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Abstract

Cutaneous wound healing consists of three main phases: inflammation, re-epithelialization, and 

tissue remodeling. During normal wound healing, these processes are tightly regulated to allow 

restoration of skin function and biomechanics. In many instances, healing leads to an excess 

accumulation of fibrillar collagen (the principal protein found in the extracellular matrix - ECM), 

and the formation of scar tissue, which has compromised biomechanics, tested using ramp to 

failure tests, compared to normal skin [1], Alterations in collagen accumulation and architecture 

have been attributed to the reduced tensile strength found in scar tissue [2,3]. Defining 

mechanisms that govern cellular functionality and ECM remodeling are vital to understanding 

normal versus pathological healing and developing approaches to prevent scarring. CD44 is a cell 

surface adhesion receptor expressed on nearly all cell types present in dermis. Although CD44 has 

been implicated in an array of inflammatory and fibrotic processes such as leukocyte recruitment, 

T-cell extravasation, and hyaluronic acid (the principal glycosaminoglycan found in the ECM) 

metabolism, the role of CD44 in cutaneous wound healing and scarring remains unknown. We 

demonstrate that in an excisional biopsy punch wound healing model, CD44-null mice have 

increased inflammatory and reduced fibrogenic responses during early phases of wound healing. 

At wound closure, CD44-null mice exhibit reduced collagen degradation leading to increased 

accumulation of fibrillar collagen, which persists after wound closure leading to reduced tensile 

strength resulting in a more severe scarring phenotype compared to WT mice. These data indicate 

that CD44 plays a previously unknown role in fibrillar collagen accumulation and wound healing 

during the injury response.
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Introduction

The densely packed connective tissue in the dermis, consisting primarily of fibrillar 

collagen, impacts the elasticity and tensile strength characteristic of normal skin. Upon 

tissue injury an orchestrated set of events is initiated to prevent infection and repair wounded 

tissue. Mammalian fetal wounds are adept at regenerative wound healing and can therefore 

restore tissue integrity, biomechanics, and function. Mammalian adult wounds are 

notoriously unable to regenerate and instead, wounded tissue is replaced by scar tissue. 

Scars are characterized by an excess accumulation of fibrillar collagen, prolonged 

inflammation, and/or impaired neovascularization. Increased synthesis, accumulation and/or 

crosslinking of fibrillar collagen, comprised of type I and type III collagen, is associated 

with compromised tensile strength and hence tissue function [4–9], Although various 

biochemical and biomechanical processes have been hypothesized to play a role in wound 

healing, there is still a significant gap in understanding regulators of normal versus aberrant 

cutaneous wound healing.

CD44, a transmembrane cell adhesion receptor widely expressed on most cell types present 

in the dermis, plays vital roles in cell-cell and cell-matrix interactions, particularly under 

pathophysiologic conditions. Its primary ligand, hyaluronic acid (HA), is the predominant 

glycosaminoglycan found in the extracellular matrix (ECM) and is prevalent through all 

phases of the wound response [10,11], CD44 plays a critical role in retention of HA on the 

cell surface and also mediates HA endocytosis [12,13], In addition to its role as an HA 

receptor, CD44 also co-localizes with matrix metalloproteinase-9 (MMP-9), vascular 

endothelial growth factor (VEGF), epidermal growth factor (EGF), fibronectin, type I 

collagen, and osteopontin [14–21], In vitro studies have shown that CD44 is critical for 

MMP-dependent transforming growth factor-beta (TGF-β) activation, directional fibroblast 

migration, stiffness-dependent fibroblast motility but not proliferation, nor fibroblast 

invasion and adhesion to a provisional fibrin-rich matrix [22–24], In vivo studies have shown 

CD44 upregulation following tissue injury [25–28].

In an ischemic cardiac injury model, CD44-null fibroblasts demonstrated reduced fibroblast 

infiltration and collagen accumulation [29]; however, in an acute lung injury model, CD44-

null mice showed no significant changes in collagen accumulation [30,31], Conversely, 

CD44-null mice exhibited attenuated atherosclerosis due to decreased recruitment of 

macrophages, regulation of vascular smooth muscle cells (VSMC) proliferation and 

increased fibrous cap formation [25,32]. Although CD44 has been studied in various fibrotic 

diseases, the role of CD44 in regulating collagen biosynthesis and turnover remains 

unknown.

To determine if CD44 plays a role in collagen accumulation and scar tissue formation, we 

studied the impact of genetic CD44 deletion in a full-thickness excisional cutaneous wound 

healing model. Given that CD44 has been shown to play vital roles in recruitment, 

activation, and clearance of cells from sites of tissue injury, we analyzed cellular and matrix 

composition of wounds over the course of and post wound resolution. Our results indicate 

that during early response to injury, CD44-null mice exhibit a reduced fibrogenic but an 
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increased inflammatory response. During tissue restoration, CD44-null mice demonstrated 

reduced collagenolysis leading to increased collagen accumulation and compromised tissue 

biomechanics.

Results

CD44 deficiency alters the kinetics of fibrillar collagen accumulation during cutaneous 
wound healing

Cutaneous wound healing occurs in three main stages: inflammatory, re-epithelialization, 

and tissue remodeling [6]. During early stages of wound healing, the granulation tissue is 

comprised of a provisional matrix, including high levels of fibronectin (FN), HA, and type 

III collagen, which is vital for cellular adhesion and migration to the granulation tissue 

[6,33–35], During the tissue remodeling phase, there is an increase in type I collagen 

accumulation, which is crucial for regaining tissue elasticity and strength. Aberrant ECM 

accumulation and architecture is indicative of pathological wound healing with excess scar 

formation.

At baseline, CD44-null mice demonstrated normal skin histology, collagen content 

(measured by quantification of masson’s trichrome and picrosirius red staining visualized 

under circular polarized light), HA (measured by ELISA) and stromal cell content (based on 

quantification of percent positive cells and levels of expression of CD90+, fibroblast 

activation protein (FAP+) and/or alpha-smooth muscle actin (αSMA+) cells quantified by 

flow cytometry) compared to WT mice (Fig. S1A – I).

We investigated the impact of CD44 on wound healing by comparing the response to full 

thickness excisional wounds (6 mm in diameter) generated 4 mm below the shoulder blades 

on the dorsal side of the skin using biopsy punches, in WT and CD44-null mice. Wounds 

were kept hydrated using tegaderm (bandages) and curad (tape) to minimize scab formation 

[36] (Fig. 1A). The rate of wound closure was measured by quantification of digital images 

captured on days 1, 3, 5, 7, 9, and 11 post-wounding. The kinetics of wound closure were 

comparable in WT and CD44-null mice (Fig. 1B) with both genotypes exhibiting complete 

re-epithelialization and wound closure by day 11. Morphometric analysis of sections 

revealed no significant differences in total cellularity days 5, 7 and 11 post-wounding, 

measured using DAPI nuclear stain, and area of granulation tissue visualized by H&E 

staining at wound closure (Fig. S2A, B).

