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CHAPTER

Summary and Perspectives



Chapter 7

SUMMARY

The aim of this thesis was to investigate how interfering with TGF- signaling, through either
chemical inhibition or antisense-oligonucleotide (AON)-mediated exon skipping in mMRNA
of TGF-B receptors (specifically ALK5), impacts human hypertrophic burn scar fibroblasts
and tissue. The rationale was that blocking TGF- signaling could ameliorate hypertrophic
scars (HTSs), and exon skipping could be exploited as a novel technique for designing a
highly specific alteration in an essential protein, like ALKS. For this purpose, we have first
set up fibroblast cultures and fibroblast-derived matrix (FDM) models. In these models we
investigated the effects of ALK5 exon skipping on TGF-3 signaling, fibroblast differentiation
status and collagen remodeling. Since vivo-morpholinos (ViMs), modified AONs, do not require
incorporation into a vector to enter the cell (due to their octaguanidinium delivery moieties),
they can simply be added to the medium (1). Throughout the studies, we have used the
pharmacological ALK5-specific inhibitor SB431542 as a positive control. SB431542 is extensively
used in vitro and proven to be a potent inhibitor of TGF-B signaling. However, pre-clinical in
vivo studies have shown that SB431542 is pharmacokinetically unstable (2).

In chapter 2 of this thesis, we investigated the effects of ALK5 exon skipping on TGF-3
signaling in HTS-derived fibroblasts. Once we confirmed the anti-fibrotic effects in HTS
fibroblasts, we addressed the fibroblast heterogeneity. Since the HTS fibroblast cultures
consisted of papillary fibroblasts (PFs), reticular fibroblasts (RFs) and myofibroblasts (MFs) the
question was to what level the different subtypes were affected by exon skipping. Previous
studies have reported that PFs from healthy skin possess anti-fibrotic features as opposed to
RFs and MFs (3-6). Therefore, the subsequent question was if ALK5 exon skipping was able
to target especially the pro-fibrotic cells which could result in a fibroblast culture consisting
primarily of the anti-fibrotic PFs. In chapter 3 we have set up PF, RF and HTS fibroblast cultures
and treated them with ALK5VIM to quantify the biomarker expressions of these fibroblast
subtypes. The study was concluded with a 3D-contraction assay to asses if ALK5 exon skipping
successfully reduced the presence of pro-fibrotic fibroblasts, which are known to possess a
contractile apparatus (7). Therefore, collagen lattices (FPLCs) established by and populated
with the different fibroblast subtypes, were treated with ALK5ViM. Subsequently, the surface
areas of the different FPLCs were measured and aSMA staining was applied. Here we found
that ALK5ViM reduced aSMA expression in the FPLCs. We established FDM models that were
formed by HTS fibroblast in order to mimic a fibrotic environment. In this model (chapter 4),
we assessed the effect of ALK5 exon skipping on one of the hallmarks of HTS tissue: parallel
alignment of collagen bundles which is linked to increased stiffness of the tissue (8-11). We
cultured FDMs for three weeks including weekly treatment with ALK5ViIM. After three weeks,
collagen architecture was assessed using image processing by Second-Harmonic Generation
(SHG) microscopy. In short, SHG microcopy is an imaging technique that makes use of the
SHG signal that is transmitted by biological materials such as collagen, allowing live tissue
imaging of the FDMs (12). Mechanical characteristics of the FDMs were quantified using micro-
indentation. Confirmation of skipping of exon 2 was obtained by gRT-PCR. Here, we found
that ALK5 exon skipping reduced collagen density and parallel alignment. In accordance,

146



Summary and Perspectives

micro-indentation demonstrated that stiffness of the FDMs was indeed reduced upon ALK5
exon skipping.

Further, in chapter 5 we reported on ALK5 inhibition experiments in HTS explants. The
aim of this study was to determine if injection of ALK5ViMs was effective on fully developed
HTSs, albeit ex vivo, and would detectably modulate TGF-f3 signaling. First, we assessed ViM
delivery in the HTS ex vivo cultures using a Lissamine (red fluorescent)-tagged ScrViM (about
1/3 of fibroblast turned out positive). Next, the explants were injected with ScrViM, or ALK5VIM
followed by a seven day incubation, showing reduced expression of ALK5 downstream
targets with ALK5ViM compared to ScrViM. Since phosphorylation of SMAD?2 is a crucial step
in propagation of TGF-3 signaling, we also performed an immunohistochemical staining
for pSMAD?2. Here, we found a significant reduction in pSMAD2 expression after ALK5ViM
treatment.

