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Proteomic Profiling of Fibroblasts Isolated
from Chronic Wounds Identifies
Disease-Relevant Signaling Pathways

Bettina Berberich'”, Kerstin Thriene'**, Christine Gretzmeier', Tobias Kiihl', Hans Bayer',
loannis Athanasiou', David Ali Rafei-Shamsabadi', Leena Bruckner-Tuderman', Alexander Nystrém'~?,
Dimitra Kiritsi'> and Jorn Dengjel' >

Chronic skin wounds accompany many prevalent age-related diseases and are a major cause of morbidity and
mortality. Both keratinocytes and fibroblasts contribute to the pathomechanisms in chronic skin wounds.
Dysregulated pathways in the epidermis have been extensively studied, but little is known of the influence of
dermal fibroblasts on chronic wounding. We isolated fibroblasts from chronic wounds, propagated them
in vitro, and analyzed them using proteomic profiling in combination with functional characterization of the
proteomic changes. Chronic wound—associated fibroblasts exhibit a unique proteome profile characteristic of
lysosomal dysfunction and dysregulated TGFp signaling. They display a decreased propensity for cell prolif-
eration and migration, combined with an enhanced ability to contract the extracellular matrix. With these
properties, chronic wound—associated fibroblasts actively contribute to pathological inabilities to close
wounds and represent potential targets for pharmacological interference for changing cellular phenotypes.

Journal of Investigative Dermatology (2020) 140, 2280—2290; doi:10.1016/}.jid.2020.02.040

INTRODUCTION
Physiological skin wound healing is a complex process
requiring coordination and regulation both in time and in
space between the participating cell types and their expres-
somes. Deviation from the strict regulation leads to faulty
healing, which represents a major and growing cause of
morbidity and mortality. In Western societies, the increasing
age of populations and incidence of lifestyle diseases, such as
diabetes and obesity, are associated with defects in wound
repair and will further increase incidence rates.
Immediately after skin wounding, homeostasis is initiated
to preserve organ function and to protect the affected indi-
vidual from fluid loss and invading pathogens. Wound
healing is traditionally divided into three main phases: (i) in
the inflammation phase, a first wave of neutrophils and
subsequently macrophages are recruited. These cells defend
the damaged tissue against invading pathogens but also
release growth factors and cytokines. These promote (ii) the
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tissue-regenerating proliferative phase of wound healing.
During this phase, keratinocytes are the first skin-specific
cells that become activated. They migrate beneath the fibrin
clot to close the epidermal gap. Finally, (iii) remodeling and
differentiation of the new skin occurs (Shaw and Martin,
2016).

Dermal healing lags behind epidermal healing, and pro-
liferation of dermal fibroblasts and migration into the wound
is initiated after re-epithelialization is well on its way
(Gurtner et al., 2008). During dermal wound healing, a loose
and highly vascularized granulation tissue fills the dermal
part of the wound; the increased vascularization reflects the
elevated metabolic need of the regenerating tissue (Shaw and
Martin, 2016). This tissue is subsequently strengthened by
deposition of a rather disorganized provisional extracellular
matrix (ECM) by wound-associated fibroblasts (Chester and
Brown, 2017; Shaw and Martin, 2016), which are the first
major mesenchymal-derived cells to populate the regenerat-
ing dermis. For wound contraction and closure, myofibro-
blasts, which are derived from fibroblasts after TGFp
exposure and which express smooth muscle actin, are of vital
importance (Desmouliere et al., 1993; Pakshir and Hinz,
2018). Myofibroblasts contract the wound and increase
ECM density, thus promoting tissue strength (Eming et al.,
2014; Pakshir and Hinz, 2018). The inability to properly
execute the proliferative phase to enable wound closure
leads to formation of chronic wounds. These are defined as
persisting for minimally three months, in contrast to acute
wounds, which heal commonly within three weeks (Pang
et al., 2017).

So far, treatment of wound healing disorders is largely
limited to symptomatic and not pathogenesis-based thera-
pies, mainly because the molecular and cellular processes
underlying wound repair are still insufficiently understood
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(Schéafer and Werner, 2008). Most causal therapy efforts thus
far have focused on achieving re-epithelialization by stimu-
lation of keratinocytes with growth factors or application of
wound dressings and biomaterials that promote keratinocyte
migration (Widgerow, 2013). However, because most of the
skin’s unique strength and elastic properties are attributed to
the dermis (Has and Nystrom, 2015), such therapies will only
have long-lasting beneficial effects when dermal healing is
also adequately restored. Currently, this remains a challenge.
The basic dynamics of dermal healing were previously
thought to be relatively simple, with fibroblasts at the wound
edge becoming activated to repopulate the injured dermis by
proliferation and migration and to restore the dermal matrix
by synthesis and deposition of ECM proteins (Shaw and
Martin, 2016). It is now emerging that this process is more
complex than formerly anticipated, involving different fibro-
blast lineages (Driskell et al., 2013).

Here, we took a proteomics approach to define chronic
wound—associated fibroblasts (c(WAFs) and analyzed fibro-
blasts from chronic wounds vis-a-vis control fibroblasts,
acute wound—associated fibroblasts (aWAFs), and myofi-
broblasts. cWAFs were severely damaged and clearly
different from normal skin—resident fibroblasts, as shown by
their unique proteome profile. Our study provides support
that chronic wounds—at least a subset of them—evolve as a
partially fibroblast-driven disease. We propose that the
distinct cellular phenotype of cWAFs is generated from resi-
dent fibroblasts responding to chronic damage and inflam-
mation, and that these cells actively contribute to
pathogenesis of chronic wounds in a manner that is
conceptually similar to cancer-associated fibroblasts in can-
cer progression.

RESULTS

Proteomic profiling reveals dysregulated processes in c(WAFs
We have shown previously that human dermal fibroblasts
remain phenotypically stable in culture for several weeks and
thus are amenable for proteomic analyses using metabolic
labeling strategies (Kuttner et al., 2013; Sprenger et al., 2010).
For this study, we used primary dermal fibroblasts from the
wound edge of chronic leg ulcers from five donors, referred
to as c(WAFs, and fibroblasts from six control donors, here
referred to as normal human fibroblasts (NHFs). Female and
male donors were used for both cellular phenotypes. c(WAF
donors were between 39 and 91 years old, and cells were
derived from the lower leg. The NHF donors were 50 to 81
years old at the time of the biopsies (Table 1).

