
Granzyme B degrades extracellular matrix and
contributes to delayed wound closure in
apolipoprotein E knockout mice
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Chronic inflammation and excessive protease activity have a major role in the persistence of non-healing wounds. Granzyme
B (GzmB) is a serine protease expressed during chronic inflammation that, in conjunction with perforin, has a well-established
role in initiating apoptotic cell death. GzmB is also capable of acting extracellularly, independent of perforin and can degrade
several extracellular matrix (ECM) proteins that are critical during wound healing. We used apolipoprotein E (ApoE)
knockout (AKO) mice as a novel model of chronic inflammation and impaired wound healing to investigate the role of GzmB in
chronic wounds. Wild-type and AKO mice were grown to 7 weeks (young) or 37 weeks (old) of age on a regular chow or
high-fat diet (HFD), given a 1-cm diameter full thickness wound on their mid dorsum and allowed to heal for 16 days. Old AKO
mice fed a HFD exhibited reduced wound closure, delayed contraction, chronic inflammation and altered ECM remodeling.
Conversely, GzmB/ApoE double knockout mice displayed improved wound closure and contraction rates. In addition,
murine GzmB was found to degrade both fibronectin and vitronectin derived from healthy mouse granulation tissue.
In addition, GzmB-mediated degradation of fibronectin generated a fragment similar in size to that observed in non-healing
mouse wounds. These results provide the first direct evidence that GzmB contributes to chronic wound healing
in part through degradation of ECM.
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Chronic wounds are a growing problem in the developed world
due to increasing incidence of diabetes, obesity and aging.1

Estimates suggest approximately 6 million people suffer from
chronic wounds in the United States alone with billions of
dollars spent on treatment every year.1,2 Numerous treatment
strategies have been tested in the search for improved
therapies. However, chronic wounds remain a major problem.
This is partly due to the complex nature of wound healing,
which requires a precisely orchestrated immune response
and numerous cell–cell/cell–matrix interactions. In a chronic
wound, persistent inflammation contributes to excessive
proteolysis, which presents a major obstacle in the path
toward proper healing and remodeling of wounded tissue.

Granzyme B (GzmB) is a serine protease that is expressed
by several types of immune cells during chronic inflammation.3

GzmB is a known inducer of apoptosis, often used by natural
killer (NK) cells and CD8þ T cells to kill virally infected and/or
tumor cells by cleaving substrates inside the cytoplasm of the
target cell in a process also requiring the membrane disrupting
protein perforin.4–6 Emerging evidence is also confirming the
decades old suspicion that GzmB may possess additional
non-cytotoxic, perforin-independent roles such as extra-
cellular matrix (ECM) proteolysis and cytokine processing.3,7,8

These developments have led to a renewed interest in the

expanding role of GzmB in health and disease.3,9 Several
lines of evidence also suggest that GzmB-mediated proteo-
lysis may contribute to chronic wound healing.10

Apolipoprotein E (ApoE) is a glycoprotein that has a critical
role in lipid transport. ApoE knockout (AKO) mice lack the
ability to effectively clear circulating cholesterol and become
hyperlipidemic.11,12 ApoE is expressed in multiple tissues
including the skin and can also exert important immunosup-
pressive roles that extend beyond its role in lipid trafficking.13–16

AKO mice are therefore susceptible to chronic inflammatory
skin diseases that often increase in severity to the point where
euthanasia is required.17,18 In addition, aged AKO mice fed
with a high-fat diet (HFD) exhibit skin thinning and a loss of
dermal collagen density, both common features in elderly
individuals who struggle with skin tearing and impaired/
chronic wound healing.17 The effect of age, diet and proper
nutrition on healthy aging and wound healing is well
documented and known to elicit profound influences over
the speed and quality of cutaneous wound repair.19,20

Diet and/or age-related immune dysfunction could also
conceivably give rise to increased levels of GzmB, especially
during chronic inflammation.

Previously, we have demonstrated that GzmB contributes
to accelerated skin aging in HFD-fed AKO mice, featuring skin
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thinning and collagen disorganization.17 GzmB-mediated
degradation of the ECM, specifically the proteoglycan
decorin, was found to be a likely contributor to the loss of
collagen organization observed with age in these mice.
In the present study, we explored the use of aged, HFD-fed
AKO mice as a model that mimics chronic inflammation and
impaired wound healing. As GzmB has been shown to
influence skin aging and ECM remodeling in these mice, we
also examined the role of GzmB during wound healing in
HFD-fed AKO mice.