In chapter 6, we developed a three-layered Full thickness model (FTM) by incorporating the
underlying adipose tissue. The initial aim was to investigate the molecular mechanisms behind
the anti-fibrotic features of fat grafting in HTSs. We established FTMs that were populated by
normal fibroblasts (NFs) or HTS fibroblasts, with or without the addition of adipose tissue. In
addition, we assessed if the addition of adipose tissue could augment re-epithelialization.
However, before proceeding, we first needed to determine the viability of this newly developed
three-layered FTM in representing native skin in comparison to the currently used two-layered
FTM. This issue evolved into the main focus of this chapter. The proof-of-principle with the
three-layered FTM provided a solid foundation of this model to investigate fat grafting in a
fibrotic environment and, more generally, as a novel platform for drug testing.

Altogether, the studies presented in the preceding chapters provided more detailed
insights in how to reduce the fibrotic wound response and normalize the fibrotic environment
in HTS development from different perspectives. Thus, our preclinical studies clearly made way
toward the ultimate goal of optimizing HTS management.

PERSPECTIVES

Perspectives on modulation of TGF-f signaling in different (HTS-derived)
fibroblast subpopulations

Chapter 2 of this thesis describes the modulatory effects of ALK5 exon skipping on TGF-f3
signaling in fibroblasts isolated from HTSs. We based our study on that of researchers who
have injected ex vivo models of Dupuytren’s tissue with ALK5ViM and found a clear reduction
in fibrotic load (13). This raised the question whether ALK5ViM would work equally well on HTS
tissue. However, a crucial difference between Dupuytren’s disease (DD) and HTSs is that DD
is a fibroproliferative disorder, whereas HTS is not and tends to regress over time (14,15). But
TGF-{ signaling was also suspected to be crucial in maintaining HTS (16,17). In HTS fibroblasts
cultures, we found that exon skipping in the TGF-f receptor ALK5 pre-mRNA was successful
in that TGF-3 downstream targets were affected. Over the years, numerous compounds have
been reported to target TGF-f3 signaling successfully. Many compounds were found to reduce
the fibrotic load and most of them actively inhibiting TGF- signaling and thereby, for example,
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diminished aSMA expression, typically high in HTS. Unfortunately, to this date no drugs are
available for HTS treatment (2,18). The ultimate goal would be to prevent HTS formation (or
even better, achieve scarless wound healing) and therefore one could consider TGF- inhibitory
treatments applied during wound healing. It should be feasible to conserve proper wound
healing while preventing overactivity in TGF-3 signaling. Because of its specificity by design,
exon skipping would appear ideal in the prevention of HTS development. To do so, it has
become clear throughout this thesis that fibroblasts appear to be the target of interest.

Research on dermal fibroblasts has proven that this cell population is highly heterogenous
showing spatial and functional differences between the different fibroblast subtypes (19-23).
These differences could possibly be utilized to control wound healing and, thereby, reduce the
risk of HTS formation, or ultimately achieve scarless wound healing. The three most well-known
fibroblast subtypes are the PFs, RFs and MFs. Information on changes in functionality of the
subtypes and fibrotic response are scarce. In chapter 3, we have compared the responses of
PFs, RFs and HTS fibroblasts (referred to as scar fibroblasts (SFs) in this study) to ALKS inhibition
by either ALK5 exons skipping or SB431542 treatment. Furthermore, we investigated whether
a reduction in RF and MF would further propel an anti-fibrotic effect. Gene expression analysis
on specific fibroblast markers confirmed that after ALK5S inhibition PF marker (CCRL1 and
NTNT1) expression was higher compared to RF (CNN1, CDH2, TGM2) of MF (ACTA2) markers,
indicating that ALK5 exon skipping induced a desirable shift in the subtypes. We expanded this
analysis to other marker proteins. We selected TNC (PF marker), TGM2 (RF marker) and aSMA
(MF marker), as we have shown specificity of these markers for proper distinction between
the subtypes (24,25). Surprisingly, we found that TNC responded like a pro-fibrotic marker in
showing downregulation after ALK5 inhibition. Other skin fibrosis-related studies also found
TNC to be a fibrotic marker (25-29). TGM2 and aSMA data were inconclusive. Additionally,
western blot analyses of untreated PF, RF and SF cultures confirmed that PF cultures exhibit
high levels of PDPN (PF marker), and low CDH2 (RF marker) and aSM (high in MF), whereas RF
and SF cultures conversely expressed substantially higher levels of CDH2 and aSMA compared
to PDPN. These results, especially on TNC, indicate that expression of these markers should be
interpreted with great care after treatment with ALK5ViM.