To test if c(WAFs exhibit a unique molecular signature that
is maintained after isolation of cells from punch biopsies and
that helps understanding the processes underlying the failure
of cWAFs to support dermal healing, we performed global
expression proteomics analyses using a standard bottom-up
proteomics workflow (Figure 1a). NHFs and cWAFs were
metabolically labeled by stable isotope labeling by amino
acids in cell culture, and in combination with a light-labeled
SUPER—stable isotope labeling by amino acids in cell culture
spike-in mix, all samples were compared with each other
(Figure 1a) (Geiger et al., 2010). Each cell type was analyzed
twice with swapped labels to exclude labeling artifacts
(Supplementary Figure S1). In total, we identified 3,446
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Table 1. Characteristics of Primary NHFs, c(WAFs, and
aWAFs Used in This Study

Cell ID Age at Biopsy Sex  Biopsy Location Diagnosis
NHF1 50 Male groin healthy
NHF2 63 Female groin healthy
NHF3 86 Female thigh healthy
NHF4 74 Female thigh healthy
NHF5 61 Male shoulder healthy
NHF6 81 Female forearm healthy
cWAF1 75 Female leg trauma
cWAF2 91 Female leg v. insufficiency
cWAF3 69 Female leg trauma
cWAF4 70 Male leg v. insufficiency
cWAF5 39 Female leg v. insufficiency
aWAF1 44 Female chest plastic surgery
aWAF2 59 Male leg plastic surgery

Abbreviations: aWAF, acute wound—associated fibroblast; cWAF, chronic
wound—associated fibroblast; NHF, normal human fibroblast.

protein groups, of which 984 were present in all samples
(Supplementary Table S1). A principle component analysis of
the individual samples revealed that NHFs and cWAFs
separated into two distinct groups (Figure 1b). This was also
the case for a hierarchical cluster analysis of protein abun-
dances, which resulted in five clusters in which abundances
were distinct between the two cellular phenotypes
(Figure 1c). Analysis of Gene Ontology terms covering bio-
logical processes and cellular components revealed pro-
cesses potentially being involved in the failure of c(WAFs to
promote proper dermal healing. Thus, proteins involved in
cell adhesion, ECM organization, and lysosomal components
were highly increased in cWAFs compared with NHFs
(clusters 4 and 5, Figure Tc). In contrast, proteins involved in
gene expression, RNA processing, and translation appeared
depleted in cWAFs, indicating a general decrease in meta-
bolic activity (clusters 2 and 3, Figure 1c; Supplementary
Tables S2—S5).

Focusing on proteins that were significantly upregulated in
cWAFs compared with NHFs, we were able to generate a
protein interaction network of 64 proteins (Figure 1d,
Table 2). Proteins carrying the Gene Ontology term “wound
healing” were significantly enriched in this network, high-
lighting the source of analyzed cells (false discovery rate <
0.001). In agreement with the cluster analysis, proteins
involved in cell adhesion, such as several integrins, were
significantly more abundant in cWAFs than NHFs.

We also compared the proteomic composition of cWAFs to
NHFs treated with TGFP as a model for myofibroblasts as
well as to aWAFs, and analyzed the expression of fibroblast
lineage marker proteins defined in mouse models (Driskell
et al., 2013). cWAFs exhibited a distinct cellular phenotype
that was maintained in vitro and differed from myofibroblasts
and aWAFs (Supplementary Figure S2). Also, their membrane
proteome could not be linked to a specific fibroblast lineage
or subpopulation (Driskell et al., 2013; Tabib et al., 2018).
cWAFs expressed both reticular and papillary fibroblast
markers, such as TGM2 and DPP4/CD26, respectively
(Supplementary Figure S2). Thus, it appears that cWAFs
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Figure 1. Expression proteomics
analysis comparing c(WAFs and NHFs
reveals cell phenotype-specific
proteomic signatures. (a) SILAC-based
quantitative MS workflow. All cell
cultures were combined to a Super-
SILAC mix (light; heavy) as a
reference. This internal standard was
spiked in 1:1:1 ratio to differentially
SILAC-labeled fibroblasts. The
samples were processed, and peptide
mixtures were analyzed using LC-MS/
MS. The figure was designed using
Servier Medical Art. (b) PCA. Log,-
transformed SILAC ratios of proteins
were used. The two experimental
groups are clearly separated; cWAFs
show a higher diversity in component
2. (c) Hierarchical clustering clearly
separates NHFs from cWAFs. Protein
ratios were log, transformed and z-
score normalized. Columns and rows
were hierarchically clustered. Proteins
in the annotated clusters were tested
for enrichment of GOCC and GOBP
terms and selected terms, reflecting
processes related to cWAF
phenotypes, are shown (full list in
Supplementary Tables $2—S5. (d)
Network analysis of significantly
enriched proteins in c(WAFs. Protein-
protein interactions of 64 significantly
enriched proteins in c(WAFs as
analyzed by STRING DB (P < 0.07;
BH corrected, two-tailed, Welch-Test).
Red labeled proteins carry terms
“wound healing” (GOBP) and/or focal
adhesion (KEGG). BH, Benjamini-
Hochberg; cWAF, chronic wound
—associated fibroblast; GO, Gene
Ontology; GOBP, Gene Ontology
biological processes; GOCC, Gene
Ontology cellular components;
KEGG, Kyoto Encyclopedia of Genes
and Genomes; LC, liquid
chromatography; MS, mass
spectrometry; NHF, normal human
fibroblast; PCA, principal component
analysis; SILAC, stable isotope
labeling by amino acids in cell
culture.
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Table 2. Shortlist of the Ten Most Up- and
Downregulated Proteins in c(WAFs Compared with
NHFs

