs that aid in the contraction of new
scar tissue, and epithelial cells use MMPs to mi-
grate under the eschar/scab and over the surface of
the new wound bed. Finally, fibroblasts secrete
MMPs to help remove portions of the initial, ir-
regular scar matrix during the remodeling phase of
healing. Thus, MMPs play essential roles in nor-
mal healing of skin wounds when they are secreted
in the right amounts, at the right times, and in the
right places. However, when proteinases like
MMPs or neutrophil elastase remain elevated at
levels 50 to 100 times what are needed to perform

their beneficial functions in normal healing, they
begin to degrade proteins that are not their nor-
mal substrates, such as growth factors, recep-
tors, and extracellular matrix proteins that are
essential for healing.® ! Destruction of these “off-
target” proteins impairs healing and leads to
dehiscence of acute wounds and eventually to
chronic wounds.

CLINICAL RELEVANCE

There is abundant evidence that proteinases are
necessary for normal healing, but that elevated
levels of proteinases, especially MMPs, correlate
with impaired healing. This knowledge has given
rise to advanced therapeutics that inhibit or di-
minish the effects of MMPs and that have been
demonstrated to subsequently improve healing.'?
The excessive MMP activities have also been im-
plicated in the inconsistent response of wounds to
advanced biological therapies or to grafting.'?
However, there are no assays a clinician can use to
assess the levels of MMPs in wounds, leaving the
clinician to make an educated guess as to when to
use a proteinase modulating dressing, or when to
apply a biological therapy. Work has been ongoing
to develop and get rapid point-of-care assays into
the clinic that would address this current short-
coming.'®15 More recently, MMPs have been im-
plicated in a separate, but related clinical problem:
the timing of when to surgically close an acute
traumatic wound.! At present, the inability to as-
sess the MMP levels within wounds leads to in-
creased costs and risks across the board. Time,
effort, and money are wasted when a proteinase-
modulating therapy is not employed when it should
have been, when an advanced biologic therapy or

Destruction of
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Cell-Surface Receptors
Destruction of
Extracellular Matrix

Figure 1. Excessive proteinase activity impairs wound healing by various
mechanisms. Matrix metalloproteinases (MMPs) are required for normal
healing. However, if the proteolytic activity levels are too high, then the
MMPs can destroy growth factors, co-factors, and cell-surface receptors.
Without growth factors, receptors, or a stable extracellular matrix, cells
cannot respond to normal growth and repair signals. Also, the wound bed
gets further eroded, which prevents cellular adhesion and migration, both
of which can lead to an increase in total wound volume. The net clinical
effect is that acute wounds with high MMPs can dehisce and chronic
wounds remain unhealed.
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an autograft is placed on an MMP-rich wound and
subsequently destroyed, or when an MMP-rich
acute trauma wound is surgically closed only to
dehisce shortly thereafter. Finally, in addition to
the economic losses, the increased time in clinic
with an open wound increases the patient’s risk
for acquiring a severe infection. The target arti-
clesidentified here address differing aspects of the
clinical problem caused by excessive MMPs in
wounds and what is being done to aid clinicians in
solving the problem.

EXPERIMENTAL MODEL OR MATERIAL:
ADVANTAGES AND LIMITATIONS

To date, patient-derived wound fluid, biopsies,
and serum have been the experimental material
used to study MMPs in wound healing. The choice
of using these materials has ensured absolute
clinical relevance of any eventual findings. What
has been varied are the molecular measurement
techniques that are employed. By far, the most
popular techniques measure the amount of a given
MMP present using a form of immunoassay. The
strength of these assays lies in the highly accurate
identification of precisely the proteins of interest.
However, MMPs exist in wound as inactive pro-
enzymes, as inhibited protein complexes, and as
active enzymes. The immunoassays cannot distin-
guish between the active and inactive forms of
MMPs. The other class of assays tends to measure
enzyme activity, but the enzymatic assays are
usually not as specific in that they can measure
several different enzymes with similar activities.
The lack of precise molecular accuracy in the en-
zymatic assays is not considered a shortcoming in a
clinical setting, with the rationale being that if the
assay molecule is being destroyed, so are the pro-
healing factors in the wound. At present, most
efforts on developing detectors for use in wound
care are focused on devices that measure protein-
ase enzyme activities rather than immunologically
detecting proteinase proteins.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