Results

Impaired wound healing in HFD-fed AKO mice. To
determine the influence of age and diet on wound healing
in AKO mice, both wild-type (WT) and AKO mice were
wounded at 7 (young) or 37 (old) weeks of age. Old mice
were fed either a high-fat or regular chow diet beginning at 7
weeks of age. When fed a HFD for 30 weeks, AKO mice
exhibited delayed wound healing compared with WT mice
(Figure 1a). After healing for 16 days, only 40% of the
HFD-fed AKO mice were able to achieve full wound closure
compared with 100% of WT mice (Figures 1b and c).
In contrast, both WT and AKO mice fed a regular chow

diet all showed full wound closure by day 16 regardless of
age (Supplementary Figure 1). To determine if GzmB
contributes to the delayed wound healing observed in the
HFD-fed AKO mice, old ApoE/GzmB double knockout (DKO)
mice fed a HFD were also examined. GzmB deficiency
resulted in improved wound healing with the majority (80%)
of DKO mice achieving full wound closure by day 16 (Figures
1a–c). These results suggest that GzmB contributes to
delayed wound healing in HFD-fed AKO mice.

During healthy wound healing, following fusion of the
migrating keratinocyte layers, epidermal hyperproliferation
decreases and epidermal thickness eventually returns to
normal. In the young WT mice, epidermal thickness at day 16
averaged approximately 24 mm (Figure 1d). Epidermal thick-
ness appeared to be greater when older mice were examined
at day 16 and was significantly thicker in wounds from the few
HFD-fed AKO mice that managed to close (Figure 1d). DKO
mice fed a HFD appeared to have reduced epidermal
thickness on average compared with the HFD-fed AKO mice
at day 16, although this difference failed to reach significance
(Figure 1d). These results support the above observation that
wound healing is impaired in HFD-fed AKO mice and that
even in situations when wound closure is achieved, proper
tissue remodeling is significantly delayed.
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Figure 1 GzmB deficiency improves wound closure in HFD-fed AKO mice. (a) Representative images and (b) histological cross-sections of wounds from WT (n¼ 5), AKO
(n¼ 5) and DKO (n¼ 5) mice over the 16-day healing period. Arrows indicate keratinocyte edges. Asterisks indicate a closed wound. (c) All of the WT mice (5/5) showed
complete wound closure at day 16, compared with only 40% (2/5) of the AKO mice. GzmB deficiency improved this outcome with 80% (4/5) achieving full wound closure.
(d) Of the wounds that closed, epidermal thickness was significantly greater in the HFD-fed AKO mice compared with the young WT controls. #Po0.05 versus WT (Young);
Kruskal–Wallis test with Dunn’s multiple comparison post test. Black scale bars¼ 1 mm, white scale bars¼ 100mm
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Weight loss. When pre-operation weights were examined,
AKO mice fed a HFD weighed significantly less than HFD-fed
WT control mice (Figure 2a), confirming results reported
previously.17 Interestingly, GzmB deficiency prevented this
weight loss, with the HFD-fed DKO mice on average
weighing significantly more than the AKO mice, similar to
the WT group (Figure 2a). As anticipated, when weight was
monitored over the 16-day healing period, the obese WT
mice fed a HFD showed clear weight loss following surgery
(Figure 2b). This weight loss was also observed in the DKO
mice, although slightly less (Figure 2b). AKO mice, although
weighing less to begin with, showed relatively little weight
loss (B7%) during the healing period when compared with
the WT mice.

Wound contraction. Contraction has an important role in
cutaneous wound healing and was measured in all groups
following surgery. In every case, wound sizes initially
expanded before contraction. Wounds from the young WT
and AKO mice healed primarily by contraction, accounting for
approximately 86% of wound closure (Figure 3a). Following
the initial expansion period, young WT wounds contracted
back to 0% by day 4, while AKO mice took closer to 6 days to
contract back to 0% (Figure 3a). Overall, however, contrac-
tion rates were similar for both young WT and AKO mice with
no significant differences observed.

The effect of age on wound contraction was clearly
noticeable when old WT and AKO mice were examined
(Figure 3a). Contraction rates again were similar between
genotypes, however, when compared with the young mice,
the old mice showed a significantly slower contraction rate
(Figure 3a), suggesting that age delays wound contraction
and closure in both WT and AKO mice. Although the initial rate
of expansion immediately following wounding was similar
between young and old mice, it took longer for the wounds to
contract back to 0% (about 9 days) compared with the young
mice who contracted back to 0 by 4 (WT) and 6 (AKO) days.
At day 16, the final percent of wound closure achieved by
contraction was less in the old mice (74%) compared with the
young mice that healed approximately 86% by contraction
(Figure 3a).

