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Resumo 
A anemia aplásica idiopática adquirida (AA) é uma doença rara, caracterizada por 

insuficiência da medula óssea (MO), redução significativa do número de células 

hematopoiéticas estaminais e progenitoras (HSPC) e alteração do microambiente 

medular (ex., adipogénese). Além do ataque imunológico mediado por células T 

citotóxicas, têm sido descritas alterações do nicho hematopoiético com possível 

implicação na fisiopatologia da doença. Publicações prévias demonstraram a presença 

de alterações funcionais nas células estromais mesenquimais da MO (BM-MSCs), 

contudo os dados são escassos e heterogéneos. Neste projeto, foi realizado o estudo 

comparativo de BM-MSCs de utentes com AA em comparação a controlos saudáveis. 

Foram analisados: o perfil imunofenotípico, diferenciação tri-linhagem e capacidade 

proliferativa (Secção III); a capacidade de suporte hematopoiético (Secção IV); o perfil 

de expressão génica (Secção V). Para melhor recriar o microambiente natural da MO, foi 

estabelecido um protocolo de descelularização de osso femoral humano como 

plataforma para co-cultura de BM-MSCs (Secção VI). No âmbito do projecto, foi 

desenvolvido um biobanco de amostras de MO de dadores com AA e saudáveis. No 

presente estudo concluiu-se que: o perfil imunofenotípico e proliferativo in vitro das 

BM-MSCs de AA foi semelhante aos controlos saudáveis; as BM-MSCs de AA exibiram 

uma maior tendência para a diferenciação adipogénica; globalmente, a taxa de 

proliferação de HSPC saudáveis em co-cultura com BM-MSCs de AA foi menor 

comparativamente à co-cultura com BM-MSCs saudáveis ou sem células de suporte; as 

BM-MSCs de AA mostraram padrões moleculares distintos, relacionados com 

mecanismos de resposta imunitária, adipogénese, metabolismo lipídico, diferenciação 

e atividade osteoblástica e osteoclástica, remodelação da matriz extracelular (ECM), 

suporte hematopoiético, angiogénese, reparação de DNA, resposta ao stress e 

sinalização celular. O modelo de osso humano descelularizado demonstrou ser eficaz, o 

que suporta a sua aplicação como plataforma de co-cultura celular com o objectivo de 

melhor representar o microambiente natural da MO.  

Palavras-chave: anemia aplásica idiopática adquirida; células estromais 

mesenquimais de medula óssea; células hematopoiéticas estaminais e progenitoras; 

matriz óssea descelularizada; medicina regenerativa. 
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Abstract 
Acquired idiopathic aplastic anemia (AA) is a rare disorder, characterized by bone 

marrow (BM) failure with severe reduction in the number of hematopoietic stem and 

progenitor cells (HSPC) and BM microenvironment disturbances (e.g., BM replacement 

by fat cells). Besides cytotoxic T-cell–mediated attack to CD34+ HSPC, stem cell niche 

modulation has been implicated in pathophysiology of AA. Several reports have 

demonstrated an abnormal function of key BM elements, namely dysfunctional 

mesenchymal stromal cells (MSCs), however with scarce and heterogeneous data.  

In this project, AA-derived BM-MSCs were studied in comparison to control-

derived BM-MSCs, in what regards: immunophenotypic profile, trilineage differentiation 

and proliferative capacity (Section III); supportive capacity of HSPC expansion (Section 

IV); and transcriptional profile by bulk RNA-Seq and RT-qPCR (Section V). To better 

recreate the natural BM microenvironment, a human femoral bone decellularization 

protocol was established as a platform for BM-MSCs co-culture (Section VI). Throughout 

the project, a cell biobank of BM samples from AA and healthy donors was established.  

It was concluded that: immunophenotypic profile and in vitro proliferative 

capacity of AA-derived BM-MSCs was similar to healthy controls; AA-derived BM-MSCs 

exhibited a tendency for higher adipogenic differentiation in comparison to controls; 

globally, the proliferative rate of healthy HSPC co-cultured with AA-derived BM-MSCs 

feeder layer was lower in comparison to control-derived BM-MSCs feeder layer or 

without feeder layer; AA-derived BM-MSCs showed distinct molecular patterns 

associated to immune response, adipogenesis, lipid metabolism, osteoblast and 

osteoclast differentiation and activity, cell-ECM/ECM remodeling, hematopoietic 

support, angiogenesis, DNA repair/DNA damage response, stress response and cell 

signaling. The human decellularized bone model showed to be effective, which supports 

its application in the setting of a co-culture platform to better represent the natural BM 

microenvironment. 

Keywords: Idiopathic acquired aplastic anemia; bone marrow-derived mesenchymal 

stromal cells; hematopoietic stem and progenitor cells; decellularized bone matrix; 

regenerative medicine.  



 iii 

Acknowledgements 
 

“As palavras são o muro de pedra e cal a fechar o horizonte infinito das grandes ideias claras.” 

(Florbela Espanca) 

 

Several years ago, during my medical residency and after specializing in Clinical 

Hematology, while following patients diagnosed with bone marrow failure and acute 

hematological malignancies, I felt that we were far from understanding such disorders. 

Even when an initial remission was attained, patients usually experienced both progress 

and setbacks, which limited their quality of life and, unfortunately, survival. As a junior 

professional, I was often challenged by personal doubts and questioned the meaning of 

clinical practice, at least in that form. It was especially difficult to maintain an 

enthusiastic perspective knowing that the therapeutic outcomes would probably be 

limited. At some point, almost solely the perspective of ameliorating symptoms felt real 

and encouraging. 

Fortunately, when something goes wrong, something from within reminds us of 

things that bring joy and fresh air to continue the journey. Science and research were 

always a passion for me, but due to academic and professional duties, time passed, and 

choices focused primarily on clinics were made. However, after some years working in 

the clinics, the moment to jump into the laboratory had arrived. 

Admission to the PhD program at IST-iBB was a crucial step toward the so-desired 

scientific path. At that time, I was as excited as I was afraid because everything was 

different from the work I had been used to doing. The first months were challenging, 

but I had the opportunity to meet excellent colleagues and assistants who helped me to 

feel included and part of the group. This was really important for successfully completing 

the first-year curricular units. Special thanks are directed to Professor Miguel Teixeira, 

who helped me find a research group to develop my thesis project and introduced me 

to Cláudia Lobato da Silva, my supervisor. 

All the work developed in the context of the PhD was performed with the support 

and help of several people, to whom I would like to express my huge acknowledgment. 

 



 iv 

To Cláudia Lobato da Silva, my supervisor, who from the very beginning trusted in 

the project and in me as a student, even though I came from a completely different area. 

I will always remember the day we met at the Taguspark campus and the feeling of hope 

and optimism after the meeting. In addition to her scientific career, Cláudia is also a 

fantastic person and human being, inspiring her students in both ways, which was a true 

privilege. 

To Domingos Henrique, my co-supervisor, who, at the very beginning of my 

laboratory incursions, long before this PhD, was always ready to help me and teach me 

how to think and how to do science. I know that I am still far from possessing such 

knowledge, however, I know that Domingos will always be there to provide me with 

useful insights and constructive criticism. 

To Ana Fernandes-Platzgummer, who helped me plan and organize the laboratory 

tasks, always grounding me in reality. Ana is also a good friend whom I will cherish for 

life. In the most difficult moments, she was there to talk and listen, and I will never be 

able to sufficiently repay her kindness and (she will deny it) patience. 

To Jaqueline Garcia, our Lab Manager at the Stem Cell Engineering and 

Regenerative Medicine Research Group (SCERG, IST-iBB), who was always available for 

any doubt or trouble in the laboratory, and always with a gentle and friendly smile. I feel 

truly lucky to have had the opportunity to work with Jaqueline. 

Regarding SCERG’s laboratory researchers and students, I especially thank Raquel 

Cunha, who taught me everything from the beginning, from good laboratory practices 

to cell culture and so on. She is a person of character and integrity, and I truly appreciate 

these attributes. Fortunately, I had the opportunity to work with her. I also thank 

Mariana Branco, João Silva, Marta Carvalho, and André Branco, from whom I learned a 

lot of laboratory methodologies. Without their help, I would not have been able to 

adequately proceed with the experiments. 

Regarding external collaborations, I hereby thank Gabriela Rodrigues (Assistant 

Professor at the Faculty of Sciences, University of Lisbon) and Pedro Santos (PhD student 

at FCUL), Ana Rita Pires and Ana Margarida Pinto (Histopathology, Gulbenkian Institute 

of Molecular Medicine), and Isabel Nogueira (MicroLab, IST), whose expertise was 

fundamental in the final section of this project. 



 v 

All the work would not have been possible without samples. The last few years 

have been challenging in terms of clinical practice, and that was not just a matter of 

pandemics, as one could see from the news regarding our health services. Besides that, 

during the PhD, there was always someone reminding me that, despite all hurdles, we 

must always continue. That person is Paula Kjöllerström, and no words can express how 

much I am thankful to her. Also in the clinical context, a huge thank you goes to João 

Sarmento Esteves and Joana Santos, as well as to Margarida Coucelo and Ana Teresa 

Simões (Functional Unit of Molecular Hematology, ULS de Coimbra), who collaborated 

on this project in an interested and altruistic way. I would also like to acknowledge all 

patients (and tutor, in case of pediatric donors), as well as the units and institutions that 

agreed to collaborate on this work, including all the participating staff, namely: 

Pediatrics Hematology Unit, Hospital Dona Estefânia, ULS de São José (represented by 

Paula Kjöllerström, MD); Orthopedics and Traumatology Unit, Hospital CUF 

Tejo/Hospital CUF Sintra (represented by João Sarmento Esteves, MD); Hematology 

Unit, Hospital CUF Tejo (Manuela Bernardo, MD)/Hospital CUF Descobertas (João Paulo 

Fernandes, MD; Cátia Gaspar, MD)/Hospital CUF Sintra; and Hematology Unit, Hospital 

de São Bernardo, ULS da Arrábida (Joana Santos, MD; Anabela Neves, MD). 

Finally, but always foremost, I warmly thank my family (father, mother, sister) for 

their support and understanding (I know it is not easy), my dog soulmates (Bogas and 

Lira), who never (and never) leave my side (probably the ones who most enjoyed the 

thesis writing period), my longtime friend Florinda Duarte, and Ana Ribeiro Moreira, 

who has been helping me deal with life's challenges. 

Since this PhD journey began, many things have happened. Some important 

people have left, while others have entered my life. It was a truly pleasant and enriching 

path that changed my life and career perspectives. Aware that the best is yet to come, I 

hope to continue this research journey toward the "limitless horizon" of science. At 

least, all efforts will be focused on that. 

 

 

 

 

  



 vi 

Table of Contents 
 
RESUMO ............................................................................................................................... I 
ABSTRACT ........................................................................................................................... II 
ACKNOWLEDGEMENTS ....................................................................................................... III 
TABLE OF CONTENTS ......................................................................................................... VI 
LIST OF FIGURES ................................................................................................................. IX 
LIST OF TABLES .............................................................................................................. XVIII 
LIST OF ABBREVIATIONS AND ACRONYMS ......................................................................... XIX 
I. INTRODUCTION AND THESIS OUTLINE ............................................................................... 1 

I.1. SUMMARY ........................................................................................................................... 2 
I.2. INTRODUCTION ..................................................................................................................... 3 
I.2.1. THE DISEASE – APLASTIC ANEMIA ........................................................................................... 3 
I.2.2. BONE MARROW MICROENVIRONMENT IN AA ............................................................................. 5 

I.2.2.1. Role of Bone Marrow Mesenchymal Stromal Cells in AA ........................................... 5 
I.2.2.2. Role of Bone Marrow Adipose Tissue ....................................................................... 9 

I.2.3. THERAPEUTIC STRATEGIES FOR AA ........................................................................................ 11 
I.2.3.1 Pearls and Pitfalls .................................................................................................. 11 
I.2.3.2. Towards the development of novel regenerative medicine-based therapeutic 
approaches for AA ........................................................................................................... 13 
I.2.3.2.1. Autologous HCT – is there a role in AA? ............................................................... 13 
I.2.3.2.2. Ex vivo expansion of autologous HSPC towards auto-HCT for AA treatment .......... 15 

I.3. PROJECT OUTLINE ............................................................................................................... 18 
I.3.1. PROJECT OVERVIEW .......................................................................................................... 19 
I.3.2. PROJECT NOVELTIES ......................................................................................................... 21 
I.4. REFERENCES - CHAPTER I ..................................................................................................... 22 

II. MATERIALS AND METHODS ............................................................................................ 29 
II.1. SAMPLING INCLUSION CRITERIA, ACCESS AND COLLECTION .......................................................... 30 
II.2. HUMAN BM-MNC FRACTION ISOLATION .................................................................................. 31 
II.3. CELL CRYOPRESERVATION AND THAWING ................................................................................. 32 
II.4. ESTABLISHMENT OF A HUMAN BM-MNC AND BM-MSCS CELL BIOBANK ......................................... 35 
MSCS STUDIES ........................................................................................................................ 36 
II.5. HUMAN BM-MSCS ISOLATION AND EXPANSION ......................................................................... 36 
II.6. HUMAN BM-MSCS MULTILINEAGE DIFFERENTIATION ASSAYS ........................................................ 38 
II.7. HUMAN BM-MSCS IMMUNOPHENOTYPIC CHARACTERIZATION BY FLOW CYTOMETRY .......................... 42 
II.8. HUMAN BM-MSCS RNA EXTRACTION AND CDNA SYNTHESIS ...................................................... 43 
II.9. HUMAN BM-MSCS RT-QPCR ANALYSIS ................................................................................. 45 
II.10. HUMAN BM-MSCS ABSOLUTE TELOMERE LENGTH QUANTIFICATION BY RT-QPCR ............................ 46 
II.11. HUMAN BM-MSCS BULK-MRNA SEQUENCING ....................................................................... 48 
II.12. BULK MRNA-SEQ DATA ANALYSIS ......................................................................................... 50 
II.13. HUMAN BM-MSCS IN VITRO DRUG-MODULATION WITH ISOTRETINOIN ........................................... 52 
II.14. VIABILITY ASSAY USING A RESAZURIN-BASED SOLUTION .............................................................. 52 
II.15. RT-QPCR AFTER HUMAN BM-MSCS IN VITRO DRUG-MODULATION WITH ISOTRETINOIN ..................... 53 
HSPC STUDIES ........................................................................................................................ 54 
II.16. HUMAN HSPC ISOLATION BY MAGNETIC-ACTIVATED CELL SORTING (MACS) ................................. 54 
II.17. HSPC EXPANSION ............................................................................................................ 55 
II.18. HUMAN HSPC QUANTIFICATION AND IMMUNOPHENOTYPIC CHARACTERIZATION .............................. 57 
II.19. HUMAN HSPC IN VITRO CLONOGENIC ASSAYS ........................................................................ 58 
BONE DECELLULARIZATION ......................................................................................................... 60 
II.20. HUMAN FEMORAL BONE DECELLULARIZATION PROTOCOL ........................................................... 60 
II.21. BM-MSCS EX VIVO CULTURE IN DECELLULARIZED HUMAN FEMORAL BONE SCAFFOLDS ...................... 62 



 vii 

II.22. VIABILITY ASSAY OF BM-MSCS CULTURED ON DECELLULARIZED HUMAN BONE SCAFFOLDS ................. 64 
II.23. HISTOLOGICAL PROCESSING AND STAINING OF DECELLULARIZED BONE SCAFFOLDS .......................... 65 
II.24. SCANNING ELECTRON MICROSCOPY OF DECELLULARIZED HUMAN BONE SCAFFOLDS ......................... 66 
II.25. OVERALL DATA ANALYSIS .................................................................................................... 66 
II.26. REFERENCES - CHAPTER II .................................................................................................. 67 

III. HEAD-TO-HEAD COMPARISON OF PHENOTYPIC AND FUNCTIONAL PROPERTIES BETWEEN 
AA-DERIVED AND CONTROL-DERIVED BM-MSCS ................................................................ 69 

III.1. SUMMARY ........................................................................................................................ 70 
III.2. BACKGROUND .................................................................................................................. 71 
III.3. RESULTS AND DISCUSSION .................................................................................................. 74 
III.3.1. COMPARATIVE ANALYSIS OF MORPHOLOGIC AND IMMUNOPHENOTYPIC CHARACTERISTICS BETWEEN AA-
DERIVED AND CONTROL-DERIVED BM-MSCS .................................................................................. 74 
III.3.2. MULTILINEAGE DIFFERENTIATION ASSAY (OSTEOGENIC, ADIPOGENIC AND CHONDROGENIC) OF AA-
DERIVED AND CONTROL-DERIVED BM-MSCS - COMPARATIVE ANALYSIS ................................................. 78 
III.3.3. PROLIFERATIVE ANALYSIS OF AA-DERIVED AND CONTROL-DERIVED BM-MSCS – CELL PROLIFERATION 
KINETICS AND TELOMERE LENGTH ANALYSIS ..................................................................................... 81 
III.4. CONCLUSIONS ................................................................................................................. 91 
III.5. REFERENCES - CHAPTER III .................................................................................................. 92 

IV. COMPARATIVE ANALYSIS BETWEEN AA AND CONTROL-DERIVED BM-MSCS FEEDER 
LAYERS ON HSPC EXPANSION ........................................................................................... 94 

IV.1. SUMMARY ....................................................................................................................... 95 
IV.2. BACKGROUND .................................................................................................................. 96 
IV.3. RESULTS AND DISCUSSION .................................................................................................. 98 
IV.3.1. ANALYSIS OF HSPC EXPANSION CO-CULTURED WITH AA-DERIVED VERSUS CONTROL-DERIVED BM-
MSCS FEEDER LAYERS ............................................................................................................... 98 
IV.3.2. ANALYSIS OF THE CLONOGENIC POTENTIAL OF HSPC EXPANDED IN CO-CULTURE WITH AA-DERIVED 
VERSUS CONTROL-DERIVED BM-MSCS FEEDER LAYERS ................................................................... 106 
IV.4. CONCLUSIONS ............................................................................................................... 108 
IV.5. REFERENCES - CHAPTER IV ............................................................................................... 109 