When considered in the most generic sense, the
role of wound healing is to replace tissue that
is lost during the injury with an organized mass
of protein (i.e., extracellular matrix and cells).
A failure in filling this void can occur due to a lack
of protein synthesis, or due to excess protein
destruction. Evidence for the latter was found
when nonhealing wounds were found to be devoid

of intact fibronectin, whereas healing wounds, or
wounds that recover from being stalled, have
abundant intact fibronectin.'® The culprit behind
the destruction of fibronectin was found to be
neutrophil-derived elastase (also known as hu-
man neutrophil elastase), and that the degraded
fibronectin in turn stimulated the synthesis and
release of MMPs.1%1718 The relationship between
elevated levels of these MMPs and the impair-
ment of wound healing in chronic wounds has
since been established and has been repeatedly
observed.>”* However, it is not ethically possible
to directly test the hypothesis that chroni-
cally elevated MMPs are the central mechanism
that causes wounds to fail to heal in patients by
adding proteinases to acute wounds. Never-
theless, results of clinical studies that assessed
the effects of therapies that reduce proteinase
synthesis and/or activities have provided strong
evidence that if the excessive proteolytic activities
are reduced, then wounds can be steered toward a
healing trajectory.'?

Most of the investigations of MMPs and failed
healing have been conducted with nonclinically
infected chronic wounds. However, more recent
investigations have been conducted with wound
fluids and serum from soldiers with combat-
derived acute trauma wounds. In this study, MMPs
were found to be elevated in both the serum and
wound fluids of patients prior to a wound becoming
impaired (i.e., taking more than 21 days to heal)
and prior to dehiscence of a surgically closed
wound.! These new data provided two new inter-
esting insights and indicate a novel clinical utility
of measuring MMPs. First, these data now provide
direct evidence that elevated levels of MMPs in
acute wounds lead to wound failure and wound
chronicity. The investigators found that MMP
levels were significantly elevated in wounds that
started as acute wounds, and then began to
regress toward chronicity. Second, these data in-
dicated that the MMPs were elevated not only in
the wound fluids, but also in serum, indicating
that there is an accompanying systemic response
in addition to the localized inflammation within
the wound. The elevation of MMPs in serum may
lay the groundwork for yet another approach to
monitoring patients whose wounds are on a tra-
jectory for failure. The data derived in this recent
investigation also suggest that measuring MMPs
in patients with acute traumatic wounds has
clinical utility in that the MMPs provide a means
of judging the appropriate timing of surgical clo-
sure of these wounds. In summation, with each
new investigation, the hypothesis that elevated



WOUND ASSESSMENT: MMPs 21

MMP activities contribute to failed healing in a
variety of wound etiologies continues to be vali-
dated.

To bridge the gap between basic science find-
ings and clinical utility, several devices that can
measure MMP activities in wounds have begun to
be developed and tried in clinical settings.'31°
The approaches taken by these different groups
vary, but share one element in common: they all
measure the proteolytic activity of the sampled
wound fluid. Examples of these devices and their
anticipated use are conceptualized in Fig. 2. In
Fig. 2A, a mix-and-read approach is used. Wound
fluids are absorbed by a swab, exposed to a de-
tection reagent, and then quantified with a small
handheld reader. Figure 2B depicts the common
lateral flow strip assay that has been modified for
use in measuring proteolytic activity in wound
fluids that have been applied to the strip. Finally,
Fig. 2C varies the greatest in that it has a detector
that is built into a bandage that qualitatively re-
ports the proteolytic activity in the interval be-
tween clinical observations. In their currently
envisioned uses, two of the devices provide a
measurement of the state of the wound at pre-
sentation (Fig. 2A, B), while the other provides an
integrated measurement of how the proteinases
varied over a time period (Fig. 2C). The outputs
of the devices are expected to provide similar
clinical guidance in steering decisions toward
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Figure 2. Several methods for measuring MMPs in wounds are emerging.
(A) An example of a mix-and-read fluorescent assay with a handheld meter
for quantification. (B) An example of a lateral flow strip-based assay. (C)
An example of a bandage that changes color. In general, these devices will
apprise the clinician of the level of MMP activity in a patient’s wound and
which course of action is the most appropriate.