The role of CD44 in matrix accumulation and remodeling during cutaneous wound healing 

was investigated by comparing ECM composition, organization and architecture in WT and 

CD44-null mice at days 5, 7 and 11 post-wounding. During early phases of wound healing 

(days 5 and 7), wounds from CD44-null mice had reduced type I collagen (measured using 

immunofluorescence), and fibrillar collagen (measured using two-photon second harmonic 

generation imaging - 2P-SHG) compared to WT mice (Fig. 1C,D). However, at wound 

closure (day 11) CD44-null mice exhibited greater accumulation of type I collagen and 

fibrillar collagen compared to WT mice (Fig. 1C,D). CD44-null mice did not show any 

significant differences in accumulation of HA (Fig. S3A) or FN at any time point during the 

wound healing response when compared to WT mice (Fig. S3B). These results indicate that 
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in response to injury, CD44 plays a role in matrix remodeling by regulating fibrillar collagen 

accumulation.

CD44 deficiency enhances leukocyte but attenuates FAP+ fibroblast accumulation during 
early phases of wound healing

Wound healing is the result of a coordinated multistep cascade of events involving 

inflammatory cells, endothelial cells, keratinocytes and fibroblasts. The inflammatory 

response initiated upon tissue injury plays a vital role in the release of cytokines and growth 

factors involved in fibroblast recruitment, activation, and consequent ECM deposition [37–

39], In several models of tissue injury CD44 was shown to be required for leukocyte 

recruitment, adhesion, and clearance. In contrast however, in a lung injury model CD44 

deletion enhanced neutrophil recruitment suggesting that CD44 can limit recruitment of 

neutrophils in particular settings [30,40–42], Given this cell-type and context-dependent role 

of CD44 in regulating the inflammatory/immune response, we next investigated the impact 

of CD44 deletion on the inflammatory/immune response during cutaneous wound repair. We 

analyzed infiltration by total leukocyte, neutrophils, T cells, M1 and M2 macrophages days 

5, 7 and 11 post-wounding. During early phases of wound healing (days 5 and 7), perhaps 

surprisingly, we found that CD44-null wounds had increased numbers of total leukocytes as 

measured using the pan-leukocyte marker CD45+ (Fig. S4A). Further analysis revealed that 

no specific immune cell population was altered including neutrophils (CD11b+ Ly6G+), M1 

macrophages (F4/80+ iNOS+), M2 macrophages (F4/80+CD206+), and T cells (CD3+) in 

CD44-null wounds (Fig. S4B – E) that collectively accounted for the overall increase in 

CD45+ leukocytes. To determine the impact of increased leukocytes on the inflammatory 

milieu during early phases of wound healing, levels of cytokines implicated in wound 

healing including IL-1β, IL-4, TNF-α, and IL-10 were analyzed using ELISAs [43–46], 

Consistent with the observed increase in leukoctyes during early phases of wound healing, 

we found increased levels of IL-1β and IL-4 day 5 post-wounding in CD44-null wounds 

compared to WT wounds (Fig. S4 F, G). These increases were selective in that CD44-null 

wounds showed no significant differences in TNF-α, and IL-10 levels day 5 post-wounding 

(Fig. S4 H, I). Additionally, despite a significant increase in number of leukocytes, no 

significant differences in expression levels of cytokines were found in WT and CD44-null 

wounds day 7 post-wounding (Fig. S4 F – I). These data suggests that at day 7 post-

wounding, the increase in leukocytes in CD44-null wounds is not sufficient to alter cytokine 

levels or that additional cell types, including fibroblasts, may compensate for the increase in 

leukocytes in CD44-null wounds compared to WT wounds.

The initial inflammatory phase of wound repair is followed by recruitment, proliferation, 

and activation of fibroblasts [4–6], Fibroblasts are a heterogeneous cell population 

responsible for matrix production and remodeling [47,48], α-SMA is a canonical marker of 

myofibroblasts that are involved in wound contraction, as well as tissue fibrosis. In epithelial 

tumors, pulmonary fibrosis, liver cirrhosis and myocardial infarction, fibroblast activation 

protein (FAP) identifies distinct, yet to varying degrees, overlapping subsets of activated 

fibroblasts [49–54], We recently demonstrated that FAP+ and α-SMA+ fibroblasts exhibit 

distinct gene expression patterns and divergent functions in vitro [48], Based on these 

findings, we conducted immunohistochemistry (IHC) on serial sections of wounds days 5, 7 
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and 11 post-wounding for vimentin (mesenchymal cell marker), FAP, and α-SMA to analyze 

the spatial and temporal distribution of total mesenchymal cells as well as these distinct 

activated fibroblast subsets over the course of wound healing. Interestingly, we found that in 

WT wounds, vimentin+ and α-SMA+ fibroblasts gradually increased over the course of 

wound closure, whereas FAP+ fibroblasts were prevalent early and remained relatively 

constant (Fig. 2A-D). These data provide key evidence for temporal regulation of different 

mesenchymal cell subsets during cutaneous wound healing. Compared to WT wounds, 

CD44-null wounds showed no significant differences in the temporal profile of vimentin+ 

and α-SMA+ fibroblasts (Fig. 2A-C), but exhibited a marked delay in the kinetics of FAP+ 

fibroblasts accumulation. Specifically, during early phases of wound healing (days 5 and 7) 

CD44-null wounds had a significant reduction in FAP+ fibroblasts compared to WT wounds 

(Fig. 2A, 2D), which was overcome by the time of wound closure, providing evidence for 

CD44 dependent temporal regulation of FAP+ fibroblasts.

These mesenchymal cells also exhibited interesting differences in their spatial distributions. 

At day 5 post-wounding, vimentin+, FAP+, and α-SMA+ cells were all concentrated at the 

wound edge and proximal to the hypodermis region in both WT and CD44-null wounds 

(Fig. 2A; top panel). By day 7 post-wounding, vimentin+fibroblasts were found dispersed 

throughout the granulation tissue while the α-SMA+ cells remained mainly at the wound 

edge in both genotypes. Interestingly, we distribution of FAP+ cells diverged in wounds in 

WT vs CD44-null mice by day 7. Specifically, in WT wounds, FAP+ fibroblasts showed a 

similar distribution pattern to vimentin+ fibroblasts throughout the granulation tissue but in 

wounds in CD44-null mice FAP+ cells were primarily present proximal to the hypodermis 

region (Fig. 2A; middle panel). At wound closure (day 11), vimentin+ fibroblasts remained 

dispersed throughout the granulation tissue in both genotypes. While FAP+ cells were 

mainly concentrated proximal to the hypodermis region, α-SMA+ cells were present 

throughout the granulation tissue and proximal to the epidermis (Fig. 2A; lower panel) in 

both WT and CD44-null wounds. This indicated that CD44 regulates both spatial and 

temporal distribution of FAP+ reactive fibroblasts during early phases of wound healing.