The influence of diet on wound contraction was also
examined (Figure 3b). A HFD failed to induce a significant
delay in wound contraction in WT mice when compared with
WT mice fed a regular chow diet (Figure 3b). However, when
AKO mice were fed a HFD, wound contraction was
significantly slower compared with the HFD-fed WT mice
and the regular chow-fed mice (Figure 3b). The initial
expansion of wound size in HFD-fed AKO mice did not
contract back to 0% until day 12, compared with 7–9 days for
the other old groups (Figure 3b). These results suggest that
delayed contraction is a main contributor to impaired wound
healing observed in HFD-fed AKO mice.

To determine whether GzmB deficiency improves wound
healing in AKO mice through faster contraction, contraction
rates in HFD-fed DKO mice were also examined. As shown in
Figure 3c, there was a significant difference in the contraction
curve of the DKO mice compared with the AKO mice, with the
DKO group demonstrating a consistent increase in the
percent of contraction throughout the 16-day period.
This included reduced expansion of the wound immediately
following wounding, and faster contraction back to 0% and
improved wound closure. Interestingly, no significant differ-
ence in a-smooth muscle actin staining was observed
between the HFD-fed WT, AKO and DKO groups, suggesting
altered wound contraction in these mice is not due to differing
levels of myofibroblasts (Figure 3d).

Re-epithelialization. To determine whether re-epithelialization
was also affected in AKO mice, histological cross-sections
were examined at 2, 8 and 16 days post-wounding
and re-epithelialization distance was measured (Figure 4).
Re-epithelialization was evident in all groups as early as 2
days and became more advanced by day 8 (Figure 4).
At day 16, closed wounds in young mice exhibited less
re-epithelialization compared with the old groups, likely
due to faster contraction leading to quicker wound closure
and a reduced need for re-epithelialization (Figure 4).
At 2 and 8 days, the amount of re-epithelialization was
similar between genotypes fed a HFD, confirming that the
delayed wound closure in the HFD-fed AKO model, as well
as the improved closure in DKO mice, is primarily due to
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Figure 2 Animal weights before and during wounding. (a) Pre-operation weights and (b) percent weight change following wounding in WT, AKO and DKO mice fed a HFD
for 30 weeks. **Po0.01; Kruskal–Wallis test with Dunn’s multiple comparison post test
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differences in contraction rather than re-epithelialization
(Figure 4).

Inflammation. Several reports have documented the sup-
pressive effects of ApoE on inflammation.13–16 We therefore
examined wounded skin tissue from mice fed a HFD at day
16, to determine whether unresolved inflammation was
present in the wounds of HFD-fed AKO mice. At day 16,
the wounded skin of HFD-fed AKO mice contained consider-
able numbers of immune cells including neutrophils, macro-
phages, T cells and lipid-loaded foam cells (Figure 5a).
Compared with the acute wounds in young WT mice, there
were significantly more neutrophils in the wounded tissue of

HFD-fed AKO mice (Figure 5b). The numbers of macro-
phages and T cells appeared to vary somewhat within the
individual groups and no significant differences were
detected regardless of age, diet or genotype (Figures 5c
and d). HFD-fed AKO mice also exhibited a significant
increase in the numbers of foam cells compared with the
young WT mice (Figure 5e). Significant elevations in foam
cell numbers were also observed in regular diet-fed AKO
mice and HFD-fed DKO mice at day 16 (Figure 5e).

Collagen and decorin levels in wounded skin. GzmB-
mediated decorin degradation was found to be a potential
mechanism behind collagen disorganization and accelerated
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skin aging in HFD-fed AKO mice.17 To examine the status of
decorin in HFD-fed AKO mice undergoing wound healing, we
performed immunohistochemistry analysis for decorin
at day 16 in wounded skin cross-sections from mice with
closed wounds. Young WT mice showed decorin staining
throughout the newly formed dermis with the most intense
staining seen near the dermal–epidermal junction
(Figure 6a). Decorin levels were similar in the young AKO
mice but appeared to be reduced in the old mice although
this difference failed to reach significance (Figure 6b).
Decorin levels were low in the closed wounds of the
HFD-fed AKO mice, whereas several DKO mice appeared
to have considerably more intense decorin staining by
comparison (Figures 6a and b).

