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Thus, we investigated the capacity of multiple, primary DFU-derived fibroblast
strains to express, produce, and assemble ECM proteins compared to diabetic
patient-derived  fibroblasts and healthy donor-derived fibroblasts. Gene
expression microarray analysis showed differential expression of ECM and
ECM-regulatory genes by DFU-derived fibroblasts which translated to functional
differences in a 3D in vitro ECM tissue model. DFU-derived fibroblasts
produced thin, fibronectin-rich matrices, and responded abnormally when
challenged with transforming growth factor-beta, a key regulator of matrix
production during healing. These results provide novel evidence that DFU-
derived fibroblasts contribute to the defective matrices of DFUs and chronic
wound pathogenesis.
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INTRODUCTION I Collagen replaces fibronectin, becoming the predominant
. . o ) ) ) ECM constituent and resulting in a more mature ECM.
Diabetic foot ulcers (DFU) significantly impair patient — Despite our understanding of the role of fibronectin in

quality of life and lead to prolonged hospitalizations. physiological wound healing, its involvement in the
These chronic wounds have been linked to altered produc- impaired healing of DFUs remains unclear.
tion of extracellular matrix (ECM) proteins,l_6 aberrant While altered ECM production has been implicated in
cellular infiltration,” and compromised angiogenesis.*”  the impaired healing of chronic wounds,*®'>'7 the nature
Although understanding of the pathophysiology of DFUs of these alterations varies between studies. For instance, it
has increased in recent years,z’m’11 existing therapies con- has been shown that venous ulcer-derived fibroblasts syn-
tinue to have high failure rates and require repeat applica- thesize similar amounts of fibronectin in vitro when com-
tions that drive up treatment costs.'>”'> Thus, there is a pared to healthy fibroblasts. Yet, immunohistological
compelling need to better understand the biological basis studies have shown that the base of venous ulcers is defi-
of DFUs to develop more effective therapies.'® cient in fibronectin.'® Unlike in venous ulcers, fibronectin
DFUs develop when one or more of the spatially and expression is known to be elevated in a variety of organs

temporally coordinated processes in the wound healing
cascade go awry. One of the critical mediators of cutane- . .
ous wound healing is the ECM. During the early, prolifera- 3D Three-dimensional

tive phase of physiologic wound healing, a provisional coL1 Type I Collagen ,
.. X . . DAPI 4’ ,6-diamidino-2-phenylindole
ECM, consisting of fibronectin, tenascin, and Type III Col- i
. . . . DFU Diabetic foot ulcer

lagen is secreted and assembled by fibroblasts. This provi- .

R . R X ECM Extracellular matrix

sional matrix serves as a scaffold for cell migration and = Fibronectin
proliferation, and as a depot for growth factor release.'™" H&E Hematoxylin and eosin
During the subsequent remodeling phase of healing, Type TGF-B Transforming growth factor-beta
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associated with diabetic complications,19 however the bio-
logical significance of elevated fibronectin in diabetic skin
wounds has not been established. It has been suggested
that sustained expression, incomplete degradation, and/or
inadequate clearance of fibronectin prevents the shift from
the prohferatlve to remodeling phase and limits cutaneous
wound heahng In contrast, it has been shown that top1ca1
application of flbronectm may improve wound healing in
diabetic mice. Further studies are needed to elucidate
how fibronectin participates in the impaired healing micro-
environment of DFUs.

One of the primary mediators of ECM production and
remodeling is transforming growth factor-beta (TGF-f).
During physiological wound healing, latent TGF-B is
sequestered in the ECM. When activated, TGF-B stimu-
lates fibroblast proliferation and differentiation into myofi-
broblasts, which secrete, remodel, and contract the ECM."’
Therefore, the altered response of fibroblasts to TGF-f in
chronic wounds could play an integral role in impaired
ECM deposition and reorganization.

To more accurately study how an altered ECM contrib-
utes to impaired DFU healing, we recently developed a
three-dimensional (3D) tissue model that closely mimics
the in vivo diabetic ECM microenvironment.” In this
model, primary human fibroblasts are stimulated to secrete
and assemble a 3D ECM tissue that is similar in composi-
tion to wound granulation tissue.?' In the current study, we
used this platform to demonstrate that fibroblasts isolated
from DFUs (DFUFs) and site-matched, nonulcerated, dia-
betic skin (DFFs) produced significantly less ECM com-
pared to those isolated from site-matched, nonulcerated,
nondiabetic skin (NFFs). 20 spite of this, DFUF-
produced ECM tissues exhibited higher levels of fibronec-
tin, 51m11ar to what is known to occur in diabetic kidney
disease.'” This elevated expressmn of fibronectin suggests
that DFU-derived fibroblasts in 3D tissues models retain
properties of the in vivo diabetic microenvironment. When
challenged with TGF-3, DFUFs produced 3D ECM tissues
that were morphologically similar to DFFs and NFFs, sug-
gesting that reduced ECM production and failure to heal
may not be due to the inability of DFU fibroblasts to
respond to TGF-B. However, the fibronectin content was
reduced in TGF-B-stimulated matrices produced by DFUFs
compared to those produced by DFFs and NFFs. This sug-
gests that while DFUFs are responsive to TGF-, their
response is atypical and may contribute to impaired ulcer
healing.