We then continued experimentation with a contraction assay on FPCLs and stain these for
aSMA to mark pro-fibrotic fibroblasts. Here, we found that exon skipping in ALK5 was able to
counteract the TGF-B-induced contractility. As expected, due to its anti-fibrotic features, PF-
FPCLs showed substantially less contraction than RF-and SF-FPCLs. We hypothesized that this
could be attributed to decorin which is highly expressed by PFs (30,31). Predominance of PFs
introduced by ALK5 exon skipping could thus block, and perhaps wind back, the differentiation
into MFs, as presented in figure 1. The scheme in figure 1 is derived from the two-stage model
of myofibroblast differentiation described by Tomasek and colleagues, indicated by the red
arrows (32). Here we propose that the fibroblasts in the two-stage model start from PFs. 1) Due
to mechanical stress during wound healing, the PFs differentiate into proto-myofibroblasts
that could comprise phenotypical RFs. 2) Under further influence of TGF-{3, ED-A fibronectin
and mechanical stress proto-myofibroblasts differentiate into MFs. The MF-block induced by
ALK5 exon skipping proceeds as follows (indicated in blue): 3) ALK5 exon skipping reduces
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TGF-3 downstream signaling. Reducing (the risk of ) severe scarring, 4) In parallel, ALK5 exon
skipping primarily targets the pro-fibrotic cells and yields a dominance of anti-fibrotic PFs
over RFs and MFs. In turn, PFs exert their anti-fibrotic functions through, for example, decorin
and even further reduce scar formation. At the same time, proper wound healing can still be
completed. Translating this potential beneficial effect of ALK5 exon skipping on fibroblast
heterogeneity, one could develop ‘ALK5-tuned” human skin substitutes for burn victims and
prevent severe scar formation.

Although we were able to isolate viable PFs and RFs by selection on cell-surface markers,
extraction of an MF population for sequential culturing proved impossible. Fluorescence-
activated cell sorting (FACS) of aSMA positive MFs is possible, but these cells need to be
permeabilized and fixed for fluorescent labeling of aSMA, precluding any possibility of
subsequent culturing. Staining for surface markers, on the other hand, leaves cells viable
and suitable for further culturing. Prior to the study presented in chapter 3, we attempted
to isolate the MF fraction from HTS fibroblasts by cell sorting for cell-surface marker amine
oxidase copper containing 3 (AOC3; also known as vascular adhesion protein 1 (VAP1)) which
is in volved in lymphocyte—endothelial interactions (33). A previous study had shown that
colorectal MFs could be purified based on AOC3 in cell sorting because these cells uniformly
expressed AOC3. Furthermore, researchers were able to distinguish these AOC3* MFs from TGF-
-activated skin fibroblasts. However, AOC3 expression on skin-residing MFs was somewhat
elusive. Therefore, we performed cell sorting analysis on HTS fibroblasts from three donors by
labeling AOC3 with an Alexa-555 fluorophore. In figure 2A the output of the analysis is shown.
Here, AOC3" fibroblasts are displayed on the x-axis and the AOC3 fibroblasts were captured
in the FITC channel which is displayed on the y-axis. Next, we defined the AOC3 and AOC3*
by gating the data (P7 = negative; P6 = positive). However, gating appeared to somewhat
difficult, since the AOC3* fraction was not explicit (one would expect to find a higher cell
count on Alexa-555-positive cells). Therefore, we set the P6 gate with limited overlap with
AOC3 fibroblast portion. However, one should take into account the presence of false positive
AQOC3 fibroblasts. After setting the gates, only a small proportion (around 0.5%) of the cells
showed to be AOC3". Eleven days of separately culturing of the AOC3-negative and positive
fibroblasts, revealed that AOC3 fibroblasts presented a typical spindle-shape like phenotype
(figure 2B). AOC3* fibroblasts cultures were composed of polygonal-shaped cells, as seen
in RFs and MFs (figure 2C). Extracting the MF population from a heterogenous fibroblast
population should facilitate dissecting the MF-specific response upon modulation of TGF-3
signaling and how this is propagated into their environment, more specifically, the deposition
of ECM. Altogether, further elucidation of function and responses of the different fibroblast
subtypes could augment more precise targeting of the subtypes in order to treat burn wounds,
HTSs and ultimately other fibrotic disorders. In addition, such information could also contribute
in optimizing the development of autologous full-skin equivalents to treat burn victims.
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Figure 1: The effects of ALK5 exon skipping on different fibroblast subsets. Based on the two-step
model of MF differentiation fibroblasts, including PFs, differentiate into proto-myofibroblasts/RFs under
mechanical stress during wound healing (1). As wound healing continues, mechanical tension increases,
TGF-3 is excreted which in turn induces ED-A fibronectin expression, propagating proto-myofibroblast/RFs
differentiation (2) towards fully differentiated MFs (3). During HTS development, MFs become less sensitive
for apoptotic signals and start to produce excessive amounts of collagen. ALK5 exon skipping is able to
reduce the fibrotic load of HTSs and presence of pro-fibrotic RFs and MFs (indicated by the blue flathead
arrows) (4). As a result, PFs could assume dominance and continue to exert its anti-fibrotic properties and
augmenting inhibitory effects (5) of HTS, RFs and MFs (indicated by the blue, dashed flathead arrows) and
perhaps induce de-differentiation of MFs (indicated by the yellow arrows). Created with BioRender.com.