Gene Protein Difference [log,
Name ID Protein Name P-value (cWAF—NHF)]
IGFBP7 Q16270 Insulin-like growth factor- 2.71E—07 3.63
binding protein 7
TGM2 P21980 Protein-glutamine 4.64E-08 3.47
gamma-
glutamyltransferase 2
TPM1 Q6ZN40  Tropomyosin 1 (Alpha) 1.01E-08 2.97
PLOD2 000469  Procollagen-lysine,2-  1.26E—04 2.72
oxoglutarate 5-
dioxygenase 2
FHOD1 Q9Y613 FH1/FH2 domain- 1.21E-04 2.59
containing protein 1
TPM2 P07951- Tropomyosin beta chain 4.68E—08 2.41
2
ACTBL2 Q562R1 Beta-actin-like protein 2 1.35E—05 2.33
GAA P10253 Lysosomal alpha- 7.64E—07 227
glucosidase
THBS1T  P07996 Thrombospondin-1 2.77E-08 2.23
CALD1  Q05682- Caldesmon 1.60E-07 2.21
4
CSPG4  Q6UVKI1 Chondroitin sulfate  4.35E—03 —1.43
proteoglycan 4
1PO4 Q8TEX9 Importin-4 2.61E-05 —1.44
HMGB2  P26583 High mobility group ~ 4.54E—03 —1.45
protein B2
RANBP1 P43487  Ran-specific GTPase-  3.02E—06 —1.48
activating protein
EIF4H Q15056  Eukaryotic translation  1.25E—02 —1.48
initiation factor 4H
MTHFD1 P11586 C-1-tetrahydrofolate  6.84E—07 —1.60
synthase, cytoplasmic
AHNAK2 Q8IVF2 Protein AHNAK2 2.66E-05 —-1.67
CD109 Q6YHK3 CD109 antigen 1.64E-07 —-1.73
FASN P49327 Fatty acid synthase 1.40E-08 —2.02
FDPS P14324  Farnesyl pyrophosphate 6.59E—08 —2.15

synthase

Abbreviations: cWAF, chronic wound—associated fibroblast; NHF, normal
human fibroblast.

Upregulated proteins are highlighted by gray shading.

represent a specific fibroblast phenotype exhibiting a unique
proteomic signature, which is maintained in vitro and dis-
tinguishes them from other fibroblasts.

cWAFs have dysfunctional lysosomes

Lysosomal proteins appeared to accumulate in cWAFs as
highlighted by the cluster analysis (Figure 1c). Specifically,
the lysosome-associated glycoproteins LAMP1 and LAMP2
were significantly more abundant in cWAFs (Figure 2a).
Immunofluorescence analysis of LAMP1 in cultured cells
revealed that not only abundance but also distribution of
LAMP1-associated lysosomes was altered in cWAFs
compared with NHFs. In NHFs, LAMP1-positive lysosomes
were mainly located around the cell nucleus. Contrastingly,
in cWAFs, the lysosomes appeared larger and dispersed
throughout the cytoplasm (Figure 2b). The altered lysosomal
compartment in c(WAFs could indicate two opposing func-
tional phenotypes, (i) an increased number of active
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lysosomes resulting in enhanced lysosomal activity or (ii) a
compensatory increase of lysosomes owing to diminished
lysosomal activity. To discriminate both scenarios, we
analyzed the autophagic capacity of NHFs and cWAFs under
basal and starvation conditions. Abundance of the lipidated
version of the autophagosome marker MAP1LC3B (LC3-II)
was analyzed in the presence and absence of concanamycin
A, an inhibitor of V-ATPase blocking lysosomal activity
(Figure 2c). Although both cellular phenotypes responded to
concanamycin A, cWAFs responded considerably weaker
under basal conditions, indicating a partial block of basic
autophagy and reflecting decreased lysosomal activity. In
contrast, stress-induced autophagy appeared not to be
affected. Thus, cWAFs exhibit an enlarged, dysfunctional
lysosomal compartment reminiscent of senescent (Dorr et al.,
2013) and aged cells (Dumit et al., 2014; Kilpatrick et al.,
2016), which is further supported by increased abundance
of beta-galactosidase GLB1 (Figure 2a), a common marker of
senescent fibroblasts (Lee et al., 2006).

cWAFs exhibit an enhanced contractile ability

In culture, c(WAFs displayed an enlarged cell body with
multiple protrusions in contrast to the compact spindle-
shaped morphology of NHFs (Figure 3a—c). They also
exhibited significantly increased levels of smooth muscle
actin (ACTA2), which is a common marker of myofibroblasts
(Desmouliere et al., 1993) (Figure 3d). In regular wound
healing, myofibroblasts are critical for wound contraction,
which is profoundly reduced or absent in chronic wounds
(Pang et al., 2017). As immunofluorescence analysis affirmed,
increased ACTA2 levels in cWAFs (Figure 3e and f), we tested
the ability of cWAFs to deform fibronectin-coated deformable
silicone substrates of defined stiffness (5 kPa). In agreement
with the molecular data, cWAFs were able to contract sub-
strates in contrast to NHFs, which were unable to do so
(Figure 3g).

Dysregulated TGFB activity is a common theme in
wound healing pathologies (Kiritsi and Nystrom, 2018).
Myofibroblasts are naturally dependent on TGFB activity
for their transformation and subsequent ability to contract
ECM. However, there are also indications that TGFp is
involved in the formation of chronic wounds (Cha et al.,
2008; Nagaraja et al., 2014). Analysis of phosphorylation
of the canonical TGFp signal transducers SMAD2/3
showed that TGFP activity was indeed elevated in c(WAFs
(Figure 3i), in agreement with the observed cellular
phenotype. To further investigate what could contribute to
the increased TGFP signaling in c(WAFs, we screened the
proteomics data for proteins known to be involved in
regulation of its activity. The cell surface receptor CD109,
which downregulates TGFB activity by internalizing the
TGFp receptors 1 and 2 (Bizet et al., 2011), was reduced in
CWAFs (Supplementary Figure S2). TGFf is secreted as a
latent molecule that needs to undergo enzymatic or me-
chanic activation (Hinz, 2015). Thrombospondin-1, a
latent TGFP activator (Murphy-Ullrich and Downs, 2015)
that has been shown to be upregulated in chronic ulcers
versus healing ulcers (Charles et al., 2008), was increased
in c(WAFs (Supplementary Figure S2). Collectively, the data
indicate that the increased TGFB activity in cWAFs is
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Figure 2. c(WAFs exhibit an altered lysosomal compartment. (@) c(WAFs express higher LAMP1, LAMP2, and GLB1 levels. Abundance changes of proteins
(SILAC ratio) indicate a significantly increased occurrence of LAMP1, LAMP2, and GLBT in c(WAFs (SILAC ratio is normalized to the values of NHFs; two-tailed,
unpaired t-test; *P < 0.05, ***P < 0.001). (b) Immunofluorescence staining of LAMP1. NHF2 and cWAF1 were stained with DAPI (blue) and an anti-LAMP1
antibody (green). c(WAFs exhibit an enlarged lysosomal compartment. Bar = 100 pm. (c) Autophagy flux analysis. To analyze lysosomal activity, autophagy flux
was analyzed in basal (DMEM) and starvation conditions (HBSS). Two NHFs were compared with two cWAFs, the latter consistently responding less to ConA
treatment under basal conditions (DMEM). Bar diagram shows relative quantification of biological replicates (n = 6); *P < 0.05, two-tailed, unpaired t-test.
ConA, concanamycin A; cWAF, chronic wound—associated fibroblast; HBSS, Hank’s Balanced Salt Solution; NHF, normal human fibroblast; SILAC, stable