METHODS

Cell culture

Primary fibroblasts were isolated from discarded, de-
identified skin specimens collected under a protocol
approved by the Beth Israel Deaconess Medical Center
Institutional Review Board. Three groups of fibroblasts
were isolated, all from different patients: diabetic foot ulcer-
derived fibroblasts (DFUF), nonulcerated, site-matched, dia-
betic foot fibroblasts (DFF), and nonulcerated, site-matched
nondiabetic foot fibroblasts (NFF). All fibroblasts were
expanded and maintained in fibroblast growth media con-
sisting of DMEM (Invitrogen, Carlsbad, CA), 10% FBS
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(HyClone, Logan, UT), HEPES (Sigma-Aldrich, St. Louis,
MO), and Pen/Strep/Fung (Invitrogen) at 37°C and 7.5%
CO,. Fibroblasts were passaged when confluent using
0.05% trypsin/EDTA (Invitrogen). Experiments were con-
ducted with cells between passages 4 and 7.

Gene expression microarray

The Ilumina HumanHT-12 v4 Expression BeadChip array
containing more than 47,000 probes was used to investi-
gate genome-wide transcriptional expression differences
between fibroblast groups (Illumina, San Diego, CA).
Briefly, fibroblasts were grown until confluence and RNA
was isolated using a Qiagen RNeasy Mini kit according to
manufacturer’s instructions (Qiagen, Hilden, Germany).
RNA quality and purity were confirmed using a nanodrop
(Thermo Scientific, Waltham, MA) and bioanalyzer (Agi-
lent, Santa Clara, CA). Samples with an RNA Integrity
Number (RIN) of 9 or greater were used. The Yale Center
for Genome Analysis (New Haven, CT) performed hybrid-
ization of the samples and scanning of the array according
to the manufacturer’s instructions. Raw data was analyzed
using R/Bioconducter and MicroarrayRUs. 22.23 Quality
control analyses indicated that all arrays were of high
quality with no technical outliers. Data were then log
transformed and quantile normalized. Differentially
expressed genes were determined using the limma imple-
mentation of 1-way ANOVA with 1.5-fold change and
p-value <0.05 cutoffs. GOrilla was used to perform gene
set enrichment analysis.**

Immunofluorescence

To examine the localization of Type I Collagen and fibro-
nectin, immunofluorescence staining was performed on
fibroblasts grown in monolayer culture by standard stain-
ing procedures. Briefly, fibroblasts were grown on cham-
ber slides and fixed with 4% paraformaldehyde for five
minutes. Cells were blocked in 5% goat serum/0.2% BSA/
PBS with and without permeabilization with 0.1% Triton-
X for 30 min at room temperature. Then, cells were incu-
bated in primary antibody in 0.2% BSA/PBS for 1 hour at
room temperature, washed, and incubated in appropriate
secondary antibodies (Invitrogen). Slides were mounted
with DAPI (Vector Labs, Burlingame, CA) and imaged
using a Nikon Eclipse 80i microscope and Spot Advanced
software (Diagnostic Instruments, Sterling Heights, MI).
Primary antibodies used were anti-Collagen Type 1
(Abcam, Cambridge, MA) and anti-Fibronectin (BD Bio-
sciences, San Jose, CA).

Fabrication of 3D self-assembled ECM
tissues cultures

Using a 3D self—assembled ECM model previously estab-
lished in our lab,**?' we measured differences in the
capacity of the fibroblasts to produce an ECM that is simi-
lar to granulation tissue during normal wound repair.
Fibroblasts were seeded in six replicate wells (three for
histology and three for protein collection) in 1.0 pM pore
Millicell Hanging Cell Culture mserts (Mllhpore Billerica,
MA), at a density of 5 X 10° cells/cm?. Cells were fed
every 3 days with media supplemented with 10 pg/mL
ascorbic acid (Sigma-Aldrich). After 5 weeks, three tissues
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were frozen in liquid nitrogen for later protein extraction.
The remaining three tissues were fixed with 10% buffered
formalin overnight, processed, paraffin-embedded, and tis-
sue sections were stained by hematoxylin and eosin
(H&E). To measure ECM production, three random areas
of multiple tissue sections were used to quantify the tissue
area normalized to section length and cell number using
Imagel software (NIH, Bethesda, MD). Tissue thickness is
expressed as mean thickness pM/cell £S.D. For TGF-
stimulation of ECM tissues, 2 ng/mL TGF-B1 (R&D Sys-
tems, Minneapolis, MN) were added to the media for the
final 2 weeks of culture. To capture tissue morphology,
the entire tissue length was imaged and the images were
compiled into a panorama using Image Composite Editor
(Microsoft, Redmond, WA).