150



Summary and Perspectives
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Figure 2: Sorting for AOC3* fibroblasts in an HTS-derived fibroblast culture. The fibroblasts were
incubated with a VAP-1 (AOC3) primary antibody, followed by incubation with Alexa-555 secondary an-
tibody. A) AOC3" (collected in the FITC channel; P7) and AOC3* (collected in the Alexa-555 channel; P6)
fibroblasts were sorted and collected in culture medium (DMEM containing 5% FBS, 1% P/S). The sorted
fibroblasts were cultured at 37 °C, 5% CO, and medium was changed twice a week. B) AOC3 fibroblasts
after 11 days of culturing. The fibroblasts are typically spindle-shaped. C) AOC3* fibroblasts, which are the
putative MFs. At day 11, the fibroblasts harbor a stellate and polygonal-shaped like morphology, hence,
resembling RFs and MFs. Image magnification: 40X; N = 3.

Effects of ALK5 exon skipping on the fibrotic environment

In chapters 2 and 3 we focused on the effects of exon skipping on TGF-( signaling and how it
affected the different fibroblasts. The next question was whether impairing TGF-{ signaling has
an any impact on dermal fibrotic tissue. To answer this question in chapter 4, we established
an FDM that was formed by HTS fibroblasts (HTS-FDM). Therein we determined collagen
organization and measured the stiffness of the deposited ECM after ALKS5 inhibition. ALK5
exon skipping reduced collagen density, bundle thickness and parallel alignment. Furthermore,
indentation measurements showed that stiffness was reduced. Hence, exon skipping clearly
affects the fibrotic environment beneficially.

As posed in chapter 4, it is warranted to further expand the experiments by establishing
FDMs using NFs. ALK5ViM-treatment of this heterogenous population of fibroblasts could
shift the nature of their matrix toward either papillary or reticular (6,34). Consequently, such
a change in the dermis may well influence development of the overlying epidermis (34,35).
ALK5 inhibition substantially reduced aSMA staining, indicating a reduction in MFs, paralleled
by a decrease in contractile tension. Or could there be more at play, such as the intriguing
possibility of de-differentiation of MFs to RFs or even PFs?
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Furthermore, SHG microscopy and indentation measurements were performed. Thus, we
were able to correlate the changes in collagen organization with stiffness. In order to tighten
this correlation, these measurements should in future be performed on the very same area.
For clinical purposes, combining both techniques in a (portable) device could help clinicians
in objectively monitoring HTS severity in the course of treatment.

