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216 Appendix

SUMMARY

In the last decades, adipose tissue transplantation has become an essential 
treatment modality for tissue (volume) restoration and regeneration. The 
regenerative application of adipose tissue has only recently proven its usefulness, 
for example in reducing dermal scarring and accelerating skin wound healing. 
The therapeutic effect is ascribed to the tissue stromal vascular fraction (tSVF) in 
adipose tissue. This consists of stromal cells, their secretome, and the extracellular 
matrix (ECM), that have immune modulating, pro-angiogenic and anti-fibrotic 
properties. Yet, the use of tSVF has not been studied thoroughly for augmentative 
and regenerative purposes, and study quality is often impeded. Therefore, in 
the first part of this thesis, we focused on the therapeutic use of tSVF, (cultured) 
adipose tissue-derived stromal cells (ASCs) and their secretome (ASC conditioned 
medium (CMe) in scarring and fat graft retention. A clinical trial was designed 
to objectify the changes as a result of tSVF-enriched fat grafting for adherent 
scars, providing information on scar pliability and color, histologic changes and 
patient satisfaction. A systematic literature review of the research into the effect 
of supplementation strategies on graft retention resulted in a comprehensive 
overview of the requirements for effective research in this area. In the second part 
of this thesis, we explored the opportunities of a therapeutically functional scaffold 
composed of a decellularized dermal ECM hydrogel loaded with ASC CMe to 
enhance wound healing. This hydrogel combines the regenerative potency of ECM 
and adipose tissue, while averting the current disadvantages of the therapeutic 
use of adipose tissue e.g. necessity of liposuction procedures with (small) risk of 
complications, impossibility of interpatient use and limited storage options. Rodent 
studies and a systematic review were conducted to investigate the currently used 
decellularization procedures to obtain ECM hydrogel scaffolds, and to assess their 
feasibility to treat dermal damage. Chapter 1 introduces the therapeutic targeting 
of adipose tissues’ components on a cellular level in the light of dermal damage, 
while it also elaborates on the function of ECM and its scaffolding function.

Part I: Stromal Vascular Fraction and ASCs in scarring and graft retention
The SVF in adipose tissue has regenerative potency for several clinical applications. 
A scoping review of the literature was performed in chapter 2, in which we discuss 
the procedures to isolate cellular SVF (cSVF) and tSVF, and to investigate the 
therapeutic efficacy of SVF and ASCs in scarring in human and animal studies. 
The review advocates that the regenerative potential of SVF is partly ascribed to 
the secreted factors of the stromal cells in adipose tissue, i.e. endothelial cells, 
vascular smooth muscle cells and pericytes, and the mesenchymal stromal cells, 
i.e. fibroblasts, pre-adipocytes and other mesenchymal precursor cells. These 
paracrine factors harbor pro-angiogenic, immunogenic, anti-fibrotic and matrix 
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remodeling capacity. However, the SVF composition is affected by the isolation 
method, which influences the regenerative properties of SVF. To yield either cSVF 
or tSVF, an enzymatic or mechanical isolation procedure is performed respectively. 
Enzymatic isolation procedures disrupt adipose tissue with enzymes and were found 
to be expensive, time consuming, laborious, and lab facility equipment consuming. 
In contrast, mechanical isolation procedures manipulate adipose tissue by using 
mechanical strain only and can be performed fast, intraoperatively and with the 
use of easy to handle and affordable connectors. In cSVF, cell-cell and cell-ECM 
connections are disrupted, whereas in tSVF these are largely preserved. As ECM 
in tSVF stores and releases trophic factors, the regenerative potential is possibly 
lower in cSVF compared to tSVF. Altogether, in this review we concluded that the 
practical benefits of mechanical isolation procedures and tSVF as therapeutic 
product outweigh enzymatic isolation procedures and cSVF. However, clinical 
trials supporting a higher therapeutic efficacy of tSVF are lacking thus far. We 
encountered only three clinical trials and a case report regarding the therapeutic 
use of ASCs or cSVF in scarring, that all showed scar alleviating effects. However, we 
considered the quality of these studies as low due to the study designs. Indications 
for treatment varied significantly among groups, additional treatments were also 
combined (e.g. laser) and the used outcomes measures often were not validated. 
Thus, properly designed clinical trials investigating SVF in scarring are warranted 
to fill the current gap in scientific proof.