Protein extraction and Western blot

To examine the composition of ECM tissues, protein was
extracted from three, pooled replicate tissues grown in the
3D self-assembly assay. Deoxycholate (Sigma-Aldrich)
lysis buffer with protease inhibitors was added to the tis-
sues®! and tissues were homogenized by hand using a plas-
tic pestle. Homogenates were then sonicated briefly three
times on ice. Protein concentration was determined using a
BCA protein assay (ThermoFisher Scientific, Pierce, Rock-
ford, IL).

For Western blot analysis, protein samples were sepa-
rated on a 4-20% SDS-PAGE pre-cast gel (Bio-Rad, Her-
cules, CA) and transferred to a nitrocellulose membrane.
Membranes were blocked in 5% milk/PBST for 1 hour at
room temperature and then incubated in primary antibody
in 5% milk/PBST overnight at 4 °C (Fibronectin; BD Bio-
sciences, GAPDH; Abcam, Type I Collagen; Abcam,
EDA-containing fibronectin; Abcam). The following day,
membranes were washed with PBST and incubated in
appropriate secondary antibody (Jackson ImmunoResearch
Laboratories, Inc.) at a concentration of 1:10,000 in 5%
milk/PBST for 1 hour at room temperature. The blots for
fibronectin, Type I Collagen, and GAPDH from the 12
fibroblast strains were developed using Clarity Western
ECL (Bio-Rad) and x-ray radiography film. Densitometry
was performed using ImageJ and expression was normal-
ized to GAPDH. All other blots were imaged using Bio-
Rad’s ChemiDoc MP imaging system and were normalized
to total protein. Blots were repeated at least twice and
images and quantification shown are representative results.

Collagen gel contraction assay

To assess the ability of fibroblasts to contract and remodel
a matrix in response to TGF-3, a floating collagen gel con-
traction assay was performed similarly to established proto-
cols.”® Fibroblasts were mixed with PureCol bovine Type I
Collagen solution (Advanced BioMatrix, San Diego, CA,
final concentration 1.5 mg/mL) on ice and plated in a 24-
well culture plate. Gels were allowed to solidify at 37°C
for one hour, at which point 0.1% serum media was added
on top of the gels. The following day, the gels were care-
fully detached from the edges of each well and stimulated
with vehicle or 2 ng/mL TGF-B1 (R&D Systems) in 0.1%
serum media for 5 days. The gels were imaged with a digi-
tal camera (Fujifilm; Valhalla; NY) and' the surface area
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was quantified using ImageJ. Gel contraction is expressed
as mean = S.D percent decrease in surface area relative to
vehicle control treatment of triplicate gels.

RNA extraction

Total RNA was extracted from DFUF, DFF, and NFF
fibroblasts grown in monolayer at passage 4 using the Qia-
gen RNeasy mini kit following the manufacturer’s instruc-
tions. RNA quality was assessed using a bioanalyzer
(Agilent technologies) to estimate the RNA integrity num-
ber. Samples with a RIN higher than 5 were used.

Analysis of gene expression by qRT-PCR

For gene expression analysis, cDNA was made with
iScript cDNA Synthesis kit (Bio-Rad). One nanogram of
RNA was used per reverse transcription reaction. All real-
time PCR reactions were done in triplicate using the iQ
SYBR Green SuperMix (Bio-Rad) and the relative gene
expression was calculated using the ddCt method. GAPDH
was used as a reference gene. Sequences of primers used
in gqRT-PCR are presented in Supporting Information
Table S1. ACTA2 primers were purchased from Bio-Rad
(Cat# 10025636).

Statistics

All results are expressed as mean = S.D. of at least three
independent samples. Statistical analyses were performed
using IBM SPSS. One-way ANOVA and appropriate post-
hoc tests (Tukey’s HSD or Games-Howell) determined sta-
tistical significance. *p <0.05 and **p <0.01 were consid-
ered significant.

RESULTS

DFUFs and DFFs displayed differential gene
expression profiles when compared to NFFs by
microarray analysis

Before using patient derived primary fibroblast cell lines
in 3D tissue experiments, it was important to determine if
they retained distinct patterns of gene expression that
reflected their in vivo tissue microenvironment after
expansion in monolayer culture. First, we established
twelve, site-matched, primary fibroblast cultures from
patient biopsies that were categorized into three groups:
DFUFs, DFFs (nonulcerated, diabetic foot fibroblasts), and
NFFs (nonulcerated, nondiabetic foot fibroblasts). We per-
formed gene expression microarray analysis on these
twelve cell strains using Illumina’s human BeadChip array
and conducted unsupervised hierarchal clustering using
Euclidian distance and Ward linkage to determine global
patterns in mRNA expression. The resulting dendrogram
identified two main branches; one primarily containing
fibroblasts derived from diabetic patients (DFUFs and
DFFs) and the other, primarily containing control NFFs.
This indicated that DFUFs and DFFs were more similar to
each other than to NFFs after isolation and expansion in
monolayer culture (Figure 1a). While one fibroblast strain
per group did not follow this pattern, the overall trend
indicates that, despite patient variability, differences in
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Figure 1. Microarray analysis revealed distinct gene expression profiles of diabetic patient-derived fibroblasts. (a) Hierarchical
cluster analysis showed two separate branches; one containing the majority of the DFUFs and DFFs, the other containing the
maijority of NFFs, indicating distinct global gene expression profiles based on diabetic origin. (b) A Venn diagram representing
the number of differentially expressed genes (>1.5-fold change, p<0.05) further confirmed that DFUFs and DFFs were more

similar to each other than either compared to the NFFs.

gene expression linked to the diabetic environment are
detectable after expansion in monolayer culture. This indi-
cated that primary diabetic and nondiabetic cell lines are
representative of their in vivo environment and would be
suitable for further analyses.