Collagen content in the wounded skin tissue at day 16 was
also examined using picrosirius red. Similar to what was
observed with decorin, the greatest amount of collagen
observed was in the young WT mice (Figures 6a and c).
Both the HFD-fed WT and AKO mice (but not the DKO mice)
demonstrated significantly less collagen staining in the closed
wounds compared with the young WT controls (Figure 6c).

Fibronectin and vitronectin levels during wound healing.
The glycoproteins fibronectin and vitronectin both have
important roles to play in normal wound closure and

remodeling.21 The granulation tissue contains a provisional
matrix rich in fibronectin and vitronectin, which helps to
mediate wound contraction through various interactions with
collagen, other matrix proteins and several integrins found on
contractile cells.22–26 To determine the status of fibronectin
and vitronectin in our wound-healing model, skin sections
from young WT mice were harvested at the wounded site,
homogenized and analyzed for these ECM components by
western blot. Both fibronectin and vitronectin levels in
wounded skin increased at days 2 and 8 post-wounding
when compared with the original, unwounded skin
(Figure 7a). Levels of fibronectin and vitronectin were
greatest at day 8, corresponding to the increased deposition
of granulation tissue. By day 16, fibronectin and vitronectin
levels again resembled the original, unwounded skin,
representing near complete tissue remodeling and replace-
ment of the provisional matrix with collagen (Figure 7a).

Mouse GzmB degrades fibronectin and vitronectin in
granulation tissue. Although GzmB cleavage of fibronectin
and vitronectin has been confirmed in multiple studies,27–29

these experiments have focused only on the activity of
human GzmB on human ECM proteins. As mouse and
human GzmB are known to differ in terms of their
effectiveness at cleaving certain intracellular substrates,30
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we tested the ability of recombinant mouse GzmB to degrade
both mouse fibronectin and vitronectin derived from the
granulation tissue of wounded mice. Mouse GzmB was
incubated with the homogenized skin tissue from wounded
WT mice at day 8 and analyzed for fibronectin/vitronectin
fragmentation by western blot (Figure 7b). Day 8 was chosen
as it had the highest amount of these ECM proteins
(Figure 7a). As shown in Figure 7b, mouse GzmB cleaved
granulation tissue-derived fibronectin and vitronectin at as
low as 100 nM in a dose-dependent manner. Increasing
concentrations of GzmB resulted in the complete degrada-
tion of the full-length fibronectin band at B250 kDa, while
increasing the presence of a lower–molecular-weight band at
B220 kDa (Figure 7b). Similarly, increasing concentrations
of GzmB degraded the full-length vitronectin band at 75 kDa,
eventually leaving only the 65-kDa fragment, which also
appeared to be reduced compared with when no GzmB was
added.

To investigate the in vivo effect of GzmB on the proper
functioning and remodeling of these ECM components in our
chronic wound model, skin from HFD-fed WT, AKO and DKO
mice was analyzed for fibronectin and vitronectin by western
blot (Figure 7c). All WT mice examined at day 16 showed
relatively little fibronectin levels similar to the young WT
controls (Figures 7a and c). Similar observations were made
for vitronectin when WT mice were examined at day 16. AKO
mice on the other hand showed increased fibronectin and
vitronectin content at day 16 including significantly increased
amounts of a fibronectin fragment measuring B220 kDa,

similar in size as the fragment generated by GzmB
(Figures 7b–d). The majority of DKO mice on the other hand,
with one exception, showed fibronectin and vitronectin levels
similar to the WT group, suggesting similar ECM remodeling
took place during wound healing as in WT mice. Interestingly,
a B220-kDa fibronectin fragment was also observed in the
one outlier DKO mouse (Figure 7c), suggesting that other
proteases in addition to GzmB are also capable of generating
a B220-kDa fibronectin fragment. When immunohistochem-
istry for GzmB in the non-healed skin of HFD-fed AKO mice
was examined, GzmB-positive staining was observed
throughout the granulation tissue of the non-healed wounds
(Figure 7e). Taken together, these results suggest that GzmB
is present locally at the site of injury and contributes to
impaired wound healing in HFD-fed AKO mice, possibly
through direct remodeling of ECM proteins such as fibronectin
and vitronectin.