V. TRANSCRIPTOMICS ANALYSIS OF AA-DERIVED VERSUS CONTROL-DERIVED BM-MSCS .. 111 
V.1. SUMMARY ...................................................................................................................... 112 
V.2. BACKGROUND ................................................................................................................. 114 
V.3. RESULTS AND DISCUSSION ................................................................................................. 117 
V.3.1. GENE EXPRESSION CLUSTERING ACCORDING TO BM-MSCS SOURCE (AA VERSUS CONTROL SAMPLES)
 .......................................................................................................................................... 117 
V.3.2. IDENTIFICATION OF BM-MSCS CANDIDATE GENES POTENTIALLY RELATED TO PATHOPHYSIOLOGICAL 
MECHANISMS OF IDIOPATHIC AA ................................................................................................ 120 
V.3.3. VALIDATION OF TRANSCRIPTOMICS RESULTS FOR SELECTED CANDIDATE GENES BY RT-QPCR ........... 144 
V.3.4. BM-MSCS IN VITRO DRUG-MODULATION WITH ISOTRETINOIN - ANALYSIS OF TREATMENT EFFECT ON CELL 
SURVIVAL AND GENE EXPRESSION ............................................................................................... 148 
V.4. CONCLUSIONS ................................................................................................................ 153 
V.5. REFERENCES - CHAPTER V ................................................................................................. 155 

VI. DEVELOPMENT OF A DECELLULARIZED HUMAN BONE MARROW SCAFFOLD FOR EX VIVO 
DISEASE MODELLING ....................................................................................................... 167 

VI.1. SUMMARY ..................................................................................................................... 168 
VI.2. BACKGROUND ................................................................................................................ 169 
VI.3. RESULTS AND DISCUSSION ................................................................................................ 172 
VI.3.1. OPTIMIZATION OF A HUMAN BONE MARROW DECELLULARIZATION PROTOCOL ............................... 172 
VI.3.2. ESTABLISHMENT OF AN EX VIVO BM-MSCS 3D CO-CULTURE MODEL ON DECELLULARIZED HUMAN 
FEMORAL BONE SCAFFOLDS ...................................................................................................... 177 
VI.4. CONCLUSIONS ............................................................................................................... 182 
VI.5. REFERENCES - CHAPTER VI ............................................................................................... 183 



 viii 

VII. FINAL REMARKS AND FUTURE DIRECTIONS ................................................................. 187 
VII. FINAL REMARKS AND FUTURE DIRECTIONS ................................................................................ 188 

VIII. SCIENTIFIC OUTPUTS ................................................................................................ 190 
VIII. SCIENTIFIC OUTPUTS ......................................................................................................... 191 

IX. REFERENCES .............................................................................................................. 192 
X. APPENDIX .................................................................................................................... 213 

X.I. APPENDIX A ..................................................................................................................... 214 
X.II. APPENDIX B .................................................................................................................... 215 
X.III. APPENDIX C ................................................................................................................... 220 
X.IV. APPENDIX D ................................................................................................................... 222 
X.V. APPENDIX E .................................................................................................................... 228 
X.VI. APPENDIX F .................................................................................................................... 235 
X.VII. APPENDIX G .................................................................................................................. 236 

 

 

 

 

 

 

 

 

 

 
  



 ix 

List of Figures 
 
Figure 1: Marrow biopsy in aplastic anemia. A) A normal marrow biopsy section of a 
young adult. B) The marrow biopsy section of a young adult with very severe aplastic 
anemia. The specimen is devoid of hematopoietic cells and contains only scattered 
lymphocytes and stromal cells. The hematopoietic space is replaced by reticular cells 
(pre-adipocytic fibroblasts) converted to adipocytes (from [117117]). 

Figure 2: Immunomodulatory mechanisms of mesenchymal stromal cells (MSCs) - MSCs 
influence the immune system through a combination of direct cell contact and the 
release of various immune-regulating and regenerative factors. No single molecule is 
solely responsible for MSCs' therapeutic effects; their immunomodulatory and 
regenerative actions are the result of a multifaceted, redundant system, with the 
importance of individual components varying across studies (from [278]). 

Figure 3: Possible pathophysiological mechanisms involving hematopoietic stem cells 
(HSC) and mesenchymal stromal cells (MSCs) in aplastic anemia - Acquired aplastic 
anemia (AA) is characterized by hematopoietic stem cell (HSC) depletion and a 
dysfunctional bone marrow hematopoietic niche. The pathophysiology involves an 
autoimmune attack (right side of the figure) where antigen-presenting cells activate 
naive CD8+ T cells, leading to cytotoxic T cell-mediated apoptosis of bone marrow cells, 
including HSCs. This is further driven by a polyclonal expansion of dysregulated CD4+ T-
cells and oligoclonal expansion of dysregulated CD8+ T-cell populations. Abnormal 
cytokine production, notably interferon-gamma (IFN-γ), tumor necrosis factor-alpha 
(TNF-α), and transforming growth factor (TGF), directly induces HSC apoptosis via the 
Fas/Fas ligand pathway, reducing HSC cycling and viability. Deficiencies in regulatory T 
cells (Tregs) exacerbate T cell expansion. Additionally, in AA patients increased TNF-α-
producing macrophages (Mø) were found in the bone marrow, with IFN-γ-mediated HSC 
loss requiring Mø presence, highlighting their role. IFN-γ indirectly impairs HSC function 
through niche cells like Mø and mesenchymal stem cells (MSCs), contributing to 
megakaryocyte and HSC loss. Elevated B cells and potential auto-antibody production 
against HSCs may also be involved. Concurrently with the immune-mediated 
mechanisms, in AA the stromal niche is compromised through several mechanisms (left 
side and lower part of the figure). Impairments in osteoblastic, vascular, and 
perivascular HSC niches might contribute to defective hematopoiesis. Impairment of 
MSC function may lead to inadequate HSC proliferation and failed suppression of 
activated T cells, thereby disrupting immune homeostasis. Increased adipocytes and 
decreased pericytes, along with reduced microvessel density and vascular endothelial 
growth factor (VEGF) expression, could further suppress hematopoiesis. This 
underscores that AA pathogenesis extends beyond immune destruction to include 
significant defects in the non-hematopoietic bone marrow microenvironment. AC, 
adipocytes; APC, antigen-presenting cell; HSC, hematopoietic stem cell; EC, endothelial 
cells; INF-γ, interferon-gamma; MVD, microvessel density; Mø, macrophages; MSCs, 
mesenchymal stromal cells; OB, osteoblasts; OC, osteoclasts; PC, pericytes; TNF-α, 
tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor (adapted from 
[164]). 
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Figure 4: Summary of the project outline and future directions (AA - aplastic anemia; 
HSPC - human hematopoietic stem and progenitor cells; MSCs - mesenchymal stromal 
cells; ME – microenvironment; BMFS – bone marrow failure syndromes). 

Figure 5: Fibroblastic, spindle-shape morphology of AA and healthy control-derived BM-
MSCs cultured under expansion conditions. Representative image of cell morphology of 
both disease and healthy samples imaged at 4x magnification on bright-field 
microscope (Olympus IX51 Inverted Microscope equipped with an attached digital 
camera). P = cell passage number; D = day number of cell culture (the day of BM-
MSCs seeding was considered D0). 

Figure 6: AA-derived and control-derived BM-MSCs immunophenotypic profile - % of 
cells expressing cell surface positive markers for MSCs identification (CD73, CD90, CD44) 
(±SE mean); % of live cells (±SE mean). All samples were negative for CD34, CD14, CD19, 
HLA-DR (data not shown). Data acquisition performed with FACSCalibur™ flow 
cytometer (BD Biosciences). P = cell passage number. 

Figure 7: AA-derived and control-derived BM-MSCs immunophenotypic profile - % of 
cells expressing cell surface positive markers for MSCs identification (CD73, CD90, CD44) 
(±SE mean); % of live cells (±SE mean). All samples were negative for CD34, CD14, CD19, 
HLA-DR (data not shown). Data acquisition performed with FACSCanto™ II (BD 
Biosciences). P = cell passage number. 

Figure 8: AA-derived BM-MSCs trilineage differentiation assay - osteogenic, adipogenic 
and chondrogenic differentiation. Samples imaged on bright-field microscope 
(Olympus IX51 Inverted Microscope equipped with an attached digital camera). 
Representative images of cells are shown. 

Figure 9: Healthy control-derived BM-MSCs trilineage differentiation assay - osteogenic, 
adipogenic and chondrogenic differentiation. Samples imaged on bright-field 
microscope (Olympus IX51 Inverted Microscope equipped with an attached digital 
camera). Representative images of cells are shown. 

Figure 10: AA-derived and control-derived adipogenic differentiation assay after 
AdipoRedÔ Assay Reagent (Lonza) staining. Samples imaged at 4x magnification on 
fluorescence microscope (Olympus IX51 Inverted Microscope equipped with an 
attached digital camera). Representative images of cells are shown. 

Figure 11: Proliferation performance (defined by the number of days to reach 70% of 
cell confluency) of AA-derived and control-derived BM-MSCs upon isolation from BM-
derived MNC (±SE mean). Samples M78, M11 and M08 were seeded on uncoated cell 
culture plates. The remaining samples were seeded on gelatin 0.1% coating. 

Figure 12: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-
derived and control-derived BM-MSCs after thawing and expansion on T-25 flasks (±SE 
mean). No significant differences between AA and Controls (p = 0.80). P = cell passage 
number. 

Figure 13: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-
derived and control-derived BM-MSCs after thawing and expansion on T-75 flasks (±SE 
mean). No significant differences between AA and Controls (p = 0.70). P = cell passage 
number. 
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Figure 14: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-
derived and control-derived BM-MSCs after one passage post-thawing and expansion 
on T-75 flasks (±SE mean). No significant differences between AA and Controls (p = 0.48). 
P = cell passage number. 

Figure 15: Representative image of proliferative BM-MSCs kinetics (±SE mean). No 
significant differences between AA-derived and control-derived BM-MSCs (D1, p = 0.35; 
D2, p = 0.92, D3, p = 0.79, D4, p = 0.99, D5, p = 0.81, D6, p = 0.70, D7, p = 0.68). 

Figure 16: Proliferative rate (defined by confluence (%) and fold increase (FI) at day 
10) of AA-derived and control-derived BM-MSCs (±SE mean), cultured on LN521 
(Biolaminin 521 LN, BioLamina) coated versus uncoated 12-well plates. At right side, 
representative morphological image of BM-MSCs cultured on LN521 coated 12-well 
plates, imaged on bright-field microscope (Olympus IX51 Inverted Microscope 
equipped with an attached digital camera). 

Figure 17: Absolute telomere length for AA-derived and control-derived BM-MSCs. 
Data is presented as the average of telomere length on each chromosome in kilobase 
(±SE mean). No significant difference of average telomere length on each 
chromosome between groups. Donor-age and passage number effect for both 
groups, with shorter telomere length for older donors and higher cell passage 
number. kb/92 = average of telomere length on each chromosome in kilobase; a = AA-
derived BM-MSCs; c = control-derived BM-MSCs; BC = buffy-coat; P = cell passage 
number. 

Figure 18: Absolute telomere length of BMF patients-derived MNC compared to 
controls. For each BMF patient with pathogenic variants, average telomere length 
on each chromosome (kb/92) was under the lower percentile determined for 
healthy controls. In addition, four patients with VUS in telomeropathies-related 
genes were identified to be under the lower percentile, demonstrating that RT-qPCR 
absolute telomere assay is a useful complementary assay for this subset of patients, 
supporting diagnosis. kb/92 = average of telomere length on each chromosome in 
kilobase; VUS = variants of uncertain significance. 

Figure 19: Representative image of AA-derived and control-derived BM-MSCs feeder 
layers. For both sampling groups it was possible to establish confluent feeder layers for 
co-culture with HSPC. Samples imaged at 10x magnification on bright-field (Olympus 
IX51 Inverted Microscope equipped with an attached digital camera). AA = aplastic 
anemia; HSPC = hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-
derived mesenchymal stromal cells. 

Figure 20: HSPC expansion (co-)cultured with AA-derived and control-derived BM-MSCs 
feeder layers, or without feeder layer, in the context of: HSPC single donor experiment; 
Pool#2 experiment. Representative images captured on Day 7 of HSPC expansion. 
Samples were imaged at 10x magnification on bright-field (Olympus IX51 Inverted 
Microscope equipped with an attached digital camera). AA = aplastic anemia; HSPC 
= hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-derived 
mesenchymal stromal cells. 

Figure 21: HSPC single donor experiment - HSPC expansion after 7-day (co-)culture with 
AA-derived (red bar) and control-derived BM-MSCs (blue bar) feeder layers, or without 
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feeder layer (grey bar). * p = 0.006; ** p = 0.04; ns = not significant. Fold increase (FI) 
represents the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells 
enriched sample from single donor (M66) (±SE mean). AA-MSCs = aplastic anemia-
derived bone marrow mesenchymal stromal cells; Control-MSCs = control-derived 
derived bone marrow mesenchymal stromal cells; HSPC = hematopoietic stem and 
progenitor cells. 

Figure 22: HSPC Pool#2 experiment - HSPC expansion after 7-day (co-)culture with AA-
derived (red bars) and control-derived BM-MSCs (blue bars) feeder layers, or without 
feeder layer (grey bars). * p = 0.003; ** p = 0.03; ns = not significant. Fold increase (FI) 
represents the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells 
enriched Pool#2 (±SE mean). AA-MSCs = aplastic anemia-derived bone marrow 
mesenchymal stromal cells; Control-MSCs = control-derived derived bone marrow 
mesenchymal stromal cells; HSPC = hematopoietic stem and progenitor cells. 

Figure 23: HSPC expansion (co-)cultured with AA-derived and control-derived BM-MSCs 
feeder layers, or without feeder layer, in the context of: Pool#1 experiment; Pool#3 
experiment. Representative images captured on Day 7 of HSPC expansion. Samples were 
imaged at 10x and magnification, respectively, on bright-field (Olympus IX51 Inverted 
Microscope equipped with an attached digital camera). AA = aplastic anemia; HSPC = 
hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-derived 
mesenchymal stromal cells. 

Figure 24: HSPC Pool#1 experiment - HSPC expansion after 7-day (co-)culture with AA-
derived (red bars) and control-derived (blue bars) BM-MSCs feeder layers, or without 
feeder layer (grey bars). * p = 0.02; ** p = 0.02; *** p = 0.01; ns = not significant. Fold 
increase (FI) represents the fraction of CD34+ cells at Day 7 divided by the number of 
CD34+ cells enriched Pool#1 (±SE mean). AA-MSCs = aplastic anemia-derived bone 
marrow mesenchymal stromal cells; Control-MSCs = control-derived derived bone 
marrow mesenchymal stromal cells; HSPC = hematopoietic stem and progenitor 
cells. 

Figure 25: HSPC Pool#3 experiment - HSPC expansion after 7-day (co-)culture with AA-
derived (red bars) and control-derived (blue bars) BM-MSCs feeder layers, or without 
feeder layer (grey bars). * p = 0.02; ** p = 0.03; *** p = 0.02. Fold increase (FI) represents 
the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells enriched 
Pool#3 (±SE mean). AA-MSCs = aplastic anemia-derived bone marrow mesenchymal 
stromal cells; Control-MSCs = control-derived derived bone marrow mesenchymal 
stromal cells; HSPC = hematopoietic stem and progenitor cells. 

Figure 26: Clonogenic potential of HSPC (co-)cultured with AA-derived and control-
derived BM-MSCs feeder layers, or without feeder layer. CFU number was normalized 
by the number of MethoCultÔ seeded cells and multiplied by the total number of 
CD34+ cells harvested on Day 7 of HSPC expansion. Plotted results correspond to 
the mean value of total CFU number of Pool#2 experiment, performed in technical 
triplicates (±SE mean). 

Figure 27: Heatmap and dendrogram designed from scaled (z-score) VST-
transformed counts matrix of the 500 most variable genes. Clustering of samples by 
gene expression. Gene identification (GENCODE ID) shown along the right axis. 
Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 
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bars). Control samples: CF18, CM11, CF10, CM78 (dendrogram blue bars). Heatmap 
Color key: Blue indicates increased expression; red indicates decreased expression. 

Figure 28: Heatmap and dendrogram designed from scaled (z-score) VST-
transformed counts matrix of the 500 most variable genes. Clustering of samples by 
gene expression. CF10 sample removed. Gene identification (GENCODE ID) shown 
along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 
(dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 
bar). Heatmap Color key: Blue indicates increased expression; red indicates 
decreased expression. 

Figure 29: Principal component analysis (PCA) - Principal component analysis (PCA) 
revealed that PC1 and PC2 segregated AA and control samples, explaining 63.5% of the 
variance (42% [PC1], 21.5% [PC2]). 

Figure 30: Volcano plot representing differently expressed genes between AA versus 
control samples (padj < 0.05; L2FC cutoff of <-1.5 and >1.5). n=966 refers to the total 
number of differently expressed genes (padj < 0.05) before filtering for L2FC threshold 
of <-1.5 and >1.5, for down and upregulated genes, respectively.  

Figure 31: GO enrichment analysis (GSEA) representing downregulated and upregulated 
genes accordingly to biological function (AA versus control samples). Genes related to 
DNA repair and immunoregulation seem to play a role in disease. 

Figure 32: Heatmap of differently expressed genes (AA versus controls) by biological 
function - immune response-related genes (pro-inflammatory pattern): AA-derived BM-
MSCs showing up-regulation of pro-inflammatory genes and down-regulation of anti-
inflammatory genes in comparison to controls [detailed references Appendix G, Table – 
G.1.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: 
AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, 
CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates increased 
expression; red indicates decreased expression. 
 