CD44 deficiency reduces collagenolysis activity during cutaneous wound healing

Fibrillar collagen biosynthesis involves synthesis of pro-α chains, hydroxylation of proline 

and lysine residues, inter- and intra-molecular crosslinking, and assembly into fibrils 

[55,56], Following incorporation into the extracellular matrix, collagen metabolism occurs 

by extracellular proteolysis (by collagenases and gelatinases) followed by cellular uptake 

and lysosomal degradation [57].

To identify the role of CD44 in collagen metabolism resulting in increased accumulation at 

wound closure, a biochemical analysis of collagen was conducted day 11 post-wounding. 

CD44-null wounds showed no difference in content of hydroxylated proline residues or in 

mRNA levels for lysl oxidase (lox), an enzyme involved in collagen crosslinking, compared 

to WT wounds (Fig. S5A – B). CD44-null wounds also showed no significant differences in 

protein levels for Endo180, a receptor involved in cellular uptake/lysosomal degradation of 

collagen, when compared to WT wounds (Fig. S5C – D). In situ zymography however 

demonstrated reduced collagenase activity during early phases of wound healing and at 
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wound closure, days 7 and 11, in CD44-null compared to WT wounds (Fig. 3A). CD44-null 

wounds also had reduced gelatinase activity during early phases of wound healing but not at 

wound closure (Fig. 3B).

Fibroblast CD44-dependent collagenolysis regulates fibrillar collagen accumulation in 
vitro

To determine the mechanism by which CD44 regulates fibrillar collagen accumulation, we 

utilized a fibroblast-derived matrix (FDM) approach [58], WT and CD44-null dermal 

fibroblasts from naïve unwounded skin were cultured for 8 days on cross-linked gelatin 

coated plates in the presence of 75 μg/ml of ascorbic acid - an essential cofactor of collagen 

lysl and prolyl hydroxylation and facilitates the formation of the collagen triple helix [59]. 

CD44-null fibroblasts showed no difference in cell viability (Fig. S6A), measured by calcein 

AM, total and activated fibroblast markers (Fig. S6B), based on flow cytometric analysis for 

CD90, FAP, and α-SMA, and lox mRNA levels (Fig. S6C) compared to WT fibroblasts in 
vitro.

Analogous to day 11 wounds, analysis of collagen from WT and CD44-null FDMs showed 

no differences in hydroxylated proline residues (Fig. S6D). On the 8th day of matrix 

production, a detergent treatment was used to decellularize matrices, which were then 

analyzed using 2P-SHG for fibrillar collagen accumulation. Analogous to day 11 wounds, 

FDMs derived from CD44-null fibroblasts contained greater fibrillar collagen accumulation 

compared to WT fibroblasts (Fig. 4A).

Quantification of MMP mRNA levels using qPCR, revealed no significant differences in 

MMP levels between WT and CD44-null fibroblasts depositing FDMs. To identify if CD44 

plays a role in MMP activity, WT and CD44-null fibroblasts depositing matrices were 

supplemented 20 μg/ml of DQ collagen 24 hours prior to decellularization. DQ collagen is a 

collagen analog with excessive fluorescein labeling in close proximity resulting in a 

quenched fluorescence signal. Enzyme-driven hydrolysis of the substrate, by collagenases 

and gelatinases, results in the separation of the dye molecules and the generation of a 

fluorescence signal. The increase in fluorescence is proportional to the proteolytic activity. 

When incubated with DQ collagen, but not DQ gelatin, CD44-null FDMs had reduced 

fluorescence signal compared to WT FDMs, indicating that CD44-null fibroblasts had 

reduced collagenase (Fig. 4C) but not gelatinase activity (Fig. S6E).

CD44 deficiency increases fibrogenic response and reduces tensile strength of scar tissue

Excess accumulation of fibrillar collagen is a hallmark of scar tissue formation and aberrant 

wound healing [60–62], To determine if the increase in fibrillar collagen accumulation 

observed at wound closure at day 11 persists after wound closure, WT and CD44-null 

wounds were harvested 9 weeks (ie. day 63), post-wounding. CD44-null scars showed an 

increase in fibrillar collagen accumulation, using 2P-SHG (Fig. 5A), no significant 

difference in type I collagen accumulation, using IF (Fig. 5B), and reduced collagenase 

activity compared to WT scar tissue (Fig. 5C). WT and CD44-null scars showed no 

significant differences in HA or CD45+ leukocytes (Fig. S7A – C). Furthermore, CD44 

deficiency had no significant impact on fibrillar collagen length, width, or angle analyzed 
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using CTfire (Fig. S7D – G). CD44-null scar tissue revealed an increase in FN accumulation 

and total mesenchymal fibroblasts (vimentin+ area) but no significant changes in subsets of 

activated fibroblasts (FAP+ or α-SMA+ area) compared to WT (Fig. 5D, E, Fig. S7H, I). 

These results indicate that CD44-deficient scars had an overall increase in the 

fibroproliferative response.

Scar tissue has compromised biomechanics compared to normal skin. Due to alterations in 

amount and architecture of fibrillar collagen present, scars can potentially regain a 

maximum of 80% tensile strength compared to normal skin [2,3], To examine whether the 

increased fibrotic response we observed in scars in CD44-null mice impacted biomechanical 

properties of the scar tissue, the tensile strength of WT and CD44-null wounds were 

analyzed day 63 post-wounding. WT and CD44-null scars were extracted using a stamp to 

obtain samples of comparable size and shape. Samples were subjected to a ramp to failure 

test and tensile strength (Megapascal - MPa) was calculated using the slope (of the linear 

region) of a stress-strain curve. Using ramp to failure test, CD44-null scar tissue had reduced 

tensile strength compared to WT scars (Fig. 5F). Taken together, these data indicate that the 

increased accumulation of fibrillar collagen in CD44-null scars correlated to compromised 

tissue biomechanics.

Discussion

In summary, we show that loss of CD44 impacts inflammation, fibrogenesis and matrix 

remodeling during various stages of cutaneous wound healing (Fig. 6). Specifically, during 

early stages of wound healing, loss of CD44 enhanced the kinetics of leukocyte infiltration 

while delaying the accumulation and altering the spatial distribution of FAP+ fibroblasts. 

The effect of FAP+ fibroblasts was selective in that loss of CD44 had no impact on the 

kinetics or spatial distribution of total mesenchymal cells or α-SMA+ myofibroblasts. 