Discussion

GzmB is a multi-functional serine protease with many diverse
roles in health and disease.3,7,8 In addition to its well-
established role in cell death, GzmB is also capable of
degrading the ECM with the list of identified substrates
continuing to increase.27,28,31–33 GzmB can also regulate
inflammation by cleaving and activating cytokines such as
IL-18 and IL-1a.34,35 Interestingly, it is also known that
GzmB-mediated cleavage of IL-1a can occur extracellularly
by GzmB derived from NK cells,35 further highlighting the
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potential importance of perforin-independent GzmB activity in
health and disease. In fact, both cytotoxic and non-cytotoxic
activities of GzmB are suggested to have a role in many
inflammatory disorders such as diabetes, cancer, transplant
rejection, autoimmunity, cardiovascular and pulmonary
diseases (reviewed in refs 36–40). Although its role in wound
healing has never been assessed, considerable evidence
exists that would support a role for GzmB in chronic wounds.10

Immune cell types present in chronic wounds, such as
T lymphocytes and macrophages, express GzmB during
chronic inflammation,3,41,42 whereas several GzmB

substrates including fibronectin and decorin are well known
to have critical roles to play in healthy wound healing.10,21,43

To our knowledge, this is the first study to directly implicate
GzmB in the pathogenesis of chronic wound healing.

In this study, we describe a novel mouse model of chronic
wound healing. Aged AKO mice fed a HFD demonstrated
reduced contraction, impaired wound closure and persistent
inflammation featuring neutrophils, macrophages and
lymphocytes. Among the few HFD-fed AKO wounds that did
heal by day 16, reduced collagen and increased epidermal
thickness were observed compared with WT controls,
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suggesting that wound healing and proper tissue remodeling
were delayed in closed wounds as well. We also found
evidence that GzmB contributed to chronic wound healing
and delayed contraction in AKO mice, possibly through
the degradation of ECM components such as fibronectin
and/or decorin. To our knowledge, this is the first study to
directly implicate GzmB in the pathogenesis of chronic wound
healing.

Both age and diet were necessary for inducing impaired
healing in AKO mice. As shown in this study, the negative
effects of age and diet on wound repair were reduced by
preventing GzmB activity. These data are in line with previous
work demonstrating a role for GzmB in age and diet-induced
skin aging.17 Both age and diet are known to have important
impacts on the immune system44–46 and although there
remains much work to be done in uncovering the specific links
between aging, diet and GzmB, these data support the notion
that age and diet can influence immune dysfunction resulting
in elevated levels of GzmB.

ApoE is known to function in a number of roles in the body
besides lipid transport. Among those are its ability to influence
inflammation.13–16 Specifically, ApoE has been shown to
suppress neutrophil and macrophage activation as well as
lymphocyte proliferation. AKO mice fed a HFD for 30 weeks
contained increased numbers of neutrophils in the wounded
tissue compared with the young WT mice, suggesting
localized inflammation in the wounds of HFD-fed AKO mice
is persistent and slower to resolve, similar to chronic wounds
in humans that also feature persistent neutrophil infiltration.47

Interestingly, no significant differences were detected in the
amount of CD3 or F4/80-positive staining in any of the groups
at day 16. It is unknown if T cells or macrophages in AKO
mouse wounds have differences in activation profiles com-
pared with the WT controls but this remains a possibility.
In addition, macrophage foam cells were observed in the
wounded tissue of AKO mice on day 16, reflecting the high-
lipid content and are typical cell types present in diseased
AKO mouse skin.17,18 Taken together, HFD-fed AKO wounds
demonstrate important signs of persistent inflammation
commonly seen in chronic wounds and implicate the HFD-
fed AKO mouse as a potentially useful tool to study chronic
wound healing.

Decorin is a small leucine-rich proteoglycan that binds to
collagen and facilitates proper collagen organization, spacing
and tensile strength in the skin.48,49 In the present study,
closed wounds from DKO mice exhibited intense decorin
staining compared with closed wounds from AKO mice. These
data support previous observations made in the skin of aged
AKO mice fed a HFD.17 This increased decorin was also
associated with significantly greater collagen density and
organization in DKO mice compared with AKO mice. Decorin
knockout mice possess highly disorganized collagen and
increased skin fragility that is prone to tearing and have
impaired wound healing.43,48 Excessive degradation of
decorin by GzmB during wound healing could negatively
impact collagen deposition and remodeling. Interestingly,
GzmB-mediated decorin degradation also contributes to
blood vessel destabilization and rupture in a model of
abdominal aortic aneurysm.50 The results of the present
study provide further evidence for a role for GzmB in impaired

tissue repair and prolonged healing in a skin model of chronic
wound healing.