isotope labeling by amino acids in cell culture.

probably a result of dysregulation of multiple joint and
complementary mechanisms.

Increased abundance of adhesion complexes and reduced
migration of c(WAFs

Many integrins were profoundly enriched in cWAFs
(Figure 4a and b). Integrin heterodimers aVB1 and aVB5 are
responsible for activation of latent TGFB1 and 3 (Dietz, 2015;
Reed et al., 2015), mediate cell-matrix adhesion, and support
migration. In addition to elevated integrin abundance, dys-
regulation of multiple other proteins known to stimulate
wound healing such as transglutaminase 2, the second most
upregulated protein in ¢WAFs (Table 2), and serpin H1/
HSP47 (Eckert et al., 2014; Wang and Li, 2009) also pointed
to an increased propensity for migration of CcWAFs
(Supplementary Figure S2). As this is in stark contrast to the
observed clinical phenotype of decreased wound healing
propensity and migration of cWAFs, we directly addressed
the migratory ability of cWAFs in a functional assay.
Confluent cell monolayers were wounded with a pipet tip
and the closure of the scratch observed over time. In this
assay, in accordance with previous findings (Brem et al.,
2007; Wall et al., 2008), cWAFs possessed a significantly
hampered wound closure potential compared with NHFs,
which was likely a composite effect of slower migration and
reduced proliferative capacity (Figure 4c and d, Figure 5a).
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These functional data together with the proteomics data
indicate that cell-intrinsic changes in c(WAFs lower the ability
of these cells to migrate. An increased abundance of integrins
at the plasma membrane of cWAFs may contribute to the
incapacity of chronic wounds to close and to achieve dermal
healing.

cWAFs exhibit impaired proliferation

Under steady-state conditions, proliferation of dermal fibro-
blasts in the adult body is rare. However, after wounding, the
capacity of mesenchymal cells to increase proliferation is
central for tissue repair (Driskell and Watt, 2015). Down-
regulation of growth factor receptors suggested that this
process could be affected in cWAFs (Supplementary
Figure S2) (Brem et al., 2007). Indeed, cell proliferation as-
says demonstrated a significantly lower proliferation of
cWAFs as compared with NHFs (Figure 5a). In agreement
with the cell biological phenotype, cWAFs exhibited deple-
tion of all subunits of the hexameric DNA replication
licensing factors MCM complex (Figure 5b), as demonstrated
by western blot for MCM6 and MCM?7 (Figure 5c¢). This was
not only observed in vitro in cell culture but was also
observed in skin sections in vivo (Figure 5d), indicating an
inability of cWAFs to initiate genome replication, thus
impairing cell proliferation.
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frame marked in left panels. Bar = 100 pm. (b) Quantification of cell surface area (n = 3 NHF and cWAF donors, 10 images per donor). (c) Quantification of
protrusions per cell (n = 3 NHF and c(WAF donors, 10 images per donor). (d) Increased protein abundance of ACTA2. MS-based proteomics analysis identified a
significantly increased protein abundance of ACTA2 in c(WAFs (two-tailed, unpaired t-test; ***P < 0.001). (e) Immunofluorescence analysis of ACTA2. ACTA2
was more abundant in c(WAFs. Bar = 100 pum. (f) Quantification of ACTA2-positive cells. ACTA2-positive cells were counted in immunofluorescence
micrographs as shown in panel (e). (g) Phase-contrast pictures of cells seeded on deformable fibronectin-coated silicone substrates. More wrinkles indicating
matrix contraction are seen in c(WAF cultures (marked by white arrowheads). Bar = 100 pm. (h) Quantification of wrinkling cells. An increased number of
wrinkling cells can be seen for all cWAFs. No wrinkles were observed for NHFs, which represents an average of four different NHF populations. (i) Increased
TGFB activity in cWAFs. TGF activity was assessed by western blot detecting, phospho-Ser465/467 of SMAD2 and phospho-Ser423/425 of SMAD3. Shown are
values normalized to actin/tubulin (n = 4). ¥*P < 0.05, **P < 0.01, ***P < 0.001, two-tailed, unpaired t-test. c(WAF, chronic wound—associated fibroblast; NHF,
normal human fibroblast.
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Pharmacological interference partially reverts cWAF
phenotypes

CWAFs appear to occur as consequence of a chronically
injured and inflamed microenvironment, potentially
involving epigenetic changes, such as DNA methylation,
which could lead to gene silencing and underlie decreased
proliferation of cWAFs. To test this hypothesis, we aimed at
reverting cWAFs  pharmacologically, employing  5-
azacytidine (5-aza), an inhibitor of DNA methyltransferases
(Quintas-Cardama et al., 2010), concomitantly to interfering
with the proinflammatory Janus kinase—STAT signaling
pathway using the Janus kinase 1/2 inhibitor ruxolitinib
(ruxo), as previously tested for cancer-associated fibroblasts
(Albrengues et al., 2015; Damsky and King, 2017). The cells
were singly or dually treated with the agents for one week
and monitored for an additional two weeks in culture before
analysis. Ruxo alone and combined with 5-aza increased
expression of MCM7 in cWAFs, which was mirrored by an
increase in cell proliferation (Figure 5e and f). Ruxo, 5-aza, or
the combination of both reagents reduced the abundance of
alpha smooth muscle actin (Figure 5g), which was function-
ally mirrored by the lesser ability of c(WAFs to contract free-
floating collagen lattices (Figure 5h). Collectively, only the
combination of ruxo and 5-aza was able to increase MCM7
abundance and cell proliferation and to reduce alpha smooth
muscle actin. This suggests that, for best and most sustained
reversion, combined targeting of the Janus kinase—STAT
pathway and DNA methylation is needed. Taken together,
the data indicate that c(WAFs are not terminally modified and
that pharmacological intervention may be able to revert the
cWAF phenotype.