Figure 33: Heatmap of differently expressed genes (AA versus controls) by biological 
function - immune response-related genes (immunomodulatory pattern): AA-derived 
BM-MSCs showing down-regulation of pro-inflammatory genes and up-regulation of 
anti-inflammatory genes in comparison to controls [detailed references in Appendix G, 
Table – G.2.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: 
AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, 
CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates increased 
expression; red indicates decreased expression. 

Figure 34: Heatmap of differently expressed genes (AA versus controls) by biological 
function - adipogenesis-related genes: AA-derived BM-MSCs showing down-regulation 
of both adipogenesis promotion and adipogenesis inhibition genes, in comparison to 
controls [detailed references in Appendix G, Table G.3. and Table G.4.]. Gene symbols 
shown along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and 
AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 
bar). Heatmap Color key: Blue indicates increased expression; red indicates decreased 
expression. 
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Figure 35: Heatmap of differently expressed genes (AA versus controls) by biological 
function - lipid metabolism-related genes. AA-derived BM-MSCs showing 
downregulation of genes that could functionally translate into increase of lipolysis and 
lipoprotein lipase (LPL) activity, decrease in triglyceride synthesis, decrease in uptake 
and storage of fatty-acids, decrease in lipogenesis, decrease in biosynthesis of  very long 
chain fatty acids (VLCFA) and increase in lipid transport proteins. AA-derived BM-MSCs 
upregulated genes related to cell membrane phospholipid composition and organization 
[detailed references in Appendix G, Table G.5.]. Gene symbols shown along the right 
axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram 
orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap 
Color key: Blue indicates increased expression; red indicates decreased expression. 

Figure 36: Heatmap of differently expressed genes (AA versus controls) by biological 
function. 36a. Osteoblast differentiation and activity - AA-derived BM-MSCs 
downregulation of genes involved in promotion of osteoblast differentiation and activity 
and upregulation of genes involved in inhibition of osteoblast differentiation and 
activity. 36b. Osteoclast differentiation and activity - AA-derived BM-MSCs 
downregulation of genes involved in inhibition of osteoclast differentiation and activity 
and upregulation of genes involved in osteoclast activation [detailed references in 
Appendix G, Table G.6. and Table G.7.]. Gene symbols shown along the right axis. 
Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 
bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: 
Blue indicates increased expression; red indicates decreased expression. 

Figure 37: Heatmap of differently expressed genes (AA versus controls) by biological 
function - hematopoietic support-related genes. AA-derived BM-MSCs showing 
downregulated and upregulated genes that could phenotypically translate into 
impairment of BM niche support of HSPC and/or be involved in HSPC lineage 
differentiation bias [detailed references in Appendix G, Table G.8.]. Gene symbols 
shown along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and 
AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 
bar). Heatmap Color key: Blue indicates increased expression; red indicates decreased 
expression. 

Figure 38: Heatmap of differently expressed genes (AA versus controls) by biological 
function - ECM remodeling and cell-ECM interactions. AA-derived BM-MSCs 
downregulation of genes related to cell-ECM interactions and ECM remodeling, 
suggesting a BM niche unbalance and, consequently, a less supportive environment for 
hematopoiesis and immune regulation in AA [detailed references in Appendix G, Table 
G.9.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: AM10, 
AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 
(dendrogram blue bar). Heatmap Color key: Blue indicates increased expression; red 
indicates decreased expression. 

Figure 39: Heatmap of differently expressed genes (AA versus controls) by biological 
function - DNA repair and DNA damage response. AA-derived BM-MSCs showing 
upregulation and downregulation of genes functionally associated with DNA damage 
response, cell cycle checkpoint control and apoptosis [detailed in references Appendix 
G, Table G.10.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: 
AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, 
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CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates increased 
expression; red indicates decreased expression. 

Figure 40: Heatmap of differently expressed genes (AA versus controls) by biological 
function - Stress response. AA-derived BM-MSCs showing downregulation of genes 
involved in response to oxidative stress, hypoxia and nutrient deprivation [detailed 
references in Appendix G, Table G.11.]. Gene symbols shown along the right axis. 
Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 
bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: 
Blue indicates increased expression; red indicates decreased expression. 

Figure 41: Heatmap of differently expressed genes (AA versus controls) by biological 
function -  Angiogenesis. AA-derived BM-MSCs showing  either up or downregulation of 
pro-angiogenic genes [detailed references Appendix G, Table G.12.]. Gene symbols 
shown along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and 
AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 
bar). Heatmap Color key: Blue indicates increased expression; red indicates decreased 
expression. 

Figure 42: Heatmap of differently expressed genes (AA versus controls) by biological 
function - Cell signaling. AA-derived BM-MSCs showing - downregulation of genes 
related to MAPK inhibition, JAK-STAT inhibition, Wnt/ß-catenin inhibition or activation; 
upregulation of genes related to MAPK, PI3K/Akt and NF-kB activation, Wnt/ß-catenin 
inhibition or activation, Wnt (noncanonical) activation. As shown, the simultaneous up- 
and downregulation of genes within the same signaling pathway highlights the intricate 
nature of cellular signaling interactions. This complexity underscores the challenges in 
interpreting transcriptomic results and their biological significance [detailed references 
in Appendix G, Table G.13.]. Gene symbols shown along the right axis. Aplastic anemia 
(AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control 
samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates 
increased expression; red indicates decreased expression. 

Figure 43: Uniform Manifold Approximation and Projection (UMAP) of differently 
expressed genes (AA versus controls) by biological function. Two distinct molecular 
patterns were observed in AA-derived BM-MSCs: downregulation of genes related to 
MAPK inhibition, JAK-STAT inhibition, Wnt/ß-catenin inhibition or activation; 
upregulation of genes related to MAPK, PI3K/Akt or NF-kB activation, Wnt/ß-catenin 
inhibition or activation, Wnt (noncanonical) activation. Symbols: (-) indicates pathway 
inhibition; (+) indicates pathway activation. 

Figure 44: Summary of bulk transcriptomic analysis comparing AA-derived BM-MSCs to 
healthy controls. Solid blue line: activation; solid red line: inhibition; dashed red line: 
functional disruption; cell signaling (+): activation; cell signaling (-): inhibition; cell 
signaling (+/-): either activation or inhibition. AA-BM-MSCs: bone marrow-derived 
mesenchymal stromal cells from aplastic anemia patients; ECM: extracellular matrix; 
HSPC: hematopoietic stem and progenitor cells. Created with BioRender.com. Lira, K. 
(2024) BioRender.com/g26e388. 

Figure 45: RT-qPCR results for genes selected according to functional properties, 
transcriptomics analysis and AA biology. Results determined by delta-delta Ct (ΔΔCt) 
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method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between AA and control-
derived BM-MSCs (±SE mean). AA - aplastic anemia. 

Figure 46: RT-qPCR results for selected genes after 6-day exposure of AA and control-
derived BM-MSCs to isotretinoin (10µM). Results determined by delta-delta Ct (ΔΔCt) 
method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between treated and 
untreated samples (±SE mean). AA - aplastic anemia. 

Figure 47: RT-qPCR results for selected genes after 6-day exposure of AA and control-
derived BM-MSCs to isotretinoin (10µM). Results determined by delta-delta Ct (ΔΔCt) 
method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between treated and 
untreated samples contrasting by disease status – AA versus controls (±SE mean). AA - 
aplastic anemia. 

Figure 48: Cellular metabolic activity at 24 hours after in vitro AA and control-derived 
BM-MSCs drug-modulation with isotretinoin (0.1 µM, 1 µM, 10 µM). Viability/metabolic 
assay performed with PrestoBlueTM. Results expressed as mean fold increase of relative 
fluorescence units (RFU), normalized for negative control (cell medium) (±SE mean). AA 
- aplastic anemia. 

Figure 49: Proliferative rate by day 6 of in vitro AA and control-derived BM-MSCs drug-
modulation with isotretinoin (no drug, 1 µM, 10 µM). Significance attained for 10 µM 
isotretinoin concentration (p = 0.15, for 1 µM versus no drug; p = 0.03 for 10 µM versus 
no drug; p = 0.42 for 1 µM versus 10 µM). Results expressed by mean fold increase (FI) 
of cell number by day 6 (±SE mean). AA - aplastic anemia. 

Figure 50: Bone marrow microenvironment. The bone marrow (BM) hosts two crucial 
hematopoietic stem cell (HSC) microenvironments: the endosteal and vascular niches. 
The endosteal niche, located at the bone surface, is recognized as the "osteoblastic 
niche" due to the significant role of osteoblasts in promoting HSC quiescence and self-
renewal. In parallel, the vascular niche, positioned alongside blood vessels, serves to 
stimulate HSC proliferation and differentiation through its rich supply of nutrients and 
signaling factors. This latter niche comprises endothelial cells, pericytes, and smooth 
muscle cells. Collectively, these distinct niches are fundamental to regulating HSC 
maintenance and activity within the BM. HSC: hematopoietic stem cells; CAR cell: 
CXCL12-abundant reticular stromal cells; LepR+: leptin receptor positive perivascular 
stromal cells; NG2+: neuroglial antigen 2 stromal pericytes. OPN: Osteopontin. ANG1: 
Angiopoietin-1, SCF: Stem cell factor (from [129]). 

Figure 51: Human femoral bone samples – a) after surgical collection (upper row), after 
PBS (1x) washing of the surgical piece, before bone separation in smaller fragments and 
decellularization (middle row), and after decellularization (lower row); b) schematic 
representation of bone sample collection area (between the dashed red lines) c) 
representative image of decellularized femoral bone scaffolds placed in ultra-low 
attachment 24-well plate - empty scaffolds (upper row); BM-MSCs seeded scaffolds 
embed in 10% FBS MSCs-qualified supplemented medium (lower row). 

Figure 52: Representative H&E stainings of decellularized human bone (femoral 
head/neck) scaffolds. Eosin staining (pink-red color) representing preservation of 
extracellular matrix (ECM) components and bone trabeculae (T) after 
decellularization. Absence of blue-purple staining representative of cell nuclei (as 
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would be revealed by hematoxylin). Histological samples imaged at 4x and 20x 
magnification on bright-field microscope (Olympus IX51 Inverted Microscope 
equipped with an attached digital camera). 

Figure 53: Representative immunohistochemical stainings of collagen type I 
(COL1A1), fibronectin (FN) and stromal cell–derived factor 1 (SDF-1), on human 
decellularized bone (femoral head/neck) extracellular matrix scaffolds (dECM). 
Positive staining for collagen type I (strong) and fibronectin (weak). Minimal 
staining/negativity for SDF-1. T = bone trabeculae; ECM = extracellular matrix. 
Histological samples imaged at 20x and 40x magnification on bright-field 
microscope (Olympus IX51 Inverted Microscope equipped with an attached digital 
camera). 

Figure 54: Representative SEM images of decellularized human bone (femoral 
head/neck) scaffolds – a) interface between compact bone (CB) and spongy bone (SB), 
showing preserved structural integrity; b) and d) decellularized bone trabecula with 
remaining ECM fibers/fibrils (*); c) bone structural disruption at the limits of bone 
cutting area (dashed box). Samples visualized on Hitachi scanning electron 
microscope (SEM), model S2400, with digital image acquisition by Bruker, software 
Quantax Esprit 1.9. 

Figure 55: Cellular metabolic activity of control-derived BM-MSCs co-cultured in human 
bone (femoral head/neck) decellularized scaffolds of 5 mm, 10 mm or 15 mm of 
diameter, at different timepoints. Viability/metabolic assay performed with 
PrestoBlueTM. Results expressed as mean relative fluorescence units (RFU) (±SE mean). 

Figure 56: H&E stainings of decellularized human bone (femoral head/neck) scaffolds 
(upper row) in head-to-head comparison to BM-MSCs + dECM sets after 17-day co-
culture. In contrast to dECM scaffolds, co-culture sets showed increased ECM deposition 
(pink-red color from eosin staining) and cellularity (dark-blue dots revealed by 
hematoxylin), in a heterogeneous pattern. T = bone trabeculae; * = ECM/cell lower-
density areas; ** = ECM/cell higher-density areas. Histological samples imaged at 4x, 
10x, 20x and 40x magnification on bright-field microscope (Olympus IX51 Inverted 
Microscope equipped with an attached digital camera). 

Figure 57: Representative immunohistochemical stainings of collagen type I (COL1A1), 
fibronectin (FN) and stromal cell–derived factor 1 (SDF-1), on BM-MSCs + dECM sets 
after 17-day co-culture. Positive staining for collagen type I (strong), fibronectin (strong) 
and SDF-1 (strong). ** = ECM/cell higher-density areas; dashed box = SDF-1 staining in 
blood vessel. T = bone trabeculae. Histological samples imaged at 20x and 40x 
magnification on bright-field microscope (Olympus IX51 Inverted Microscope equipped 
with an attached digital camera). 

Figure 58: Representative SEM images of decellularized human bone (femoral 
head/neck) matrix (dECM) scaffold [a) and b)], compared to BM-MSCs + dECM scaffold 
set after 17-day co-culture [c) and d)]. Images c) and d) denoting rougher bone surface 
(**) in comparison to a) and b) (*), corresponding to active ECM deposition secondary 
to BM-MSCs activity. Mesenchymal stromal cell depicted in d) (dashed box). Samples 
visualized on Hitachi scanning electron microscope (SEM), model S2400, with digital 
image acquisition by Bruker, software Quantax Esprit 1.9.  
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DBA - Diamond-Blackfan anemia 
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FBS - fetal bovine Serum  
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+ 1% Antibiotic Antimycotic 

FGF2 - Fibroblast Growth Factor 2 

FI - fold increase 

FITC - fluorescein isothiocyanate 

FLG-AS1 - Filaggrin Antisense RNA 1 

Flt-3L - FMS-like tyrosine kinase 3 ligand 

FN - fibronectin 

FN1 – fibronectin (gene) 

FRZB also known as SFRP3 - Frizzled-Related Protein  (known as Secreted Frizzled-

Related Protein 3) 

FW - forward 

G-CSF - granulocyte colony-stimulating factor  
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GSEA - gene set enrichment analysis 
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HCV - hepatitis C virus 

HGF - Hepatocyte Growth Factor 

HIV 1/2 - human immunodeficiency virus type 1 and type 2 
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HLA-G5  - Human Leukocyte Antigen G5 
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L/D - live/dead cell viability assay 

L2FC - log2 fold change 
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LIG4 - DNA Ligase 4 

LN-521 - Biolaminin 521 LN 

MACS - magnetic-activated cell sorting 
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I.1. Summary 

Aplastic anemia (AA) is a rare disease characterized by bone marrow (BM) 

hypocellularity, in which hematopoietic cells are replaced by fat cells, resulting in severe 

reductions in the numbers of hematopoietic stem and progenitor cells (HSPC). AA 

patients display not only reduced HSPC numbers, but also an altered BM 

microenvironment, although the mechanisms contributing to the modulation of the 

stem cell niche are poorly known. Several reports have demonstrated an abnormal 

function of key BM elements, namely the existence of dysfunctional mesenchymal 

stromal cells (MSCs). However, when comparing MSCs derived from healthy controls 

with AA-derived MSCs, published data are controversial, probably due to sample 

heterogeneity, as well as to technical discrepancies. The therapeutic backbone of AA 

consists in allogeneic hematopoietic cell transplantation (HCT), considered first line for 

eligible patients with a matched, preferable related, donor, or in immunosuppressive 

therapy (IST), for those patients without a matched donor or ineligible (e.g., older age; 

low performance status) for allogeneic HCT, limiting treatment options in this group. 

Incomplete understanding of AA pathogenesis has hampered the development of 

therapeutic strategies to efficiently circumvent those limitations.  

Autologous HCT has been hypothesized as a useful strategy for AA treatment, 

especially for patients without an available allogeneic HCT donor. This therapeutic 

approach is in the halfway between allogeneic HCT and IST solely, benefiting from 

reduced intensity, less toxic, autologous HCT conditioning regimens, independently of 

the availability of a matched donor. This strategy could be a significant therapeutic 

achievement, especially for those patients in which allogeneic HCT is unfeasible (e.g., 

minorities lacking a suitable HLA-matched donor) and/or who do not respond effectively 

to IST. Despite feasible, autologous HCT in AA has been hampered by the limiting 

numbers of HSPC that are possible to collect from AA patients. Based on that theoretical 

framework, this doctoral project was outlined to better understand the role of BM 

microenvironment (ME), namely of BM-MSCs, on the pathophysiology of AA, and to 

contribute to the development of an ex vivo cell culture model for disease study and 

autologous HSPC expansion, towards the development of regenerative medicine-based 

therapeutic strategies for AA.   
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I.2. Introduction 

I.2.1. The Disease – Aplastic Anemia 

Aplastic anemia (AA) is a life-threatening hematologic syndrome (if untreated, it 

has a one-year mortality of over 70%) characterized by pancytopenia (peripheral blood 

deficiency of red cells, neutrophils, monocytes, platelets, and reticulocytes) and bone 

marrow hypoplasia/aplasia associated with fatty replacement of the bone marrow and 

near absence of hematopoietic precursor cells (Figure 1). The AA-BM aspirate typically 

contains numerous spicules with empty, fat-filled spaces, and relatively few 

hematopoietic cells. Lymphocytes, plasma cells, macrophages, and mast cells may be 

present. Occasional spicules are found to be cellular or even hypercellular (so called hot 

spots), but megakaryocytes are usually reduced. In fact, the term “aplastic anemia” is a 

misnomer since pancytopenia and not anemia alone is present [1,2,3]. 

 

 

Figure 1: Marrow biopsy in aplastic anemia. A) A normal marrow biopsy section of a 

young adult. B) The marrow biopsy section of a young adult with very severe aplastic 

anemia. The specimen is devoid of hematopoietic cells and contains only scattered 

lymphocytes and stromal cells. The hematopoietic space is replaced by reticular cells 

converted to adipocytes (from [115]). 

 

Aplastic anemia is a rare disorder, with an incidence of approximately 2 per 

1,000,000 persons per year in western countries and with an estimated two- to 

threefold higher incidence in Asia [1,5,6]. Half of the cases occur in the first three 
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decades of life (between 15 to 25 years of age) and a second peak occurs between the 

ages of 65 and 69 years. The sex ratio of AA is close to 1:1 [4,5,6,7,8,9]. 

