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- Lewandowska, Hanna; Eljaszewicz, Andrzej; Poplawska, Izabela; Tynecka, 

Marlena; Walewska, Alicja; Grubczak, Kamil; Holl, Jordan; Hady, Hady 

Razak; Czaban, Slawomir; Reszec, Joanna; Przybytniak, Grazyna; Głuszewski, 
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Cezary; Fiedor, Piotr; Oldak, Tomasz; Kaminski, Artur; Zimek, Zbigniew; 

Moniuszko, Marcin. Optimization of Novel Human Acellular Dermal Dressing 

Sterilization for Routine Use in Clinical Practice. International Journal of 

Molecular Science. 2021, 22, 8467.  
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- Grubczak, Kamil; Kretowska-Grunwald, Anna; Groth, Dawid; Poplawska, 

Izabela; Eljaszewicz, Andrzej; Bolkun, Lukasz; Starosz, Aleksandra; Holl, 

Jordan; Mysliwiec, Marta; Kruszewska, Joanna; Wojtukiewicz, Marek Z.; 

Moniuszko, Marcin. Differential Response of MDA-MB-231 and MCF-7 Breast 

Cancer Cells to In Vitro Inhibition with CTLA-4 and PD-1 through Cancer-

Immune Cells Modified Interactions. Cells 2021, 10, 2044.  

IF: 6.600; MNiSW: 140 

 

2.2. Conference abstracts 
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Grubczak, Kamil; Hady, Hady Razak; Dadan, Jacek; Reszec, Joanna; Czaban, 
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Differential preparation of acellular dermal matrices induces distinct 
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on Autoimmunity and Allergy", 30 June - 3 July 2021. (Registration grant award 
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Eljaszewicz, Andrzej. Evaluation of the immunomodulatory effects of acellular 
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dermal matrices prepared by various methods. LXXV International Scientific and 

Practical Conference for Students and Young Scientists Actual Problems of Modern 

Medicine and Pharmacy 2021. Republic of Belarus, Minsk, 14-16 April 2021. 

(Poster 1st place award) 

 

- Holl Jordan; Pawlukianiec Cezary; Groth Dawid; Grubczak Kamil; Hady, Hady 

Razak; Reszeć Joanna; Czaban Slawomir; Eljaszewicz Andrzej; Moniuszko Marcin. 

Evaluation of different decellularization protocols of human skin on acellular dermal 

matrix immunogenic and immune modulatory properties. 11th South Eastern 

European Immunology School (SEEIS2019). Program and Abstracts. Pristina, 

Kosovo. September 27-30, 2019. (Full registration and travel award)  

 

- Pawlukianiec Cezary; Holl Jordan; Groth Dawid; Grubczak Kamil; Popławska 

Izabela; Eljaszewicz Andrzej; Moniuszko Marcin. The effects of different 

decellularization protocols on the immune modulatory properties of human acellular 

dermal matrices. 6th Lublin International Medical Congress for Students and Young 

Doctors, Lublin, 28-30 November 2019.  

 

2.3. Impact Factor and Ministry of Science Points Summary 

 

Article type Number Impact Factor MNiSW points 

Articles in this dissertation 2 12.921 240 

Articles not in this dissertation 3 18.844 380 

Conference abstracts 4 - - 

Total 9 31.765 620 
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II. Abbreviations 

ADM – Acellular Dermal Matrix 

ATP – Adenosine 50-triphosphate 

CCR – Chemokine Receptor 

CFSE – Carboxyfluorescein Succinimidyl Ester 

CXCL – Chemokine Ligand 

DAMP – Danger Associated Molecular Pattern 

DAPI – 4′,6-diamidino-2-phenylindole; a blue-fluorescent DNA stain 

DFU – Diabetic Foot Ulcer 

DNA – Deoxyribonucleic Acid 

EB – Epidermolysis Bullosa 

ECM – Extracellular Matrix 

EGF – Epidermal Growth Factor 

FBS – Fetal Bovine Serum 

FGF – Fibroblast Growth Factor 

FMO – Fluorescence Minus One 

hADM – Human-derived Acellular Dermal Matrix 

HMGB1 – High Mobility Group Box protein 1 

IFNγ – Interferon Gamma 

IL – Interleukin  

M1 Macrophage – A broadly pro-inflammatory Macrophage 

M2 Macrophage – A broadly anti-inflammatory & pro-regenerative Macrophage 

MCP-1 – Monocyte Chemotactic Protein 1 

MFI – Mean Fluorescence Intensity 

MMP – Matrix Metalloproteinase 

MSC – Mesenchymal Stem Cell 

NaCl – Sodium Chloride 

NET – Neutrophil Extracellular Trap 

PAMP – Pathogen Associated Molecular Pattern  

PBMC – Peripheral Blood Mononuclear Cells 

PBS – Phosphate Buffered Saline 

PDGF – Platelet-Derived Growth Factor 

PHA-P – Phytohaemagglutinin P; a T cell activator 
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RBS – Red Breast Syndrome 

SDF-1 – Stromach Cell-derived Factor 1 

SDS – Sodium Dodecyl Sulfate 

T2DM – Type 2 Diabetes Mellitus 

TIE-2 – Angiopoietin-1 receptor 

TGF-β – Transforming Growth Factor Beta 

Th17 –T Helper 17 Cell 

TIMP – Tissue Inhibitor of Metalloproteinase 

TNF – Tumor Necrosis Factor 

Treg – Regulatory T Cell 

TSLP – Thymic Stromal Lymphopoietin 

VEGF – Vascular Endothelial Growth Factor 
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III. Introduction 

The management of deep (full thickness), hardly-healing wounds, and non-healing 

ulcers remain a significant clinical challenge. To date, standard treatment procedures aim 

at surgical wound preparation and its subsequent closure. However, the wounds that extend 

below the deep layers of the skin require a more complex treatment. In such cases, a full- 

or split-thickness skin graft is used to cover the wound. Unfortunately, a limited quantity of 

available autologous grafts and subsequent complications associated with the invasiveness 

of graft collection constitutes a significant limitation of this therapeutic option. Therefore, 

there is a substantial need to develop novel methods for deep wound care.  

Normal wound healing is composed of 4 distinct but overlapping phases, namely: 

a. Hemostasis. <1 day. Capillaries become permeabilized. Patrolling inflammatory 

cells are chemoattracted into the wound. Ultimately, coagulation occurs as 

platelets flood the damaged area. 

b. Inflammation. 1-3 days. Pro-inflammatory cells such as neutrophils, mast cells, 

and some monocytes are chemically attracted to and extravasate from circulating 

blood into the wound with the goal of cleansing foreign particulates, dead/injured 

tissue, and other debris. This phase tapers off as debris is cleared, with reduced cell 

infiltration of neutrophils. A provisional extracellular matrix (ECM) is laid down 

near the end of this phase.1-3  

c. Proliferation. 3-7 days. The wound microenvironment changes to become 

characterized by a pro-regenerative environment consisting of growth factors, 

cytokines, and matrix metalloproteinases (MMPs). This phase is characterized by 

intense angiogenesis, the chemoattraction of fibroblasts, and macrophage 

polarization to an anti-inflammatory M2 phenotype. The provisional ECM is 

extracted and replaced by a more permanent collagen structure.4 

d. Remodeling. 7+ days. Total epidermal wound closure. Fibroblasts and 

macrophages tightly regulate MMPs and their inhibitors, re-organizing dermal 

proteins and ECM components, ultimately returning the damaged skin to its 

normal functionality5-7.  