In the next step reported on in chapter 5, we resorted to explants of HTS tissue as a
model closer to native HTS, and injected these explants with ALK5ViM. In the DD study that
was used as the basis for our study, ex vivo DD tissue was injected with ALK5ViM, or SB431542
was added to the culture medium for comparison (13). We used a similar experimental setup
and started injecting ex vivo HTS tissue with a Lissamine (red fluorescent)-tagged ScrViM, in
order to determine delivery of the ViM into the fibroblasts. With only 36% lissamine-positive
cells, delivery was considerably lower than the virtually complete uptake in monolayers of
fibroblasts. Gene expression analyses, where we compared ScrViM versus ALK5VIM treatment,
revealed that TGF-f3 downstream target SERPINE-1 (PAI-1) was downregulated. As mentioned
earlier, phosphorylation of SMAD?2 is a crucial step in further activation of TGF-3 downstream
targets. Phosphorylated SMAD2 (pSMAD2) was also significantly reduced after ALK5 inhibition.
Altogether, the data obtained in chapter 5 showed that HTS explants could serve as a 3D
culture model to further study the effects of ALK5 inhibition on cellular level and the fibrotic
microenvironment. In comparison, the in vitro culture models presented in chapter 2, 3 and
4 simulate development of an HTS environment in which ALK5 exon skipping could serve
as a preventive modality. In contrast, the ex vivo HTS model in chapter 5 is a fully developed
post-burn HTS. This model is therefore more suitable to investigate ALK5 exon skipping as a
therapeutic regimen rather than a preventive treatment option.

Perspectives on the development of full functional skin substitutes

We initially conducted the study in chapter 6 of this thesis because we were interested in the
anti-fibrotic mechanisms behind autologous grafting of fat tissue into HTSs (36-38). Therefore,
we added adipose tissue (ADT) underneath the dermal compartment of a FTM to conform to
the normal anatomical organization. Before embarking on experiments with this three-layered
FTM, we first had to assess its quality and validity in mimicking skin in comparison to our
current two-layered FTM. Addition of ADT turned out to improve epidermal morphogenesis,
showing more resemblance with NHS than the two-layered FTM. And aSMA was indeed
significantly reduced in the ADT-FTMs, in line with an anti-fibrotic effect of fat grafting. Thus,
the introduction of ADT proved to be a two-edge sword in both an enhancement in mimicking
the skin and a reduction in potentially fibrotic MFs.

The results in chapter 6 were subsequently primarily focused on a quality assessment
of the three-layered FTM which provided a solid foundation for further experimentation on
molecular mechanisms involved. An unbiased exploration could start with extensive gene
expression analyses of dermal and epidermal compartments in three-layered FTM versus two-
layered FTM, or in treated three-layered FTM with HTS fibroblasts versus untreated control
three-layered FTM. Next, a verificative analysis on the protein level should be carried out.
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In our study we solely used fresh, unprocessed ADT from resected skin. However, in the
clinical studies the ADT is obtained by liposuction and prepared further. This adipose material
is then injected underneath the scar. This procedure is known as the Coleman technique (39,40).
In our study, we kept the ADT as much as possible in its 3D confirmation. It is highly desirable
to elucidate the effects of the different types of ADT processing on epidermal morphogenesis
and anti-fibrotic impact in FTMs. In addition, experimentation is warranted on exclusive
incorporation of adipose stromal cells in FTMs to further elucidate the anticipated anti-fibrotic
effects of these cells, e.g. by reducing the number of MFs (41,42). In addition, adipose-residing
mesenchymal cells should be investigated for their role in (fibrotic) scar development in wound
healing studies and in FDMs (43).

The future perspective of FTM is primarily two-fold: 1) The three-layered organotypic skin
model should be developed further as a more valid in vitro model of human skin (44,45), 2) with
a better resemblance to NHS, it should preferentially be used in drug screening. In addition,
further research should be conducted on the effects of ADT use on barrier function three-
layered skin model. In a previous study, conducted by Mieremet et al., improved barrier function
was reported upon addition of the macromolecule chitosan in the dermal compartment of
the two-layered skin model (46). Will incorporation of ADT in combination with chitosan have
a synergjistic effect on barrier function?

With respect to ALK5 exon skipping, this newly developed three-layered FTM would also
appear a more suitable 3D in vitro model to study further the effects on TGF- signaling and
the influence of ADT on HTS.

To humanize the skin model fully, the dermal part (conventionally grown on rattail
collagen) should be fully grown from human fibroblasts, as the FDMs in chapter 4, before
adding keratinocytes to establish an overlying epidermal layer (44). In chapter 6 we started
experimentation on FDMs with underlying ADT. However, preparing this advanced model
is time-consuming in comparison to a conventional FTM. Therefore, further optimization is
warranted and desirable. Furthermore, these organotypic skin models are isolated models,
without physiological perfusion carrying growth factors, cytokines etc. Therefore, future
experiments should include perfusion with essential physiological components and, optionally,
drugs, e.g. by growing three-layered FTMs on a chip enabling perfusion (47).