DISCUSSION

It is becoming increasingly evident that dermal fibroblasts are
not a homogenous group of cells but are heterogeneous by
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both ontology and function (Driskell et al., 2013; Driskell and
Watt, 2015; Nauroy et al., 2017). In this study, we compared
the proteomes of NHFs, aWAFs, and myofibroblasts with that
of cWAFs. Cells were metabolically labeled for two weeks
before proteome analyses, and we cannot formally exclude
alterations owing to culture conditions. However, as we have
shown in the past that proteomes of primary NHFs were
relatively stable for up to 14 passages (Sprenger et al., 2010),
and as we could discriminate cells based on their proteome
profiles in this study, we are confident that the observed
proteomic differences to a large extent reflect in vivo alter-
ations. Similarities between aWAFs, NHFs, and myofibro-
blasts were expected given that activation of fibroblasts
occurs during standard cell culture (Baranyi et al., 2019; lyer
et al., 1999). However, c(WAFs were disparately different to
aWAFs, NHFs, and myofibroblasts, displaying a distinct
phenotype with acquired cell-intrinsic changes not support-
ive of tissue repair. Whereas c(WAFs showed partial similar-
ities with the other cell types, they were clearly discriminable
by their proteomic signature, that is, by the high abundance
of TGM2.

So far, wound healing therapies have mainly aimed at
achieving epidermal coverage. Consequently, significant
focus has been placed on understanding processes regulating
re-epithelialization (Martin and Nunan, 2015). However, it is
apparent that pathological changes of mesenchymal-derived
cells contribute to regulation of re-epithelialization and
wound healing disorders, as well (Brem et al., 2007; Hiebert
et al., 2018; Wall et al., 2008). These cells are understudied
and not well characterized in the context of chronic wounds.
Here, we aimed to better understand the distinct molecular
characteristics that separate c(WAFs from fibroblasts able to
support tissue repair. Our proteome analyses revealed two
major groups of dysregulated processes in c(WAFs compared
with NHFs. The first relates to processes linked to lysosomal
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Figure 5. Proliferation is diminished and MCM proteins are reduced in c(WAFs. (a) Proliferation assay. Proliferation is measured by relative absorbance at 590
nm over seven days. After seven days, CWAFs are less dense than NHFs (n = 3 NHF and cWAF donors). (b) MCM subunits are reduced in c(WAFs. Protein
abundances of all subunits of the MCM complex were significantly decreased in c(WAFs compared with NHFs (unpaired two-tailed t-test, Welch corrected; *P <
0.05, **P < 0.01, ***P < 0.001). (c) Reduced abundance of MCM6 and MCM?7. Reduced protein abundance of MCM6 and 7 in c WAFs as detected by LC-MS/
MS was confirmed by western blot. (d) Reduced abundance of MCM6 and MCM?7 in the dermis of chronic wounds. Sections of acute and chronic human
wounds stained for MCM6 and MCM?. In the wound bed of acute wounds, MCM6 and MCM?7 are increased (arrows). This increase is almost completely absent
in chronic wounds. Bar = 50 um. (e—h) Combined ruxo and 5-aza treatment partially reverts cWAFs. NHFs or cWAFs were treated with ruxo and 5-aza alone or
in combination for one week and maintained for an additional two weeks in culture before analysis. (e) Representative western blot and quantification for
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capacity and protein turnover, cWAFs exhibiting potentially
age-associated dysfunctions, such as altered distribution,
abundance, and activity of lysosomes (Dumit et al., 2014).
Control cells were from age-matched individuals, implying
that the aged phenotype of c(WAFs is primarily dependent on
factors others than the donors’ age. Expansion of the lyso-
somal compartment and lysosomal dysfunction is seen in
many diseases connected to aging, such as Parkinson and
Alzheimer diseases (Cellerino and Ori, 2017). The increase in
lysosomal mass might also indicate a senescence-associated
secretory phenotype. This might (i) contribute to an
increased release of lysosomal proteinases into the extracel-
lular space, thus promoting a tissue damage milieu, which
has been suggested to contribute to the inability of chronic
wounds to heal (Kirsner et al., 2015; Yager and Nwomeh,
1999), and (ii) boost production and release of proin-
flammatory cytokines (Freund et al., 2010). In addition, the
senescent phenotype implies that cWAFs represent a cellular
phenotype beyond repair. Although we partially succeeded
in stimulating cell proliferation by blocking Janus
kinase—STAT signaling and DNA methyltransferases, out-
lining potential treatment strategies, cell reversion was only
partial as cWAFs could still be discriminated morphologi-
cally and biologically from NHFs, proliferating less than the
latter.

Increased smooth muscle actin and integrin abundance
indicated the second dysregulated process in cWAFs that
stood out: increased TGFp activity. Altered TGFB activity is
commonly seen in wound healing pathologies. Depending
on the wound subtype, decreased (Cooper et al., 1994) or
increased (Nystrom et al., 2015) activities have been re-
ported. The fact that TGFP activity is indeed enhanced in situ
in chronic wounds is reflected by the fibrotic wound edges
that occur in well-perfused chronic wounds. Although
elevated TGFP activity is a general feature of isolated c(WAFs,
the cells are unable to close dermal wounds in vivo. This
suggests that elevated TGFp activity alone, reflected by an
increased ECM contraction capacity of c(WAFs, is not enough
to support wound closure. It appears that the inability of
CWAFs to do so is due to a composite of effects, which
involve reduced proliferative and migratory abilities.