Finally, loss of CD44 reduced collagen early – consistent with FAP+ fibroblasts being a 

major source of collagen [48,52], However, by day 11 loss of CD44 was associated with an 

increased accumulation of collagen, due at least in part to a reduction in collagenolysis, 

which persisted in late scar tissue (day 63) and was associated with reduced tensile strength 

of scar tissue.

Increased HA accumulation has been reported to contribute to scarless healing in fetal 

wounds compared to adult wounds [63], Given the role of CD44 in mediating HA 

endocytosis [12,13], one posited mechanism by which HA contributes to scarless healing in 

fetal wounds is through its predominant receptor, CD44. As suggested by previous studies, 

here we have shown that HA accumulation begins at early stages of wound healing and is 

prevalent throughout the wound response; however, we found that genetic deletion of CD44 

did not alter the total amounts of HA accumulation. This suggests that a compensatory 

mechanism may offset for CD44 deletion with regards to HA accumulation in our cutaneous 

wound healing model. In addition to CD44, HA can bind to other receptors such as receptor 

for HA-mediated motility (RHAMM) and intracellular adhesion molecule-1 (ICAM-1). 

These findings indicate that CD44 deletion is not sufficient to increase HA accumulation 

post-wounding, and further studies need to be conducted to understand the regulation of HA 
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synthesis, signaling via other receptors, and interaction with additional CD44 ligands such 

as fibronectin and collagen during cutaneous wound healing.

Fibroblasts are a heterogeneous population of cells that play a critical role in the dynamics 

of ECM composition and architecture [47,48], In an in vitro wound healing model, CD44 

was required for directional migration of fibroblasts [22], Similarly, CD44-null fibroblasts 

isolated after acute lung injury showed reduced invasion into a fibrin gel and adhesion to 

provisional matrix components such as fibrin, fibrinogen, fibronectin, and HA [24], 

However, we found that in an in vivo cutaneous wound healing model, CD44-deficiency did 

not alter total fibroblast accumulation based on quantification of vimentin+ area, in the 

granulation tissue. These data suggest that CD44 is either dispensable for fibroblast 

accumulation in this setting or that compensatory mechanisms such as upregulation of other 

adhesion molecules implicated in adhesion and migration, including integrins [33], may 

overcome the lack of CD44. Evaluation of integrin expression in WT and CD44-null wounds 

and loss of function experiments in future studies will help understand the cross-talk 

between CD44 and integrins in regulating fibroblast migration in response to cutaneous 

wound healing.

Traditionally, α-SMA was considered the primary marker for activated fibroblasts during 

cutaneous wound healing. Our data shows that similar to models of fibrosis and solid 

tumors, during cutaneous wound healing FAP and α-SMA identify distinct, and sometimes 

to varying degrees, overlapping cell populations [49–54], α-SMA, is the canonical marker 

for myofibroblasts with contractile properties [64], Using a mouse model with genetic 

deletion of α-SMA, multiple papers have reported that α-SMA facilitates but is not 

necessary for wound contraction and closure [65,66], These data also suggest that α-SMA is 

significant but not the only fibroblast protein involved in wound healing. Extrapolating from 

this hypothesized role in wound contraction, using IHC we found that α-SMA+ cells are 

concentrated at the wound edge and close to the epidermis during early stages of wound 

healing, suggesting that α-SMA aides in the contraction of the wound edge. α-SMA+ cells 

peaked at wound closure (day 11) and were dispersed throughout the granulation tissue, but 

were primarily concentrated near the epidermis. We found that WT and CD44-null mice had 

no significant differences in α-SMA+ cells, which was consistent with comparable rates of 

wound closure observed.

Importantly, in WT wounds, we found that FAP+ cells, but not α-SMA+cells, account of the 

bulk of total fibroblasts in the granulation tissue during early phases of wound healing, when 

the ratio of FN to collagen is much higher in the granulation tissue. Furthermore, we found 

that during early phases of wound healing (day 5), FAP+ cells are concentrated proximal to 

the hypodermis. The hypodermis lies between the dermis and underlying muscle and 

contains loose connective tissue and adipose tissue. Using an indentation test, the elastic 

modulus of human hypodermis is approximated to be 2 kPa [67], This is in line with recent 

data from our lab that showed selective differentiation of fibroblasts to a FAPhi phenotype on 

soft (2 kPa) rather than stiff (20 kPa) FN-coated hydrogels [48] and evidence in the field 

highlighting the importance of the mechanical properties of provisional matrix on cellular 

migration and behavior [68], Additionally, we found that CD44 deficiency reduced the 

number of FAP+ cells in the granulation tissue during early phases of wound healing. Taken 
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together, these data suggest that CD44 may play a critical role in the recruitment and/or 

generation of FAP+ fibroblasts in response to tissue injury.

Gene expression profiling of FAPhi fibroblasts revealed higher levels of various ECM 

components (including collagens) compared to α-SMAhi fibroblasts [48], Similarly, 

depletion of FAP+ cells has been shown to reduce the desmoplastic response in tumors [52]. 

Analogously, our data reveled that reduced FAP+ fibroblasts in CD44-null wounds during 

early phases of wound healing correlated with reduced fibrillar collagen accumulation. 

These data suggest a potential role of FAP+ cells in mediating the deposition of the early 

provisional matrix during cutaneous wound healing.

A potential mechanism for recruitment or activation of FAP+ fibroblasts is the cross talk 

between inflammatory/immune cells and mesenchymal cells. One of the earliest events 

following tissue injury is activation of the innate immune response followed by monocytes, 

macrophages and lymphocytes [6,37]. Each cell type plays a vital role in the repair process; 

however, genetic studies have shown that no particular cell type is essential for overall 

healing [69]. There is evidence supporting the hypothesis that prolonged acute inflammation 

can delay early tissue restoration and fibrotic processes including keratinocyte proliferation, 

and recruitment of pro-fibrotic macrophages (M2 macrophages) [70,71]. We found that at 

day 5 post-wounding, CD44 deficiency increased the number of leukocytes and pro-

inflammatory cytokines, including IL-4 and IL-1 β. This was accompanied by delayed 

recruitment of FAP+ fibroblasts and fibrillar collagen accumulation. These data suggest that 

future studies need to be conducted to delineate if resolution of early inflammation or IL-4 

and IL-1 β play an essential role in recruitment of FAP+ fibroblasts and accumulation of 

fibrillar collagen during early phases of wound healing. By day 7 post-wounding, the 

increase in leukocyte accumulation found in CD44-null wounds did not correlate to 

alterations in cytokine levels. These data suggests that at day 7 post-wounding, either the 

increase in leukocytes is not sufficient to increase cytokine levels or that an increase in 

additional cell types, such as mesenchymal cells, offsets the increase in leukocyte. Further 

studies need to be conducted to delineate the cross-talk between fibroblasts and 

inflammatory cells in regulating cytokine levels during early phases of wound healing.