In contrast to normal wounds, chronic wounds are characterized by a variety of 

mechanistic complications which contribute to poor wound healing. These include 

neuropathy, angiogenic dysregulation, hypoxia, persistent inflammation, impaired 
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fibroblast function, and an abundance of cytokine/matrix metalloproteinase (MMP)/growth 

factor dysregulations. This may be further contributed to by systemic disorders such as 

metabolic disorders like type 2 diabetes mellitus (T2DM), which is known to both glycate 

proteins as well as to induce severe epigenetic consequences on the hematopoietic stem 

cells, which will later differentiate into the inflammatory and regenerative cells which 

infiltrate wounds, respectively8-14 (Figure 1).  

Figure 1: Overview of Normal vs. Impaired Wound Healing. A: The first phase of wound healing is hemostasis. 
Platelets form a clot at the injury site, and chemoattractants are released, recruiting key inflammatory cells. Next, 
inflammation takes charge, with infiltrating neutrophils and mast cells releasing pro-inflammatory cytokines and inducing 
strong sanitizing effects15,16. This is accompanied by neutrophil extracellular trap (NET) induction, which assists in 
capturing and destroying invading pathogens. Tissue-resident macrophages react to pathogen- and damage-associated 
molecular patterns (PAMPs & DAMPs), activating. Later a provisional matrix comprised of fibronectin and other 
provisional ECM components forms from the clot2,4. B: Impaired wounds see an upregulated influx of neutrophils and 
mast cells, leading to an overactive inflammatory response, causing collateral damage and extending the inflammatory 
phase to the detriment of subsequent phases9,10,17. C: Following the resolution of strong inflammation, the proliferative 
phase begins. Crucially, endothelial progenitor cells are stimulated by growth factors to induce angiogenesis. This 
angiogenesis allows for wound-resident cells to be supplied with oxygen and nutrients, facilitating their function. 
Infiltrating monocytes differentiate into M1 and M2 macrophage subsets18. M1 macrophages maintain a strong 
inflammatory profile, but are counterbalanced by pro-regenerative M2 macrophages which release anti-inflammatory 
cytokines, growth factors, and proteases which replace the provisional ECM with collagens, assisted by properly 
functioning fibroblasts. This process results in thick granular tissue and full keratinocyte coverage. D: Impaired wounds 
result in poor angiogenesis and, in the case of T2DM, glycated proteins. This hypoxic environment induces oxidative 
stress, driving inflammatory M1 macrophage polarization and impairment of fibroblasts, resulting in poor ECM 
reorganization and a persistent inflammatory environment8,19,20. E: Remodeling is carried out by macrophages, fibroblasts, 
and myofibroblasts re-organizing the provisional ECM into a coherent scar structure primarily by means of matrix 
metalloproteinases (MMPs) and their inhibitors (TIMPs), resulting in tissue with strong tensile strength and 
functionality21,22. F: Impaired wound-resident cells remain ineffective and pro-inflammatory. Collagen reorganization 
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resolves poorly, resulting in weak, non-functional skin that is apt to re-injure and potentially ulcerate, perpetually 
inflamed5,23,24. Figure adapted from Holl J et al. Cells. 2021. 

Immune and progenitor cells play a crucial role in the effective healing of wounds 

(healing mechanisms and the role of different immune cells in the processes have been 

extensively presented in the review paper included in the dissertation, please see page 28). 

Briefly, T cells, neutrophils, monocytes, and fibroblasts act as mediators of inflammation 

and/or pro-regenerative signals which mediate the progression of wound healing through 

the subsequent phases of healing (Figure 1). The release of inflammatory mediators upon 

injury, including chemokines (such as CCL2, CCL3, and MCP-1), cytokines (for example 

IFN, TNF, and IL-6), danger-associated molecular patterns (DAMPs, such as adenosine 

triphosphate, high-mobility group box 1, heat shock protein, etc.), and lipid mediators, 

orchestrate local inflammation aimed at wound clearance from invading microorganisms, 

necrotic cells, and cell debris 15,24-29. Moreover, it is well documented that the appropriately 

regulated inflammatory phase triggers the proliferation of tissue-resident and progenitor 

cells in the wound area29-31. However, in hardly healing wounds, prolonged or even 

uncontroled inflammation limits cell proliferation, extending the proliferative phase of 

wound healing 5,32,33. Due to their pleiotropic biological activities, wound infiltrating 

monocytes and local macrophages have been proposed as central orchestrators of the 

healing phases transition from inflammatory to proliferative. In fact, 

monocytes/macrophages possess functional plasticity, allowing them to change their 

proinflammatory potential (characteristic for classically activated M1 phenotype) towards 

anti-inflammatory/reparatory function (typical form alternatively activated M2 phenotype). 

Therefore, in hardly healing wounds, M1 macrophages are presented with more significant 

quantities than their M2 counterparts 8,11,34. Furthermore, monocytes/macrophages 

significantly contribute to the remodeling phase by the release of growth factors (such as 

insulin-like growth factor-I (IGF), vascular endothelial growth factor (VEGF), and TGF- 

etc.), chemokines and cytokines (including CXCL4, CXCL8, CCL2, CCL5, IL-1 receptor 

agonist, and IL-10), MMPs and their inhibitors, and lipid mediators. 

Skin substitutes represent a broad selection of synthetic and biologically-derived tissues 

which mimic the dermis and/or epidermis when transplanted into a wound environment, 

consequently covering the wound area, improving wound healing, and resolving the injury 

with minimal scarring. Although there exists a great variety of skin substitutes (Table 1), 

the acellular dermal matrix (ADM) are often an option in plastic surgery, as well as the 

treatment of burns, hardly healing wounds, and chronic wounds such as diabetic wounds 



 
 

12

and epidermolysis bullosa. Notably, their effectiveness has been shown in some cases 

preferable to standard care procedures35-39. 

Table 1: Categories of Skin Substitutes 

 
Table adapted from Holl J et al. Cells. 2021. 

 

An ideal skin substitute should generally possess a variety of characteristics that have 

been linked with beneficial wound healing as a consequence of regenerative potential, low 

immunogenicity, and immune-modulatory activity, among others (Table 2). ADMs lack 

cellular repertoires and therefore possess only extracellular matrix components that are not 

only already present in the normal dermis but are biomimetic to recipient proteins. 

Consequently, when properly utilized, these unique features should reduce graft rejection 

and improve healing processes. Moreover, they can serve as a scaffold for stem cells, 

growth factors, and anti-oxidative compounds39-41. However, to date, the role of different 

preparation methods including decellularization protocols (the use of ionic detergents, 

nonionic detergents, or enzymes), asepticity of manufacturing (sterile preparation, 

irradiation, and/or chemical sterilization), and the source of skin grafts on ADMs immune-

modulatory potential remains to be fully elucidated. In fact, the vast majority of available 

reports focus on the outcomes of specific skin substitutes in a variety of impaired or 

unimpaired wounds in experimental or clinical models, but do not elaborate on the 

mechanism of their beneficial effects.  
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Table 2: Properties of Ideal Skin Substitutes 

 

Table adapted from Holl J et al. Cells. 2021. 

 

These skin substitute characteristics are important due to the explicit interaction with 

and induction of function in regenerative cells such as monocytes/macrophages. As 

previously mentioned, monocytes/macrophages possess a variety of signaling, 

inflammatory, and pro-regenerative potential within the healing wound including the 

secretion of IL-1, IL-6, IL-10, TNF, MMPs-1, -2, -9, the ability to orchestrate adaptive 

immune responses through T cell interaction, and the ability to differentiate into distinct 

pro-inflammatory M1 and anti-inflammatory/pro-regenerative M2 macrophage subsets42-45. 

The activation and regulation of monocytes can therefore affect the microenvironment cell 

composition and function, cytokine and growth factor milieu, and overall healing potential. 