More research is needed to address the therapeutic po-
tential of pharmacological intervention to correct cWAF
functions. One relevant question in this context is whether
the increased proliferative and reduced contractile capacity
of c(WAFs after ruxo and 5-aza treatment is therapeutically
meaningful in vivo in a chronic wound. An additional and
potentially more efficacious strategy promoting wound
healing would be enforced rejuvenation of the fibroblasts
surrounding the wounded tissue by targeted removal of
cWAFs. Such a strategy was successfully employed in a
mouse model of scleroderma (Lagares et al., 2017). To
eliminate myofibroblasts in fibrotic tissue, cell death was

<

induced in a cell type—specific manner by targeting
apoptosis-primed mitochondria.

Our data support the notion that therapies targeting TGF}
may have only limited benefit for treatment of chronic
wounds (Han and Ceilley, 2017). In line with elevated TGFf
signaling, the TGFp-stimulating integrin subunits aV, B1, and
B5 were significantly upregulated in c(WAFs when compared
with NHFs. It is very likely that, next to promoting TGFf
signaling, increased integrin abundance regulates cell adhe-
sion and migration of c(WAFs (Liu et al., 2010).

Taken together, c(WAFs can be considered as a distinct cell
phenotype and could be a prime target for future wound
healing therapies using biologically and/or pharmacologi-
cally active compounds that, alone or in combination, can
revert their regeneration-averse phenotype. The medical and
socioeconomic impact of such therapeutic regimens would
be enormous.

MATERIALS AND METHODS
Additional Materials and Methods can be found online as supple-
mentary information.

Patients and diagnosis

Skin specimens were obtained from five patients with chronic leg
ulcers because of venous insufficiency or after trauma (CWAF1-5)
for diagnostic purposes after written informed consent. To elucidate
disease mechanisms, c(WAFs were compared with NHF1—6 derived
from age-matched healthy donors (Table 1). Cells used for each
experiment are indicated in the respective figure according to the
designations introduced in Table 1. Pictures were taken to illustrate
clinical phenotypes of chronic leg ulcers. Transmitted light micro-
graphs visualize differences between NHFs and cWAFs. The study
was approved by the Ethics Committee of Freiburg University (# 521/
13) and conducted according to the Declaration of Helsinki.

Cell culture and stable isotope labeling by amino acids in

cell culture

Fibroblasts were isolated nonenzymatically from skin samples of the
five patients and, as controls, from the skin of six healthy, age-
matched controls as described previously (Sprenger et al., 2013).
Cells were subcultured and passaged in DMEM (Gibco, Thermo
Fisher Scientific, Waltham, MA), supplemented with fetal bovine
serum gold (PAA, GE Healthcare, Chicago, IL) and penicillin/strep-
tomycin (PAN-Biotech, Aidenbach, Germany). For mass spectrom-
etry (MS) analysis, cells were cultured in stable isotope labeling by
amino acids in cell culture—=DMEM (PAN-Biotech) essentially as
described previously (Kittner et al., 2014).

MS sample preparation and analysis

Samples were heated in SDS-PAGE loading buffer, reduced with 1
mM DTT for 10 minutes at 95 °C, and alkylated using 5.5 mM
iodoacetamide for 30 minutes at room temperature. Protein mixtures
were separated on 4—12% gradient gels, and proteins were in-gel
digested with trypsin (Rappsilber et al., 2007). MS measurements
were performed on an LTQ Orbitrap XL mass spectrometer coupled

‘MCMZ B-tubulin (TUBB1) was used to ensure equal loading (n = 2). (f)y MTT proliferation assays of c(WAFs two weeks after ruxo, ruxo and 5-aza, or no

treatment (Ctrl). Values represent mean =+ SEM, n = 4, ***P < 0.001. (g) Representative western blot and quantification for alpha smooth muscle actin (ACTA2);
TUBB1 was used to ensure equal loading (n = 6). (h) Photos of cWAF-populated free-floating collagen lattices 24 hours after release of the gels. Cells received
treatment with 5-aza and/or ruxo for one week and were cultured for an additional two weeks before analysis. White lines indicate the edges of the gel. Values
represent mean £ SEM, n = 2 of different c WAF donors. 5-aza, 5-azacytidine; c(WAF, chronic wound—associated fibroblast; LC, liquid chromatography; NHF,

normal human fibroblast; ruxo, ruxolitinib.
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to an Agilent 1200 nanoflow—HPLC. HPLC column tips (fused silica)
with 75-um inner diameter were self-packed with Reprosil—Pur 120
ODS—3 to a length of 20 cm. The mass spectrometer was operated
in the data-dependent mode and switched automatically between
MS and maximally five MS/MS scans.

Data availability statement

The mass spectrometry proteomics data are publicly available and
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD005873
(Vizcaino et al., 2016).
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SUPPLEMENTARY MATERIALS AND METHODS
Experimental design and statistical rationale

In total, we analyzed 11 primary cell populations as listed in
Table 1. Proteomics analyses were performed from five pri-
mary chronic wound—associated fibroblast and two primary
normal human fibroblasts populations. For stable isotope la-
beling by amino acids in cell culture—based proteomics an-
alyses, two biological replicates each were analyzed using
swapped labels. All statistical tests were corrected for mul-
tiple testing as outlined in the respective paragraphs.

Cell culture and stable isotope labeling by amino acids in

cell culture

Fibroblasts were isolated from skin samples of the five pa-
tients and, as controls, from the skin of six healthy, age-
matched controls. Cells were subcultured and passaged in
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA),
supplemented with fetal bovine serum gold (PAA, GE
Healthcare, Chicago, IL) and penicillin/streptomycin (PAN-
Biotech, Aidenbach, Germany).

The model of myofibroblasts was achieved by culturing
normal human fibroblasts at low density (5 cellsymm?), and
the medium was supplemented with 2 ng/ml TGFf1 (Pepro-
tech, Rocky Hill, NJ) for seven days.