Important in developing FTMs into skin substitutes to treat burn wounds, is clinical
approvement. To this end, the dermal compartment should consist of fibroblasts embedded
in clinically approved artificial or human-derived dermal matrices (45).

Altogether, this newly developed three-layered organotypic skin model offers a broad
spectrum of applications, among which a promising perspective in developing treatments
for burn wounds, severe scars and skin fibrosis in general.

Targeting TGF-B signaling and skin regeneration after (burn) injury: towards
scarless wound healing

Throughout this thesis it has become evident that ALK5 exon skipping showed great potential
in treating HTSs, and possibly, for scar free wound healing. In mammalian adult skin, the
common outcome of injury is scar formation, instead of a desirable perfect regeneration of
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the skin. The latter is still to be considered the holy grail in curing wounds. In humans, scarless
wound healing only occurs in fetal skin, but is lost in the third trimester (48). In recent years,
advances have been made in elucidating the molecular processes contributing to scarless
wound healing (as seen in fetal skin) and in how to exploit this to optimize (burn) wound
treatment (49). It turns out that fibroblast heterogeneity plays a crucial role (50). Lineage
tracing and molecular profiling have demonstrated an apparent corresponding functional
heterogeneity in wound healing (51). This analysis was based on the most well-characterized
subtypes, PFs, RFs and MFs. PFs hold the potential for dermal regeneration and the formation
of skin appendages, such as hair follicles (6,52). Hair follicles are absent in severe scars, whereas
it has been reported that hair follicles improve wound healing and that follicular stem cells are
involved in regeneration of epithelial structures (53).

Recently, the discovery and isolation of the engrailed-1 (En1)* murine fibroblast (EPFs)
lineage has greatly propelled regenerative research. In humans, the En1 equivalent is CD26
(dipeptidyl peptidase 4; Dpp4) (54). Mascharak and colleagues showed that En1* fibroblasts,
residing in the reticular dermis, mediate scarring (55). In addition, researchers found that
En1- (papillary) fibroblasts (ENFs) in the reticular dermis activate En1 expression in the wound
environment in which mechanical cues are of utmost importance. This process resembles
differentiation of fibroblasts into putative RFs under mechanical stress during wound healing,
as proposed in the two-stage model of MF differentiation (32). In short, migrating fibroblasts
move into the wound along provisional collagen fibrils. The tractional forces, exerted by the
migrating fibroblasts cause the collagen matrix to remodel. The mechanical tension induces
stress fibers in the fibroblasts and their eventual differentiation. Consequently, researchers
inhibited Yes-associated protein (YAP), since this is a crucial mechanotransducer in fibroblasts
(56). YAP and transcriptional coactivator with PDZ-binding motif (TAZ) are key downstream
targets of the Hippo pathway, which is involved in regulation of tissue volume (57). Functions
of YAP include inhibition of apoptosis (58). Pro-fibrotic features of YAP lie in its activation of
connective tissue growth factor (CTGF) which is known to be upregulated in HTS formation
(59,60). Moreover, a previous study reported that YAP-TAZ-deficient fibroblasts are less
responsive to TGF-B stimulation, produce less ECM and show reduced expression of PAI-1
and aSMA (56). With regard to the mechanotransducing properties, Mascharak and colleagues
found that fibroblasts on low-stiffness hydrogels showed no En1 activation. And of note, PFs
showed low En1 activation on high-stiffness plates, whereas RFs responded with strong En'
activation. Hence, lessening mechanical tension could reduce scarring. With respect to chapter
4, we hypothesize that ALK5ViM reduces En1 activation by lowering the ECM stiffness trough
reduced YAP activity, and, thus deactivates pro-fibrotic fibroblasts.

In wound healing studies in mice, Mascharak et al found that YAP inhibition blocked En1
activation and promoted ENF-mediated skin regeneration, including recovery of functional
HFs including appendages (55). Moreover, PFs have been characterized as CD26-negative
and RFs as CD26-positive (22). Since we have found that pro-fibrotic fibroblasts were affected
by ALK5 exon skipping (chapter 3), we hypothesize that ALK5 exon skipping could reduce
CD26 expression. This calls for further investigation of fibroblast plasticity during healing of
burn wounds. For instance, are CD26* fibroblast (pro-fibrotic) able to differentiate into CD26
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fibroblasts (anti-fibrotic)? These interconversions between fibroblast subtypes are likely to take
place during wound healing since prevalence of markers of the different populations shift over
time, revealing phenotypical dynamics (51). Further understanding of these mechanisms in
fibroblast plasticity could propagate regeneration of the skin after injury.