Similarly, the inflammatory environment which is controlled by monocytes/macrophages 

can in turn influence fibroblasts, enhancing or degrading their angiogenic and ECM-
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depository functional capacity through inflammatory regulation5,22,46. Therefore, 

examination of the ability of the preparation method to influence cellular behavior, 

especially monocytes, is paramount to revealing the true therapeutic potential of a given 

skin substitute. Notably, a more comprehensive literature review of both the normal wound 

healing process as well as the functional changes induced in ADM co-incubated cells thus 

far can be found in the review article in this dissertation. 

Previously, members of the Department of Regenerative Medicine and Immune 

regulation proposed a new concept of human skin sourcing for hADM manufacturing. We 

established three distinct protocols for the creation of proprietary human bariatric surgery 

skin-derived acellular dermal matrices [ref]. Although the therapeutic potential of this novel 

hADM has been assessed in a preclinical murine model, its immune-modulatory potential 

remained elusive. Therefore, in my research, I wished to assess how our novel differentially 

prepared hADMs interact with immune cells in vitro (please see below). 

 

Dissertation Aims:  

1. To analyze the effect of different methods of human abdominoplasty skin 

processing on acellular dermal matrix immunogenicity 

2. To evaluate immune-modulatory properties of differentially prepared human 

abdominoplasty skin-derived acellular dermal matrix   

3. To evaluate the effects of immune cell on the structure of human abdominoplasty 

skin derived acellular dermal matrix. 
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IV. Materials & Methods 

a. Skin Collection and Processing 

Skin folds from bariatric patients were collected during abdominoplastic surgery at the 

1st Clinical Department of Endocrine and General Surgery at the Medical University of 

Bialystok. Dermatome skin grafts were harvested from the resected skin fold, sealed in foil 

bags, and biobanked at -80o C for further processing. Skin was collected upon the approval 

of the Ethics Committee of the Medical University of Bialystok R-I-002/140/2016 from 

2016-4-28. Study participants gave written informed consent, and the study was conducted 

following the provisions of the Helsinki Declaration 

Dermal fragments were thawed in saline (Biomed-Lublin) at room temperature, 

followed by a decellularization step using chemical and/or enzymatic processing See table 

3 for full details. Directly after decellularization and washing, acellular dermal matrices 

were lyophilized using automated -80o C lyophilization (Telstar LyoQuest), sealed in double 

foil bags, labeled, and biobanked in -80o C. The efficiency of the decellularization process 

was controlled using histochemical staining, when fragments of ADM were examined 

confocally for evidence of DAPI staining. No DAPI staining was observed.  

Prior to use, 8mm fragments were created by biopsy punch. Next, 8mm acellular dermal 

matrix (ADM) fragments were re-hydrated in a 1mL complete culture medium – RPMI 

1640 (Thermo Fisher) supplemented with 10% FBS (PAN Biotech) and 75 ug/mL 

gentamicin (Gibco) – for 24 hours in a 37° C, 5% CO2 incubator. Each independent 

experiment utilized an hADM from a distinct decellularization series.  

Table 3. hADM Decellularization Protocols. 

hADM 
Preparation 

Method 

Phase 1 Phase 2 Washing Storage 

Reagents 

tim
e 

[h
] 

Te
m

p.
 [o C]

 

[R
PM

] 

Epidermal 
Removal 

Reagents 

tim
e 

[h
] 

Te
m

p.
 [o C]

 

[R
PM

] 

W
as

hi
ng

 

Ti
m

e 
[h

] 

[R
PM

] 

Ly
op

hi
liz

at
io

n 
Te

m
p 

[o C]
 

hADM 1 
1M NaCl + 

Antibiotic mix 

24 37 40 

Mechanical 

SDS 0.1% + Antibiotic 
Mix 

24 37 40 
 

H2O 
 

5 × 24h 60 

 
 

YES/ 
−70 

hADM 2 
1M NaCl + 

Antibiotic mix 
3% Triton X-100 in PBS + 

Antibiotic Mix 

hADM 3 
TrypLE Select + 
Antibiotic mix 

 Unnecessary 
3% Triton X-100 in PBS + 

Antibiotic Mix 

NaCl—sodium chloride; SDS—Sodium dodecyl sulfate; PBS—Phosphate-Buffered Saline, H2O—
distilled deionized water. Table adapted from Holl J et al. Pharmaceutics. 2021. 
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b. Peripheral Blood Mononuclear Cell (PBMC) Isolation 

PBMCs were isolated from fresh buffy coats obtained from healthy donors at the 

Regional Blood Donation Center in Bialystok by means of density gradient centrifugation 

(Pancol, PAN Biotech), as previously described [28]. Pharm lyse buffer (BD) was used to 

remove residual red blood cells when needed. PBMC numbers were evaluated using a 

Bürker chamber. Freshly isolated PBMCs were resuspended in complete culture medium 

and used immediately for further research. Buffy coats were collected upon the approval of 

the Ethics Committee of the Medical University of Bialystok R-I-002/634/2018 from 2019-

02-28. Study participants gave written informed consent, and the study was conducted 

following the provisions of the Helsinki Declaration. 

 

c. T Cell Proliferation Assay 

Freshly-isolated PBMCs were stained with carboxyfluorescein succinimidyl ester 

(CFSE, Sigma Aldrich) in PBS (Corning) for 5 min at room temperature in the dark. CFSE-

labeled cells were washed three times in PBS (5 min, 400x g). Next, the cells were 

resuspended in complete culture medium and gently seeded on re-hydrated 8mm hADM 

fragments, 8mm unprocessed skin fragments, or left alone (vehicle/unstimulated control) in 

24 well culture plates (Eppendorf) at the density of 1 x 106 cells/mL. Mitogen stimulation 

(5 ug/mL PHA-P, Gibco) was included as a positive control of PBMC proliferation. The 

cells were stimulated for 7 or 14 days with medium changes every four days. Finally, the 

cells were collected and stained with mouse anti-human CD3-FITC and CD8-PE conjugated 

antibodies (BD Biosciences) for 15 min in the dark. See table 4 for antibody information. 

Next, the samples were washed in PBS (Corning) and fixed using CellFix (BD) and 

analyzed by FACSCalibur (BD) flow cytometry. Obtained data were analyzed using FlowJo 

software (TreeStar inc.). Appropriate staining controls were used for setting the gates. 

Utilized gating strategy is figure 2. The results are presented as a ratio of proliferation versus 

the unstimulated control.  
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Table 4. Antibodies Utilized in Flow Cytometry. 

  Cellular Marker Fluorochrome Origin/Isotype Clone Supplier 

T 
Ce

lls
 

CD3 PerCP Mouse / IgG1, k SK7 BD 

CD4 FITC Mouse / IgG2b, k OKT4 BioLegend 

CD8 PE Mouse / IgG1, k SK1 BD 

CD25 PE-Cy7 Mouse / IgG1, k BC96 BioLegend 

CD127 PE Mouse / IgG1 R34.34 Beckman 

CD161 APC Mouse / IgG1, k HP-3G10 BioLegend 

CD196 PerCP Cy5.5 Mouse / IgG2b, k G034E3 BioLegend 

IL-17 PE Mouse / IgG1, k N49-653 BD 

IFNγ PE-Cy7 Mouse / IgG1, k B27 BD 

M
on

oc
yt

es
 

CD14 PerCP Mouse / IgG2b, k MφP9 BD 

CD16 FITC Mouse / IgG1, k 3G8 BD 

CD163 PE Mouse / IgG1, k GHI/61 BioLegend 

TIE-2 Alexa Fluor 647 Mouse / IgG1, k Ab33 BioLegend 

IL-10 PE Rat / IgG2a, k JES3-19F1 BioLegend 

TNF PE Mouse / IgG1 6401.1111 BD 

Table adapted from Holl J et al. Pharmaceutics. 2021. 
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Figure 2. Representative Gating for T Cell Proliferation. This supplemental figure relates to Figure 1. 
CFSE-stained PBMCs cultured either alone or co-incubated with hADMs were collected, stained for 
CD3 & CD8, and underwent flow cytometry. Proliferation was quantified as shown on Figure 1 via 
histogram gating. Figure adapted from Holl J et al. Pharmaceutics. 2021. 