Aplastic anemia is classified according to both severity (severe AA (SAA): marrow 

cellularity <25% [or 25–50% with <30% residual hematopoietic cells], plus at least 2 of 

(i) neutrophils <0.5 x109/L, (ii) platelets <20 x 109/L (iii) reticulocyte count <20 x 109/L; 

Very Severe AA (VSAA): as for SAA but neutrophils <0.2 x 109/L; non-severe AA (NSAA): 

not fulfilling the criteria for SAA or VSAA) and etiology (acquired [most of the cases] or 

inherited [fewer cases, occurring in the context of an inherited BM failure syndrome, 

such as Fanconi anemia, Schwachman-Diamond syndrome, Dyskeratosis congenita, or 

others]) [10]. 

Most cases of aplastic anemia are acquired and idiopathic, with no established 

etiology. In most cases of acquired AA, either if it is idiopathic or secondary (e.g., to viral 

infection, autoimmune disease, etc.), reduced hematopoiesis seems to result from 

cytotoxic T-cell–mediated attack to CD34+ hematopoietic stem and progenitor cells 

(HSPC), hence the successful treatment with immunosuppressive agents, alone or in 

combination with a stem cell stimulating agent (e.g., eltrombopag, a thrombopoietin 

(TPO) nonpeptide agonist which increases platelet counts by binding to and activating 

the human TPO receptor) [11]. 

The treatment of SAA differs according to patient’s age and performance status. 

In young patients (< 40 years of age) with a matched sibling donor, allogeneic 

hematopoietic cell transplantation (allo-HCT) should be considered first-line therapy. In 

older patients (> 40-50 years of age), and for patients without a matched sibling donor, 

immunosuppressive therapy (IST) (e.g., Anti-thymocyte globulin (ATG) + Cyclosporin A 

(CsA)) is recommended as first-line [12,13,14]. 

In older patients allo-HCT is associated with a higher incidence of graft failure and 

graft-versus-host disease (GVHD). Despite IST is recommended as first-line therapy in 

this population, there is a significant age effect over IST treatment outcome, with 

survival of 82% and 58% for patients younger than 20 years or older than 40 years, 

respectively (A.B., The European Group for Blood and Marrow Transplantation’s (EBMT) 

database, unpublished data) [12]. 
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I.2.2. Bone Marrow Microenvironment in AA 

I.2.2.1. Role of Bone Marrow Mesenchymal Stromal Cells in AA 

Alongside with the (auto)immune pathophysiology of AA, it has been 

hypothesized that the bone marrow microenvironment (ME) could also contribute to 

AA’s defective hematopoiesis through diverse mechanisms (e.g., impairment in 

osteoblastic, vascular and HSPC niches) [15,16,17]. 

Bone marrow mesenchymal stromal cells (BM-MSCs) are found as a normal 

component of stromal BM cellular environment. MSCs are also found in umbilical cord-

derived Wharton's jelly, in adipose tissue, in dental pulp tissue, and in amniotic fluid and 

other fetal and postnatal tissues. According to the International Society of Cellular 

Therapy (ISCT), MSCs are cells that: must be plastic-adherent when maintained in 

standard culture conditions; are characterized by expression of cell surface antigens 

CD105, CD73, and CD90, and lack of expression of CD34, CD45, CD14 or CD11b, CD79a, 

and HLA-DR surface molecules; show the capacity to differentiate in vitro into 

adipocytes, osteoblasts, and chondroblasts [18,19]. 

BM-MSCs provide cellular and structural elements required to support 

hematopoiesis. They have been shown to support hematopoiesis by paracrine 

mechanisms, such as secretion of bioactive molecules that support proliferation and 

long-term growth of HSPC. In addition, MSCs also demonstrate immunomodulatory 

activity, which supports their use as a cellular therapy in multiple conditions (e.g., 

minimization or treatment of graft-versus-host-disease (GVHD) after hematopoietic 

stem cell transplantation (HCT); enhancement of HSPC engraftment; and treatment of 

auto-immune diseases, such as Crohn’s disease). Figure 2 represents some of the 

mechanisms by which MSCs could mediate immunomodulation. As illustrated, MSCs 

exert their effect on innate and adaptive immune systems via cell-cell interactions 

and immunomodulatory or regenerative factors. It appears to be a redundant 

system, and none of the molecules has an exclusive role [20]. 
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Figure 2: Immunomodulatory mechanisms of mesenchymal stromal cells (MSCs) - MSCs 

influence the immune system through a combination of direct cell contact and the 

release of various immune-regulating and regenerative factors. No single molecule is 

solely responsible for MSCs' therapeutic effects; their immunomodulatory and 

regenerative actions are the result of a multifaceted, redundant system, with the 

importance of individual components varying across studies (from [20]). 

 

In what refers to the role of MSCs in AA, published data are controversial, probably 

due to the intra and inter-heterogeneity between patients included in such studies, as 

well as to technical differences between research protocols [21-31]. 

Several studies support that MSCs derived from patients with AA show aberrant 

morphology, decreased proliferation and clonogenic potential, increased apoptosis, and 

a propensity to adipogenic in detriment of osteogenic differentiation. Also, gene 

expression analyses performed on MSCs from patients with aplastic anemia evidenced 

altered expression of genes involved in cell proliferation, cell division, cell cycling, 

chemotaxis, hematopoietic cell interactions, adipogenesis, and immune response, in 

comparison to healthy controls [21,23,27,28].  

On the other hand, there are also studies suggesting no difference between MSCs 

derived from patients with acquired AA in comparison to healthy controls. In 

accordance, a publication showed that AA derived MSCs retain the capability to form 
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functional hematopoietic stem cell niche in vivo, comparable to MSCs from healthy 

controls [22,29,30]. 

Figure 3 represents possible mechanisms contributing to BM niche modulation 

and immune destruction of hematopoiesis in acquired AA. 

 

 

Figure 3: Possible pathophysiological mechanisms involving hematopoietic stem cells 

(HSC) and mesenchymal stromal cells (MSCs) in aplastic anemia - Acquired aplastic 

anemia (AA) is characterized by hematopoietic stem cell (HSC) depletion and a 

dysfunctional bone marrow hematopoietic niche. The pathophysiology involves an 

autoimmune attack (right side of the figure) where antigen-presenting cells activate 

naive CD8+ T cells, leading to cytotoxic T cell-mediated apoptosis of bone marrow cells, 

including HSCs. This is further driven by a polyclonal expansion of dysregulated CD4+ 

T-cells and oligoclonal expansion of dysregulated CD8+ T-cell populations. Abnormal 

cytokine production, notably interferon-gamma (IFN-γ), tumor necrosis factor-alpha 

(TNF-α), and transforming growth factor (TGF), directly induces HSC apoptosis via the 

Fas/Fas ligand pathway, reducing HSC cycling and viability. Deficiencies in regulatory T 

cells (Tregs) exacerbate T cell expansion. Additionally, in AA patients increased TNF-α-

producing macrophages (Mø) were found in the bone marrow, with IFN-γ-mediated 
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HSC loss requiring Mø presence, highlighting their role. IFN-γ indirectly impairs HSC 

function through niche cells like Mø and mesenchymal stem cells (MSCs), contributing 

to megakaryocyte and HSC loss. Elevated B cells and potential auto-antibody 

production against HSCs may also be involved. Concurrently with the immune-

mediated mechanisms, in AA the stromal niche is compromised through several 

mechanisms (left side and lower part of the figure). Impairments in osteoblastic, 

vascular, and perivascular HSC niches might contribute to defective hematopoiesis. 

Impairment of MSC function may lead to inadequate HSC proliferation and failed 

suppression of activated T cells, thereby disrupting immune homeostasis. Increased 

adipocytes and decreased pericytes, along with reduced microvessel density and 

vascular endothelial growth factor (VEGF) expression, could further suppress 

hematopoiesis. This underscores that AA pathogenesis extends beyond immune 

destruction to include significant defects in the non-hematopoietic bone marrow 

microenvironment. AC, adipocytes; APC, antigen-presenting cell; HSC, hematopoietic 

stem cell; EC, endothelial cells; INF-γ, interferon-gamma; MVD, microvessel density; 

Mø, macrophages; MSCs, mesenchymal stromal cells; OB, osteoblasts; OC, osteoclasts; 

PC, pericytes; TNF-α, tumor necrosis factor-alpha; VEGF, vascular endothelial growth 

factor (adapted from [15]). 

 

Regarding the therapeutic role of MSCs in AA, data is also conflicting [30-35]. In 

AA, MSCs have been mainly used in two strategies: given in conjunction with 

hematopoietic stem cell transplantation, with the goal of preventing graft failure or to 

shorten time to donor engraftment; or given in monotherapy, to create a BM-

microenvironment more supportive of hematopoiesis, also taking advantage from MSCs 

immunomodulatory properties. 

Considering the first strategy, promising results have been attained, with 

improved donor engraftment, even in transplants from alternative donors (e.g., 

haploidentical HCT) [31, 32,33,34,36,37]. Considering the second strategy, the published 

works show that MSCs monotherapy could result in partial response in some AA 

patients, alleviating the need for transfusions (e.g., by raising hemoglobin and platelet 

levels to values above transfusion thresholds), but further studies need to be done, since 
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most of them have been performed with small samples, mainly composed of patients 

with AA refractory to previous IST therapies [35].  

Despite that controversy, the influence of BM microenvironment in the 

pathogenesis of AA has been a matter of increasing research interest since that 

knowledge could be relevant to improve therapeutic outcomes, especially in severe 

cases of AA. 

Regarding BM microenvironment role, it is of interest to mention that in patients 

submitted to HCT in the context of severe AA, the outcomes in terms of survival were 

superior in those patients receiving BM as stem cell source in comparison to patients 

receiving peripheral blood (PB) as stem cell source [36,37]. In preliminary publications, 

that superior outcome was attributed to less acute and chronic GVHD with BM 

(comparable risk for rejection: 2.5% for mobilized peripheral blood (PB) and 1.5% for 

BM) while compared to PB as stem cell source. Then, further studies suggested that 

MSCs and other non-hematopoietic cells present in BM could also contribute to post-

transplantation regeneration of BM niche by diverse mechanisms, such as: by providing 

transient VEGF and cytokine support; by enhancing immune suppression; and by 

providing stable niche engraftment of donor-derived niche cells [38,39,40]. 

 

I.2.2.2. Role of Bone Marrow Adipose Tissue 

Bone marrow adipose tissue (BM-AT) contributes to approximately 70% of adult’s 

BM volume and for approximately 10% of total fat in healthy adults above 25 years of 

age [41,42]. BM adipocytes (BMA) are mainly derived from BM-MSCs. Recent studies 

have demonstrated that BM-AT is more than a filler of BM empty spaces. As such, it 

seems to act as an active organ with significant roles in energy storage, endocrine 

function, bone metabolism, and regulation of tumour growth and bone metastasis [41-

48].  

Regarding hematopoiesis and hematological disorders, BM-AT have been shown 

to influence hematopoiesis (e.g., through direct cell contact and secretion of adipocyte-

derived factors) as well as the progression of malignant (e.g., leukemia, multiple 

myeloma) and non-malignant hematologic disorders, such as AA [47,48,49]. 



 10 

As mentioned previously, AA is characterized by hypocellularity and fatty 

replacement of BM. Small lymphoid aggregates may occur, particularly in the acute 

phase of disease or when associated with systemic autoimmune diseases (e.g., 

rheumatoid arthritis or systemic lupus erythematosus). In the BM of patients with AA, 

the number of adipocytes seems to be higher and the number of osteoblasts lower, 

which could negatively influence hematopoiesis [50, 51].  

Several mechanisms for BM-AT replacement in AA have been suggested. In vitro 

experiments have shown that BM-MSCs derived from patients with AA tend to 

differentiate into adipocytes in detriment of osteoblasts. Diverse molecules, 

transcription factors (TF) and signaling pathways have been proposed to take part in this 

process, as summarized in Table 1 [52-71]: 

 

Table 1 – Mechanisms and players associated with AA-derived BM-MSCs adipogenesis 

differentiation bias. 

Mechanisms Comments References 

CCAAT/enhancer-
binding protein alpha 

(C/EBPα) and 
peroxisome 

proliferator-activated 
receptor gamma 

(PPARγ) 

- In AA patients, arsenic trioxide (ATO) plus 
Ciclosporin A (CsA) demonstrated to partially 
restore the unbalanced differentiation of BM-
MSCs by improving the balance between 
osteogenic and adipogenic differentiation. 
- ATO showed to inhibit adipogenic differentiation 
and to promote osteogenic differentiation in 
healthy BM-MSCs by CCAAT/enhancer-binding 
protein alpha (C/EBPα) and peroxisome 
proliferator-activated receptor gamma (PPARγ) 
regulation. 

[52-56] 

GATA-2 and peroxisome 
proliferator-activated 

receptor gamma 
(PPARγ) 

- GATA-2, expressed in hematopoietic stem cells 
and early hematopoietic progenitors, is a key 
transcriptional factor in hematopoiesis, essential 
for HSPC maintenance, differentiation, 
proliferation and survival. BM CD34+ cells from 
patients with AA showed lower expression of 
GATA-2.  
- GATA-2 is also involved in the regulation of the 
hematopoietic microenvironment. It is expressed 
in preadipocytes and inhibits their terminal 
differentiation into mature adipocytes by 
suppressing PPARγ. In AA-derived BM-MSCs, 
GATA-2 expression showed to be significantly 

[57-64] 
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lower than in healthy controls, confirmed by  lower 
protein levels of GATA-2 in Western blot analysis; 
conversely, expression of PPARγ was significantly 
higher in AA patients. 

Wnt signaling pathway 

- Inhibition of differentiation of BM-MSCs into 
adipocytes mediated by inhibition of PPARγ mRNA 
expression (Wnt/ß-catenin pathway). 
- Noncanonical Wnt pathway activates histone 
methyltransferases leading to the inhibition of 
PPARγ transactivation of target genes. 
- In mouse model, Wnt/ß-catenin signal activator 
(lithium chloride) + CsA has been shown to be 
more effective in treating AA than CsA only. 

[66, 67, 68] 

Leptin (LEP)/Leptin 
receptor (LEP-R) 

- Leptin, an adipokine mainly produced by 
adipocytes, induces proinflammatory stimulus on 
immune cells. Higher leptin concentration was 
found in AA-BM in comparison to heathy controls. 
Additionally, LEPR was found to be upregulated on 
AA-BM T-cells. 
- In AA mice model, increased LEP levels and 
decreased LEP-R levels were found in PB and AA-
MSCs. It was hypothesized that LEP may 
increase immune injury in AA mice and that LEP-
R decrease could disrupt LEP-mediated 
regulation of MSCs osteoblast differentiation, 
consequently leading to increase of BM-AT in AA 
mice. 

[69,70,71] 

ATO - arsenic trioxide; CsA - cyclosporin A; C/EBPα - CCAAT/enhancer-binding protein alpha; PPARγ - peroxisome 
proliferator-activated receptor gamma; LEP - leptin; LEP-R - leptin receptor.  
 

I.2.3. Therapeutic Strategies for AA 

I.2.3.1 Pearls and Pitfalls  

As mentioned before, the choice of treatment in AA is based on diverse criteria 

related not only to the characteristics of disease (e.g., AA severity; presence of clonal 

evolution markers), but also to patient’s determinants (e.g., age; performance status; 

comorbidities; availability of a suitable donor for allogenic HCT). 

In adult patients with severe AA, despite the improvements that have been 

attained in allo-HCT conditioning protocols and supportive therapy, this procedure has 

been associated with lower survival in older patients (82%, 72%, and 53% for patients 

aged 1-20, 21-40, and older than 40 years, respectively), due to a higher incidence of 
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graft failure and GVHD in the older population. Data from EBMT (The European Group 

for Blood and Marrow Transplantation) for patients grafted from matched siblings (from 

2001 to 2010) show the same age effect (86%, 76%, and 55% survival at 10 years, 

respectively for each group). For that reason, in patients older than 40-50 years with 

severe AA, regardless of its therapeutic benefit, allo-HCT is not considered first-line, 

unless in carefully selected cases (e.g., patients with severe disease but with an excellent 

performance status and a suitable donor) [72]. 

Regarding immunosuppressive therapy (IST), which is considered first-line therapy 

for most patients with severe AA above 40-50 years, there is also a significant age effect, 

with survivals of 82% and 58% for patients younger than 20 or older than 40 years, 

respectively (A.B., EBMT database, unpublished data). Patients above 50 years of age 

experience increased toxicities of IST treatment when compared with younger patients, 

which determines the use of less intense, but also less efficacious regimens, or of 

supportive therapy only (e.g., transfusional support; antibiotics to treat infections, etc.). 

Eltrombopag (a thrombopoietin (TPO) nonpeptide agonist, which not only increases 

platelet counts by binding to and activating the human TPO receptor, but also increases 

proliferation and differentiation of bone marrow progenitor cells), androgens (e.g., 

danazol) and granulocyte colony-stimulating factor (G-CSF) have also been used in 

adjunct to IST standard regimens, or as a mean to avoid toxicities from more intensive 

regimens (e.g., used in combination with less intense IST regimens or in monotherapy, 

as supportive therapy), especially in older patients, with variable results. 

Despite its efficacy, IST in not devoid of risks. In fact, refractoriness, relapse 

(estimated to occur in approximately 30% of patients) and clonal evolution must be 

taken into consideration in patients treated with IST.  

In addition, patients diagnosed with AA are at risk of clonal evolution (e.g., clonal 

mutations or cytogenetic abnormalities) and progression to a clonal hematologic 

disorder (e.g., myelodysplastic syndrome (MDS), acute myeloid leukemia (AML) or 

paroxysmal nocturnal hemoglobinuria (PNH)). The likelihood of developing MDS or AML 

seems to increase over time in patients treated with IST or myeloid growth factors, 

however it is not clear whether this is due to the therapy, to the underlying disease or 

to both [73-76]. 
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I.2.3.2. Towards the development of novel regenerative medicine-based 

therapeutic approaches for AA 

According to published data, the main factors affecting the prognosis of AA 

patients will be the severity of pancytopenia, the response to initial therapy, and the 

patient’s age [1,99]. 