Another approach for the potential prevention of HTS development is reprogramming
of MFs. Previous studies have shown bone morphogenetic protein (BMP)- dependent
differentiation of MFs into adipocytes which are involved in wound healing and skin
regeneration (42,61,62). Moreover, paracrine secretion by adipocytes substantially reduces
expression of aSMA and ECM components by reprogramming of HTS-derived MFs through
BMP4 and peroxisome proliferator-activated receptor gamma (PPARY) (42). Significant reduction
in aSMA upon fat grafting was supported in chapter 6. This anti-fibrotic effect could very well
be attributable to the same mechanism as reported on by Hoerst and colleagues (42).

Other approaches to achieve scarless wound healing, entail the use of stem cells. The
different types of stem cells can be divided in the following groups: pluripotent stem
cells (including embryonic stem cells and induced pluripotent stem cells), multipotent
hematopoietic stem cells and mesenchymal stem cells/ adipose stem cells (ADSCs) (63-69).
Especially, ADSCs are of great interest, and with their abundance in ADT easy to harvest (68,69).
As mentioned earlier, the anti-fibrotic effects of fat grafting are also attributed to the ADT-
residing ADSCs. ADSCs are involved in wound healing and regeneration because they can give
rise to a multitude of different cell lineages, thus making them potentially pivotal in developing
optimal human skin substitutes to treat burn patients and achieve scarless wound healing
(70-72). With respect to MF de-differentiation and potential scarless wound healing, it has
been shown that ADSCs differentiate into MFs when treated with TGF-31 which is reversed
by basic fibroblast growth factor (bFGF) treatment. ADSCs differentiate into spindle shape-like
fibroblasts with increased TNC expression and enhanced migratory behavior, as seen in PFs
(34,73).

Altogether, the above mentioned anti-fibrotic modalities provide potential methods for
avoiding HTS formation and, possibly, in achieving scarless wound healing. Based on our data
and available literature, we have developed the scheme in figure 3, which is an extension of
figure 1. Here, we propose additional interactions between the treatment modalities and their
contribution to minimizing scar formation in wound healing (figure 3).
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Figure 3: The proposed interaction between different anti-fibrotic treatment options and possi-
ble contribution to scarless wound healing. This scheme is an extension of figure 1 that displays the
effects of ALK5 exon skipping on PFs, RFs and MFs. 1) Upon (burn) injury of the skin, fibroblasts migrate
to the wound in a provisional collagen matrix, exerting mechanical tension. As a result of this increasing
tension, fibroblasts start to differentiate into a more pro-fibroblastic phenotype and start to express TGF-
1. The anti-fibrotic CD26" PFs differentiate into proto-myofibroblast/CD26" RFs. 2) MF differentiation is
further propagated by TGF-1 and ED-A fibronectin together with mechanical tension, caused by the
movement of fibroblasts along collagen fibers. 3) In HTS development, MFs become less sensitive to
apoptotic signals resulting in collagen overexpression and overproduction. 4) ALK5 exon skipping causes
downregulation of TGF-f signaling, reduction in fibrotic load and stiffness. As reported in chapter 3, ALK5
exon skipping affects primarily RFs and MFS shifting predominance to anti-fibrotic PFs. In addition, ALK5S
exon skipping together with bFGF/BMP4/PPARy could cause reprogramming of MFs towards PFs. 5)
PFs exert their anti-fibrotic effects directly by reducing the fibrotic load and indirectly by inhibiting RFs
and MFs. This could contribute to scarless wound healing. 6) YAP inhibition and CD26 inhibition cause
depletion of CD26* RFs, thereby reducing HTS development/ possibly enhancing scarless wound healing.
7) The anti-fibrotic effects of fat grafting, including both ADCs and ASCs, have an inhibitory effect on MF
differentiation (blue dashed flathead arrows). Furthermore, reported MF plasticity (yellow arrows) could
be utilized to reduce of MFs. Furthermore, paracrine secretion directly affects HTS development (blue
flathead arrows). Created with BioRender.com.