 

d. Assessment of Monocyte and T Cell Phenotype 

Freshly isolated PBMCs were gently seeded on re-hydrated 8mm hADM fragments or 

left alone (vehicle/unstimulated control) in 24 well culture plates (Eppendorf) at the density 

of 1 x 106 cells/mL in complete cell culture media. The cells were cultured for up to 72h 

and collected every 24h for flow cytometry analysis. For intracellular cytokine staining, 

brefeldin A (ThermoFisher) was added to culture wells 3h before cell acquisition. 

Additionally, cell culture supernatant was collected and biobanked at -80o C for cytokine 

assay. Next, the cells were stained immediately with a panel of monoclonal antibodies 

(Table 4). Briefly, cells were incubated in the presence of monoclonal antibodies for 30 min 

at room temperature in the dark. Next, the specimens were washed twice in PBS and fixed 

with CellFix (BD) or subjected to intracellular staining. For the latter, samples were fixed 

and permeabilized using Perm2 Buffer (BD) according to manufacturer instructions, 

followed by washing in PBS and staining with fluorescent-conjugated antibodies (Table 4) 

for 30 min at 4o C in the dark. Next, the cells were washed twice and fixed with CellFix 

(BD). Finally, the specimens were analyzed on a FACSCalibur flow cytometer (BD). Flow 

cytometry data analysis was performed using FlowJo software (Tree Star). Appropriate, 

S
S

C

C
D

3

C
D

8

FSC

Unstained

Sample
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fluorescence-minus-one (FMO) controls were applied for setting correct gating. Utilized 

gating strategies for different T cell and monocyte subsets are presented in figures 3 & 4. 

Utilized gating strategies for T cell and monocyte function are presented in figures 5 & 6.. 

 

Figure 3. T Cell Phenotype is not Regulated by hADM Co-incubation. Healthy donor PBMCs were co-
incubated alone or with hADMs for 1, 2 or 3 days. Next, cells were stained extracellularly and examined 
by flow cytometry. (A) Representative schematic of flow cytometry gating of extracellularly-stained T 
cell subsets. (B) Frequencies of T cell subsets were noted for inactive T cells (CD25−/CD127++), active 
T cells (CD25+/CD127+), and Tregs (CD25++/CD127+/−). Frequency of Th17 cells were also 
examined by CD196+/CD161+. Results expressed as medians + interquartile ranges. Two-tailed 
Wilcoxon matched-pairs signed rank test used for B. n = 5 with 2 technical replicates; * p < 0.05. Figure 
adapted from Holl J et al. Pharmaceutics. 2021. 
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Figure 4. Representative Gating for Extracellularly-stained Monocytes. This supplemental figure relates to 
Figure 2. PBMCs cultured either alone or co-incubated with hADMs were collected, stained extracellularly for 
CD14, CD16, TIE-2 and CD163. Figure adapted from Holl J et al. Pharmaceutics. 2021. 

hADM 2

hADM 3

hADM 1

Unstimulated
S

S
C

C
D

1
4

FSC TIE-2CD16 CD163
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Figure 5. hADMs do not Induce Differential T Cell Function. Healthy donor PBMCs were co-incubated alone or 
with hADMs for 1, 2 or 3 days. 2 hours before collection, protein transportation was inhibited. Finally, cells 
were permeabilized and stained extracellularly and intracellularly before being examined by flow cytometry. (A) 
Representative schematic for flow cytometry gating. (B) Quantification of CD4+/IFNy+ or IL-17+ T cell 
frequency. (C) MFI quantification of CD4+/IFNy+ or IL-17+ T cells. (D) Frequency and MFI ratios of 
inflammatory T cell cytokines. Results expressed as medians + interquartile range. Two-tailed Wilcoxon 
matched-pairs signed rank test used for B–E. n = 5 with 2 technical replicates; *p < 0.05. Figure adapted from 
Holl J et al. Pharmaceutics. 2021. 
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Figure 6. Representative Gating Strategy for Intracellularly-stained Monocytes. This supplemental figure 
relates to Figure 3. PBMCs cultured either alone or co-incubated with hADMs were collected, stained 
extracellularly for CD14, and intracellularly for IL-10 & TNF before undergoing flow cytometry. Figure 
adapted from Holl J et al. Pharmaceutics. 2021.  
 
e. Cytokine Assay 

Concentrations of factors TNF, IFNγ, IL-1β, IL-6, IL-10, IL-17, and TGF-β were 

measured by means of commercially available DuoSet ELISA (all from R&D Systems) 

according to suggested manufacturer protocol. The detection ranges for TNF (15.6 - 1,000 

pg/mL) IFNγ (9.39 – 600 pg/mL), IL-1β (3.91 – 125 pg/mL) IL-6 (9.4 – 600 pg/mL), IL-

10 (31.3 - 2,000 pg/mL), IL-17 (15.6 – 1,000 pg/mL), and TGF-β (31.3 – 2,000 pg/mL). 

Protein levels were analyzed with an automated microplate reader (LEDETEC96 system). 

The results were calculated according to the standard curve, generated by individual 

standard dilutions, by MicroWin 2000 Software. 

  

f. Immunofluorescence Staining 

hADMs were snap-frozen after coincubation with PBMCs mentioned previously. 

hADMs were cut using cryomicrotome into 20 uM longitudinal sections and seeded on glass 

slides. Next, cryosections were fixed with 4% paraformaldehyde (ChemCruz) and 

incubated in a detergent (0.1% Triton x-100 (Sigma) in 0.02% SDS-PBS (Sigma Aldrich 

and Corning, respectively), followed by incubation with blocking buffer (10% normal 

donkey serum (Abcam) in 1% BSA in PBS). Next, the slides were stained with a specific 

primary antibody for collagen types I, III, and IV or incubated in staining buffer (1% 
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protease-free bovine serum albumin (Sigma) in PBS) for 60 minutes in a high humidity 

chamber in the dark. Next, the slides were washed three times in washing buffer (Tween20-

PBS) and stained with appropriate secondary antibodies. For primary and secondary 

antibodies, please see table 5. Finally, the specimens were mounted in Prolong Gold 

mounting medium with DAPI (ThermoFisher) and covered with cover slides (Menzel-

Glasser), followed by overnight incubation at RT in the dark before analysis by confocal 

microscopy. 

Table 5. Antibodies Utilized in Confocal Microscopy. 

Primary Antibodies 

Marker Origin/Isotype Clone Supplier RRID 

Collagen 1A1 Rabbit / IgG Polyclonal Invitrogen AB_2547045 

Collagen III Rabbit / IgG Polyclonal Invitrogen AB_2552139 

Collagen IV Mouse / IgG1 COL-94 Invitrogen AB_558482 

Secondary Antibodies 

Fluorochrome Reactivity Origin/Isotype Clone Supplier RRID 

Alexa Fluor 647 Mouse Goat / IgG Polyclonal Invitrogen AB_2536165 

Alexa Fluor 700 Rabbit Goat / IgG Polyclonal Invitrogen AB_2535709 

Table adapted from Holl J et al. Pharmaceutics. 2021. 

 

g. Confocal Microscopy  

 Confocal pictures were acquired using an FV1200 Microscope (Olympus). Full-sized 

pictures were acquired in 3 channels using 405, 450, and 650nm lasers at 20us/pixel and 

2048x2048 size using FluoView software. Full-sized photos were then examined using 

ImageJ software. Channel 1 (DAPI) was made blue, Channel 2 (autofluorescent collagen 

structure) was made green, Channel 3 (stained collagen fibers I, III, or IV) was made red. 