Differentially expressed gene (DEG) lists were gener-
ated using the l-way ANOVA implementation in the
limma package of Bioconductor.””> DEG lists were then fil-
tered to include only fold change differences greater than
1.5 and p-values less than 0.05. This analysis identified
170 differentially expressed genes between DFFs and
NFFs, 115 differentially expressed genes between DFUFs
and NFFs, and 58 differentially expressed genes between
DFUFs and DFFs. The number of overlapping genes
between DEG lists is shown in a Venn diagram (Figure
1b). Differentially expressed gene lists are provided in
Supporting Information Tables S2-S4. These results sup-
port the cluster analysis findings by confirming that fewer
genes were differentially expressed between DFUFs and
DFFs compared to DFUFs vs. NFFs and DFFs vs. NFFs.
Importantly, this suggests that cultured, primary fibroblasts
retain a “memory” of their in vivo origin, as we have pre-
viously shown through whole genome methylation
analysis.?®

Analysis of differentially expressed genes revealed
enrichment in ECM-related gene terms

To determine processes, functions, and cellular compo-
nents that were represented in the DEG lists, gene set
enrichment analysis was conducted. Enrichment in gene
ontology terms related to glucose metabolism supported
that microarray analysis detected differences between

Wound Rep Reg (2016) 24 630-643 © 2016 by the Wound Healing Society

fibroblast groups based on diabetes status (Table 1). Addi-
tionally, we found that processes related to wound healing,
such as leukocyte chemotaxis, cell migration, cytokine pro-
duction, and angiogenesis, were also enriched. These
results suggest that several critical wound healing-related
processes may be altered in DFUFs and DFFs when com-
pared to healthy, site-matched NFFs. Interestingly, several
gene terms pertaining to ECM production and organization
were significantly enriched in each of the three categories;
biological processes, molecular functions, and cellular
components (Table 1). Since the deposition and assembly
of a provisional matrix and its reorganization into a mature
ECM are essential functions of fibroblasts during wound
healing, we sought to determine how these gene expression
differences translated into functional differences.

DFUFs and DFFs Show altered secretion of Type |
Collagen into the extracellular space

Based on the microarray finding that ECM genes, particu-
larly several collagen genes, were differentially expressed
between DFUFs and NFFs, we examined expression and
localization of Type I Collagen, the principal component of
the dermal ECM. Immunofluorescent staining following
permeabilization of fibroblasts grown in monolayer revealed
that Type I Collagen produced by all DFUF and DFF
strains remained predominantly intracellular, as distinct cell
boundaries could be clearly identified (Figure 2). However,
three out of the four NFF cell strains exported the collagen
into the extracellular space, as suggested by the diffuse,
mesh-like staining pattern (Figure 2). Interestingly, the
NFF11 cell line exhibited intracellular staining for Type I
Collagen, similar to the DFUFs and DFFs, and it also
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Table 1. Gene set enrichment analysis of differentially expressed genes

GO term Description p-Value FDR gvalue Enrichment score
Biological process
G0:0019682 Glyceraldehyde-3-phosphate metabolic process 3.70E -04 3.23E -02 59.62
G0:2000353 Positive regulation of endothelial cell apoptotic process  2.13 E —04  2.30 E —02 24.39
G0:0002686 Negative regulation of leukocyte migration 515E -05 9.66 E —03 18.83
G0:0048247 Lymphocyte chemotaxis 6.92E —-04 499E -02 16.77
G0O:0006096 Glycolytic process and gluconeogenesis 450 E —-07 441E-04 14.56
G0:0050710 Negative regulation of cytokine secretion 331E -04 3.08E —02 11.92
G0O:0030199 Collagen fibril organization 7.95 E —05 1.30 E —02 11.18
G0:0032963 Collagen metabolic process 398E -05 7.92E -03 7.54
G0:0030336 Negative regulation of cell migration 1.37E-05 3.70E —03 5.56
G0O:0006006 Glucose metabolic process 393E -05 7.95E —-03 5.51
G0:0030198 Extracellular matrix organization and assembly 6.57E —-10 8.37E —06 5.23
G0O:0045765 Regulation of angiogenesis 1.73 E —04 1.97 E —-02 4.55
G0:0060429 Epithelium development 558 E -04 425E -02 3.55
G0:0008283 Cell proliferation 6.05 E —05 1.09 E —-02 2.77
Molecular function
G0O:0001968  Fibronectin binding 736 E —-06 3.00 E —-02 17.89
G0:0005201 Extracellular matrix structural constituent 1.07 E —05 218 E —02 9.21
Cellular component
G0:0005604 Basement membrane 1.57E -05 229E -03 8.70
G0:0044420 Extracellular matrix part 1.34 E —07 245 E —-05 8.00
G0:0005581 Collagen trimer 580E -05 7.73E -03 7.11
G0:0031012 Extracellular matrix 266 E—-07 433E -05 4.50