An interesting finding from our study was that CD44 deficiency increased fibrillar collagen 

accumulation in closed wounds, scar tissue, and in an in vitro model of fibroblast-derived 

matrices. Collagen has been a speculated CD44 ligand [18], Soluble CD44 (sCD44), 

generated after cleavage from extracellular membrane, can be integrated bind to ECM 

components including collagen [21], Immunoprecipitation studies have also demonstrated 

collagen XIV, a fibril associated collagen, can directly interact with CD44 [72]. Despite this 

evidence for collagen-CD44 interactions, few studies have investigated the role that CD44 

plays in collagen accumulation or organization. In models of infarct healing and renal 

fibrosis, CD44-null mice had reduced total collagen accumulation, myofibroblast infiltration 

and impaired TGF-β signaling [29,73], On the other hand, in atherosclerosis CD44 

deficiency had increased fibrous cap formation [32], In a bleomycin induced lung injury 

model, CD44-null mice showed no significant differences in pulmonary fibrosis [31]. 

Combined, these data indicate that the role of CD44 in collagen accumulation is tissue, 

injury and context dependent. A possible hypothesis for these paradoxical roles of CD44 in 

Govindaraju et al. Page 9

Matrix Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



collagen accumulation is the nearly ubiquitous expression of CD44 on various cell types 

present in response to injury. Therefore, depending on the milieu, CD44 can play 

contradictory roles. Keeping this in mind, in our current study we analyzed wounds during 

early inflammatory (day 5), late inflammatory (day 7), remodeling (day 11), and resolution 

(day 63) phases. During early and late inflammatory phases, we found that CD44-null mice 

had reduced fibrotic response, including reduced FAP+ activated fibroblasts and fibrillar 

collagen accumulation. However, during remodeling and resolution phases we found that 

CD44-null mice had increased fibrillar collagen. This data supports the hypothesis that the 

role of CD44 in collagen accumulation is contextually regulated.

In order to elucidate the role of CD44 in collagen biosynthesis and turnover, day 11 wounds 

were biochemically analyzed. Collagen post-translational modifications include 

hydroxylation of proline and lysine residues, O-glycosylation of hydroxylysine residues, and 

intermolecular crosslinking. Post-translational modification of collagen is crucial for the 

stability of the triple-helical conformation of fibrillar collagen [74,75]. CD44-null wounds 

exhibited no differences in the level of hydroxylated proline residues or lysl oxidase at day 

11 post-wounding or in vitro FDMs compared to WT controls. Collagen crosslinking and 

architecture have been identified as determinants of tensile strength in scar tissue 

[2,3,34,76]. In a normal skin, fibrillar collagen is present in a “basket weave” orientation, but 

in a scar tissue fibrillar collagen is present in greater amounts, and is accumulated in large 

bundles parallel to the length of the tissue. Due to the change in collage amounts and 

architecture, scar tissue is more susceptible to rupture/tear when stretched [34]. Consistent 

with these observations, we found that increased fibrillar collagen accumulation observed in 

CD44-null scar tissue was associated with concomitant reduction tensile strength. We also 

found that majority of collagen fibers were aligned parallel to the length of the tissue. 

However, we did not observe any differences between WT and CD44-null fibrillar collagen 

width, length and angle in scar tissue. These data suggest that in this setting, CD44 may not 

play a significant role in collagen post-translational modification or crosslinking, although 

further in-depth studies would need to be conducted to support these results. For example, 

analysis of WT and CD44-null wounds for collagen crosslinking products dehydro-

dihydroxylysinonorleucine (DHLNL), dehydro-hydroxylysinonorleucine (HLNL), and 

dehydro histidinohydroxymerodesmosine (HHMD) will further help elucidate the role of 

CD44 in collagen crosslinking.

While our data did not show any differences in collagen crosslinking, we found that CD44-

null wounds had reduced collagenase activity. These data support prior evidence implicating 

CD44 in cell surface MMP9 localization [14], MMP2 and MMP9 expression in tumor cells 

[77], and MMP activation in tumor cells [78]. Our results indicate that FDMs derived from 

CD44-null fibroblasts and CD44-null wounds have reduced collagenase activity and 

increased fibrillar collagen accumulation compared to WT controls. These results indicate 

that CD44 mediated collagen proteolysis regulates fibrillar collagen accumulation during 

cutaneous wound healing.

Prior studies have demonstrated the role of CD44 in various pathophysiological states 

including mouse models of cancer, atherosclerosis, pulmonary fibrosis and bacterial 

infections [21,25,30,32,41,42,78–80]. The impact of CD44 in these models can at least in 
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part be attributed to CD44-mediated signal transduction induced by HA engagement of the 

receptor and thereby regulating leukocyte trafficking, cell proliferation, actin-cytoskeletal 

remodeling, and vascular smooth muscle cell differentiation. However, CD44 has also been 

implicated in T-lymphocyte migration within tumors independent of the HA binding motif 

contained within the extracellular domain [81]. CD44 can also function as a docking 

platform for various matricellular proteins, proteases, and growth factors as well as 

molecular interactions with other cell surface molecules such as c-Met [17]. Herein, we 

demonstrate a novel role for CD44 in the fibro-inflammatory response to cutaneous injury. 

Our data indicate that in this context CD44 acts through regulating remodeling of the 

collagen-rich matrix and that CD44-dependent matrix remodeling contributes to resolution 

of the response to injury. In light of these new findings, it will be interesting to explore the 

mechanisms involved in the CD44-dependent collagen rich matrix remodeling and to assess 

the functional outcome of CD44-dependent matrix remodeling in other pathophysiological 

settings.

Material and Methods

Animals

WT BALB/c mice were purchased from Charles River Laboratory Inc. CD44-null mice [41] 

were backcrossed 12 generations onto a BALB/c background. Mice were used between 10 – 

16 weeks of age. All mice were housed in University of Pennsylvania facilities, and all 

research was overseen by University Laboratory Animal Resources (ULAR). Experimental 

protocols were approved by the Institutional Animal Care and Use Committee and were in 

compliance with the Guideline for the Care and Use of Animals.

Generation of full-thickness excisional wounds

Mice were anesthetized using isoflurane (Henry Schein) and two equidistant 6-mm full 

thickness excisional wounds were generated using biopsy punches (Miltex) in the dorsal 

skin 4 mm below the shoulder blades. The wounds were covered using curad dressing 

(Medline) and tegaderm adhesive tape (Medline). Wound closure was determined by taking 

digital pictures every other day. Mice were sacrificed 5, 7, 11, or 63 days after wounding 

using CO2.