Z-stacks of each channel were created and merged. As many focused sections (500x500 

pixels) as possible were extracted from each full-sized photograph - inside the hADM for 

collagens I & III or on the apical edge for collagen IV – and quantified. Each stained, 

quantified, focused section was divided by the mean of combined focused controls – slides 

stained without primary collagen-binding antibody but with secondary fluorescent 

antibodies specific to each collagen [Quantification = Stained Collagen / Staining Control]. 

Channels 1 & 2 (DAPI & autofluorescence, respectively) did not contribute to the semi-
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quantitative measurement of collagens. In hADMs without co-incubated PBMCs, only one 

time point (24H) was used with quantification measured as mentioned above. However, 

when PBMC co-incubated hADMs were compared to those without PBMCs, the following 

equation was used [Quantification = (stained PBMC co-incubated focus section / control 

PBMC co-incubated focus section) / (stained non-PBMC focus section / control non-PBMC 

focus section)]. 

 

h. Quantification of DNA Within hADMs 

hADMs were re-hydrated using 1mL of PBS in 24 well plates. Next, hADMs were 

digested using proteinase K in buffer solution provided in DNeasy blood & tissue DNA 

isolation kit (Qiagen). This resulted in the entire dissolution of hADMs into solution. This 

kit was used according to manufacturer protocol to isolate and extract DNA from the fibrous 

hADMs. Finally, DNA concentration was measured using a NanoDrop™ 2000/2000c 

Spectrophotometer (ThermoFisher) using NanoDrop 2000 software (ThermoFisher), 

specifically the nucleic acid measurement at 260/280nm. 

 

i. Statistical Analysis 

Graphs and statistics were calculated using GraphPad Prism 8 (GraphPad Software). 

Wilcoxon matched-pairs signed rank test was used to compare differences between 

analyzed conditions. To determinate the differences in residual DNA U-Mann Whitney test 

was used. The differences were considered statistically significant at p < 0.05. The results 

are presented as a median ± interquartile range. 
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V. Results 

In theory, an ideal skin substitute should retain the aforementioned beneficial 

characteristics associated with successful clinical wound outcomes (Table 2). Therefore, 

my aim was to evaluate each of these novel preparation methods in the context of 

immunogenicity, beneficial cell polarization inductions, and ECM-retention capability. To 

this end, we began by examining the direct effect of each novel hADM decellularization 

process on immunogenicity and inflammatory potential – one of the underlying 

fundamental markers of clinical success. 

When CFSE-stained PBMCs were cultured alone, with 1 of 3 hADMs, with full skin, 

or with a mitogenic control, differential levels of T cytotoxic cell (CD3+CD8+) and T helper 

cell (CD3+CD8-) proliferation was observed after 7 & 14 days. Notably, hADM 1 induced 

low T cell proliferation similar to the unstimulated control PBMCs. In contrast, hADMs 2 

& 3 induced significantly higher proliferation of both analyzed T cell subsets. This result 

showed the low immunogenic effect of hADM 1 and the relatively higher immunogenicity 

of hADMs 2 & 3. 

Next, PBMCs were co-incubated either alone or with 1 of 3 hADMs for 1, 2, or 3 days. 

First, T cells were examined for phenotype using flow cytometry analysis of non-activated 

T cells, activated T cells, putative regulatory T cells, and putative Th17 cells. In addition, 

interferon gamma (IFNy) & IL-17 producing T cells were evaluated after application of 

protein transport inhibitor. The obtained results suggest that analyzed hADMs have no 

effect on T cell phenotype. Next, monocytes were examined using flow cytometry for 

classical, intermediate, and non-classical subsets. I found significant differences in the 

composition of monocyte subsets after incubation in presence of differentially prepared 

abdominoplasty skin based acellular dermal matrices. Namely, I observed that these 

hADMs delay monocyte maturation towards the more mature intermediate and non-

classical phenotypes when compared to the unstimulated control. Moreover, Tie-2 & 

CD163 expressing monocytes – cells with pro-angiogenic potential and anti-inflammatory 

potential (alternatively activated macrophage precursors), respectively – were examined. I 

observed slight differences between hADM co-incubated groups, with higher expression as 

time progressed and implied induction towards intermediate monocytes and therapeutically 

beneficial M2-like cells. 

Next, the supernatants of PBMCs incubated alone or co-incubated with hADMs for 1, 

2, or 3 days were examined to determine the release of pro-inflammatory IFNγ, IL-1β, IL-

6, TNF, IL-17, as well as anti-inflammatory IL-10 and TGF-β, cytokines. Briefly, we found 
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that hADM 2 and hADM 3 induce pro-inflammatory profiles, with high levels of IFNγ, 

TNF, IL-1β, and IL-6 when compared to both unstimulated control and hADM 1. 

Additionally, anti-inflammatory IL-10 was found to be decreased in both unstimulated and 

hADM 1 in contrast to the significantly higher concentration seen in hADM 2 supernatants.  

Having found significant differences in the immune responses to differentially 

manufactured novel abdominoplasty skin-derived hADMs, the influence of immune cells 

on the extracellular matrix structure, namely collagen architecture, was analyzed. Although 

no visible differences in the structural architecture of hADMs after PBMC co-incubation 

were observed, collagen IV fragmentation on the apical surface of hADMs was evidenced. 

Moreover, the localization of PBMCs (presumably monocytes) with collagen fibers was 

witnessed. To summarize, differences in collagen retention were revealed as well as the 

notable fragmentation of collagen IV. 

Ultimately, we observed significant differences between hADM preparation methods in 

regard to co-incubated cell immunogenicity, cell polarization and functional capacity, and 

collagen retention. Notably, hADM 1 was found to induce T cell proliferation levels similar 

to that of the control, delay monocyte maturation towards a pro-inflammatory non-classical 

monocyte phenotype, induce similar inflammatory cytokine secretion versus control, and to 

retain crucial collagens I, III, & IV after processing, albeit with some collagen IV 

fragmentation and cellular adhesion to those fragments. Broadly speaking, each method of 

preparation induced unique and significantly different responses within the same co-

incubated PBMC populations. 
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VI. Conclusions 

 

a. Method of human abdominoplasty skin preparation induces differential 

immunogenic effects in co-incubated PBMCs. Notably, PBMCs co-incubated with 

hADM 1 (prepared using ionic detergent) behaved similarly to unstimulated 

controls while hADMs 2 & 3 (prepared using non-ionic and enzymatic detergents, 

respectively) induced strong immunogenic stimulatory effects after 7 & 14 days.  

b. hADM co-incubation affected PBMC phenotype & function. Although T cells were 

not significantly altered in regard to phenotype & function after 3 days, monocytes 

were strongly affected, with an apparent delay of activation & maturation, as well 

as a shift into more pro-regenerative M2-like phenotype. Further, analysis of 

cytokine profiles revealed differential functional capacity of co-incubated PBMCs 

in hADM groups, with hADM 1 displaying a profile similar to the unstimulated 

control, while hADMs 2 & 3 were strongly pro-inflammatory.  

c. Finally, hADM preparation retention of extracellular matrix collagens, especially at 

the apical surface where PBMCs were cultivated for up to 3 days. Importantly, 

collagen IV was fragmented, with PBMCs (presumably monocytes) further 

localizing with these fragments. 

d. The method of hADM 1 preparation – through anionic detergent sodium dodecyl 

sulfate – may be suitable for the creation of non-immunogenic ADMs in vivo.  
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VIII. Summary of Results 

a. English 

Chronic ulcerative and hardly healing wounds are a significant clinical problem 

worldwide. Despite the development of new treatment strategies, their efficacy is 

unsatisfactory. One of the proposed methods aims to use an acellular dermal matrix 

(ADM) of animal or human origin. Notably, the source of the skin, the way it is 

processing, and the sterilization of the final product may affect the therapeutic 

effectiveness of ADM. An innovative approach is the use of human skin from living 

donors harvested from a skin fold obtained during the abdominoplasty procedure. 