clustered with the DFUFs and DFFs in the hierarchical clus-
ter analysis (Figure 1a). Immunofluorescent staining without
permeabilization showed a punctate pattern suggestive of
extracellular Type I Collagen localization in DFUFs and
DFFs. In contrast, NFFs showed a mesh-like staining pat-
tern in the extracellular space (Figure 3). These data indi-
cate that Type I Collagen is found predominantly in an
intracellular location in DFUFs and DFFs when compared
to NFFs, which export all of their Type I Collagen into
extracellular space. This different staining pattern was
revealed when cell cultures were stained with and without
or without permeabilization. Treatment of fibroblast mono-
layers with TGF-B, a key mediator of wound healing and
collagen production, resulted in increased production of
Type I Collagen by all cell lines. The same pattern of Type
I Collagen staining was observed with TGF-$ treatment as
with vehicle control treatment, however, the amount of col-
lagen produced by each fibroblast strain tended to increase
(Figures 2 and 3). To determine that DFUFs remain respon-
sive to TGF-B stimulation, we next treated monolayer cul-
tures of all 12 lines with TGF-8, and assayed activation of
alpha smooth muscle actin (ACTA2), a known target gene
of the TGF-B pathway. We found that ACTA2 was up-
regulated in response to TGF-f treatment in all 12 fibro-
blast lines, indicating that NFFs, DFFs and DFUFs are
responsive to TGF-$ stimulation (Figure 4). These observa-
tions suggest that fibroblasts derived from diabetic patients
may be limited in their export and/or extracellular assembly
of collagen, in spite of being responsive to TGF-{3.
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DFUFs secreted and assembled a thin ECM tissue
enriched in fibronectin and Type | Collagen

While Type I Collagen is the primary constituent of a
mature dermal ECM, fibronectin is the predominant ECM
protein found in the provisional matrix during early wound
healing and it provides a scaffold for subsequent collagen
deposition. To examine fibronectin expression and localiza-
tion, we stained DFUF, DFF, and NFF monolayers cultured
with and without TGF-3. Unlike Type I Collagen, there was
no difference in fibronectin localization between fibroblast
types, although there was slightly less fibronectin expression
in DFUFs compared to DFFs and NFFs (Supporting Infor-
mation Figure S1). TGF-$ treatment appeared to increase
fibronectin production in all fibroblast cell strains, further
supporting that DFUFs and DFFs are responsive to TGF-3.

To extend these results to a more physiologically rele-
vant environment, we assessed the de novo ECM produc-
tion and assembly of DFUFs, DFFs, and NFFs using a 3D
ECM tissue model that mimics early wound granulation
tissue.”’ DFUFs and DFFs produced thinner ECM tissues
compared to NFFs (Figure 5a). Quantification of ECM
thickness per cell showed that DFUFs and DFFs produced
about twofold thinner matrices than NFFs (Figure 5b).
These data further support the finding that ECM secretion
and assembly is impaired in DFUFs and DFFs.

Gene expression analysis of fibroblasts cultured as
monolayers and 3D ECM tissues also confirms that DFUFs
and DFFs are impaired in ECM production (Figure 6).

Wound Rep Reg (2016) 24 630-643 © 2016 by the Wound Healing Society
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DFUF21

Figure 2. DFUFs and DFFs show predominantly intracellular Type | Collagen. Monolayers cultures of DFUFs, DFFs, and NFFs
were treated for 48 hours with 2 ng/mL TGF- or vehicle control and stained for Type | Collagen and DAPI. Immunofluorescent
staining with permeabilization showed that DFUFs and DFFs exhibited predominantly intracellular staining for Type | Collagen,
while three out of four NFFs exhibited an extracellular, mesh-like staining pattern.

Wound Rep Reg (2016) 24 630-643 © 2016 by the Wound Healing Society 635
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DFUF21 DFUF25

Figure 3. DFUFs and DFFs show altered pattern of Type | Collagen extracellular localization. Monolayer cultures of DFUFs,
DFFs, and NFFs were treated for 48 hours with 2 ng/mL TGF-f or vehicle control and stained without permeabilization for
Type | Collagen and DAPI. Inserts show 40X magnification.

636 Wound Rep Reg (2016) 24 630-643 © 2016 by the Wound Healing Society

www.manaraa.com



Maione et al.

07 4 ® -TGF-} m +TGF-}

Relative expression

0 4
DFU7 DFU8 DFU21DFU25 DFF5 DFF9 DFF20 DFF24 NFF11 NFF12 NFF14 NFF23

Figure 4. DFUFs, DFFs, and NFFs are responsive to TGF-f
stimulation. DFUFs, DFFs and NFFs grown in monolayer
were stimulated with 2 ng/ml of TGF-f. gRT-PCR analysis
shows activation of alpha smooth muscle actin (ACTA2) in
all 12 cell lines after TGF-f treatment.