Immunohistochemistry (IHC) and immunofluorescence (IF) analysis

Skin samples were collected, fixed in prefer (Anatech Ltd.), and paraffin-embedded. Skin 

samples were laterally bisected through the midline and 5-μm sections were mounted onto 

positively charged glass slides. Hematoxylin and eosin staining was conducted by the Penn 

Vet comparative pathology core. Masson’s Trichrome Staining Kit (Sigma-Aldrich) was 

used to analyze total collagen accumulation as per manufacturers’ instructions. Picrosirius 

Red staining was conducted using 0.1% Direct Red 80 (Sigma-Aldrich). For all other stains, 

tissue sections were wax-cleared, rehydrated then subjected to antigen retrieval (Table S1). 

For IHC, sections were blocked with avidin/biotin blocking kit (Vector Labs), 3% H2O2 

(Sigma-Aldrich), and 10% goat serum prior to incubation with overnight primary antibody 

incubation in 10% goat serum in 1% BSA/PBS (Table S1). Sections were then incubated 

with secondary antibody in 1% BSA/PBS (Table S1), ABC Elite Reagent (Vector Labs), and 
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DAB (Dako). For IF, sections were blocked with 10% goat/donkey serum prior to primary 

antibody incubation (Table S2). Sections were then incubated with anti-FITC/TRITC (Table 

S2). To reduce tissue auto-fluorescence sections were treated with 0.1% Sudan black (in 

70% ethanol) prior to counter staining with DAPI. For all staining, 10x (IHC) or 20x (IF) 

images were acquired using a Nikon Eclipse Ti-E inverted microscope. The motorized stage 

was utilized to obtain multichannel stitched-images of the entire skin section (including 

normal skin and granulation tissue). IHC and IF stain quantification was conducted using 

NIH Image J analysis software and NIS-elements analysis software.

Two-Photon Second-Harmonic Generation (2P-SHG)

Fibrillar collagen images were obtained using a Leica SP5 confocal/multiphoton (5-μm 

paraffin embedded sections day 7, 11, and decellularized FDMs) or a Leica SP8 confocal/

multiphoton microscope (5-μm paraffin embedded sections day 5 and 63). 2P-SHG signal 

was obtained by tuning coherent chameleon Vision II Ti:Sapphire laser to 800 nm and an 

external non-descanned detector (HyD) configured to capture wavelengths <495 nm. Tissue 

autofluorescence signal was obtained by tuning two additional non-descanned detectors to 

495 to 560 nm and 560 to 620 nm wavelengths. Fibrillar collagen images were obtained by 

subtracting autofluorescnce signal from the original SHG image. For wound healing 

samples, a motorized stage was utilized to obtain multichannel stitched-images of the entire 

skin section (including normal skin and granulation tissue). For decellularized matrices, 5 

SHG images were acquired per matrix, and each experiment was conducted in triplicate.

Curvelet Transform Fiber Extraction Analysis (CT Fire Analysis)

Quantitative evaluation of collagen fibers were conducted as previously described [82]. A 

binary image was formed based on manually selected threshold parameters using the FIRE 

algorithm to detect fibers and eliminate potential background pixels. A preprocessed 

algorithm was then utilized to quantify fiber angle, length, width, and straightness.

In-situ Zymography

MMP activity was measured using in-situ zymography as previously described [83]. 5-μm 

paraffin embedded sections were wax-cleared and rehydrated. As per manufacturers 

instructions, skin sections were incubated with DQ Gelatin or DQ Collagen 1:200 

(Thermofisher) in reaction buffer (50 mM Tris, 150 mM NaCI, 5 mM CaCl2, 0.2 mM NaN3) 

for 2 hours. Control sections were treated with reaction buffer alone (no DQ Gelatin or DQ 

Collagen). Sections were then treated with Sudan black, counterstained with DAPI and 

mounted with slowfade gold (Thermofisher). Using a motorized stage, 20x fluorescence 

images of the entire skin section were acquired using a Nikon Eclipse Ti-E inverted 

microscope.

Isolation of primary dermal fibroblasts

Primary dermal fibroblasts were isolated from naïve unwounded 10 – 16 weeks old WT and 

CD44-null BALB/c mice. Dorsal and ventral skin sections were finely minced and digested 

using 1 mg/ml collagenase type II (Worthington) and hyaluronidase (Sigma-Aldrich) in 

DMEM (Corning Inc.) at 37°C for 1.5 hours. Digestion was quenched using equal volume of 
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10% fetal calf serum (FCS) DMEM, strained through a 70 μm cell strainer (Corning Inc.), 

and pelleted by centrifugation at 1200 rpm for 5 minutes at 4°C. Cell pellets were washed 

with PBS (Corning Inc.) and resuspended in 10% FCS-DMEM containing 0.02 M HEPES, 

1mM L-Glutamine, 10 units penicillin and 10 μg streptomyocin, 0.05 mg gentamicin, and 

0.25 μg amphothericin B and plated on tissue culture-treated plastic (polystyrene). Cells 

were maintained at 37 °C with 5% CO2 in a humidified incubator. The following day, cell 

monolayers were thoroughly washed with PBS and supplemented with fresh media. Cells 

were maintained in 10% FCS DMEM on tissue culture-treated plastic for one passage. First 

passage fibroblasts were used for all experiments.

Fibroblast-Derived Matrices (FDMs)

FDMs were generated as previously described [58]. 5.0×105 first passage dermal fibroblasts 

were plated onto 0.2% cross-linked gelatin (Fisher Scientific) coated 35-mm plates. The next 

day, fibroblasts were supplemented with 75 μg/ml of ascorbic acid (Fisher Scientific), which 

was replenished every 48 hours for 8 days. Matrices were decellularized for matrix analysis 

using detergent treatment with 0.5% Triton X-100, 20 mM NH4OH in PBS for 5 minutes at 

37°C [84].

Calcein AM

Cell viability was analyzed using a calcein AM cell permanent dye as per manufacturer’s 

instructions. On 8th day of matrix production, FDMs were washed twice with PBS and then 

incubated with 1 μm calcein AM for 30 minutes at room temperature. Fluorescence 

excitation was measured at 485 nm. Data was represented as raw fluorescence units (RFU).

Quantitative Real-Time PCR

A 4 mm biopsy punch was used to extract wounds at closure (day 11 post-wounding). 

Samples were flash frozen using liquid nitrogen and crushed with a mortar and pestle on dry 

ice. RNA isolation was conducted using TriZol (Invitrogen) as per manufacturer’s 

instructions. Gel electrophoresis was conducted to ensure RNA quality. 1 μg RNA was 

utilized for cDNA synthesis using TaqMan Reverse Transcription kit (Applied Biosystem). 