Cells were harvested with T ml of 1x DPBS (PAN-Biotech)
containing complete protease inhibitor cocktail (Roche,
Basel, Switzerland) by scraping and centrifuging at 300g. Cell
pellets were incubated with lysis buffer (25 mM Tris-HCI pH
7.5, 0.1 M NaCl, 1% NP-40, EDTA, Pefablock, Phosphatase
inhibitor 3 cocktail, PHJ2) on a shaker for 20 minutes on ice
and centrifuged at 13,000 rpm for 10 minutes. Supernatants
were incubated for 10 minutes at 95 °C in SDS buffer and
directly used for western blot analysis or stored at —80 °C
until use.

For MS analysis, cells were cultured in in stable isotope
labeling by amino acids in cell culture—DMEM (PAN-
Biotech) essentially as described (Kiittner et al., 2014). Stable
isotope labeling by amino acids in cell culture—DMEM was
supplemented with dialyzed fetal bovine serum (Life Tech-
nologies, Carlsbad, CA), penicillin/streptomycin (PAN-
Biotech), 82 mg/liter proline, 42 mg/liter L-arginine, and 73
mg/liter L-lysine for the unlabeled condition. Cells were
heavy-labeled for 2 weeks with 82 mg/liter proline, 42 mg/
liter L-arginine-13C6—15N4 (Argio), and 73 mg/liter L-lysi-
ne-"3Cg-""N, (Lysg) or medium-labeled with 82 mg/liter
proline, 42 mg/liter L—arginine—BCG (Arge), and 73 mg/liter L-
lysine-*H, (Lys,). Biological replicates were obtained by
swapping labels. Cell pellets were solely lysed by direct in-
cubation for 10 minutes at 95 °C in SDS buffer.

Chronic wound—associated fibroblasts were treated with
5uM ruxolitinib (Jakavi, Novartis, Basel, Switzerland) dis-
solved in DMSO and 10 uM 5-azacitidine (Sigma, St. Louis,
MO) daily for one week, as previously described (Albrengues
et al., 2015).

Western blot

Cell lysates were separated by SDS-PAGE using self-casted
SDS gels and transferred onto nitrocellulose membranes.
Membranes were blocked with 5% milk powder in 1x TBS-T
for a minimum of 1 hour at room temperature and incubated
with primary antibodies diluted with the same buffer
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overnight at 4 °C. Horseradish peroxidase—conjugated sec-
ondary antibodies and a chemiluminescent detection assay
(Immobilon Western, Millipore, Burlington, MA) were used
for visualization according to manufacturer’s instructions.
To quantify changes of protein amounts, the samples were
quantified using Image ] Intensities (AU) and intensities
normalized to the B-actin signals from the same blots. The
following antibodies were used for western blot analysis:
anti—B-actin (C4, sc-47778), 1:1,000; anti—MCM®6 (B-4, sc-
55576), 1:1,000; anti-MCM7 (0.N.194, sc-71550), 1:1,000;
anti-TGM2 (sc-48387), 1:1,000 (all Santa Cruz Biotech-
nology, Dallas, TX); anti—phospho-Smad3 (phospho S423 +
S425; EP823Y; ab52903, Abcam, Cambridge, United
Kingdom), 1:1,000; anti—phospho-Smad2 (Ser465/467
(138D4) Cell Signaling Technology, Danvers, MA), 1:1,000;
and anti-ITGB1 (MAB1965, Merck, Kenilworth, NJ), 1:1,000.

MS sample preparation

Samples were heated in SDS-PAGE loading buffer, reduced
with T mM DTT for 10 minutes at 95 °C, and alkylated using
5.5 mM iodoacetamide for 30 minutes at room temperature.
Protein mixtures were separated on 4—12% gradient gels.
The gel lanes were cut into 10 equal slices, the proteins were
in-gel digested with trypsin, and the resulting peptide mix-
tures were processed on STAGE tips and analyzed by liquid
chromatography—MS/MS (Rappsilber et al., 2007).

Mass spectrometry

MS measurements were performed on an LTQ Orbitrap XL
mass spectrometer coupled to an Agilent 1200 nano-
flow—HPLC. HPLC column tips (fused silica) with 75-um
inner diameter were self-packed with Reprosil—Pur 120
ODS—3 to a length of 20 cm. Samples were applied directly
onto the column without a precolumn. A gradient of A (0.5%
acetic acid in water) and B (0.5% acetic acid in 80%
acetonitrile in water) with increasing organic proportion was
used for peptide separation (loading of sample with 2% B;
separation ramp: from 10—30% B within 80 minutes). The
flow rate was 250 nl/min and for sample application, 500 nl/
min. The mass spectrometer was operated in the data-
dependent mode and switched automatically between MS
(maximum of 1T x 10° ions) and MS/MS. Each MS scan was
followed by a maximum of five MS/MS scans in the linear ion
trap using normalized collision energy of 35% and a target
value of 5,000. Parent ions with a charge state from z =1 and
unassigned charge states were excluded for fragmentation.
The mass range for MS was m/z = 370—2,000. The resolution
was set to 60,000. MS parameters were as follows: spray
voltage 2.3 kV; no sheath and auxiliary gas flow; ion-transfer
tube temperature 125 °C.

Identification of proteins and protein ratio assignment using
MaxQuant

The MS raw data files were uploaded into the MaxQuant
software, version 1.4.1.2 for peak detection, generation of
peak lists of mass error corrected peptides, and database
searches (Cox and Mann, 2008). A full-length UniProt human
database additionally containing common contaminants
such as keratins and enzymes used for in-gel digestion (based
on UniProt human FASTA, version August 2015) was used as
reference. Carbamidomethylcysteine was set as fixed
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modification, and protein amino-terminal acetylation and
oxidation of methionine were set as variable modifications.
Triple SILAC was chosen as quantitation mode. Three missed
cleavages were allowed, enzyme specificity was trypsin/P,
and the MS/MS tolerance was set to 0.5 Da. The average mass
precision of identified peptides was in general less than 1
ppm after recalibration. Peptide lists were further used by
MaxQuant to identify and relatively quantify proteins using
the following parameters: peptide and protein false discovery
rates, based on a forward-reverse database, were set to 0.01;
minimum peptide length was set to 6; minimum number of
peptides for identification and quantitation of proteins was
set to one, which must be unique; minimum ratio count was
set to two; and identified proteins were requantified. The
‘match-between-run’ option (2 minutes) was used.