Altered ECM Production by DFU-Derived Fibroblasts

qRT-PCR analysis showed that DFUFs and DFFs have
lower levels of COL1A1 in monolayer (Figure 6a). This
difference was not observed when fibroblasts were cul-
tured in 3D, ECM tissues, where expression levels
remained the same (Figure 6a). In contrast, expression lev-
els of COI1A2 were similar in both monolayer culture and
3D ECM tissues for all DFUF, DFF and NFF cell lines
(Figure 6b). Expression of Type IV Collagen (COL4A1)
was elevated in NFFs in 3D ECM tissues, but there was
no difference in the expression levels of Type IV Collagen
(COL4A1) in 2D cultures (Figure 6c¢). Fibronectin expres-
sion was elevated in DFUFs and DFFs compared to NFFs
in both monolayer culture and 3D ECM tissues (Figure
6d). This shows that gene expression changes evident in
monolayer culture are maintained in 3D ECM tissues only
for fibronectin. Differences in gene expression between
monolayer and 3D ECM for Type I Collagen and Type IV
Collagen show the importance of using 3D in vivo like
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Figure 5. DFUFs and DFFs produced less ECM than NFFs in a 3D ECM tissue model. For 5 weeks, DFUFs, DFFs, and NFFs
were stimulated with ascorbic acid to secrete and assemble an ECM. Representative H&E stained cross sections of the ECM
tissues showed that DFUF- and DFF-produced matrices were significantly thinner than those produced by NFFs. Quantification
of ECM thickness relative to cell number verified the decreased de novo production of ECM by DFUFs and DFFs. Scale bar,
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Figure 6. DFUFs, DFFs and NFFs show differences in gene expression between monolayer culture and 3D ECM tissues.
gRT-PCR analysis of (a) COL1A1, (b) COL1A2, (c) COL4A1 and (d) FN1 expression normalized to GAPDH showed differences
between cell lines and between monolayer culture and in vivo-like 3D ECM tissue models.

models when evaluating wound healing properties of fibro-
blasts in addition to monolayer culture.

Since fibronectin is known to be highly up-regulated in the
early wound matrix and is elevated in diabetic tissues in vivo,
we assessed fibronectin composition of the ECM tissues by
Western blot. Although DFUFs producing thinner 3D tissues,
they produced an average of threefold and fourfold more fibro-
nectin than DFFs and NFFs, respectively (Figure 7a and b).
These data are consistent with published findings that fibronec-
tin expression is increased in diabetic patient skin and under
hyperglycemic conditions.® Although DFUFs produce a thin-
ner ECM, they produced more fibronectin in 3D ECM tissues.
To determine if the increased thickness seen in NFFs could be
accounted for by increased secretion of Type I Collagen, we
assayed its production in 3D ECM tissues produced by DFUFs,
DFFs, and NFFs. We found that DFUF, and DFFs produced
more Type I Collagen than NFFs in our 3D ECM tissue model
(Figure 7c and d). This suggests that additional ECM proteins
other than Type I Collagen and fibronectin may be linked to
the increased thickness seen in NFFs compared to DFUFs and
DFFs. Together, these results show that DFU-derived fibro-
blasts have an altered ECM phenotype characterized by the
elevated expression of Type I Collagen and fibronectin which
may affect their ability to support normal wound repair.

DFUFs exhibited an aberrant response to TGF-§ in 3D
ECM tissues

Based on our finding that DFUFs increased ECM protein
expression in response tor TGF=Brin monolayer cultures,
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we next determined if TGF-f could also augment DFUF
matrix production in 3D self-assembled ECM tissues.
Following two weeks of exposure to TGF-$3, the ECM
morphology was dramatically altered in tissues produced
by all three fibroblast types; TGF-B-treated tissues were
shorter and thicker than the long and thin, untreated tis-
sues (Figure 8). These results further support our find-
ings that DFUFs are capable of responding to TGF-f3
signaling.

We hypothesized that TGF-B could be causing the
thickening of the tissues by promoting fibroblast contrac-
tion of the matrix, similar to its role in vivo."” Using a
collagen gel contraction assay, we assessed the capacity
of DFUFs, DFFs, and NFFs to contract and remodel a
preformed collagen gel in response to TGF-B. In DFF-
and NFF-populated gels, TGF-f treatment induced con-
traction as demonstrated by the 1.8- and 2-fold reduction
in surface area, respectively (Supporting Information Fig-
ure S2). However, TGF-3 treatment did not induce con-
traction in DFUF-populated gels compared to vehicle
treatment. While previous results showed that DFUFs are
responsive to TGF-B, these data indicate that their con-
tractile response is defective when compared to DFFs and
NFFs.