However, the impact of different processing methods on the immunomodulatory 

properties of the novel human ADMs (hADMs) remains elusive. Therefore, the aim of 

the study was: 1. to analyze the effect of different methods of human abdominoplasty 

skin processing on acellular dermal matrix immunogenicity; 2. to evaluate immune-

modulatory properties of differentially prepared human abdominoplasty skin-derived 

acellular dermal matrix; and 3. to evaluate the effects of immune cell on the structure 

of human abdominoplasty skin-derived acellular dermal matrix. 

The skin was processed using three different decellularization methods, including 

the use of anionic detergent (sodium dodecyl sulfate; SDS, in hADM 1) or a non-ionic 

detergent (Triton X-100 in hADM 2) or a combination of recombinant trypsin and 

Triton X-100 (in hADM 3). Peripheral Blood Mononuclear Cells (PBMC) were 

isolated from the blood of healthy donors by density gradient centrifugation. Freshly 

isolated cells were incubated in the presence of the prepared hADM. The 

immunogenicity of novel dermal matrices was assessed based on a T cell proliferation 

assay using flow cytometry. The in vitro immunomodulatory potential of the new 

hADMs was evaluated using the multicolor flow cytometry method and 

immunoassays. The influence of the immune cells on the collagen structure of the 

matrices was analyzed with confocal microscopy. 

First, I found that differentially prepared matrices possess different 

immunogenicity. The hADM 1 induced low T cell proliferation without significant 

changes in the cytokine profile. In contrast, hADM 2 and 3 were characterized by 

higher immunogenicity than hADM1. Next, the activation and phenotype of T cells 

and monocytes were assessed. Interestingly, analyzed hADMs did not affect T cell 
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phenotype and composition after 3-day incubation. However, significant changes in 

the composition of different monocyte subsets were observed, namely increased 

maturation towards cells with anti-inflammatory and pro-angiogenic potential. These 

changes were particularly significant after incubating in the presence of hADM1. 

Finally, the collagen structure of hADM was examined after incubation with immune 

cells. I observed collagen IV degradation and its collocation with PBMC. 

In conclusion, abdominoplasty skin is suitable for the production of hADM. In 

addition, using anionic detergent in the processing of abdominoplasty skin allows the 

manufacturing of hADM with low immunogenicity and immunomodulatory 

properties, indicating a high therapeutic potential. However, further research is needed 

to assess the therapeutic utility of hADM 1 in treating chronic and hardly healing 

wounds. 
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b. Polish 

Przewlekłe wrzodziejące i trudno gojące się rany, stanowią znaczący problem 

kliniczny na świecie. Pomimo opracowywania nowych strategii leczenia ich 

skuteczność jest niezadawalająca. Jedną z wykorzystywanych metod jest zastosowanie 

bezkomórkowych macierzy skórnych (ADM, ang. acellular demal martix) 

pochodzenia zwierzęcego lub ludzkiego. Źródło skóry, sposób jej przetwarzania oraz 

sterylizacja końcowego produktu może wpływać na skuteczność stosowanych ADM w 

terapii ran. Nowatorskim podejściem w produkcji ADM jest wykorzystanie skóry 

ludzkiej (hADM, ang. human acellular dermal matrix) pochodzącej od dawców 

żywych i pozyskanej z fałdu skórnego pobranego podczas zabiegu abdominoplastyki. 

Nieznany jest jednak wpływ w jakim różne sposoby przetwarzania tego materiału, 

wpływają na właściwości immunomodulacyjne końcowego produktu. Dlatego celem 

niniejszej pracy była: 1. Analiza wpływu różnych metod przetwarzania skóry pobranej 

podczas zabiegu abdominoplastyki na immunogenność hADM; 2. Ocena 

immunomodulacyjnych właściwości hADM powstałej ze skóry ludzkiej pobranej 

podczas zabiegu abdominoplastyki; oraz 3. Ocena wpływu komórek układu 

immunologicznego na strukturę hADM wytowrzonej ze skóry ludzkiej pobranej 

podczas zabiegu abdominoplastyki. 

Skóra została przygotowana przy użyciu trzech różnych metod decelularyzacji 

obejmujących zastosowanie detergentu jonowego (dodecylosiarczan sodu; SDS, w 

hADM 1) lub detergentu niejonowego (Triton X-100 w hADM 2) lub kombinacji 

rekombinowanej trypsyny i Triton X-100 (w hADM 3). Komórki jednojądrzaste krwi 

obwodowej (PBMC, ang. Peripheral Blood Mononuclear Cells) izolowano z krwi 

zdrowych dawców metodą wirowania na gradiencie gęstości. Świeżo izolowane 

komórki inkubowano w obecności wytworzonych hADM. Immunogenność nowych 

matryc skórnych oceniono w oparciu o test proliferacji limfocytów T przy 

zastosowaniu cytometrii przepływowej. Potencjał immunomodulacyjny in vitro 

nowych hADM oceniono z wykorzystaniem metody wielokolorowej cytometrii 

przepływowej oraz testów immunoenzymatycznych. Wpływ komórek układu 

immunologicznego na strukturę kolagenową wytworzonych matryc analizowano w 

oparciu o technikę mikroskopii konfokalnej. 
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. Analizowane matryce wykazywały zróżnicowaną immunogenność. hADM 1 

indukował niską proliferację limfocytów T bez znaczących zmian w profilu cytokin. 

Natomiast hADM 2 i 3 cechowały się wyższą immunogennością w porównaniu do 

hADM1. Następnie oceniono poziom aktywacji oraz fenotyp limfocytów T i 

monocytów. Co ciekawe, żaden z analizowanych nowych hADM nie wpływał na 

skład ilościowy wybranych populacji limfocytów T po 3 dniach inkubacji. 

Zaobserwowano natomiast istotne zmiany w składzie procentowym subpopulacji 

monocytów, mianowicie zwiększone dojrzewanie w kierunku komórek o potencjale 

przeciwzapalnym i proangiogennym. Zmiany te były w szczególności istotne po 

inkubacji komórek w obecności hADM1. Na koniec zbadano strukturę kolagenową 

hADM po inkubacji z komórkami układu immunologicznego. Zaobserwowano 

degradację kolagenu IV oraz jego kolokalizację z PBMC. 

Podsumowując, wykazano, że skóra po abdominoplastyce jest odpowiednia do 

wytwarzania hADM. Ponadto wykorzystanie detergentu jonowego w procesie 

przetwarzania skóry pobranej podczas zabiegu abdominoplastyki tworzy hADM, który 

wykazuje niską immunogenność oraz posiada właściwości immunomodulujące, które 

mogą świadczyć o wysokim potencjale terapeutycznym. Potrzebne są jednak dalsze 

badania, aby ocenić przydatność terapeutyczną hADM 1 w leczeniu ran przewlekłych 

i ciężko gojących się.  