MMP modulation when necessary and away from
surgical closure or advanced biologics prior to the
wound being ready for them.

INNOVATION

At present it is generally accepted that excessive
proteinases can impair wound healing, but there
are no objective tests that clinicians can perform
to assess levels of proteases in wounds. With the
development of the novel devices for measuring
proteinases at the point of care, wound care pro-
fessionals could rapidly assess whether a particu-
lar wound is on course for healing, whether the
wound would benefit from proteinase modulation,
whether the wound would be receptive to advanced
biologic therapeutics, or whether the wound is
ready for surgical closure. With this molecular
knowledge in hand, clinicians can be more pro-ac-
tive in their treatment decisions. As the use of
molecular indicators becomes integrated into nor-
mal wound treatment practice, the time from de-
velopment to clinical integration of new devices
will be expedited. We anticipate that the devices
that can provide insight into the levels of pro-
healing factors would enable custom treatment
regimens that supplement a particular wound with
whatever its deficiencies happen to be. We also
anticipate that improved molecular insight into
difficult-to-heal wounds will enable more etiology-
centric treatment regimens, which should lead to
more rapid and stable wound closure and restora-
tion of tissue function.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

The evidence to date suggests that elevated
MMPs are a molecular mechanism for failed wound
healing, but as stated earlier, appropriate low lev-
els of these enzymes are necessary for healing.
Therapies targeted at totally eliminating MMP
activity altogether should not be pursued. Ad-
ditionally, while MMPs are the apparent mecha-
nism, there are other underlying problems that
initially give rise to the excessive proteinase levels.
Accordingly, a treatment regimen consisting solely
of proteinase reduction would not be expected to be
sufficient. Instead, MMP modulation should be
considered an additional component in an overall
wound-healing strategy. Finally, when molecular
indicators are adopted into clinical practice, these
devices should inform, not supplant, a clinician’s
judgment. At best, the molecular indicators pro-
vide a small but important piece of the overall
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puzzle that still must be assembled into
an actionable diagnosis by the attending
clinician.

FUTURE DEVELOPMENT
OF INTEREST

The current advance has identified
MMPs as one of several factors that ac-
tively impair wound healing. Antici-
pated future developments include two
distinct paths: (1) gaining insight into
the underlying causes of elevated pro-
teinases, including the presence of bac-
terial biofilms and/or patient metabolic
disorders, and (2) gaining insight into
what molecular deficiencies co-exist
within the wound that could be a target
for correction. To this end, basic science
research is being conducted to elucidate
novel molecules in the wound with clin-
ical relevance and the development of
novel measurement platforms that will
enable simultaneous measurement of
multiple biomarkers at the point of
care. Success in these endeavors is
expected to usher in a new era in
molecularly-guided, personalized thera-
pies to greatly expedite healing of acute
and chronic wounds.
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TAKE-HOME MESSAGE

Basic science advances

Excessive MMP activity leads to the destruction of growth factors, cell-surface
receptors, and extracellular matrix. Customized adaptations of lab-based molec-
ular assays have been developed for use at the point of care. The leading assays
use similar methods that effectively measure the protein-destroying potential of
the wound fluid. The basic idea is that if the measurement molecule is being
destroyed, so are the critical components of the wounds.

Clinical science advances

The concerted destruction of proteins that are essential for healing has been
identified as a mechanism that causes delayed or failed wound healing. Ele-
vated MMP levels and activities have been found to be correlated with the
persistence of chronic wounds and in acute wounds prior to dehiscence. These
advances in clinical science have demonstrated the predictive value of MMP
levels and provided a pathway to identify wounds on a nonhealing trajectory
prior to patients presenting with stalled or dehisced wounds.

Relevance to clinical care

The basic science that gave rise to these novel assays will now enable the
advances in clinical science to be translated into clinical utility. With these novel
assays, clinicians will soon be able to have predictive insight about the state of
the wound. It is anticipated that these devices will guide clinical judgments
about when/if to use proteinase modulating dressings and when/if to use
advanced biological therapies; both of which are expected to lead to more rapid
and stable healing and reduced expenditures in the form of misused advanced
therapies and reduced patient time in clinic.
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