Since DFUFs produced fibronectin-rich ECM tissues
compared to DFFs and NFFs and TGF-3 is known to up-
regulate fibronectin production, we investigated the
expression of fibronectin in 3D ECM tissues following
TGF-B stimulation. In all DFF-produced matrices and

Wound Rep Reg (2016) 24 630-643 © 2016 by the Wound Healing Society
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three of four NFF-produced matrices, fibronectin content
was greater in the TGF-B-treated tissues compared to
untreated tissues (Figure 9a). Conversely, fibronectin
content in three of four DFUF-produced matrices was
less in TGF-B-treated matrices compared to untreated
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controls. These results were confirmed by densitometric
quantification of the Western blots normalized to total
protein loaded (Figure 9b). The decreased fibronectin
content could indicate that DFUFs are less able to pro-
duce a healthy granulation tissue in response to TGF-f3
in the chronic wound environment.

TGF-B is also known to stimulate expression of an
alternatively spliced fibronectin isoform which contains
Type III Extra domain A. In order to determine if there
are differences in alternatively spliced isoforms of fibro-
nectin produced by DFUFs, DFF and NFFs in 3D ECM
tissue, we assessed expression of EDA-containing fibro-
nectin by Western blot. We found that expression of this
alternatively spliced fibronectin isoform (EDA-contain-
ing fibronectin) was similar in DFUFs, DFF and NFFs in
3D ECM tissue (Figure 9c). Fibroblasts from all donor
sources respond to TGF-f stimulation by generating
shorter and thicker ECM in 3D ECM tissues (Figure 8),
however DFUFs produce less fibronectin when stimu-
lated with TGF-B (Figure 9a and b). In order to further
understand the molecular reason for this TGF-f3-
mediated morphological transformation, we tested
expression of the alternatively spliced isoform EDA-
containing fibronectin in 3D ECM tissues stimulated
with TGF-B. Western blot analysis showed that EDA-
containing fibronectin was up-regulated by TGF-f treat-
ment in three out of four NFFs and all DFFs. Three out
of four DFUFs did not show greater content of EDA-FN
in response to treatment with TGF-f (Figure 9¢ and d).
Therefore, EDA-FN does not appear to be responsible
for the increased thickness of TGF-B-treated 3D ECM
tissues, which suggests that alternative molecular mecha-
nisms are responsible for this morphological transforma-
tion. Taken together, these results show that DFUFs
respond differently to TGF-B stimulation than DFFs and
NFFs, which may affect their ability to promote healthy
wound healing.

DISCUSSION

How ECM synthesis and assembly is altered in DFU-
derived fibroblasts and the means by which it may impact
chronic wound healing is poorly understood. In this
study, we present findings using a group of primary,

Figure 7. DFUF-produced 3D ECM tissues were enriched in
fibronectin and Type | Collagen. (a) Western blots for fibro-
nectin and loading control, GAPDH, are shown for protein
extracted from 3D ECM tissues produced by DFUFs, DFFs
and NFFs. (b) Densitometric quantification of fibronectin
expression normalized to GAPDH and averaged for each
fibroblast group revealed that DFUF-produced ECMs contain
significantly more fibronectin than either DFF- or NFF-
produced tissues. *p<0.05, **p<0.01. (c) Western blots
show amounts of Type | Collagen normalized to GAPDH
present in 3D ECM tissues produced by DFUFs, DFFs and
NFFs. (d) Densitometric quantification of Type | Collagen
expression normalized to GAPDH and averaged for each
fibroblast group revealed that DFUF- and DFU-produced
ECMs contain more Type | Collagen than NFF-produced
tissue.
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Figure 8. TGF-f treatment altered the morphology of 3D ECM tissues produced by DFUFs, DFFs, and NFFs. Self-assembled
ECM tissues produced by DFUFs, DFFs, and NFFs were stimulated with TGF-f for 2 weeks. Images of H&E stained sections
show that all three fibroblast types respond to TGF-g by altering their morphology; TGF-p-treated tissues were short and thick,

untreated tissues were long and thin. Scale bar, 500 uM.

patient-derived DFU-derived fibroblasts and site-matched
control fibroblasts. We show that DFU-derived fibroblasts
produce and deposit an altered ECM that may have
important functional consequences in the poor healing of
chronic diabetic foot ulcers.

We first established the utility of these DFU-derived
cells by confirming that fibroblast cell strains isolated
from diabetic patients have overlapping patterns of gene
expression that are distinct from fibroblasts isolated from
healthy, control patients. Differential expression of diabe-
tes and wound healing related genes confirmed that the
primary fibroblasts retained relevant gene expression pro-
files during culture in vitro. While fibroblasts from venous
ulcers, pressure ulcers, and DFUs have g)reviously been
isolated and cultured in monolayer'>'® this is the first
study to evaluate global gene expression differences in
multiple, site-matched, patient-derived fibroblast strains.
Thus, these primary, site-matched fibroblasts are a valua-
ble resource for studying the properties of DFUs and dia-
betes in vitro.