tSVF mainly comprises of adipose-tissue’s connective tissue i.e. ECM including 
vasculature and mesenchymal stromal cells and the paracrine factors they secrete. 
Currently, there is a lack of properly designed clinical trials that investigate if tSVF 
grafting is advantageous in the reversal of scarring. Therefore, we designed a 
prospective multicenter non-randomized clinical trial with intrapatient control 
where fat grafts will be enriched with intraoperatively isolated tSVF (ratio 10:1). 
Subsequently, tSVF-supplemented fat grafts will be injected sub-cicatricly, 
aiming to alleviate the adherent scars, as described in chapter 3. A total of 46 
eligible patients will be included in two Dutch Burn Centers (Red Cross Hospital 
in Beverwijk and Martini Hospital in Groningen). Eligible patients are patients (≥18 
years) with adherent scars caused by burns, necrotic fasciitis or degloving injury 
with an indication for fat grafting. The primary outcome is the change in scar 
pliability measured by the Cutometer between pre- and 12 months post-grafting. 
Secondary outcome measures focus on scar alleviation and quality improvement 
with both objective outcomes i.e. change in pliability (Cutometer), erythema and 
melanin quantity (DSM II Colormeter) and histological composition (analysis of scar 
biopsies)), as subjective outcomes i.e. patient and observer satisfaction (Patient 
and Observer Scar Assessment Scale (POSAS) 2.0). Follow up moments will be 3 and 
12 months post- SVF-enriched fat grafting. A strength of this designed study is that 
a combination of clinical and histological analyses of tSVF-treated scar samples 
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will be performed, thereby having the potential to measure therapeutic efficacy 
in a real-world setting. Another strength of this study is that the study is part of a 
larger series of consecutive prospective cohort studies with identical study design, 
standardized algorithm and core outcome assessment to allow for identical scar 
follow-up. This will make historical comparison with the earlier performed clinical 
trials possible.

The supplementation of fat grafting has not only gained interest to treat dermal 
wounds or scars, but also to enhance fat graft retention, since the variability in 
volume retention after fat grafting remains a challenge. Therefore, we compiled 
an extensive systematic review on supplementation strategies in facial fat 
grafting in chapter 4, in which we gathered all supplementation strategies used 
in combination with fat grafting and investigated the effect on volume retention 
as well as patient satisfaction outcomes. Additionally, the quality of studies was 
assessed using the Effective Public Health Practice Project tool (EPHPP). Twenty-
seven studies using single supplements or a combination of platelet rich plasma 
(PRP), platelet rich fibrin (PRF), cSVF, tSVF, ASCs and bone marrow-derived stromal 
cells (BMSCs) were assessed. Supplementation strategies were used for various 
indications, divided in regenerative (e.g. Parry Romberg deformity, scarring) and 
non-regenerative indications. Our systematic review showed that supplementation 
with cultured-derived ASCs retained injected volume with high fold changes (two 
to three times more volume retained compared to plain fat grafting), while PRP, 
whether concurrent with cSVF or not, did not alter volume retention. The assessment 
of patient satisfaction largely lacked a sound scientific basis because often 
no validated measurement tools and no adequate statistical analyses were 
used. Overall, most studies showed only moderate patient satisfaction after 
supplemented facial fat grafting. However, due to the low quality of the studies 
(20/27 studies rated weak) according to the EPHPP tool, no firm conclusions can 
be drawn from these studies. We concluded that the volumetric assessment of 
fat graft retention warrants improvement in terms of defining volume retention, 
standardizing assessment tools and execution of measurements. Taking these 
suggestions into account, placebo-controlled (randomized) clinical trials should 
be performed to investigate if we should pursue supplementation strategies in 
facial fat grafting.