 
 

80

IX. Author & Co-Author Contribution to Dissertation Publications 

 

Holl, J.; Pawlukianiec, C.; Corton Ruiz, J.; Groth, D.; Grubczak, K.; Hady, H.R.; Dadan, J.; 

Reszec, J.; Czaban, S.; Kowalewski, C.; Moniuszko, M.; Eljaszewicz, A. Skin Substitute 

Preparation Method Induces Immunomodulatory Changes in Co-Incubated Cells through 

Collagen Modification. Pharmaceutics 2021, 13, 2164.  

https://doi.org/10.3390/pharmaceutics13122164 

 

Author Nature of Participation 
Contribution 

(in %) 

Jordan Michael 

Holl 

PERFORMED ALL EXPERIMENTS, 

PERFORMED ALL DATA ANALYSIS, 

DECELLULARZED AND BIO-BANKED 

HADMS, ORIGINAL DRAFT WRITING, 

FIGURES & TABLE CREATION, PROJECT 

ADMINISTRATION, & FUNDING 

ACQUISITION 

65 

Andrzej 

Eljaszewicz 

EXPERIMENTAL CONCEPTUALIZATION & 

DESIGN, SKIN DECELLULARIZATION, 

ORIGINAL DRAFT WRITING, FIGURE & 

TABLE CREATION, MANUSCRIPT REVISION 

& EDITING, VALIDATION OF RESULTS, 

PROJECT ADMINISTRATION, & PROJECT 

SUPERVISION 

22 

Cezary 

Pawlukianiec 

PERFORMING FLOW CYTOMETRY 

EXPERIMENTS 
2 

Javier Corton Ruiz 
PERFORMING CONFOCAL MICROSCOPY 

EXPERIMENTS 
2 

Marcin Moniuszko 

EXPERIMENTAL CONCEPTUALIZATION & 

DESIGN, REVISION & EDITING OF THE 

MANUSCRIPT, PROJECT ADMINISTRATION, 

PROJECT SUPERVISION, & FUNDING 

ACQUISITION 

2 



 
 

81

Dawid Groth 

QUALIFICATION OF PATIENTS, 

ACQUISITION OF BIOBANKING & SKIN 

SAMPLES, & SKIN DECELLULARIZATION 

1 

Kamil Grubczak 

PERFORMANCE OF FLOW CYTOMETRY 

EXPERIMENTS & VALIDATION OF 

EXPERIMENTAL RESULTS 

1 

Hady Razak Hady 

THE QUALIFICATION OF PATIENTS, & THE 

ACQUISITION OF BIOBANKING & SKIN 

SAMPLES 

1 

Jacek Dadan 

THE QUALIFICATION OF PATIENTS, & THE 

ACQUISITION OF BIOBANKING & SKIN 

SAMPLES 

1 

Joanna Reszec 

THE QUALIFICATION OF PATIENTS, & THE 

ACQUISITION OF BIOBANKING & SKIN 

SAMPLES, SKIN DECELLULARIZATION, & 

VALIDATION OF EXPERIMENTAL RESULTS 

1 

Slawomir Czaban 

THE QUALIFICATION OF PATIENTS, & THE 

ACQUISITION OF BIOBANKING & SKIN 

SAMPLES 

1 

Cezary 

Kowalewski 

VALIDATION OF EXPERIMENTAL 

RESULTS, PROJECT ADMINISTRATION, & 

FUNDING ACQUISITION 

1 

 

I hereby declare that all co-authors agreed to use these articles in this dissertation 

  

Signature 



 
 

82

Holl, J.; Kowalewski, C.; Zimek, Z.; Fiedor, P.; Kaminski, A.; Oldak, T.; Moniuszko, M.; 

Eljaszewicz, A. Chronic Diabetic Wounds and Their Treatment with Skin Substitutes. Cells 

2021, 10, 655.  

https://doi.org/10.3390/cells10030655  

 

Author Nature of Participation 
Contribution 

(in %) 

Jordan Michael 

Holl 

CONCEPTUALIZATION, ORIGINAL DRAFT 

WRITING & PREPARATION, REVIEW & 

EDITING, VISUALIZATIONS, & FUNDING 

ACQUISITIION 

70 

Andrzej 

Eljaszewicz 

CONCEPTUALIZATION, ORIGINAL DRAFT 

WRITING & PREPARATION, REVIEW & 

EDITING, & SUPERVISION 

20 

Marcin 

Moniuszko 

CONCEPTUALIZATION, REVIEW & EDITING, 

SUPERVISION, & FUNDING ACQUISITION 
5 

Cezary 

Kowalewski 
REVIEW & EDITING, & PROJECT FUNDING 1 

Zbigniew Zimek REVIEW & EDITING 1 

Piotr Fiedor REVIEW & EDITING 1 

Artur Kaminski REVIEW & EDITING 1 

Tomasz Oldak REVIEW & EDITING 1 

 

I hereby declare that all co-authors agreed to use these articles in this dissertation 

  

Signature 

  



 
 

83

X. Funding & Ethical Consent Disclosures 

 

a. This project has received funding from the European 

Union's Horizon 2020 research and innovation 

programme under the Marie Skłodowska-Curie grant 

agreement No 754432 and the Polish Ministry 

of Science and Higher Education, from financial 

resources for science in 2018-2023 granted for the implementation of an international 

co-financed project.  

 

 

b. The study was conducted according to the guidelines of the Declaration of Helsinki and 

approved by the Ethics Committee at the Medical University of Bialystok. Permission 

number R-I-002/634/2018 authorized on 2019-02-28 applies to all in vitro data – namely 

the usage of PBMCs from healthy donor buffy coats acquired from the Bialystok 

Regional Blood Bank. Permission number R-I-002/140/2016 authorized on 2016-4-28 

applies to the collection and processing of bariatric skin in the creation of hADMs 

utilized in all experiments. 

  



 
 

84

XI. Bibliography 

1. Eming SA, Wynn TA, Martin P. Inflammation and metabolism in tissue repair and regeneration. 
Science. Jun 9 2017;356(6342):1026-1030. 

2. Karin M, Clevers H. Reparative inflammation takes charge of tissue regeneration. Nature. Jan 
21 2016;529(7586):307-315. 

3. Crane MJ, Daley JM, van Houtte O, Brancato SK, Henry WL, Jr., Albina JE. The monocyte to 
macrophage transition in the murine sterile wound. PLoS One. 01/22/2014 2014;9(1):e86660. 

4. Landen NX, Li D, Stahle M. Transition from inflammation to proliferation: a critical step during 
wound healing. Cell Mol Life Sci. Oct 2016;73(20):3861-3885. 

5. Al-Rikabi AHA, Tobin DJ, Riches-Suman K, Thornton MJ. Dermal fibroblasts cultured from 
donors with type 2 diabetes mellitus retain an epigenetic memory associated with poor wound 
healing responses. Sci Rep. Jan 14 2021;11(1):1474. 

6. Hillege MMG, Galli Caro RA, Offringa C, de Wit GMJ, Jaspers RT, Hoogaars WMH. TGF-beta 
Regulates Collagen Type I Expression in Myoblasts and Myotubes via Transient Ctgf and Fgf-2 
Expression. Cells. Feb 6 2020;9(2). 

7. Manka SW, Bihan D, Farndale RW. Structural studies of the MMP-3 interaction with triple-
helical collagen introduce new roles for the enzyme in tissue remodelling. Sci Rep. Dec 11 
2019;9(1):18785. 

8. Yan J, Tie G, Wang S, et al. Diabetes impairs wound healing by Dnmt1-dependent dysregulation 
of hematopoietic stem cells differentiation towards macrophages. Nat Commun. Jan 2 
2018;9(1):33. 

9. Wang L, Zhou X, Yin Y, Mai Y, Wang D, Zhang X. Hyperglycemia Induces Neutrophil Extracellular 
Traps Formation Through an NADPH Oxidase-Dependent Pathway in Diabetic Retinopathy. 
Front Immunol. 01/08/2019 2018;9:3076. 

10. Wong SL, Demers M, Martinod K, et al. Diabetes primes neutrophils to undergo NETosis, which 
impairs wound healing. Nat Med. Jul 2015;21(7):815-819. 

11. Anders CB, Lawton TMW, Ammons MCB. Metabolic immunomodulation of macrophage 
functional plasticity in nonhealing wounds. Curr Opin Infect Dis. Jun 2019;32(3):204-209. 