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD005873
(Vizcaino et al., 2016).

Proteomics data analysis

Obtained data by MaxQuant 1.4.1.2 was analyzed with the
freely available Perseus software (Tyanova et al., 2016). Data
were log, transformed and significance was tested with two-
samples test with a false discovery rate according to
Benjamini-Hochberg set to 0.05. For cluster analysis, protein
ratios were z-normalized. Proteins in each hierarchical
cluster were tested for enriched Gene Ontology terms (bio-
logical process and cellular compartment).

Immunostaining

Fibroblasts were grown on collagen |—coated coverslips for 2
days. Cells were fixed with 4% paraformaldehyde for 15
minutes, permeabilized with 0.1% Triton 100-X in Dulbec-
co’s PBS (DPBS) for 5 minutes, and blocked with 2% BSA in
DPBS for 30 minutes at room temperature. The primary
antibody diluted with 1% BSA in DPBS was incubated 1 hour
minimum at room temperature. After incubation with the
secondary antibody diluted in 1% BSA in DPBS for 45 min,
DPBS-washed slides were embedded in ProLong Gold DAPI
overnight at room temperature. The primary antibodies were
anti—LAMP-2 (sc-18822, Santa Cruz Biotechnology) and
anti-ACTA2 (sc-53142, Santa Cruz, USA). Alexa 594- and
Alexa 488-conjugated secondary antibodies (Invitrogen,
Thermo Fisher Scientific) were used. Pictures were taken with
an IF confocal microscope (Zeiss confocal microscopes,
Zeiss, Oberkochen, Germany).

Human skin, acute wounds, and chronic wounds were
stained with anti-MCM®6 (B-4, sc-55576), 1:1,000, and anti-
MCM?7 (0.N.194, sc-71550) 1:1,000 after heat-mediated an-
tigen retrieval.

Cell contraction assay
Cell contractility was assessed using deformable silicone sub-
strates as has been described previously (Godbout et al., 2013).
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The 24-well plates were coated with 75 pl of silicone mixture
with a defined stiffness of 5 kPa. The silicone substrates were
coated with 10 pg/ml human fibronectin (Sigma-Aldrich). Cells
were seeded at a concentration of 10,000 cells'cm?, and
wrinkle formation on substrates was observed after 24 hours in
culture. Images were acquired via phase-contrast microscopy
(Zeiss) and analyzed using Image] software (National Institutes
of Health, Bethesda, MD). Relative contraction was expressed
as number of cells associated with wrinkles to total amount of
cells.

Collagen lattice contraction assays

Collagen lattice contraction assays were performed as pre-
viously described (Nystrom et al., 2015). Chronic wound fi-
broblasts two weeks after treatment with ruxolitinib or
ruxolitinib and 5-azacitidine as described previously were
collected by trypsinization and resuspended in DMEM con-
taining 0.1% fetal calf serum. The assay was performed in 12-
well plates, and 250,000 cells in 1 ml of 0.4 mg/ml rat tail
collagen and DMEM with 0.1% fetal calf serum were added
per well. The solution was allowed to gel for 1 hour at 37 °C
in a cell incubator with 5% CQO,. After this, T ml of DMEM
containing 0.1% fetal calf serum was added and the plate
was left in the cell incubator for an additional 2 hours, after
which gels were released by a 200-pl pipet tip. Pictures were
taken immediately after release of the gels and after 24 hours.
Contraction of gels was quantified using Image J.

Cell migration assay

Fibroblasts were seeded onto collagen [—coated 60-mm
dishes to create confluent monolayers. A scratch was intro-
duced, and images were captured after 0 hours, 8 hours, 16
hours, 24 hours, and 48 hours with a transmitted light cam-
era. Lines were introduced to highlight the remaining gaps.

Proliferation assay

For assessment of proliferation, equal numbers of fibroblasts
were seeded on microplates with a local ionic electrode
interface. At the indicated time points, the cells were stained
by incubation with  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; subsequently, the detergent
reagent was added to each well, and the cell numbers were
quantified by measuring the absorbance at 570 nm on an
Infinite 200 microtiter plate reader (Tecan, Zurich,
Switzerland).
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Supplementary Figure S1. Correlation of protein abundances between biological replicates. Shown are dot plots of log,-transformed SILAC ratios of label-swap
experiments of biological replicates of (@) NHFs, (b) NHFs treated with TGFp, (c) cWAFs, and (d) awAFs compared with a SUPER-SILAC mix spike in. aWAF,
acute wound—associated fibroblast; cWAF, chronic wound—associated fibroblast; NHF, normal human fibroblast; SILAC, stable isotope labeling by amino acids

in cell culture.
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Supplementary Figure S2. c(WAFs are a molecularly distinct fibroblast subtype. (a) PCA. Log,-transformed SILAC ratios of proteins were used. Three
experimental groups ((WAFs, NHFs, and NHFs + TGFp) are clearly separated. aWAFs appear more heterogeneous, resembling NHFs or NHFs treated with
TGFB. (b, ¢) Bar diagram and western blot for TGM2. Protein abundances of TGM2 found by (b) LC-MS and (c) western blot are increased in cWAFs compared
with aWAFs, TGFp-treated, and control NHFs (Relative FC is normalized to the values of NHFs for (b); two-tailed, unpaired t-test, **P < 0.01). (d, e) Surface
protein abundance differences comparing NHFs, c(WAFs, NHFs treated with TGFf, and aWAFs. Cell surface markers that distinguish c(WAFs, aWAFs, and TGFp-
treated cells from NHFs are displayed (P < 0.05, BH corrected, NHF vs. annotated cell type). nc: not changed compared with NHF; +, —: less than two-fold
significantly changed compared with NHF; + +, — —: greater than two-fold significantly changed compared with NHF. Single asterisk indicates proteins that
were defined as fibroblast lineage markers (Driskell et al., 2013). aWAF, acute wound—associated fibroblast; BH, Benjamini-Hochberg; cWAF, chronic
wound—associated fibroblast; FC, fold change; LC, liquid chromatography; NHF, normal human fibroblast; PCA, principal component analysis; SILAC, stable
isotope labeling by amino acids in cell culture.
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