Despite the best treatment option for severe AA would be allo-HCT (especially 

using BM as stem cell source), this procedure is not always feasible or well-succeeded, 

due to several constraints (e.g., unavailability of a suitable donor; risk of toxicity and 

engraftment failure, especially in older patients; rejection, which is estimated to occur 

in 5% to 15% of patients with severe AA undergoing bone marrow transplantation). 

IST, which is standardly considered the first-line therapy for severe AA patients 

older than 40-50 years of age and for younger patients without a suitable donor for allo-

HCT, has shown to induce hematological recovery in 50% to 70% of cases, with excellent 

long-term survival among responders. However, in older patients (especially in those 

over 50 years of age) the outcomes decrease. In addition, among this population, the 

risk of treatment toxicities and clonal evolution is higher, which contributes to a poorer 

prognosis.  

To circumvent those limitations, an interesting strategy to treat patients with 

severe AA would be autologous HCT, which could be effective in treating severe AA by 

promoting recovery of hematopoiesis while avoiding the risks associated with allo-HCT 

(e.g., toxicity from HCT conditioning regimen; GVHD). That could also be a strategy to 

circumvent the unavailability of a suitable stem cell donor, which unfortunately is still 

frequent, especially for ethnic minorities [77,78]. 

 

I.2.3.2.1. Autologous HCT – is there a role in AA? 

Regarding the application of autologous transplantation in AA (auto-HCT), 

published data are scarce. Although it seems feasible in some patients [79-81], in a series 

of nine patients with severe AA in whom peripheral blood stem cell mobilization using 

G-CSF was attempted, only two attained sufficient mobilization of CD34+ cells to 

warrant collection [79].  
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In a case report, auto-HCT (using CD34+ and CD34+/CD90+ cells harvested from 

PB after mobilization with G-CSF) was performed in a 35 year-age male patient with 

severe AA initially treated with IST using rabbit ATG and CsA. After the first IST course, 

transfusion dependency persisted, and a second identical course of IST was 

administered. After the second IST course, polymorphonuclear (PMN) cell count 

increase (>2.0 x 109/L) was attained. Then, stem cell mobilization and harvesting (in two 

large volume leukapheresis procedures) were performed, followed by autologous HCT. 

24 months after transplantation, the patient was in complete hematological (peripheral 

blood and bone marrow) remission, being only on CsA therapy (with dosage tapering 

from month eight after transplantation) [80]. 

As proposed, auto-HCT could be a promising therapeutic strategy in severe forms 

of AA, however, this procedure is limited by insufficient expansion of patient-derived 

HSPC (AA-HSPC), especially in those cases in which a significant hematological response 

after IST is not achieved.  

In auto-HCT, the optimal doses of stem/progenitor cells (CD34+ cells) to be infused 

differ according to several variables, such as the type of disease as well as the HCT 

conditioning protocol. Interestingly, in a recent retrospective study of auto-HCT in 

multiple myeloma which included patients that received low and very low doses of 

peripheral blood stem cells (PBSC) (CD34+ cells doses: 3–4 × 106 [n = 86], 2–2.5 × 106 [n 

= 53], < 2 × 106 [n = 9] cells per kg body weight), all patients reached hematopoietic 

reconstitution, even those who received < 2 × 106 CD34+ cells/kg body weight. Although 

low number of reinfused CD34+ cells were associated with prolonged time until 

leukocyte reconstitution and platelet recovery, no severe adverse events were observed 

[82]. 

Assuming that auto-HCT with reinfusion of low doses of PB-derived 

stem/progenitor cells is feasible, the interest in designing research studies to optimize 

the mobilization and ex vivo expansion of autologous CD34+ from AA patients is 

strengthened, alongside with the need for a better understanding of AA-BM 

microenvironment, in particular of AA-derived BM-MSCs, to search for 

pathophysiological mechanisms that could be targeted or modulated in order to 

potentiate engraftment and hematological recovery in the context of transplantation or 

to develop novel therapies for AA. 
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I.2.3.2.2. Ex vivo expansion of autologous HSPC towards auto-HCT for AA 

treatment  

 

a) Understanding the role of Bone Marrow Niche in the Pathophysiology of AA 

A better understanding of BM microenvironment changes in AA, specifically in 

what concerns extracellular matrix (ECM) composition and cellular crosstalk between 

HSPC and stromal cells, could contribute to the improvement and development of novel 

therapeutic strategies, like auto-HCT. The development and optimization of techniques 

for isolation and expansion of autologous HSPC collected from AA patients would be of 

utmost importance to circumvent the caveats associated to the reduced AA-HSPC 

numbers harvested from patients for auto-HCT. 

As described above, in vitro experiments have shown that BM-MSCs derived from 

patients with AA tend to differentiate into adipocytes in detriment of osteoblasts, and 

that diverse molecules and signaling pathways seem to take part in this process (Table 

1). However, there is a huge lack of consistent data and improved experimental design 

is needed towards a better understanding of the potential pathophysiological role of BM 

microenvironment, namely of BM-MSCs, in AA. One possible strategy would be to 

modulate AA-MSCs and AA-HSPC culture conditions according to published findings 

regarding the molecular mechanisms by which BM-derived MSCs seem to be 

dysfunctional in AA (e.g., biased adipogenic over osteogenic linage differentiation), in 

comparison to healthy donors. For example, to test the effect of addition of specific 

molecules (e.g., PPAR pathway modulators) on in vitro cell behavior might be a useful 

strategy to develop and optimize a co-culture model for autologous AA-HSPC expansion. 

Those data would also be useful to further development of an AA disease model and 

drug screening platform. 

Additionally, although diverse mechanisms by which BM microenvironment might 

influence the establishment and progression of AA have been proposed, most literature 

has focused on MSCs only, not considering osteoblasts (OB), which derive from MSCs, 

as a key element of the osteoblastic niche that influence HSPC fate. Also, the literature 

on ECM dynamics in the BM niche in AA is very scarce, with a single study demonstrating 
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that osteonectin is drastically decreased in AA patients, suggesting its involvement in AA 

pathogenesis [83].  

Therefore, to better understand the pathophysiology of AA, it would be relevant 

to study if the presence of an altered ECM composition in the osteoblastic BM niche 

(comprising not only MSCs but also osteoblasts differentiated from MSCs) of AA patients 

could itself induce intrinsic defects in HSPC (e.g., impaired proliferative and 

differentiative capacity) and contribute to the development of BM failure. 

Transcriptomics analysis is a powerful tool to study the expression of genes 

encoding for matrisome elements acting during osteogenic specification of MSCs [84]. 

Several recently published RNA-Seq-based studies provided promising insights 

regarding transcriptomic landscape of hematopoiesis in AA, such as: AA-HSPC lineage-

specific alterations in gene expression and transcriptional regulatory networks, 

suggesting a selective disruption of distinct lineage-committed progenitor pools [85]; 

distinct HSPC–T cell crosstalk between patients with AA and controls [85]; 

hematopoiesis failure related with aberrance of B cells [86]; and metabolomic 

abnormalities of T lymphocytes, mainly on glycolysis and gluconeogenesis, and of 

natural killer cells, concentrated in oxidative phosphorylation [87].  

Accordingly, RNA sequencing (RNA-Seq) can be used to identify factors 

compromising the hematopoietic supportive capacity of AA-derived BM-MSCs and 

osteo-induced MSCs. This might involve ECM components mediating cell-matrix 

interactions, as well as apoptosis-related gene expression signatures.  

 

b) Recreating the Bone Marrow Niche 

Over the last years, different strategies have been attempted to expand human 

HSPC using either liquid cultures, in which small molecules and recombinant factors are 

exogenously added, or cell-based co-culture approaches. Through expansion, enough 

HSPC could be generated and, concomitantly, higher numbers of lineage-committed 

progenitor cells would be produced, which may allow a faster hematopoietic recovery 

[88, 89]. 

Only more recently, scientific community has started to understand the 

complexity of the BM niche, which comprises endosteal, arterial, sinusoidal, 
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mesenchymal, and neuronal components. Mimicking HSPC interactions in the niche is 

fundamental to understand and promote ex vivo HSPC proliferation without losing 

multi-lineage differentiation and self-renewal capacities. 

Recreation of the BM microenvironment has been attempted in co-cultures of 

HSPC with MSCs [88, 89]. The IST-iBB team has previously established and optimized a 

scalable serum-free co-culture system for the expansion of CD34+ enriched cells using 

BM-MSCs as feeder cells, demonstrating that direct contact is important to support 

HSPC expansion. Besides the HSPC-MSCs crosstalk, non-cellular ECM elements in the 

niche display intrinsic cues needed to communicate with and influence cell fate [90-92]. 

More recently, Branco A et al. [93] published promising results with the 

optimization of cytokine cocktails (stem cell factor (SCF), FMS-like tyrosine kinase 3 

ligand (Flt-3L), and thrombopoietin (TPO)) for ex vivo culture platforms targeting the 

expansion of HSPC. Two expansion platforms for HSPC were studied, a liquid suspension 

culture system and a co-culture system with BM-derived MSCs. The optimized cocktails 

comprised concentrations of 64, 61, and 80 ng/mL (liquid suspension culture system) 

and 90, 82, and 77 ng/mL (co-culture system) for SCF, Flt-3L, and TPO, respectively. The 

co-culture system outperformed the feeder-free system in 6 of 8 tested experimental 

measures, showing superior capability of increasing the number of hematopoietic cells 

while maintaining the expression of HSPC markers (e.g., CD34+ and CD34+CD90+ cells) 

and multilineage differentiation potential. 

The IST-iBB team has also developed decellularized ECM bioscaffolds that preserve 

specific tissue cues, namely bone signaling cues [94, 95].  

More recently, Bianco et al. have successfully established a natural scaffold from 

decellularized bovine BM and evaluated its suitability as a 3D platform for co-culture of 

human HSPC and of stromal cell line HS5 [96].  

Notwithstanding the widespread use of 2D static culture systems for HSPC 

expansion, those have shown significant limitations related to their non-homogeneous 

nature, resulting in concentration gradients (e.g., growth factors, oxygen, etc.) that 

could affect cell function. To circumvent that, stirred vessels and perfused reactors have 

shown significant advantages over the commonly used static plates due to a more 

homogeneous environment and ability to monitor and control critical parameters [97, 

98].  
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I.3. Project Outline 

The theoretical framework presented in the previous sections, and the research 

questions that emerged from it, were the basis of the present doctoral thesis, which 

relied on a cross-disciplinary strategy, combining Stem Cell Processing, Cell Biology and 

Hematology (Figure 4). 

 

 

Figure 4: Summary of the project outline and future directions (AA - aplastic anemia; 

HSPC - human hematopoietic stem and progenitor cells; MSCs - mesenchymal stromal 

cells; ME – microenvironment; BMFS – bone marrow failure syndromes). 
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I.3.1. Project Overview  

A brief overview of the main objectives of the thesis and respective tasks is 

provided below. 

 

Task 1 

1. Formalization of a collaboration protocol with clinical units, namely Hospital 

Dona Estefânia - Hematology Unit; Hospital de São Bernardo, Setúbal - 

Hematology Unit; Hospital CUF Sintra - Orthopedics Unit. 

2. Establishment of a cell biobank (in continuous progress) composed of 

liquid/vapour phase nitrogen cryopreserved mononuclear cells (MNC) isolated 

from BM aspirates of patients diagnosed with AA and healthy controls (e.g., 

collected from patients undergoing elective hip arthroplasty or from patients 

undergoing bone marrow aspirate but with normal results).  

3. Isolation, expansion and characterization (morphological, immunophenotypic 

and functional) of BM-MSCs (AA versus controls). Liquid/vapour phase nitrogen 

cryopreservation of BM-MSCs in cell biobank. 

 

Task 2 

1. RNA extraction from AA and control-derived BM-MSCs for bulk mRNA-Seq, 

performed at Genomics Unit of Instituto Gulbenkian de Ciência. 

2. Bioinformatics analysis of BM-MSCs bulk mRNA-Seq data and RT-qPCR 

validation of selected candidate genes. 

3. Drug-modulation of BM-MSCs (AA and controls) with an available molecule 

(isotretinoin), selected upon transcriptomics results. Study of proliferative and 

viability effects after in vitro drug exposure of BM-MSCs.  

 

Task 3 

1. Isolation by magnetic-activated cell sorting (MACS), expansion and 

characterization (immunophenotypic and functional) of HSPC from BM control 

samples. Since AA is a rare, poorly studied disease, for the thesis project, it was 

opted to primarily study the interactions of AA-derived versus control-derived 
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BM-MSCs with HSPC derived from healthy donors (control samples), preserving 

MNC from AA donors for subsequent works, after data consolidation within the 

doctoral project. 

2. (Co-)culture of healthy HSPC on AA-derived versus control-derived BM-MSCs, 

and without feeder layer support.  

3. Comparison of HSPC proliferation according to BM-MSCs feeder-layer source 

(AA versus control) as a readout of hematopoietic supportive differences 

between conditions. 

 

Task 4  

1. Collection of femoral bone samples from patients undergoing elective hip 

arthroplasty. 

2. Implementation and optimization of a bone decellularization protocol, adapted 

to human femoral bone samples. 

3. Histological characterization of decellularized bone extracellular matrix (dECM) 

and scanning electron microscopy (SEM). 

4. Co-culture of BM-MSCs from control donors on decellularized bone 

extracellular matrix 3D scaffolds.  

5. Assessment of cellular metabolic activity of BM-MSCs + dECM co-culture sets. 

6. Histological characterization of BM-MSCs + dECM co-culture sets and SEM. 
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I.3.2. Project Novelties  

The innovative aspects of the thesis are the following: 

1. Implies the isolation and expansion of HSPC collected from a homogeneous 

population of treatment naïve patients newly diagnosed with acquired 

idiopathic AA, circumventing the caveats of previous studies, performed in 

heterogeneous sampling groups.  

2. Targets a systematic comparison of AA-derived BM-MSCs (known to be 

dysfunctional) with healthy BM-MSCs (as control), with the focus on the 

evaluation of a potential adipogenic differentiation bias over osteogenic 

differentiation, as well as on the study of their hematopoietic supportive 

capacity. 

3. Intends to provide relevant insights in what concerns the therapeutic potential 

of MSCs as a cell therapy for aplastic anemia (and possibly for other conditions, 

such as other BM failure syndromes or myelodysplastic syndromes). 
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II.1. Sampling inclusion criteria, access and collection  

All the samples were accessed upon establishment of collaboration protocols with 

the following clinical units: Pediatrics Hematology Unit, Hospital Dona Estefânia, ULS de 

São José (principal collaborating physician - Paula Kjöllerström, MD); Hematology Unit, 

Hospital de São Bernardo, ULS da Arrábida (principal collaborating physician - Joana 

Santos, MD); Orthopedics and Traumatology Unit, CUF Sintra Hospital (principal 

collaborating physician - João Sarmento Esteves, MD); Hematology Unit - CUF Sintra 

Hospital. 

BM samples were provided after informed donor consent and under ethical 

agreement within the clinical institutions involved.  

Untreated, SAA and VSAA donors were selected and included, according to the 

diagnostic criteria of British Society for Haematology [28]: severe AA (SAA): marrow 

cellularity <25% [or 25–50% with <30% residual hematopoietic cells], plus at least 2 of 

(i) neutrophils <0.5 x109/L, (ii) platelets <20 x 109/L (iii) reticulocyte count <20 x 109/L; 

very severe AA (VSAA): as for SAA but neutrophils <0.2 x 109/L. An exception was 

accepted for sample M08A22, collected from a late-relapsed patient (more than six 

months without therapy), with idiopathic acquired SAA after IST + related allo-HCT, with 

loss of chimerism of donor cells.  

AA-derived samples were collected during posterior superior iliac spine (PSIS) BM 

aspiration procedure performed for diagnostic purposes.  

Control samples were provided either from patients undergoing superior iliac 

spine (PSIS) BM aspiration for diagnostic purposes but whose results were normal (no 

disease), and from orthopedics patients undergoing elective hip arthroplasty (excluded 

patients with bone disease such as bone osteonecrosis, bone fracture, infection, cancer).  

Both for disease and control groups, an average volume of 6-8 ml was provided in 

K2 EDTA tubes. Human immunodeficiency virus 1 and 2 (HIV 1/2) and hepatitis C virus 

(HCV) status were tested, being an exclusion criterion if positive. In addition, possible 

causes of AA (e.g., infection, bone marrow failure syndrome associated with 

inherited germline gene mutation, autoimmune disorder, etc.) were also assessed 

as exclusion criteria.  
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For the decellularization experiment, femoral head/neck bone samples were 

collected from patients undergoing elective hip arthroplasty (excluded patients with 

bone disease such as bone osteonecrosis, bone fracture, infection, cancer), and stored 

in a sterile container filled with normal saline. 

All BM samples were hand-picked on-site and processed in the same day of BM 

aspiration procedure at Stem Cell Laboratory of Stem Cell Engineering Research Group 

(SCERG) of iBB-IST at Taguspark campus, Porto Salvo, Oeiras.  

 

II.2. Human BM-MNC fraction isolation  

BM mononuclear cells (MNC) fraction was separated and collected using 

HetaSep™, STEMCELL Technologies, an erythrocyte aggregation agent used to quickly 

separate nucleated cells from red blood cells (RBC). Centrifugation method was used, 

according to the following protocol: 

1) BM samples, transported in 4 ml K2EDTA tubes, were transferred into a 15 ml 

Falcon® Conical Tube using a Pasteur pipette and the total volume of bone 

marrow (BM) sample was determined for each donor.  

2) HetaSep™ was added to the whole BM sample at a 1:5 (HetaSep™:BM) ratio, 

based on the volume determined in step 1, and gently mixed by pipetting. 