12. Bannon P, Wood S, Restivo T, Campbell L, Hardman MJ, Mace KA. Diabetes induces stable 
intrinsic changes to myeloid cells that contribute to chronic inflammation during wound 
healing in mice. Dis Model Mech. Nov 2013;6(6):1434-1447. 

13. Khanna S, Biswas S, Shang Y, et al. Macrophage dysfunction impairs resolution of inflammation 
in the wounds of diabetic mice. PLoS One. Mar 4 2010;5(3):e9539. 

14. Peppa M, Stavroulakis P, Raptis SA. Advanced glycoxidation products and impaired diabetic 
wound healing. Wound Repair Regen. Jul-Aug 2009;17(4):461-472. 

15. Peiseler M, Kubes P. More friend than foe: the emerging role of neutrophils in tissue repair. J 
Clin Invest. Jun 17 2019;129(7):2629-2639. 

16. Egozi EI, Ferreira AM, Burns AL, Gamelli RL, Dipietro LA. Mast cells modulate the inflammatory 
but not the proliferative response in healing wounds. Wound Repair Regen. Jan-Feb 
2003;11(1):46-54. 

17. Tellechea A, Leal EC, Kafanas A, et al. Mast Cells Regulate Wound Healing in Diabetes. Diabetes. 
Jul 2016;65(7):2006-2019. 

18. Jetten N, Verbruggen S, Gijbels MJ, Post MJ, De Winther MP, Donners MM. Anti-inflammatory 
M2, but not pro-inflammatory M1 macrophages promote angiogenesis in vivo. Angiogenesis. 
Jan 2014;17(1):109-118. 

19. Hesketh M, Sahin KB, West ZE, Murray RZ. Macrophage Phenotypes Regulate Scar Formation 
and Chronic Wound Healing. Int J Mol Sci. Jul 17 2017;18(7). 

20. Tepper OM, Galiano RD, Capla JM, et al. Human endothelial progenitor cells from type II 
diabetics exhibit impaired proliferation, adhesion, and incorporation into vascular structures. 
Circulation. Nov 26 2002;106(22):2781-2786. 



 
 

85

21. Larsen AMH, Kuczek DE, Kalvisa A, et al. Collagen Density Modulates the Immunosuppressive 
Functions of Macrophages. J Immunol. Sep 1 2020;205(5):1461-1472. 

22. Tracy LE, Minasian RA, Caterson EJ. Extracellular Matrix and Dermal Fibroblast Function in the 
Healing Wound. Adv Wound Care (New Rochelle). Mar 1 2016;5(3):119-136. 

23. Van Doren SR. Matrix metalloproteinase interactions with collagen and elastin. Matrix Biol. 
May-Jul 2015;44-46(46):224-231. 

24. Jones JI, Nguyen TT, Peng Z, Chang M. Targeting MMP-9 in Diabetic Foot Ulcers. 
Pharmaceuticals (Basel). May 22 2019;12(2). 

25. Lawrence SM, Corriden R, Nizet V. How Neutrophils Meet Their End. Trends Immunol. Jun 
2020;41(6):531-544. 

26. Ridiandries A, Tan JTM, Bursill CA. The Role of Chemokines in Wound Healing. Int J Mol Sci. Oct 
18 2018;19(10). 

27. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and disease. Cold Spring 
Harb Perspect Biol. Sep 4 2014;6(10):a016295. 

28. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nat 
Rev Immunol. Mar 2013;13(3):159-175. 

29. Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res. 2012 2012;49(1):35-43. 
30. Krzyszczyk P, Schloss R, Palmer A, Berthiaume F. The Role of Macrophages in Acute and Chronic 

Wound Healing and Interventions to Promote Pro-wound Healing Phenotypes. Front Physiol. 
05/01/2018 2018;9:419. 

31. Koh TJ, DiPietro LA. Inflammation and wound healing: the role of the macrophage. Expert Rev 
Mol Med. Jul 11 2011;13:e23. 

32. Yang S, Gu Z, Lu C, et al. Neutrophil Extracellular Traps Are Markers of Wound Healing 
Impairment in Patients with Diabetic Foot Ulcers Treated in a Multidisciplinary Setting. Adv 
Wound Care (New Rochelle). Jan 1 2020;9(1):16-27. 

33. Brostjan C, Oehler R. The role of neutrophil death in chronic inflammation and cancer. Cell 
Death Discov. 2020;6:26. 

34. Qing L, Fu J, Wu P, Zhou Z, Yu F, Tang J. Metformin induces the M2 macrophage polarization 
to accelerate the wound healing via regulating AMPK/mTOR/NLRP3 inflammasome singling 
pathway. Am J Transl Res. 2019;11(2):655-668. 

35. Ji H, Sukarto A, Deegan D, Fan F. Characterization of Inflammatory and Fibrotic Aspects of 
Tissue Remodeling of Acellular Dermal Matrix in a Nonhuman Primate Model. Plast Reconstr 
Surg Glob Open. Feb 2021;9(2):e3420. 

36. Lee M, Jun D, Choi H, Kim J, Shin D. Clinical Efficacy of Acellular Dermal Matrix Paste in Treating 
Diabetic Foot Ulcers. Wounds. Jan 2020;32(1):50-56. 

37. Cazzell S, Moyer PM, Samsell B, Dorsch K, McLean J, Moore MA. A Prospective, Multicenter, 
Single-Arm Clinical Trial for Treatment of Complex Diabetic Foot Ulcers with Deep Exposure 
Using Acellular Dermal Matrix. Adv Skin Wound Care. Sep 2019;32(9):409-415. 

38. Doornaert M, Depypere B, Creytens D, et al. Human decellularized dermal matrix seeded with 
adipose-derived stem cells enhances wound healing in a murine model: Experimental study. 
Ann Med Surg (Lond). Oct 2019;46:4-11. 

39. Yang HY, Fierro F, So M, et al. Combination product of dermal matrix, human mesenchymal 
stem cells, and timolol promotes diabetic wound healing in mice. Stem Cells Transl Med. Nov 
2020;9(11):1353-1364. 

40. Larsen L, Tchanque-Fossuo CN, Gorouhi F, et al. Combination therapy of autologous adipose 
mesenchymal stem cell-enriched, high-density lipoaspirate and topical timolol for healing 
chronic wounds. J Tissue Eng Regen Med. Jan 2018;12(1):186-190. 

41. Gentile P, Sterodimas A, Pizzicannella J, et al. Systematic Review: Allogenic Use of Stromal 
Vascular Fraction (SVF) and Decellularized Extracellular Matrices (ECM) as Advanced Therapy 
Medicinal Products (ATMP) in Tissue Regeneration. Int J Mol Sci. Jul 15 2020;21(14). 

42. Olingy CE, San Emeterio CL, Ogle ME, et al. Non-classical monocytes are biased progenitors of 
wound healing macrophages during soft tissue injury. Sci Rep. Mar 27 2017;7(1):447. 



 
 

86

43. Chimen M, Yates CM, McGettrick HM, et al. Monocyte Subsets Coregulate Inflammatory 
Responses by Integrated Signaling through TNF and IL-6 at the Endothelial Cell Interface. J 
Immunol. Apr 1 2017;198(7):2834-2843. 

44. Patel AS, Smith A, Nucera S, et al. TIE2-expressing monocytes/macrophages regulate 
revascularization of the ischemic limb. EMBO Mol Med. Jun 2013;5(6):858-869. 

45. Sondag CM, Combs CK. Adhesion of monocytes to type I collagen stimulates an APP-dependent 
proinflammatory signaling response and release of Aβ1-40. J Neuroinflammation. Vol 
72010:22. 

46. Johnson BZ, Stevenson AW, Prele CM, Fear MW, Wood FM. The Role of IL-6 in Skin Fibrosis 
and Cutaneous Wound Healing. Biomedicines. Apr 30 2020;8(5). 

  