Concluding remarks and recommendations

The main goal of this thesis was to contribute to effective management of hypertrophic scars
by ALK5 inhibition through exon skipping. Throughout the chapters, our findings showed that
transient knockdown of ALKS5 exon 2 elicits anti-fibrotic effects and, thereby could offer a novel
treatment option for burn patients suffering from HTSs.
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An important question is whether exon skipping is either more suited as a curative or as
preventive treatment, or whether it is suited for both. In most of the chapters, the models
that were set up represented an active fibrotic environment. This was accomplished by
initial stimulation with TGF-B1 to augment the fibrotic response and induce myofibroblast
differentiation (74). In chapter 5, we used HTS explants. In the latter case, ALK5 exon skipping
was evidently tested as a curative option rather than a preventive one. As mentioned in
chapter 1, HTSs tend to regress overtime and becoming less active in terms MF abundance
and proliferation. Although we found anti-fibrotic responses in HTS explants after ALK5 exon
skipping, our earlier in vitro findings suggests that ALK5 exon skipping could be very effective
in preventing severe scar formation. By quenching the fibrotic response in deep burn wounds,
one could potentially prevent severe scarring, such as HTS or keloid development. The latter is
recognized to be a progressive type of scarring (75). Therefore, ALK5 exon skipping could be
very effective in immediate post-burn treatment. Hence, ALK5 exon skipping could be used
either to treat the scar or prevent a severe fibrotic outgrowth.

HTSs can cause substantial cutaneous dysfunction and disfigurements. ALK5 exon
skipping could potentially help to ameliorate these problems. It is of great importance to
explore broadening the scope of pertinence of this intervention; for example, in treating
contractures that arise after burn injuries. Contractures are characterized by shortening of the
collagen fibers, which can cause severe impairment of joint motion and can be accompanied
by HTS development. Elaborating further on the applicability of ALK5 exon skipping, one
could hypothesize that it could be a potential treatment modality for scleroderma, notoriously
difficult to treat. One of the main manifestations in scleroderma is the overproduction of
collagens in connective tissue of the skin, resulting in thickening and hardening of the skin.
This effect is primarily attributed to myofibroblasts (76). Moreover, the fibrosis in scleroderma
can reach beyond the skin, severely affecting quality of life of patients, therefore making ALK5
exon skipping an interesting treatment option in this generalized fibrotic disease. Altogether,
since TGF-( signaling is the pivotal pathway in the fibrotic response, it is evident that ALK5
exon skipping could be a potential tool that goes far beyond severe scarring of the skin, e.g.
treating cancers by targeting their cancer-associated fibroblasts (CAFs) (77).

However, the fibrotic response is not limited to derailed TGF-3 signaling, and should rather
be considered as a multiple-facetted process, including, for example, the immune response
especially in the early phases of wound healing. Therefore, further investigation of ALK5 exon
skipping should include possible administration in combination with other anti-fibrotic agents
that target other facets of the fibrotic response, thus attaining an enhanced and potentially
synergistic effect.

The basic conception of targeting TGF-{3 signaling in order to achieve an anti-fibrotic effect
is not new. However, the optimal approach is still undecided, as is the issue of minimizing
adverse side effects. To this date, no anti-TGF-{3 treatment has successfully reached the stage
of a clinical trial (78). As mentioned in chapter 1, the use of AONs harbor great potential to
overcome the barriers to a clinical trial. For example, there are numerous AON modifications
possible to fine-tune its effects. An encouraging development in antisense technology is its

157



Chapter 7

approval by the US Food and Drug Administration for the treatment of Duchenne muscular
dystrophy (79).

Another serious option that should be investigated is the use of CRISPR/Cas9 in targeting
TGF-B signaling. This emerging technique has shown a plethora of possibilities with regard to
gene editing. However, one crucial difference between CRISPR/Cas9 and antisense technology
is that AONs do not alter a gene but target gene expression on transcriptional level, causing a
transient effect. It may turn out that a patient would then require periodical treatment. CRISPR/
Cas9 would edit the DNA, thus introducing permanent changes in specific genes, which could
also be a severe drawback. Depending on the intended impact, gene knockdown or knockout,
one could therefore choose either an antisense or a CRISPR/Cas9 treatment, respectively.

In this thesis we have shown that ALK5 exon skipping features effects that could reduce
a fibrotic process. It is therefore warranted to investigate this anti-fibrotic potential further in
in vivo models, assessing toxicity and pharmacokinetics. This should lead up to deploying the
antisense therapy in clinical trials. Altogether, ALK5 exon skipping is a promising novel tool
that could open up an avenue for effective scar treatment and beyond.
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