Physiologic wound healing requires considerable ECM
remodeling and the eventual replacement of the provisional
matrix with new collagen fibers. Although proteases and
remodeling events are crucial for proper healing, augmented
or dysregulated proteolysis can result in excessive degrada-
tion of key ECM proteins leading to impaired wound
healing.51,52 For example, increased fibronectin mRNA levels
are found in fibroblasts isolated from chronic wounds,
whereas reduced full-length fibronectin, along with increased
fibronectin and vitronectin fragmentation, is seen in chronic
wound fluid compared with acute wound fluid, suggesting
excessive ECM proteolysis occurs in chronic wounds.51–54

In the present study, increased fibronectin and vitronectin
levels were observed in wounded tissue of AKO mice at day
16 compared with WT mice with increased fragments. We
also found that, similar to human GzmB, murine GzmB is also
capable of cleaving fibronectin and vitronectin derived from
the granulation tissue of mouse wounds. Fibronectin is an
abundant glycoprotein during wound healing and a major
component of the provisional matrix that forms during clotting
and granulation tissue formation. Fibronectin can act as a
temporary physical scaffold while binding/presenting growth
factors important for cell proliferation and wound repair.
In addition, fibronectin and vitronectin can both bind to a
number of integrins on cells.55 Of interest, vitronectin and
fibronectin–integrin interactions influence contraction.22,24–26

Fibronectin proteolysis by chymotrypsin and cathepsins B and
D exposes integrin-binding sites such as the RGD (Arg-Gly-
Asp) site thereby enhancing integrin binding.24,56 It is currently
unknown where exactly GzmB cleaves fibronectin, however,
GzmB preferentially cleaves after Asp residues57,58 and
Buzza et al. have demonstrated that GzmB cleaves vitronec-
tin at the RGD integrin-binding site.27 Although fibronectin
proteolysis by some proteases can enhance integrin binding
and contraction,24,56 GzmB-mediated proteolysis may have
profoundly different effects depending on the site of cleavage
and, although not confirmed, could negatively influence
contraction should integrin binding to the RGD site be
disrupted. In our study, we demonstrate that HFD-fed AKO
mice express GzmB within the granulation tissue, contain
elevated levels of a fibronectin fragment similar to that
generated by GzmB in vitro, which corresponds with
significantly delayed wound contraction that was improved
in DKO mice. Future work is needed to further characterize
the exact role of GzmB-mediated degradation of fibronectin
and vitronectin in this model and its effect on contraction.

In summary, AKO mice fed a HFD exhibit impaired wound
healing. We also provide the first direct evidence that GzmB
contributes to chronic wound healing through the degradation
of ECM proteins. Future studies investigating the AKO mouse
in wound healing and the role of GzmB in chronic wounds are
sure to uncover additional insights into the mechanisms
involved in the persistence of chronic wounds.

Materials and Methods
Animals and diets. Animal procedures described were performed in
accordance with the appropriate University of British Columbia (UBC) guidelines
for animal experimentation and approved by the UBC Animal Care Committee.
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Male WT, AKO and GzmB knockout mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and are all on a C57BL/6 background.
DKO mice were generated by breeding GzmB knockout mice with AKO mice on
site at the Genetic Engineered Models facility (James Hogg Research Centre,
UBC/St. Paul’s Hospital, Vancouver, BC, Canada). The mice used in this study
were aged to either 7 weeks (young) or 37 weeks (old). Mice were fed ad libitum a
regular chow diet (equal parts PicoLab Mouse Diet 20: 5058 (9% fat) and PicoLab
Rodent Diet 20: 5053 (5% fat), LabDiet, Richmond, IN, USA) until 7 weeks of age.
At 7 weeks, mice intended for the young groups underwent wounding surgery
(described below). Mice intended for the old groups were either maintained on a
regular chow diet or switched to a HFD (21.2% fat, TD.88137, Harlan Teklad;
Madison, WI, USA) for 30 additional weeks, at which point they too underwent the
wounding procedure. After healing for either 2, 8 or 16 days, mice were euthanized
by isofluorane/carbon dioxide inhalation and tissue collected as described below.