We evaluated the functional translation of these gene
expression differences in a 3D self-assembled ECM model
that is more physiologically relevant than monolayer cul-
ture.”>*! Using this 3D tissue model, we demonstrated that
DFU-derived fibroblasts generated a thinner ECM com-
pared to those generated by site-matched healthy fibro-
blasts, suggesting that the de novo production and
assembly of ECM may contribute to the impaired healing
of DFUs. Furthermore, the 3D ECM tissues generated by
DFU-derived fibroblasts were enriched in the ECM pro-
tein, fibronectin. Sustained expresswn of fibronectin has
previously been demonstrated in diabetic nephropathy,
however, its role in the pathogenesis of other diabetic
complications, such as DFUs, remains unclear. It is known
that fibronectin is the primary constituent of the provi-
sional matrix following cutaneous wounding and provides
a scaffold for collagen deposmon and subsequent ECM
remodeling.'” However, in order for tissue repair to pro-
ceed properly, this™ fibronectin=rich "matrix must be
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replaced by a more mature matrix.*?° Therefore, the pro-
longed and elevated expression of fibronectin in DFUs
may limit the progression of normal wound healing. Yet,
the role of fibronectin in stimulating wound repair is con-
troversial, as it has been shown to both stimulate wound
healing in normal and diabetic wounds,* but also to limit
regeneratlon Our finding supports that elevated fibronec-
tin is a phenotype associated with poor wound healing in
diabetic patients. Consequently, fibronectin may be an
important target for DFU treatment; perhaps facilitating
fibronectin clearance and the pro%ression to a more mature
matrix could enable tissue repair.

Interestingly, we observed differences when compar-
ing gene expression in monolayer cultures and 3D ECM
tissue models. Also, NFF11 serves as an outlier with
respect to gene expression and collagen immunoreactiv-
ity in 2D, however it appears to respond similarly to
other NFF cultures in 3D. This suggests that more in
vivo-like tissue models are useful in studying the com-
plex cell behavior related to matrix deposition. Using
the 3D ECM tissue model, we found that DFU-derived
fibroblasts responded to TGF-$3, contrary to previous
evidence that chronic wound fibroblasts are unrespon-
sive to stimulation by TGF-B. However, DFUFs failed
to induce fibronectin expression in response to TGF-f3,
suggesting that abnormal growth factor response could
contribute to the relative lack of success of growth fac-
tor therapies.

In summary, this work supports that DFU-derived fibro-
blasts contribute to impaired wound healing through aber-
rant ECM production and growth factor response. Our
findings extend previous studies that have assessed ECM
production in monolayer cultures by utilizing a more
biologically relevant 3D tissue model.””" Importantly, this
study provides a strong rationale for the use of biomimetic
tissue models that incorporate primary patient-derived cells
to study complex cell behaviors and to more predicatively
screen therapeutic agents targeting the chronic wound
ECM.
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Figure 9. Aberrant production of
fibronectin and EDA-containing fibro-
nectin by DFUFs in response to
TGF-p. (a) Western blot analysis of
TGF-p stimulated ECM tissues pro-
duced by DFUFs, DFFs, and NFFs is
shown. Fibronectin content was
greater with TGF-f treatment in
ECM tissues produced by all four
DFFs and three of four NFFs. Con-
versely, fibronectin content was less
with TGF- treatment in ECM tis-
sues produced by three of four
DFUFs. (b) Densitometric quantifica-
tion of fibronectin relative to total
protein loaded confirms an altered
response of DFUFs to TGF-f. (c)
Western blot analysis of EDA-
containing fibronectin amounts in
TGF-p stimulated ECM tissues pro-
duced by DFUFs, DFFs, and NFFs is
shown. EDA-containing fibronectin
was increased by TGF- § stimulation
in DFFs and NFFs. Conversely, in
DFUFs TGF-8 stimulation decreased
the amount of EDA-containing fibro-
nectin. (d) Densitometric quantifica-
tion of EDA-containing fibronectin
relative to total protein loaded con-
firms an altered response of DFUFs
to TGF-p.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. TGF-B treatment increased fibronectin
expression. Monolayer cultures of DFUFs, DFFs, and
NFFs were treated for 48 hours with 2 ng/mL. TGF- or
vehicle control and stained for fibronectin and DAPIL
TGF-3 treatment resulted in an increase in fibronectin
staining over vehicle control treatment. No significant
staining differences were observed between DFUFs, DFFs,
and NFFs, though there was a slight trend towards less

nd Healing Society
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fibronectin expression by DFUFs. Since staining was
similar within fibroblast groups, only one representative
fibroblast strain is shown per group.

Figure S2. DFUFs failed to contract collagen gels in
response to TGF-f stimulation. Collagen gels populated
with DFUFs, DFFs, or NFFs were treated with 2 ng/mL
TGF- or vehicle control for five days. Quantification of
mean = S.D. percent reduction in surface area relative to
vehicle control treatment for each fibroblast group is
shown. DFFs and NFFs increased gel contraction in
response to TGF- treatment, while DFUFs failed to
promote contraction with TGF-f3 stimulation. *P <0.05.

Table S1. Primers sequences.

Table S2. DFUF vs. NFF differentially expressed genes.

Table S3. DFF vs. NFF differentially expressed
genes.

Table S4. DFUF vs. DFF differentially expressed
genes.
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