Part II:  Extracellular matrix-based hydrogels in wound healing
Although the therapeutic use of tSVF has its benefits, several limitations have to 
be addressed. Firstly, to obtain tSVF, patients need to undergo liposuction under 
(local) anesthesia with minor risk of complications such as infection or bruising. 
Moreover, patients with underlying comorbidities such as diabetes mellitus (DM) 
may have impaired regenerative capability of tSVF. Furthermore, the obtained tSVF 
is an autologous product, which hinders interchangeable use between patients. 
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Lastly, storage options, such as cryopreservation, for future repetitive application 
are expensive and may affect the regenerative potential of tSVF and ASCs 
negatively, as thawing is paired with mass cell death. Therefore, there is a need 
for an off-the-shelf, non-immunogenic product with strong regenerative capability. 
A scaffold composed of decellularized cell- or tissue-based hydrogels charged 
with ASC secretome is such a promising entity. ECM can retain ASC secretome 
that comprises all trophic factors to direct tissue healing and it can release these 
factors over time. The efficacy of decellularized ECM-derived hydrogels (dECM 
hydrogels) in augmenting dermal wound healing was evaluated in a systematic 
review in chapter 5. This systematic review revealed that the current research on 
therapeutic use of dECM hydrogels is still in its infancy and thus far, only animal 
studies have been performed. All relevant electronic databases were searched for 
in vivo and clinical studies until April 2021. Eligible studies included studies regarding 
the therapeutic use of dECM hydrogels in dermal wound healing and outcomes of 
interests were ECM hydrogel composition, use of additives and clinically relevant 
wound healing outcomes. In total, nine rodent-based studies were included. Tissue 
and cell cultures were decellularized to generate dECM hydrogels. Studies showed a 
large heterogeneity in decellularization methodology, manufacturing of hydrogels 
and product characterization, indicating that there is a demand of standardization 
of methods. Implementation of quality and cytotoxicity controls of dECM will further 
optimize comparability and enable to obtain a generic, reliable and reproducible 
ECM hydrogel. In some of the nine rodent studies, dECM hydrogels reduced 
wound size and enhanced angiogenesis. However, the addition of additives e.g. 
mesenchymal stem cells, chitosan, with lack of proper control groups, preclude 
to draw conclusions on the single efficacy of dECM hydrogels on the observed 
enhanced wound healing (i.e. faster wound closure and increased angiogenesis).

To investigate dermal wound healing, our research team developed a scaffold, 
comprising a hydrogel from decellularized porcine skin ECM loaded with ASC 
secretome. After thorough in vitro examination e.g. confirmation of ECM hydrogel’s 
storage and release function of trophic factors, viscoelastic properties, cytotoxicity 
measurements and the influence of patient specific factors such as DM, the 
hydrogel was deemed ready for pre-clinical use. To test the feasibility of these 
dECM hydrogels in dermal wound healing, two rodent studies were conducted in 
this thesis. In chapter 6 the first rat study was performed and aimed to enhance 
the normal course of pedicled skin flap healing (prevent flap failure). The second 
rat study in chapter 7 aimed to improve wound healing in diabetic full thickness 
skin wounds. From these rodent experiments two main conclusions could be drawn. 
Firstly, that skin dECM hydrogels can be manufactured reliably and reproducibly, 
are non-cytotoxic and do not inflict a foreign body response and thus are safe to 
use in in vivo research. Secondly, dECM hydrogels with or without bound trophic 
factors from ASCs showed minimal biological effects, because rat skin regenerated 
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rapidly irrespective of treatment or comorbidity. Future models that are severely 
impaired to spontaneously heal are required for dECM hydrogels charged with 
ASC CMe to have substantial regenerative effect. Interestingly, in the non-impaired 
wound healing model (chapter 6) ASC CMe groups showed a higher angiogenic 
potential (vessel density) as compared to other groups after 7 days. This supports 
our hypothesis that a scaffold that releases ASCs trophic factors in a sustained 
manner over time is a prerequisite to enhance wound healing processes such 
as angiogenesis. The fact that the postulated regenerative capability of dECM 
hydrogels was not reflected in our studies can have different causes e.g. ASC 
secretome- and dECM dosing in hydrogels as well as the choice of ECM tissue origin. 
Therefore, we could conclude from our animal experiments that the pre-clinical 
use of dECM hydrogels is feasible. However, dECM hydrogel testing in severely 
impaired wound healing and scarring models, and possibly product optimization, 
are warranted to achieve therapeutic efficacy in dermal damage.

Concluding, the therapeutic use of adipose tissue-derived products tSVF and dECM 
hydrogels charged with ASC CMe have potential to improve scarring and wound 
healing. However, future well-designed clinical studies and experimental studies in 
animal models with severely impaired dermal healing are warranted to optimize 
product dosing and substantiate the therapeutic potency in dermal tissue damage. 
This thesis contributes to accelerating the development and adoption of adipose 
tissue-derived scaffolds for clinical purposes.
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