Wound healing surgical procedure. Mice were given a full thickness
skin wound on their mid backs. During surgery, mice were kept at a constant body
temperature using a heating pad. Mice were initially anesthetized using
isofluorane/oxygen mixture in an induction chamber. Once sedated, the mice
were transferred from the chamber to a heating pad while their nose was placed in
a nose cone providing the isofluorane/oxygen mixture to maintain anesthesia.
Eye lube was applied to the eyes to prevent drying and back hair was shaved
using an electric razor. After shaving, mice were given a subcutaneous injection of
buprenorphine (0.05 mg/kg) away from the wound site for analgesia. The skin
surface to be wounded was then sterilized using ethanol. A 1-cm diameter punch
biopsy was then used to outline the wound area and the skin was then carefully
excised using surgical scissors (including the panniculus carnosus muscle layer).
Immediately following wounding, pictures were taken of the wound in the presence
of a ruler to capture wound size at day 0. Mice were then allowed to recover and
placed into individual cages during the healing phase of the study to prevent
damage to the wound from other mice. Mice were allowed to heal for either 2, 8 or
16 days. At the selected time point, mice were euthanized by carbon dioxide
inhalation and wounded tissue was harvested.

Tissue collection and processing. Following euthanasia, the wound
was first cut in half vertically down the center. One half was then harvested and
fixed in formalin for 24 h and embedded in paraffin for histological analysis and
immunohistochemistry. The other half of the wound was flash frozen in liquid N2

and stored at � 80 1C for analysis of ECM fragments by western blot.

Contraction, epidermal thickness and re-epithelialization
measurements. Wound contraction was measured for all animals allowed
to heal for 16 days. During the healing phase, the rate of contraction was
measured every second day by taking digital pictures of the wounded area in the
presence of a ruler. Contraction was then measured from the pictures using the
imaging software, Image Pro Plus version 4.5.0.29 for Windows (Media
Cybernetics Inc, Rockville, MD, USA). First, the outside of the wound at day 0
was traced and the original area of the wound was determined. All wound areas
from subsequent days were normalized to the wound area from the corresponding
animal at day 0 and expressed as a percent of the original wound size.
Measurement of epidermal thickness was completed using hematoxylin and eosin
(H&E)-stained sections at � 40 magnification and were performed only on closed
wounds. Wound edges featuring mature, unwounded collagen were identified
and measurements were taken only within the boundary of the wound.
Re-epithelialization was measured using H&E-stained skin cross-sections from
mice at 2, 8 and 16 days of healing at � 40 magnification. Beginning from the
edge of the newly formed granulation tissue, re-epithelialization was measured as
the distance along the basal keratinocyte layer that had migrated toward the
center of the wound. For each section, two measurements were made, one on
each end. For mice whose wounds were closed, the re-epithelialization distance
was measured once and divided in half to represent the distance migrated from
both ends of the wound.

Histology and immunohistochemistry. Paraffin-embedded skin cross-
sections were stained with H&E for evaluation of morphology and with picrosirius
red to examine collagen content. Collagen was observed in picrosirius red-stained
sections using 100% polarized light and pictures were taken at a fixed exposure.
GzmB, CD3 and F4/80 immunohistochemistry were performed by boiling
deparaffinized slides in citrate buffer (pH 6.0) for 15 min. Background staining

was blocked by incubating slides with 10% goat serum. The primary antibodies
used were a rabbit anti-mouse GzmB antibody at a 1 : 100 dilution (Abcam,
Cambridge, MA, USA), rabbit anti-mouse CD3 antibody at 1 : 800 dilution (Abcam)
and rabbit anti-mouse F4/80 antibody at 1 : 50 dilution (Abcam). Slides were
incubated with primary antibody at 4 1C overnight. Slides were then incubated
with biotinylated goat anti-rabbit secondary antibody at a 1 : 350 dilution
(Vector Laboratories, Burlingame, CA, USA) followed by ABC reagent (Vector
Laboratories). Staining was visualized with DAB peroxidise substrate (Vector
Laboratories). Decorin immunohistochemistry was performed by immersing
deparaffinized slides in citrate buffer (pH 6.0) at 80 1C for 5 min. Slides were
blocked with 10% rabbit serum and a goat anti-mouse decorin antibody (1 mg/ml;
R&D Systems, Minneapolis, MN, USA) was used while slides incubated at 4 1C
overnight. Biotinylated rabbit anti-goat secondary antibody was used (1 : 350)
(Vector Laboratories) along with VECTASTAIN Elite ABC reagent (Vector
Laboratories) and DAB substrate (Vector Laboratories) as described.