3) The HetaSep™ BM mixture was then centrifuged at 90 x g at room temperature 

(15 - 25°C) with the brake off. A 5-minute centrifugation time was used, as 

recommended by the product information sheet, given the average fresh BM 

sample volume of approximately 6-8 mL. 

4) After centrifugation and careful removal from the centrifuge, the HetaSep™ BM 

mixture was placed in a tube rack inside the flow hood to sit undisturbed at 

room temperature for 10 minutes. This step allows for further sedimentation 

of the RBCs and improves the recovery of nucleated cells. 

5) The leukocyte-rich supernatant was then harvested into a sterile 50 mL conical 

tube with a Pasteur pipette. 

6) The harvested fraction was washed with a 4-fold volume of filtered phosphate-

buffered saline (PBS) by centrifugation at 120 x g for 10 minutes at room 
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temperature (15 - 25°C) with the brake off. Subsequently, the supernatant was 

carefully removed, yielding a cell pellet containing the cells of interest.  

7) For samples with significant residual RBCs, an additional step of RBC lysis with 

ammonium chloride solution was performed. The cells were gently 

resuspended in 1 mL of PBS, followed by the addition of 4 mL of ammonium 

chloride solution, and gently mixed by pipetting. The mixture was incubated on 

ice for 10 minutes and then washed with a 4-fold volume of filtered PBS by 

centrifuging at 300 x g for 10 minutes at room temperature (15 - 25°C) with the 

brake off. The supernatant was then carefully removed. 

8) After careful removal of the supernatant, as described for steps 6) or 7), cells 

were resuspended in 3 mL of Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% Antibiotic-

Antimycotic (A/A) solution (pre-warmed at room temperature). The type of FBS 

was chosen according to the following criteria: for sequential BM-MSCs 

isolation and expansion, MSC-qualified FBS was selected; in case of MNC 

liquid/vapour phase nitrogen cryopreservation or sequential isolation of CD34+ 

cells, non-MSC-qualified FBS was chosen. 

9) Conventional cell counting with a hemacytometer (Neubauer 

chamber) and trypan blue (Thermo Fisher Scientific) was performed to 

assess the total cell number and viability. The Trypan blue exclusion method 

relies on the entry of Trypan blue dye into cells with compromised 

membrane integrity, staining dead cells blue. 

 

II.3. Cell cryopreservation and thawing 

Cell cryopreservation protocol 

A cell cryopreservation protocol was performed either to immediately preserve 

the mononuclear cells (MNC) separated from whole bone marrow (BM) samples 

(section II.2) or after BM-MSCs harvesting following culture expansion. For both 

purposes, the cell cryopreservation protocol was the following: 
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1) Either after MNC separation from whole BM or upon harvesting of BM-

MSCs from culture, conventional cell counting with a hemacytometer 

(Neubauer chamber) and trypan blue (Thermo Fisher Scientific) was 

performed to assess the total cell number and viability. 

2) To pellet the cells, samples were centrifuged as follows: MNCs at 300 x g for 

10 minutes at 15°C, and MSCs at 300 x g for 5 minutes at room temperature 

(15 - 25°C). 

3) Then, the number of cryovials for each sample was planned according to 

the desired cell storage concentration (0.5 - 10 x 106 MNC/mL; up to 1×106 

BM-MSCs/mL). Labeling of the cryovials was performed, indicating the 

sample identification, the cryopreservation medium, the cell passage 

number (if applicable), and the date of cryopreservation. 

4) The freezing medium was prepared by combining 10% dimethyl sulfoxide 

(DMSO) with 90% cell culture medium. The specific cell culture medium varied 

by cell type: for MNCs, it was 10% FBS-DMEM (containing 1% Antibiotic-

Antimycotic solution) with non-MSC-qualified FBS; for MSCs, 10% FBS-DMEM 

(containing 1% Antibiotic-Antimycotic solution) using MSC-qualified FBS was 

employed. This prepared medium was then kept cold (on ice or at 4°C). The 

volume of freezing medium required was calculated based on the number of 

samples, the initial cell count, and the desired final cell concentration per 

cryovial. On average, 1 to 1.5 mL of freezing medium was used per cryovial for 

each sample. 

5) Cells were gently resuspended in the prepared freezing medium to achieve the 

desired cell storage concentration. Aliquots of 1 to 1.5 mL were then dispensed 

into 1.8-mL cryovials (Abdos®). 

6) The filled cryovials were then placed into a gradual freezing container (e.g., Mr. 

Frosty, Nalgene®, 12-place capacity). To ensure proper thermal mass and 

uniform cooling, empty slots were filled with balancing tubes. The container 

was then transferred to a -80°C freezer for a minimum of 12 hours. This step 

facilitates a gradual cooling rate (approximately 1°C/min), which is critical for 

preventing the formation of damaging intracellular ice crystals and improving 

overall cell survival during cryopreservation. 
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7) After the gradual freezing process, the cryovials were transferred into a 

liquid/vapour phase nitrogen storage tank for long-term storage. At the Stem 

Cell Laboratory of SCERG, iBB-IST, cryopreserved cells are stored according to 

specific internal rules. These rules dictate storage based on cell type and cell 

passage number (P). Specifically, P0 corresponds to MSCs harvested 

immediately after isolation from MNCs. Pn corresponds to subsequent 

passages, where 'n' equals the number of cell culture and harvesting cycles. It 

is important to note that the passage number increases by one each time cells 

are thawed and re-seeded (e.g., P = Pn as labeled in the cryovial + 1). For this 

project, MNC and low passage number BM-MSCs were preferentially stored in 

a master cell liquid/vapour phase nitrogen bank to ensure better stock 

preservation of primary samples. BM-MSCs under study were stored in a 

working cell bank in a liquid/vapour phase nitrogen container. 

 

Cell thawing protocol 

The cryopreserved MNC and BM-MSC samples were thawed using a common 

protocol, detailed below: 

1) For thawing, the cryovial(s) of interest were swiftly transferred from the 

liquid/vapour phase nitrogen tank to a 37°C water bath. The cell suspension 

was continuously monitored until completely thawed. This rapid thawing 

procedure is critical to prevent ice crystal formation and to ensure 

maximum cell viability. 

2) Then, in a laminar flow hood, the cell suspension was harvested using a 1 mL 

pipette and transferred into a 15 mL conical tube, taking care to avoid the 

introduction of bubbles during the transfer. 

3) A volume of 3 to 5 mL (dependent on the cryopreserved cell concentration) of 

10% FBS-DMEM (1% Antibiotic-Antimycotic solution) medium, pre-warmed to 

room temperature, was added to the conical tube containing the cell 

suspension. The mixture was then gently mixed by slowly pipetting up and 

down (two to three times) to avoid introducing bubbles. 
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4) Thawed cells were pelleted by centrifugation at 300 x g for 5 minutes at room 

temperature (15-25°C). The supernatant was then aspirated, and the resulting 

cell pellet was resuspended in 3 to 5 mL of pre-warmed 10% FBS-DMEM (1% 

Antibiotic-Antimycotic solution) medium. The resuspension volume was 

adjusted based on the initial cryopreserved cell concentration. 

5) Conventional cell counting with a hemacytometer (Neubauer chamber) and 

trypan blue was performed to assess the total cell number and viability. This 

information was then used to determine the appropriate cell seeding strategy. 

For the initial isolation of BM-MSCs from the MNC fraction, the seeding density 

was set at 2×105 cells/cm2. For subsequent expansion of BM-MSCs, a seeding 

density of 3×103 cells/cm2 was used. 

 

To minimize the potential effects of cryopreservation on cell function, all 

experiments involving phenotypical and functional assays of BM-MSCs and 

molecular studies (e.g., cell RNA extraction), were performed after the cells had 

undergone one passage following thawing, as detailed in subsequent sections.  

 

II.4. Establishment of a Human BM-MNC and BM-MSCs cell biobank  

A cell biobank composed of MNC and BM-MSCs isolated from both BM samples 

collected from AA and control donors was established at Stem Cell Laboratory of iBB-IST 

at Taguspark campus and has been continuously expanded.  

Samples were allocated in the biobank according to the following rules:  

1) All samples were identified by pseudonymization according to the following 

standard rule – F = female/M = male(gender) | # # (year of birth) | A # # (year 

of collection). For example, M10A22 refers to a male donor, born in 2010, 

whose sample was collected in 2022.  

2) A complete database detailing cell type (e.g. BM-MNC; BM-MSCs), sample 

source (e.g. PSIS; femoral head/neck), number of available cryostored vials 

from each donor, including passage number cell concentration and 

liquid/vapour phase nitrogen tank location, was generated and has been 

continuously updated.  
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3) Subsequent data from cytogenetic and molecular studies performed on 

diseased samples within the context of AA diagnostic guidelines were provided 

by the clinical unit and added to the database under the 'Observations' entry 

for each AA patient. Notably, for all patients diagnosed with AA, a next-

generation sequencing (NGS) panel designed to evaluate genes associated 

with various forms of bone marrow failure syndromes (including Fanconi 

anemia, dyskeratosis congenita, and Diamond-Blackfan anemia) was 

performed at diagnosis. No mutations were detected. 

 

Presently, the biobank includes samples from: five patients de novo diagnosed 

with severe acquired idiopathic AA (median age = 13 years; minimum = 2 years; 

maximum = 35 years); one relapsed patient with severe acquired idiopathic AA after 

allo-HCT from a related donor; one patient in partial response after IST therapy with ATG 

+ CsA; sixteen control (healthy) donors (median age = 57 years; minimum = 4 years; 

maximum = 73 years). 

 

MSCs studies 

II.5. Human BM-MSCs isolation and expansion  

BM-MSCs isolation and expansion protocol 

1) Previously isolated MNC (HetaSep™, STEMCELL Technologies) were seeded 

in 6 or 12-well plates (depending on sampling amount) at a density of 

200000 MNC/cm2 and cultured in 10% FBS MSCs-qualified + DMEM + 1% 

A/A (pre-warmed at room temperature) medium at 37°C with 5% CO2 in a 

humidified chamber. For BM-MSCs isolation, different coating strategies 

were used: no coating; gelatin 0.1% coating (G1393 gelatin solution, Sigma-

Aldrich®); laminin-521 (LN521) coating (Biolaminin 521 LN, BioLamina). 

After filtered-PBS dilution of coating agent, culture wells were 

homogeneously coated, and plates were incubated at 37°C for 1 hour. 

Supernatant was then aspirated, and plates were additionally washed 

(genly rinse) with PBS in order to remove any unbounded coating.  
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2) Medium changes were performed each 72h and cells were harvested at 

70% confluence. For cell harvesting, supernatant medium was removed 

and an appropriate volume of 0.05% trypsin-EDTA solution (working 

solution: 1 ml trypsin 2.5% + 100 µL EDTA 0.5M + 48.9 ml PBS) to cover the 

cell monolayer was added. After 10 min incubation at 37°C cells were 

observed in optical microscope in order to ascertain if detachment was 

attained. Then, culture medium in a 2:1 ration was added to inhibit trypsin 

effect and cell mixture was collected by gently pipetting the cell suspension 

up and down to dislodge any remaining cells.  

3) Cell suspension was transferred into a sterile conical centrifuge tube and 

centrifugated at 300 x g for 5 minutes at room temperature (15 - 25°C). After 

resuspension in 10% FBS-DMEM (1% A/A) MSCs-qualified medium (pre-

warmed at room temperature), conventional cell counting with a 

hemacytometer (Neubauer chamber) and trypan blue was performed to 

assess the total cell number and viability.  

4) After BM-MSCs isolation, cells were replated (in passage 0 [P0] stage) on 

uncoated T-Flasks at a cell density of 3000 cells/cm2. T-flask area was 

chosen according to sampling amount. Cells were incubated at 37°C with 

5% CO2 in a humidified chamber.  

5) Medium changes where performed each 72h and cells were harvested at 

70% confluence. Conventional cell counting with a hemacytometer 

(Neubauer chamber) and trypan blue was performed to assess the total 

cell number and viability.  

Proliferation rate comparisons between AA and control-derived BM-MSCs was 

performed by either assessing the number of days until 70% confluence, in case of 

BM-MSCs isolation, or by calculation of the fold increase (FI) of cell number at 70% 

confluence harvesting (FI = number of cells harvested at 70% confluence divided by 

the seeding cell number), in case of BM-MSCs expansion after isolation. Results 

were plotted in bar charts (designed with Microsoft Excel).  

For both three AA-derived (M15, M10, M87) and control-derived (F18, M11, 

M78) BM-MSCs samples replated after one passage post-thawing on 12-well plates 
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at a density of 3000 cell/cm2, in vitro proliferative kinetics was daily assessed. The 

experiment was performed for 7 days. Cells were seeded in 21 wells (7 wells [one 

for each day of counting] x technical triplicates) of 12-well plates, and the cell 

number for each day (D0 = day of cell seeding) was determined by the total number 

of cells harvested from the respective well and counted with a hemacytometer on 

bright-field microscope. Results were plotted by means of a line graph (designed 

with Microsoft Excel). 

For each experimental setup, proliferative analysis was performed in technical 

triplicates, and the mean of results (±SE of the mean) was graphically represented.  

After BM-MSCs isolation and expansion, cells were immunophenotypically and 

functionally characterized, as described below. Liquid/vapour phase nitrogen 

cryopreservation of BM-MSCs was performed in order to establish a cell biobank of 

AA and control-derived BM-MSCs. 

 

II.6. Human BM-MSCs multilineage differentiation assays  

To confirm osteogenic, chondrogenic and adipogenic differentiation capacity 

of BM-MSCs isolated and expanded from each single donor BM sample, 

differentiation assays and respective stainings were performed (technical triplicates 

for each sample), as below. 

 

Osteogenic differentiation assay: 

1) BM-MSCs were seeded on 12-well plates at a cell density of 3000 cell/cm2 

and expanded in 10% FBS-DMEM (1% A/A) medium (pre-warmed at room 

temperature) at 37°C with 5% CO2 in a humidified chamber until 80-90% 

cell confluency. 

2) Culture medium was aspirated and replaced by 1 ml of MesenCult™ 

Osteogenic Differentiation supplemented medium (STEMCELL 

Technologies) + 1% A/A (pre-warmed at room temperature) and cells were 

incubated at 37°C with 5% CO2 in a humidified chamber 

3) Differentiation medium was changed every 3 days until 14 days of culture 

time for cell differentiation. 
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4) Osteogenic differentiation of MSCs was visualized by staining with alkaline 

phosphatase (ALP), to assess osteoblast activity, and silver nitrate (von 

Kossa), to assess the presence of calcium deposits. 

5) ALP staining (sequential steps) - remove the media from the wells; wash 

once with PBS (200μl); fix the cells in 4% PFA (200μl) for 30 minutes at room 

temperature (RT) and protected from light; wash the wells twice with PBS 

(200μl) for 5 minutes at room temperature; keep the cells in distilled water 

for 15 minutes (200μl); mix an aliquot of Fast Violet (Sigma-Aldrich) (1.5ml) 

with 60μl of naphtol (Sigma-Aldrich), add 200μl to cover the well surface 

and incubate for 45 minutes at room temperature, protected from light; 

wash three times with PBS (200μl); keep in distilled water and take photos 

on bright-field microscope (Olympus IX51 Inverted Microscope) equipped 

with an attached digital camera.  

6) von Kossa (VK) staining (sequential steps) – this protocol is to be performed 

after the protocol for ALP staining; wash cells with distilled water (200μl); 

stain cells with 200 µL of 2.5% silver nitrate solution (Sigma-Aldrich) for 30 

minutes, at RT; wash three times with PBS (200μl); keep in distilled water 

and take photos on bright-field microscope (Olympus IX51 Inverted 

Microscope equipped with an attached digital camera). 

Adipogenic differentiation assay: 

1) BM-MSCs were seeded on 12-well plates at a cell density of 3000 cell/cm2 

and expanded in 10% FBS-DMEM (1% A/A) medium (pre-warmed at room 

temperature) at 37°C with 5% CO2 in a humidified chamber until 80-90% 

cell confluency. 

2) Culture medium was aspirated and replaced by 1 ml of MesenCult™ 

Adipogenic Differentiation supplemented medium (STEMCELL 

Technologies) + 1% A/A (pre-warmed at room temperature) and cells were 

incubated at 37°C with 5% CO2 in a humidified chamber. 

3) Differentiation medium was changed every 3 days until 14 days of culture 

time for cell differentiation. 
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4) Adipogenic differentiation of MSCs was visualized by Oil Red O staining, 

used to stain neutral lipids with red color, but not differentiating distinct 

types of lipids (e.g., triglycerides, cholesterol esters). Upon availability, in 

last experiments AdipoRedTM Assay Reagent (Lonza), a fluorescent dye 

designed to stain intracellular lipid droplets, relatively specific to neutral 

lipids, was also applied. Both Oil Red O and AdipoRedTM are relatively 

specific to neutral lipids and, despite at a lesser extent, could stain some 

phospholipids or other intracellular hydrophobic molecules, which should 

be considered for results interpretation.  

7) Oil Red O staining (sequential steps) – wash the cells twice with PBS (200μl); 

fix the cells in 4% PFA (200μl) for 30 minutes at room temperature and 

protected from light; 3) wash three times with PBS (200μl); incubate the 

cells with 0.3% Oil Red-O (Sigma-Aldrich) solution for 1 hour at room 

temperature; wash the wells twice with PBS (200μl); keep in distilled water 

and take photos on bright-field microscope (Olympus IX51 Inverted 

Microscope with an attached digital camera). 

To make Oil Red O working solution, a 0.5% stock solution of Oil Red O was 

prepared by dissolving 0.5 grams of Oil Red O powder (Sigma-Aldrich) in 100 

ml of 100% isopropanol. To dissolve the powder, the solution was stirred 

thoroughly and allowed to sit undisturbed for 20 minutes. Working solution 

was stored in the fridge (4°C). Whenever Oil Red O staining was to be 

performed, a fresh 0.3% working solution was prepared from the stock 

solution (e.g. 30 ml of the 0.5% Oil Red O stock solution diluted 20 ml of 

distilled water). After dilution, the working solution must be well stirred and 

allowed to sit undisturbed for 10 minutes. Then, before being applied over 

cells, it must be filtered (e.g. with a Whatman® qualitative filter paper, 

Grade 1, or a syringe filter) to remove any undissolved particles.  