Transcript levels were quantified using StepOnePlus Real-Time PCR System (Applied 

Biosystems) and SYBR Green (Invitrogen). All samples were run in triplicate and averaged. 

mRNA levels for each gene of interest were normalized to Hprt. Primer Sequences: Hprt1-F, 

5’-tgacactggtaaaacaatgca; Hprt1-R, 5’-ggtccttttcaccagcaagct; Mmp2-F, 5’- 

cccatgaagccttgtttacca; Mmp2 -R, 5’-tggaagcggaacgggaact; Mmp14-F, 5’- 

ccgaccgcgctctagga; Mmp14-R, 5’- cgcgccgcctctctt; Mmp8-F, 5’- 

aaaagggaagctcagtctgtatactc; Mmp8-R, 5’- agagggctgcagagttagttacca; 

Mmp9-F, 5’- tatttttgtgtggcgtctgagaa; Mmp9-R, 5’- gaggtggtttagccggtgaa; 

Lox-F, 5’-gggagtggcacagctgtca; Lox-R, 5’- tcctctgtgtgttggcatcaag.

Immunoblot

A 6 mm biopsy punch was used to extract wounds days 5 and 7 post-wounding. Samples 

were flash frozen using liquid nitrogen and crushed with a mortar and pestle on dry ice. 

Protein lysates were obtained using RIPA lysis buffer (Thermofisher) and were 
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supplemented with complete protease inhibitor tablets (Sigma-Aldrich), sodium 

orthovanadate, and sodium fluoride. Protein concentration was measured using a BCA 

protein assay kit (Thermofisher). 10 μg of protein was loaded onto a 4 – 12% Bis/Tris Mini 

Gel (Thermofisher), transferred onto PVDF membrane, and probed with antibodies to anti-

MRC2 (Endo 180, abeam), β-Actin (Cell Signaling), followed by HRP-conjugated goat anti-

rabbit secondary antibody (Sigma-Aldrich).

ELISA

Analysis of IL-4 (eBioscience), IL-1β (eBioscience), IL-10 (eBioscience), and TNF-α 
(eBioscience) in wound samples were conducted using above mentioned protein lysates as 

per manufacturer’s instructions.

Flow Cytometry

Dorsal and ventral skin samples were extracted from 10 – 16 week old WT and CD44-null 

mice and digested using 10 ml of 1 mg/ml collagenase type II and hyaluronidase in DMEM 

for 2 hours at 37°C. Tissue lysates were then filtered through 70- and 40-μm cell strainer 

(Corning Inc.). For FDM experiments, cells depositing matrices were treated with 2 ml of 

500 μg/ml of collagenase type I (Worthington) in DMEM for 30 minutes followed by 5 

minutes trypsinization 37°C and filtration through a 70-μm cell strainer. The obtained single-

cell suspension was stained for viability using aqua live/dead fixable cell stain kit 

(Molecular Probes). Extracellular stromal cell analysis was conducted using antibodies listed 

Supplemental Table 3. Prior to intracellular staining with anti-αSMA FITC 1:540 (Sigma 

Aldrich), cell suspension was fixed and permeabilized using cytofix/cytoperm fixation 

permeabilization kit (BD Bioscience). Unstained, LIVE/DEAD only, and single stains were 

used as controls. Single cells were gated on using forward and side scatter width and height 

event characteristics. The specificity of the FAP antibody was verified using FAP-null 

fibroblasts. Flow cytometric analyses were performed on a LSR-Fortessa using FACSDiva 

software (BD Bioscience) and data were analyzed using FlowJo (Tree Star).

Hydroxyproline Assay

Hydroxyproline assay was conducted as previously described [85]. 4 mm normal and 

wounded skin biopsies were weighed, cut and digested overnight at 110°C in 1 ml of 6N 

HCI. After neutralization with equal volume 6N NaOH, the pH was adjusted (6.0<pH<10.0). 

FDMs were treated with 100 μl 6N NaOH, collected using a cell scraper, and digested at 

110°C for 20 minutes. Samples (100 μl) were mixed with 1 ml chloramine T solution for 20 

minutes at room temperature, followed by 1 ml erlich’s solution (Sigma Aldrich) and 

incubated at 65°C for 15 minutes. 200 μl aliquots were transferred to 96-well plates, and 

absorbance was measured at 570 nm. Collagen content was calculated by comparison with a 

standard curve generated with cis-4 hydroxy-L-proline (0.01–110 μg/ ml; Sigma-Aldrich), 

using the conversion factor of 1 μg hydroxyproline, corresponding to 6.94 μg collagen. Total 

collagen was expressed as μg collagen normalized to mg of tissue weight or raw 

fluorescence unit corresponding to calcein AM signal.
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HA Purification and ELISA

4 mm biopsy punches were conducted to obtain normal skin samples. HA purification was 

conducted by digesting skin samples in 10 mg/ml proteinase K in ammonium acetate at 

60°C for 4 hours. 4 volumes of pre-chilled 200 proof ethanol was added and samples were 

incubated at −20°C overnight. Samples were then pelleted by centrifugation at 14,000 g for 

10 minutes at room temperature followed by 4 volumes of pre-chilled 75% ethanol and re-

pelleted by centrifugation at 14,000 g for 10 minutes. Pellets were air-dried and resuspended 

in 100 μl 100 mM ammonium acetate. A second ethanol precipitation was conducted by 

repeating aforementioned protocol and samples were resuspended in 20 ul of 100 mM 

ammonium acetate. Total amount of HA was quantified using Hyaluronan DuoSet ELISA 

Kit (R&D) as per manufacturer’s instructions.

Tensile Strength Analysis

Wound samples were extracted using a standardized method via the use of a dog-bone punch 

resulting in a gauge length of 10mm and width of 2.5mm at the smallest cross-section. The 

cross-sectional area of the samples was measured at 5 locations via a custom laser-based 

measuring device [86]. The final area was determined as the average of these five readings. 

Sample termini were sandwiched between sandpaper (grit = 400) using cyanoacrylate glue. 

The dog-bone skin samples were then placed in metal clamps and tested in an Instron 5542 

materials testing machine (Instron Inc.). The mechanical testing protocol consisted of a 

preload to 0.25N followed by a 60 second hold to collect gauge length images. This was 

followed by a ramp to failure at a ramp rate of 0.24mm/sec till failure of the sample 

occurred. Parameters collected were: maximum load (N), maximum strain (mm/mm), 

stiffness (N/mm, slope of the linear region from the load-displacement curve), maximum 

stress (N/mm^2, maximum load divided by the cross-sectional area), and Young’s modulus 

(N/mm^2, slope of the linear region from the stress-strain curve).

Statistical Analysis

All results are expressed as mean ± SEM. Statistical analysis was performed using 2-tailed 

student’s t test (GraphPad Prism 7.0). Asterisks denote statistical significance: **** p < 

0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Dr. Susan Volk for helpful discussions that facilitated the design of experiments and conception of the 
manuscript. We thank the PCMD Biomechanics Core for conducting the tensile strength analysis and the histology 
facility at the Ryan Hospital of the School of Veterinary Medicine at the University of Pennsylvania. The authors 
declare no competing financial interests.