Histological quantification of collagen and decorin. Quantification
of collagen was achieved by color segmentation in 5-mm thick fixed skin sections
stained with picrosirius red. Images were taken at the wounded site under
polarized light at � 20 magnification. Using the imaging software, Image Pro Plus
(version 4.5.0.29; Media Cybernetics Inc), the number of pixels within the area of
interest whose intensity was above a set threshold was counted and expressed as
the percent of total pixels. Decorin quantification of staining intensity was carried
out using Aperio ImageScope (version 11.1.2.760; Aperio, Vista, CA, USA).
The number of colored pixels within the designated area of interest was counted
and expressed as the percent positive pixels. For consistency, both collagen and
decorin quantification was measured within the wounded tissue to a depth of
approximately 250mm below the newly closed epidermal layer. Only wounds that
had fully closed were used for these measurements.

Quantification of immune cells. Immune cell quantification was carried
out using fixed skin cross-sections harvested at day 16 post-wounding. The area
of the wound-containing granulation tissue was measured to a depth of 450mm.
Neutrophils and foam cells were counted at � 40 magnification using slides
stained with H&E and normalized to the area measured. T cells and macrophages
were quantified using slides stained for CD3 and F4/80, respectively, as described
above. Staining intensity was quantified using Aperio ImageScope. The number of
color pixels (above a set threshold) identified were counted and expressed as the
number of positive pixels per unit area.

Skin homogenization and analysis of ECM fragments. Frozen skin
containing the wounded tissue was thawed and cut into identically sized 1 cm2

pieces. Skin pieces were then placed into 1.5-ml tubes containing 350ml CelLytic
MT lysis buffer (Sigma-Aldrich, Oakville, ON, Canada), 4ml protease inhibitor
cocktail (Sigma-Aldrich) and a 7-mm stainless steel bead (Qiagen, Germantown,
MD, USA). Tubes were then placed in a TissueLyser LT (Qiagen) and
homogenized at 50 Hz for 4 min, three times for a total of 12 min. Tubes were
placed on ice for 30 s in between the three homogenization cycles to prevent
excessive heating. Tissue homogenate was then centrifuged at maximum r.p.m. at
4 1C and supernatant was collected. Total protein content was then measured in
the supernatant solutions using a Nanodrop 8000 (Thermo Scientific, Waltham,
MA, USA) and samples were then normalized by total protein before being used
for western blotting experiments. Laemmli buffer (12 ml of 0.5 M Tris-HCl (pH 6.8),
8 ml glycerol, 2.4 g SDS, 1.86 g DTT and 50 mg bromophenol blue for a 20 ml 6�
stock solution) was then added to the supernatant samples followed by heating at
95 1C for 5 min. Samples were then run on a 6–15% gradient polyacrylamide gel
and transferred to a nitrocellulose membrane. Membranes were blocked for 1 h
using 2.5% skim milk followed by overnight incubation with rabbit anti-fibronectin
antibody (Abcam) or sheep anti-vitronectin antibody (Affinity Biologicals Inc.,
Ancaster, Ontario, Canada) at a 1 : 1500 dilution in 2.5% skim milk. Membranes
were then washed and incubated for 1 h with either IRDye 700-conjugated rabbit
anti-sheep or IRDye 800-conjugated goat anti-rabbit secondary antibody at 1 : 10 000
(Rockland Inc., Gilbertsville, PA, USA). Following secondary antibody incubation,
membranes were washed with PBS and detection of fibronectin and vitronectin was
achieved using the Odyssey Infrared Imaging System (LI-COR Biotechnology,
Lincoln, NE, USA).

Mouse ECM cleavage assay. Skin homogenate from a WT mouse
wound harvested 8 days following wounding was generated using the
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procedure described above. For this experiment, however, protease inhibitors
were not included in the buffer in order to facilitate GzmB activity. A volume of
10 ml was then pipetted into microcentrifuge tubes. Mouse GzmB
(Sigma-Aldrich) was added to a final concentration of either 0, 100, 200 or
400 nM. Tubes were then incubated at 37 1C for 24 h. Following the incubation,
the reaction was stopped by adding Laemmli buffer (same recipe as above) and
western blot analysis for fibronectin and vitronectin performed as described
above.

Statistical analysis. The Kruskal–Wallis test with Dunn’s Multiple
Comparison post test or two-way ANOVA with Bonferroni post test was used
for group comparison analyses and Po0.05 was considered significant.
Statistical calculations were computed using GraphPad Prism version
5.01 for Windows, GraphPad Software (San Diego, California, USA, http://
www.graphpad.com).
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