8) AdipoRedTM (Lonza) protocol (sequential steps) – remove the culture 

medium and gently wash the cells with PBS; add 5 µL of AdipoRedTM (Lonza) 

directly to each well containing 1 ml of PBS; pipette gently to ensure even 

distribution of the reagent; incubate the cells in the dark at room 
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temperature for 15 minutes (do not exceed the recommended incubation 

time to avoid increase of background fluorescence); visualize cells and take 

photos on a fluorescence microscope (Olympus IX51 Inverted Microscope 

equipped with an attached digital camera). 

Chondrogenic differentiation assay: 

1) After centrifugation of MSCs to obtain a cell pellet, supernatant was 

removed letting a small residual volume, then mixed with the cell pellet. 

2) Micromass cell cultures were generated by seeding 5 µL droplets of cell 

concentrate in ultra-low attachment 24-well plate (Corning®). About five 

droplets were seeded at symmetrically distanced points (e.g. one drop at 

the upper-middle, one drop at lower-middle, one drop at right-middle, one  

drop at left-middle, one drop at the center).  

5)  Plates were then incubated at 37°C with 5% CO2 in a humidified chamber 

for 1 hour. 

6) 1 ml of StemPro® Chondrogenesis Differentiation supplemented medium 

(Gibco) (pre-warmed at room temperature) was gently added to each cell-

seeded well, followed by plate incubation at 37°C with 5% CO2 in a 

humidified chamber. 

7) Cultures were refeeded with differentiation (about 250 µL) medium every 

3 days until 21 days of culture time for cell differentiation. 

8) Chondrogenic differentiation of MSCs was visualized by Alcian Blue stain, 

used to assess proteoglycan synthesis (blue-colored) by chondrocytes. 

9) Alcian Blue staining (sequential steps) – remove media from culture well 

and rinse once with PBS (200 µL); fix cells with 4% PFA solution (200 µL) for 

30 minutes; after fixation, rinse wells with PBS (200 µL) and stain cells with 

1% Alcian Blue (Alcian Blue 8GX, Sigma-Aldrich) prepared in 0.1 N HCL for 

30 minutes (200 µL); rinse wells three times with 0.1 N HCL and add 200 µL 

of distilled water to neutralize acidity; visualize cells and take photos on 

bright-field microscope (Olympus IX51 Inverted Microscope equipped with 

an attached digital camera). 
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II.7. Human BM-MSCs immunophenotypic characterization by Flow 

Cytometry  

For all samples, immunophenotypic characterization was performed by flow 

cytometry, firstly on a FACSCalibur™ flow cytometer (BD Biosciences) and more 

recently on a FACSCanto™ II (BD Biosciences), due to equipment replacement. 

Flow cytometry protocol for BM-MSCs 

1) Previously harvested BM-MSCs were homogeneously distributed by four 

flow cytometry tubes at a cell concentration between 5x104 to 10x104 cells 

per tube (depending on the available cell numbers for each experiment) 

and washed with PBS (until 2 ml).  

2) Cells were firstly stained with Far Red LIVE/DEADTM Fixable Dead Cell Stain 

Kit (Thermo Fisher Scientific) viability dye and then, after 15 minutes of 

incubation in the dark at room temperature and PBS washing (2 ml), with 

a multicolor previously titrated antibody panel (BioLegend) for cell surface 

markers, combined in three tubes (Tube 1 - CD73 FITC; CD90 PE; CD44 

PerCP-Cy5.5; live/dead; Tube 2 – CD34 FITC, CD14 PE, CD105 PerCP-Cy5.5, 

CD19 APC; Tube 3 – HLA-DR FITC, CD80 PE, CD45 PerCP-Cy5.5, CD11b APC; 

Tube 4 - unstained).  

3) After a 15-minute period of incubation in the dark at room temperature 

and PBS washing (2 ml), cells were immediately analyzed in the flow 

cytometer (a yield of 10000 events per tube was established). To notice 

that, despite unstained, the fourth tube was processed in the same way as 

the other ones (except for staining), in order to achieve more accurate and 

comparable results.  

The flow cytometry panel was designed according to a pre-established 

panel for MSCs characterization (positive markers: CD73, CD90, CD44, CD105; 

negative markers: CD34, CD14, CD19, HLA-DR, CD80, CD45, CD11b) and flow 

cytometer settings were performed for both cytometers as needed (e.g., after 

technical maintenance of the equipment; after change of the lot number of 
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BD® Cytometer Setup and Tracking (CS&T) beads; after specific experimental 

settings that could change cell properties).  

Flow cytometry data was analyzed with FCS ExpressÔ7 (De Novo 

Software by Dotmatics). Cell surface marker expression was determined by 

both determining the percentage (%) of cells expressing positive/negative 

markers and by mean fluorescence intensity (MFI; mean geometric mean was 

used). Representative images of flow cytometry analysis of BM-MSCs samples 

using FCS ExpressÔ7 [De Novo Software by Dotmatics] are included in chapter 

X.ii., Appendix B (B.1. and B.2.). 

 

II.8. Human BM-MSCs RNA extraction and cDNA synthesis  

RNA extraction was performed by using High Pure RNA Isolation Kit (Roche) 

and according to the manufacturer’s protocol, which briefly consists of:  

1) Cell lysis and homogenization in the presence of chaotropic salts (lysis 

buffer) and RNAses inactivation. 

2) Nucleic acids binding to glass fibers pre-packed in High Pure Filter Tube. 

3) Digestion of residual contaminating DNA by DNAse I . 

4) Washing (by centrifugation) of bound nucleic acids with a specially 

developed Wash Buffer to get rid of RT-PCR inhibitory contaminants.  

5) Further washing of bound nucleic acids for salts, proteins and other cellular 

impurities purification. 

6) RNA recovery in a new collecting tube by using the Elution Buffer (applied 

into the High Pure Filter Tube containing the RNA) and after centrifugation.  

 

RNA quantification was performed with NanoDrop® (Thermo Fisher Scientific). 

For quality control, A260/A280 ratio (indicating protein contamination) between 1.8 

to 2.0 and A260/A230 ratio (indicating contamination with organic compounds) 

between 2.0-2.2 were checked and all samples were in the optimal range. In each 

experiment, RNA concentration of different samples was normalized (e.g., by 

further dilution with Elution Buffer, if needed) before cDNA synthesis. After 

normalization, RNA concentration was further confirmed with NanoDrop® (Thermo 



 44 

Fisher Scientific). RNA samples were then stored in 1.5. ml microtubes, properly 

identified, at -80°C freezer or sequentially converted in cDNA. 

cDNA synthesis was performed by using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems™) according to the manufacturer’s protocol, 

on cold, as described below:  

1) Thawing of kit components (10X RT Buffer, 25X dNTP Mix (100 mM), 10X RT 

Random Primers and MultiScribe™ Reverse Transcriptase) on ice. 

2) Calculation of the volume of components needed to prepare the required 

number of reactions. The final volume of master mix per reaction must be 

of 10 µL. Nuclease-free water (4.2 µL per reaction) is added to attain the 

desired volume. 

3) Gently mixing of the 2X RT master mix and placement on ice. 

4) Pipetting of 10 µL of 2X RT master mix into individual PCR tubes. 

5) Pipetting of 10 µL of RNA sample into each tube, mixing up and down for 

two times. 

6) Placing the tubes on ice until readiness to load the thermal cycler (VWR® 

PCR thermal cycler XT96 and Bio-Rad T100 Thermal Cycler were used). 

7) Programming of the thermal cycler (Step 1 at 25°C for 10 minutes; Step 2 at 

37°C for 120 minutes; Step 3 at 85°C for 5 minutes; Step 4 at 4°C, hold). 

8) Setting of the reaction volume to 20 µL. 

9) Loading of reaction tubes into thermal cycler and starting the thermal cycler 

running. 

 

After cDNA synthesis samples were stored at -20°C freezer or sequentially used 

for RT-qPCR analysis. 
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II.9. Human BM-MSCs RT-qPCR analysis  

RT-qPCR analysis was performed with NZYSpeedy qPCR Green Master Mix (2x), 

ROX plus (NZYtech) in StepOnePlusTM (Applied Biosystems™) and System Quant 

Studio™ 5 Real-Time PCR System (Applied Biosystems™), by delta-delta Ct (ΔΔCt) 

method. cDNA amount per reaction was optimized in order maximize the usage of 

available cDNA, without compromising sensitivity and results reproducibility. As so, 

about 50 ng of cDNA was used per reaction.  

Results, represented by AA versus controls log2 fold change (L2FC; FC = 2-∆∆Ct), 

were plotted on bar graphs (designed in Microsoft Excel). 

RT-qPCR genes and respective primer sequences are shown in Table 2, below. 

 

Table 2 – Studied genes and RT-qPCR primer sequences. 

Gene Primer Sequence (5’ to 3’) 

GAPDH_FW (housekeeping gene) GTCTCCTCTGACTTCAACAGCG 

GAPDH_RV (housekeeping gene) ACCACCCTGTTGCTGTAGCCAA 

ACTB_FW (housekeeping gene) CACCATTGGCAATGAGCGGTTC 

ACTB_RV (housekeeping gene) AGGTCTTTGCGGATGTCCACGT 

APOL4_FW CCTGGAAGAGATTTGTGCGTGTG 

APOL4_RV AACCACTCCCTAAACTGCTGTTC 

BHLHE41_FW CTGGGACATCTGGAGAAAGCTG 

BHLHE41_RV AGTGGAACGCATCCAAGTCGGA 

CD74_FW AAGCCTGTGAGCAAGATGCGCA 

CD74_RV AGCAGGTGCATCACATGGTCCT 

HOTAIR_FW CCAGAGAACGCTGGAAAAACCTG 

HOTAIR_RV GGAGATGATAAGAAGAGCAAGGAA 

TNFSF9_FW GCCTCTTGGACCTGCGGCAG 

TNFSF9_RV CGTGTCCTCTTTGTAGCTCAGG 

MYBL1_FW CGTGGAGGCAAACGCTGTGTTA 

MYBL1_RV GGTGGATTTGATAGGAGAAGCAG 

WNT5A_FW TACGAGAGTGCTCGCATCCTCA 

WNT5A_RV TGTCTTCAGGCTACATGAGCCG 

KCTD9_FW GCCGCTGTAATCTTGCACATGC 

KCTD9_RV CAGTTTCAGGGATGCTCCTTCTG 
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SOCS2_FW GGTCGGCGGAGGAGCCATCC 

SOCS2_RV GAAAGTTCCTTCTGGTGCCTCTT 

SOCS3_FW CATCTCTGTCGGAAGACCGTCA 

SOCS3_RV GCATCGTACTGGTCCAGGAACT 

RBP1_FW ACGGAGACAAGCTCCAGTGTGT 

RBP1_RV GACCACACCTTCCACTCTCATC 

SPARC_FW ACATGGGTGGACACGG 

SPARC_RV CCAACAGCCTAATGTGAA 

PPARG_FW TCTGCAAACATATCACAAGAAATGA 

PPARG_RV TCCACGGAGCTGATCCCAA 

FABP4_FW GACAGGAAAGTCAAGAGCACCATA 

FABP4_RV GACGCATTCCACCACCAGTT 

GATA2_FW CAGCAAGGCTCGTTCCTGTT 

GATA2_RV GGCTTGATGAGTGGTCGGT 

BGLAP_FW CGCTACCTGTATCAATGGCTGG 

BGLAP_RV CTCCTGAAAGCCGATGTGGTCA 

SPP1_FW CGAGGTGATAGTGTGGTTTATGG 

SPP1_RV GCACCATTCAACTCCTCGCTTTC 

CEBPA_FW AGGAGGATGAAGCCAAGCAGCT 

CEBPA_RV AGTGCGCGATCTGGAACTGCAG 

RARA_FW AGCACCAGCTTCCAGTTAGTGG 

RARA_RV CAAAGCAAGGCTTGTAGATGCGG 

ARID5A_FW TGGCAAGCAGAACGGAATCCAG 

ARID5A_RV CTTGTAGAGGCTGACCAGGAAG 

LEPR_FW GCAGTCTATGCTGTTCAGGTGC 

LEPR_RV CCAAAATTCAGGTCCTCTCATAGG 

 

 

II.10. Human BM-MSCs absolute telomere length quantification by 

RT-qPCR  

BM-MSCs absolute telomere length was performed by RT-qPCR with Absolute 

Human Telomere Length Quantification qPCR Assay Kit (ScienCellTM), according to 

the manufacturer’s protocol. The kit contains a single copy reference (SCR) primer 

set that recognizes and amplifies a 100 bp-long region on human chromosome 17, 
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serving as reference for data normalization, and a reference genomic DNA sample 

with known telomere length used as reference for calculating the telomere length 

of the target samples. Also included is the 2X GoldNStart TaqGreen qPCR Master 

Mix, a SYBR®Green dye-based qPCR master mix with a “hot-start” property (for 

maximal inhibition of primer dimer formation), containing SYBR®Green, dNTPs, Taq 

DNA polymerase, and an inert gold-color loading indicator in a single tube (allows 

for better visualization and tracking of sample loading in qPCR plates or tubes). 

The quantification method was performed by comparative ∆∆Ct method, as 

follows: 

1) For telomere (TEL), ∆Ct (TEL) is the quantification cycle number difference 

of TEL between the target and the reference genomic DNA samples.  

→ ∆Ct (TEL) = Ct (TEL, target sample) - Ct (TEL, reference sample) 

2) For single copy reference (SCR), ∆Ct (SCR) is the quantification cycle 

number difference of SCR between the target and the reference genomic 

DNA samples.  

→ ∆Ct (SCR) = Ct (SCR, target sample) - Ct (SCR, reference sample) 

3) ∆∆Ct = ∆Ct (TEL) - ∆Ct (SCR) 

4) Relative telomere length of the target sample to the reference sample (fold) 

= 2-∆∆Ct 

5) Considering reference sample telomere length of 1.23 ± 0.09 Mb, the total 

telomere length of the target sample = (1.23 ± 0.09 Mb) x 2-∆∆Ct 

6) As there are 92 chromosome ends in one diploid cell, average telomere 

length on each chromosome end = (1.23 ± 0.09 Mb) x 2-∆∆Ct/92 

7) Results were expressed in kilobase (kb). 
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II.11. Human BM-MSCs bulk-mRNA sequencing  

BM-MSCs absolute bulk-mRNA sequencing of both AA and control samples 

was performed at Genomic Unit of Instituto Gulbenkian Ciência, Oeiras. Sampling 

metadata are shown in Table 3, below. 

Table 3 – RNA samples for bulk mRNA-Seq: identification (ID) and characteristics of 

aplastic anemia (AA) and control bone marrow (BM) donors; disease severity and 

treatment status; source of MSCs; passage number of MSCs at RNA extraction; and 

RNA quantification after extraction (measured in NanoDrop®). 

Samples 
 

Sample 
ID 

Age 
(years) Gender 

Disease 
Severity and 
Treatment 

Status 

MSCs 
source 

MSCs 
passage 
number 

RNA 
quantification 
[after dilution] 

AA 
donors  

(disease) 

AM15 7 Male 

De novo, 
previously 
untreated, 

SAA 

Bone 
Marrow 

(PSIS) 
P5 301 ng/µl 

[54.2 ng/µl] 

AM10 12 Male 

De novo, 
previously 
untreated, 

SAA 

Bone 
Marrow 

(PSIS) 
P3 291 ng/µl 

[55.3. ng/µl] 

AM08 14 Male 

SAA 
Relapse post 
IST + related 
allogeneic-

HCT 
(relapse 

after more 
than six 
months 
without 

therapy; loss 
of 

chimerism 
of donor 

cells) 

Bone 
Marrow 

(PSIS) 
P6 398 ng/µl 

[62.6 ng/µl] 

AM87 35 Male 

De novo, 
previously 
untreated, 

SAA 

Bone 
Marrow 

(PSIS) 
P4 252 ng/µl 

[69.3 ng/µl] 

Healthy 
donors 

(controls) 

CF18 4 Female 

Febrile 
syndrome -
hematologic 

disorder 
excluded 

Bone 
Marrow 

(PSIS) 
P5 716 ng/µl 

[91.3 ng/µl] 

CM11 11 Male 

Elective 
orthopedic 
surgery for 

benign 
condition 

Bone 
Marrow 
(femoral 

head/neck) 

P2 384 ng/µl 
[66.2 ng/µl] 
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CF10 12 Female 

Elective 
orthopedic 
surgery for 

benign 
condition 

Bone 
Marrow 

(vertebral 
body) 

P6 191 ng/µl 
[61.6 ng/µl] 

CM78 44 Male 

Elective BM 
aspirate for 
diagnostic 
purposes -

hematologic 
disorder 
excluded 

Bone 
Marrow 

(PSIS) 
P2 71.6 ng/µl 

[not diluted] 

AA – aplastic anemia; BM – bone marrow; HCT - hematopoietic cell transplantation;  PSIS – posterior superior iliac spine; 
IST – immunosuppressive therapy; SAA – severe aplastic anemia; Sample ID - Sample Identification. AM15 – biobank’s 
sample M15A22; AM10 - biobank’s sample M10A22; AM08 - biobank’s sample M08A22; AM87 - biobank’s sample 
M87A22; CF18 - biobank’s sample F18A22; CM11 - biobank’s sample M11A22; CF10 - biobank’s sample F10A22; CM78 
- biobank’s sample M78A22. 