Funding

This work was supported by a grant from the NIH P30 AR069619 (PCMD Biomechanics Core).

Govindaraju et al. Page 15

Matrix Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations:

HA Hyaluronic Acid

ECM Extracellular Matrix

MMP-9 Matrix Metalloproteinase-9

VEGF Vascular Endothelial Growth Factor

EGF Epidermal Growth Factor

TGF-β Transforming Growth Factor-Beta

VSMC Vascular Smooth Muscle Cells

2P-SHG Two-photon Second Harmonic Generation

FN Fibronectin

FAP Fibroblast Activation Protein

αSMA Alpha-Smooth Muscle Actin

RHAMM Receptor for HA-Mediated Motility

ICAM-1 Intracellular Adhesion Molecule-1

LOX Lysyl Oxidase

sCD44 soluble CD44

FDMs Fibroblast Derived Matrices

IHC Immunohistochemistry

IF Immunofluorescence

DHLNL dehydro-dihydroxylysinonorleucine

HLNL dehydro-hydroxylysinonorleucine

HHMD dehydro-histidinohydroxymerodesmosine
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Highlights

• CD44 deletion increases the kinetics of leukocyte infiltration while delaying 

the accumulation of FAP+ fibroblasts and fibrillar collagen during early 

phases of wound healing.

• Spatial and temporal distribution of FAP+, but not total mesenchymal cells or 

α-SMA+ fibroblasts, is CD44 dependent.

• CD44-dependent collagenolysis regulates fibrillar collagen accumulation 

during the tissue-remodeling phase of wound healing and in vitro.

• CD44 deletion increases the fibrogenic response and reduces the tensile 

strength of scar tissue.
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Figure 1. CD44 deficiency alters the kinetics of fibrillar collagen accumulation during cutaneous 
wound healing.
A) Representative images illustrating the generation of two 6 mm excisional biopsy punches 

on the dorsal side of WT and CD44 KO BALB/c mice. B) Quantitative measurement of 

wound area on days 1, 3, 5, 7, 9 and 11 post-wounding was conducted using the formula A = 

Πr2. C) Representative 20x images of type I collagen staining of wounds extracted 5, 7, and 

11 post-wounding (left), n=6-7 per group. White arrows indicate wound edges. 

Quantification of type I collagen staining normalized to total area of granulation tissue 

(right). Scale bars = 500μm D) Representative 20x images of two-photon second harmonic 

generation (2P-SHG) images to visualize fibrillar collagen accumulation of wounds 

extracted 5, 7, and 11 days post-wounding (left), n = 6-7 per group. Quantification of SHG 

signal (right). Scale bars = 200μm. Bar graphs depict mean ± SEM. * p < 0.05

Govindaraju et al. Page 23

Matrix Biol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. CD44 deficiency attenuates FAP+ fibroblast accumulation during early phases of 
wound healing.
A) Representative 10x images of vimentin, α-SMA, and FAP IHC images 5 days 7 days and 

11 days post-wounding. Black arrows indicate wound edges. Quantification of B) vimentin+ 

area C) α-SMA+ area and D) FAP+ area normalized to total granulation tissue area, n=6-7 

per group. Scale bars = 500¼m. Bar graphs depict mean ± SEM. ** p < 0.01 and * p < 0.05
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Figure 3. CD44 deficiency reduces collagenolysis during cutaneous wound healing.
A) Representative 20x images of DQ collagen staining of wounds extracted 5, 7, and 11 

days post-wounding (left) and quantification of DQ collagen positive area normalized to 

total granulation tissue area (right), n=6-7 per group. B) Representative 20x images of DQ 

gelatin staining of wounds extracted 5, 7, and 11 days post-wounding (left) and 

quantification of DQ gelatin positive area normalized to total granulation tissue area (right), 

n=6-7 per group. White arrows indicate wound edges. Scale bar = 500μm. Bar graphs depict 

mean ± SEM. * p < 0.05
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Figure 4. CD44-null fibroblast-derived matrices have increased fibrillar collagen accumulation 
and reduced MMP activity compared to WT.
A) Representative 2P-SHG images of decellularized matrices derived from WT or CD44-

null dermal fibroblasts (left). Scale bars = 200μm. Quantification of SHG positive area. Data 

combined from 5 independent experiments (right). B) QRT-PCR of Mmp 14, Mmp8, Mmp9, 

and Mmp 2 mRNA levels in fibroblasts depositing matrices on 8th day of matrix production. 

Data combined from 4 independent experiments. C) Representative IF images of 

decellularized matrices derived from WT and CD44-null dermal fibroblasts supplemented 

with DQ collagen 24 hours prior to decellularization. Data combined from 3 independent 

experiments. Scale bars =100 μm. Bar graphs depict mean ± SEM. ** p < 0.01
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Figure 5. CD44 deficiency increases fibrogenic response and reduces tensile strength in scar 
tissue.
A) Representative 20x 2P-SHG images of wounds 63 days post-wounding (left). Scale bars 

= 200μm Quantification of SHG positive area normalized to total scar tissue area (right), 

n=8 per group. B) Representative 20x type I collagen IF images of wounds 63 days post-

wounding (left). Quantification of type I collagen positive area normalized to total scar 

tissue area (right), n=6 (WT) and 7 (CD44 KO). C) Representative 20x DQ collagen IF 

images of wounds 63 days post-wounding (left). Quantification of DQ collagen positive area 

normalized to total scar tissue area (right), n=6 (WT) and 7 (CD44 KO). D) Representative 

20x fibronectin IF images of wounds 63 days post-wounding (left). Quantification of FN 

positive area normalized to total scar tissue area (right), n=6 (WT) and 7 (CD44 KO). E) 

Representative 10x vimentin IHC of wounds 63 days post-wounding (left). Quantification of 

vimentin positive area normalized to total scar tissue area (right), n=6 (WT) and 7 (CD44 

KO). Arrows indicate wound edges. F) Quantification of Young’s Modulus using ramp to 

failure test of WT and CD44-null wounds 63 days post-wounding, n=8 (WT) and 9 (CD44 

KO). Scale bar = 500 μm. Bar graphs depict mean ± SEM. *** p < 0.001 * p < 0.05
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Figure 6: Schematic representation of the impact of CD44 loss on evolution of leukocytes, 
fibroblasts and fibrillar collagen over the course of wound healing.
During early phases of wound healing (days 5 & 7), CD44 deletion increases the 

inflammatory response while delaying the fibrotic response. During the tissue remodeling 

phase of wound healing (days 11 & 63), CD44 deletion decreases collagenolysis, which 

correlates with increased fibrillar collagen accumulation.
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