 
Bulk mRNA-Seq protocol 

1) RNA extraction was performed by using High Pure RNA Isolation Kit (Roche) 

and according to the manufacturer’s protocol. Extraction was performed 

immediately after MSCs harvesting. RNA quantification was performed with 

NanoDrop® (Thermo Fisher Scientific). According to the guidelines of 

Genomics Unit, the concentration of RNA samples was normalized to a 

maximum range of 100 ng/µl. For each sample, a quality control (QC) 

aliquot was prepared to be analyzed in Fragment Analyzer™ system (Agilent 

Technologies).  

2) RNA samples were stored at -80ºC for a maximum period of 5 days, the 

necessary time to complete RNA extraction for all samples. RNA samples 

(Total RNA) were packaged in dry ice and directly transported (in less than 

30 minutes) to the Genomics Unit at Instituto Gulbenkian Ciência (IGC).  

3) Quality control of RNA samples was performed by using Fragment 

Analyzer™ (Agilent Technologies), an automated parallel capillary 

electrophoresis system, and analyzed with ProSize data analysis software 

4.0.2.7. All samples passed QC.  

4) Full-length cDNAs were generated following the SMART-Seq2 protocol as 

described by Picelli, 2014 [1]. Quality control of cDNA was performed by 

using Fragment Analyzer™ (Agilent Technologies) and ProSize data analysis 

software 4.0.2.7. All samples passed QC. 
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5) Library preparation was performed following the Nextera library 

preparation protocol (Nextera® XT DNA Library Preparation kit, Illumina), as 

previously described by Baym, 2015 [2]. Libraries were confirmed by 

Fragment Analyzer™ (Agilent Technologies) and then sequenced in 

NextSeq2000 (Illumina) using NextSeq 1000/2000 P2 Reagents (100 Cycles) 

v3 (Illumina, reference 20046811). With this method, 100 bp single-end 

reads were obtained.  

6) For the experiment, a yield of about 25 million reads per sample was 

requested. Sequence information was extracted in FASTQ format, using 

Illumina DRAGEN FASTQ Generation v3.8.4. Library preparation and 

sequencing were performed and optimized at Genomics Unit of IGC. 

 

II.12. Bulk mRNA-Seq data analysis  

Bioinformatics analysis protocol 

1) After sequencing, for each sample, a “. fastq” file was provided. Quality 

control was performed with FastQC, with adequate results (Table A.1, 

Appendix A).  

2) Genome indexing and reads alignment onto human reference genome 

(GRCh38 [3, 4]) were then performed by using STAR (2.7.11a --- 2023/08/15 

::: STARdiploid) [5,6] (mapping statistics summarized in Table A.2, Appendix 

A). Data quality showed to be adequate for all samples and variation 

between samples was low.  

3) By using RSamtools [7], index BAM files (.bai) were generated. After fixing 

file names and BAM indexing, feature counting was performed. Generation 

of a count matrix table with counts for all samples (genes in rows; samples 

in columns) was performed in RStudio Software (R version 4.2.3) [6], by 

applying  “GenomicFeatures” and “GenomicAlignments” BioConductor’s 

packages [8].  

4) Hierarchical clustering was performed by applying DSEq2 package [9]. 

Variance stabilizing transformation (VST) function was used (to yield a 

matrix of approximately homoskedastic values, with constant variance 
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along the range of mean values, normalized with respect to library size). 

VST-transformed counts matrix with the 500 most variable genes was then 

generated and values were scaled (z-score) to be plotted by means of a 

heatmap. Plotting was performed with R package “gplots” [10].  

5) Principal component analysis (PCA) was performed by applying prcomp() 

function and graphic visualization of PCA analysis was generated with R 

package “factoextra” [11].   

6) Differential gene expression analysis (DGE) was then performed by using 

DESeq2 package [9] and graphically represented in a volcano plot, designed 

with “EnhancedVolcano” R package [13]. In order to make the estimates 

more robust also for genes with low read counts, lfcShrink() function and 

“apelglm” R package (apeglm provides Bayesian shrinkage estimators for 

effect sizes for a variety of generalized linear models (GLM)) were applied 

[1212]. This step was of particular importance in this experiment, taking 

into consideration the limited number of samples and consequent heavily 

rely on the L2FC values for downstream analysis. Therefore, “apeglm” 

provides Bayesian shrinkage estimators for effect sizes for a variety of GLM 

models, using approximation of the posterior for individual coefficients. 

7) Functional enrichment analysis was then performed, either by means of 

Gene Ontology (GO) Over Representation Analysis (ORA) and Gene Set 

Enrichment Analysis (GSEA), using “clusterProfiler” [14, 15] and 

"org.Hs.eg.db" R packages [16]. Complimentary functional enrichment 

analysis and conversion of gene lists was performed with g:Profiler [17].  

8) A deeper exploratory analysis (manual datamining) was subsequently done, 

in order to identify gene subsets associated to functional groups of interest 

in the context of AA. For that purpose, GeneCards – the human gene 

database [18], Enrichr [19] and PubMed were systematically consulted.  

9) For visualization of DGE by functional group, heatmaps and stripcharts were 

drawn with “ggplot2” R package [20].  
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II.13. Human BM-MSCs in vitro drug-modulation with isotretinoin 

Drug-modulation of both AA and control-derived BM-MSCs with isotretinoin, 

selected upon the results of transcriptomics analysis (which suggested significant 

expression differences in RARA and functionally related genes), was performed. 

Isotretinoin, used to treat acne, may act as a prodrug, being intracellularly converted 

into retinoic acid receptors (RARs) and retinoid X receptors (RXRs) agonist 

activators. Five isotretinoin metabolites are known: all-trans retinoic acid (ATRA), 

13-cis-4-oxo-retinoic acid, all-trans-4-oxo-retinoic acid, 9-cis-retinoic acid and 9-cis-

4-oxoretinoic acid. In sebaceous glands of patients with acne, isotretinoin enhances 

expression of proapoptotic transcription factors, as p53, hence induction of 

sebocyte apoptosis and depletion of sebocyte progenitor cells, which leads to its 

sebum-suppressive effect [21]. 

For drug-modulation, AA and control BM-MSCs were seeded at a cell density 

of 3000 cell/cm2 on 24-well plates (technical triplicates were performed) and 

expanded in either 0.1 µM, 1 µM or 10 µM isotretinoin or no-drug + 10% FBS-DMEM 

(1% A/A) MSCs-qualified medium (pre-warmed at room temperature) at 37°C with 

5% CO2 in a humidified chamber. 

 

II.14. Viability assay using a resazurin-based solution  

After 24h of BM-MSCs exposure to isotretinoin, PrestoBlue™(Thermo Fisher 

Scientific) resazurin-based viability assay was performed. Conceptually, 

PrestoBlue™(Thermo Fisher Scientific)-exposed living cells will take up resazurin 

(blue-colored, non-fluorescent compound). Cell metabolic activity will then convert 

resazurin to resorufin, a pink-colored fluorescence compound. As a result, the more 

the living cells, the more resorufin is produced, increasing the fluorescence signal.  

 

Viability assay protocol (sequential steps) 

1) Preparation of 10% PrestoBlue™(Thermo Fisher Scientific) working 

solution, diluted in 10% FBS-DMEM (1% A/A) MSCs-qualified medium (pre-

warmed at room temperature).  
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2) Addition of 500µL of working solution to each well and incubation at 37°C 

with 5% CO2 in a humidified chamber for 2 hours. Negative control (medium 

only) was included.  

3) Fluorescence measurements in 96-well plate (Falcon® 96-well Black Flat 

Bottom), performed on Infinite® M200 PRO (Tecan®) microplate reader 

(technical triplicates, with 100 µL per well), according to PrestoBlue™ 

(Thermo Fisher Scientific) manufacturer’s manual specifications 

(excitation/emission = 560/590 nm). Experiment was set to optimal gain. 

Relative fluorescence units (RFU), either absolute values or after 

normalization for negative control (medium only) RFU, were compared for 

the four different experimental conditions (no-drug; isotretinoin at 0.1 µM, 

1 µM or 10 µM) and plotted in bar charts (designed with Microsoft Excel). 

 

II.15. RT-qPCR after human BM-MSCs in vitro drug-modulation with 

isotretinoin 

1) AA and control-derived BM-MSCs were seeded at a cell density of 3000 

cell/cm2 on T25 culture flasks and cultured in either 10 µM isotretinoin or 

no-drug + 10% FBS-DMEM (1% A/A) MSCs-qualified medium (pre-warmed 

at room temperature) at 37°C with 5% CO2 in a humidified chamber for 6 

days.  

2) Cells were then harvested with trypsin-EDTA solution for RNA extraction 

and cDNA synthesis (as previously described in section II.8.). 

3) RT-qPCR for RARA, CEBPA, PPARG, WNT5A, APOL4 and SOCS3 genes was 

performed (as in section II.9). 

4) Results (log2 fold change (L2FC)) for both experimental conditions (no-drug; 

isotretinoin 10 µM) were compared and contrasted according to disease 

status (AA versus control-derived BM-MSCs). Results were plotted in bar 

charts (designed with Microsoft Excel). 
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HSPC studies 

II.16. Human HSPC isolation by Magnetic-Activated Cell Sorting 

(MACS) 

HSPC isolation from BM mononuclear cells fraction (MNC) of control (healthy) 

donors was performed by magnetic-activated cell sorting (MACS). Positive selection 

of CD34+ cells was performed using Human CD34 MicroBead Kit UltraPure (Miltenyi 

Biotec), which contains MicroBeads directly conjugated to CD34 antibodies for 

magnetic labeling of CD34 expressing cells (e.g., BM is expected to contain about 

0.5% to 3% CD34+ hematopoietic progenitor cells), according to manufacturer’s 

instructions, summarized below:  

1) Centrifugation of mononuclear cells at 300 x g for 10 minutes and 

supernatant aspiration. 

2) Cell pellet resuspension in 300 µL of MACS buffer (a solution containing 

PBS, pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA 

maintained at +2 to +8 °C) per 108 total cells. 

3) Addition of 100 µL of FcR Blocking Reagent for up to 10⁸ total cells. 

4) Addition of 100 µL of CD34 MicroBeads UltraPure, human per 10⁸ total 

cells. 

5) Mixing and incubation for 30 minutes in the refrigerator (+2 to +8 °C). 

6) Washing the cells in 5-10 ml of MACS buffer (a solution containing PBS, pH 

7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA maintained at +2 

to +8 °C) and centrifugation at 300 x g for 10 minutes. 

7) Supernatant aspiration and resuspension (up to 108 cells) in 500 µL of 

MACS buffer. 

8) Magnetic separation with LS columns (appropriate for the MidiMACS 

separator, Miltenyi Biotec; maximum number of labeled cells of 108). Pre-

separation filter was used to remove any cell clumps and debris from 

single-cell suspensions before they were applied to the MACS column. 

Column was firstly prepared by rinsing with 3 ml of MACS buffer. Cell 

suspension was then applied onto the column and flow-through 

containing unlabeled cells was collected. Column was then washed with 3 
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ml of MACS buffer for three times and flow-through containing unlabeled 

cells was collected.  

9) Removal of the magnetic column from the separator and placing on a 15 

ml conical collection tube.  

10) Pipetting 5 ml of MACS buffer onto the column (placed over the collection 

tube) and immediately flush out of the magnetically labeled cells (CD34+ 

cells) by firmly pushing the plunger into de column. 

11) Total nucleated cell counting (TNC) with hemacytometer and trypan blue 

exclusion method, to determine total nucleated cell number and viability.  

12) Immunophenotypic analysis of sorted CD34+ enriched cells by flow 

cytometry. In case of multiple donors, immunophenotypic analysis after 

MACS was performed in the pool sample (all sorted samples together). 

Flow cytometry method similar to the protocol described in section II.18.  

13) To complement the TNC counting of CD34+ enriched cells, an additional 

calculation was performed to adjust those values to the correspondent 

percentage of CD34+CD45RA- cells determined by flow cytometry. 

14) CD34+ selected cells were immediately used for HSPC expansion, as 

described below. 

According to results from previous works and manufacturer’s data a purity of 

>95% is expected after MACS CD34+ cells sorting.  

In this study a range of 68% to 80% of CD34+ cells were obtained after MACS, 

as described in Table 5 (Section IV.3.1.). 

 

II.17. HSPC expansion 

 
HSPC expansion was performed according to previously established protocols 

[22, 23], as follows. 

1)  To assess the effect of AA versus control-derived BM-MSCs feeder layers 

on HSPC (healthy donors) expansion, CD34+ cells sorted from either single 

donor MNC or from a pool of donors (used to obtain the adequate number 

of CD34+ cells needed for each experiment) were seeded (technical 
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triplicates were performed) on 12-well plates at a density of 30000 cells/ml, 

using 1 mL of StemSpanTM Serum-free Expansion Medium II (StemCell 

Technologies) per well supplemented with 1% A/A and a previously defined 

cytokine cocktail [23] composed of SCF (90 ng/mL), Flt-3L (82 ng/mL) and 

TPO (77 ng/mL) (PeproTech). Basic fibroblast growth factor (bFGF) 

(PeproTech) at a concentration of 5 ng/mL was also added to support BM-

MSCs feeder layer cells. 

2) Before HSPC seeding, BM-MSCs feeder layers were established in the 12-

well plate(s) to be used for HSPC expansion, by seeding AA or control-

derived BM-MSCs at a density of 3000 cells/cm2 and culturing them with 

10% FBS MSCs-qualified + DMEM + 1% A/A (pre-warmed at room 

temperature) medium at 37°C with 5% CO2 in a humidified chamber, until 

90 to 100% of confluency.  

3) For all BM-MSCs samples, cell seeding for feeder layer establishment was 

performed after one cell passage post-thawing, to avoid confounding 

effects of cryopreservation on MSCs functional properties. As the 

experimental goal was to compare the effect of BM-MSCs feeder layers 

from different donors, namely AA versus control donors, it was decided not 

to perform Mitomycin C-mediated cell growth arrest to avoid potential 

effects of the compound (Mitomycin C is a DNA crosslinker with the 

capacity to inhibit DNA replication and transcription, leading to cell cycle 

arrest and eventually, at higher exposures, to cell death) on the 

experimental results.  

4) After establishment of feeder layers, HSPC (CD34+ enriched cells) were 

gently seeded on the top of them. HSPC expansion was performed during 7 

days at 37°C with 5% CO2 in a humidified chamber.  

Since AA is a rare, poorly studied disease, for the thesis project it was opted to 

study the interactions of AA and control-derived BM-MSCs with HSPC derived from 

control samples, preserving MNC (and consequently HSPC isolation) from AA donors for 

subsequent works, after data consolidation and protocols’ optimization performed in 

the context of the doctoral project. 
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II.18. Human HSPC quantification and immunophenotypic 

characterization  

After HSPC 7-day expansion, cells were harvested through forced pipetting. 

Conventional (manual) counting by trypan blue exclusion method was performed to 

determine the total nucleated cell number (TNC) fold increase, calculated by 

dividing the cell number harvested at day 7 by the initial seeding cell number.  

For all experiments, immunophenotypic characterization of HSPC was 

performed by flow cytometry, firstly on a FACSCalibur™ flow cytometer (BD 

Biosciences) and more recently on a FACSCanto™ II (BD Biosciences), due to 

equipment replacement. 

 

Flow cytometry protocol for HSPC 

1) Harvested HSPC were homogeneously distributed by two flow cytometry 

tubes at a cell concentration between 5x104 to 10x104 cells per tube 

(depending on the available cell numbers) and washed with PBS (until 2 ml). 

2) Cells were firstly stained with Far Red LIVE/DEADTM Fixable Dead Cell Stain 

Kit (Thermo Fisher Scientific) viability dye and then, after a 15-minute 

period of incubation in the dark at room temperature and PBS washing (2 

ml), with a multicolor previously titrated antibody panel (BioLegend) for cell 

surface markers, combined in one tube (Tube 1 - CD45RA FITC; CD90 PE; 

CD34 PerCP-Cy5.5).  

3) After a 15-minute period of incubation in the dark at room temperature and 

PBS washing (2 ml), cells were immediately analyzed in the flow cytometer 

(a yield of 10000 events per tube was established). An unstained tube was 

processed in the same manner (except for staining).  

The flow cytometry panel was designed according to a pre-established panel 

for HSPC characterization (positive markers: CD34 [a marker expressed in HSPC, 

whose expression levels are highest in most primitive HSPC, decreasing with 

differentiation], CD90 [expressed in a subset of more primitive, less differentiated 

HSPC, with greater self-renewal and long-term repopulation capacity]; negative 

marker: CD45RA [low or negative expression in HSPC with greatest self-renewal 
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capacity and long term repopulation potential]) and flow cytometer settings and 

proper compensations for each fluorochrome were performed for both cytometers, 

as needed (e.g., after technical maintenance of the equipment; after change of the 

lot number of BD® Cytometer Setup and Tracking (CS&T) beads; after specific 

experimental settings that could change cell properties).  

Flow cytometry data was analyzed by using FCS ExpressÔ7 (De Novo Software 

by Dotmatics). Representative image included in chapter X.ii., Appendix B, B.5.). 

To complement the TNC counting performed manually, an additional 

calculation was performed to adjust those values to the correspondent percentage 

of CD34+CD45RA- cells (HSPC) determined by flow cytometry, to correct for possible 

overestimation of the cell numbers counted on hemacytometer (e.g., by 

confounding feeder layer MSCs with HSPC due to possible mixing during cell 

harvesting and morphological configuration change of MSCs in suspension). Upon 

that, CD34+ cells fold increase was calculated by dividing the cell number of CD34+ 

cells harvested at day 7 by the initial seeding number of CD34+ cells (measured as 

described in Section II.16.).  

For each experimental setup, proliferative analysis was performed in technical 

triplicates and the mean of results (±SE of the mean) was plotted in bar charts 

(designed with Microsoft Excel). 

 

II.19. Human HSPC in vitro clonogenic assays 

In vitro clonogenic assay was performed in order to functionally characterize 

HSPC according to their capacity to differentiate into several hematopoietic 

lineages. Results were analyzed taking into consideration the experimental 

conditions (e.g., BM-MSCs feeder layer source), to ascertain if there was any 

functional effect associated to each one of them.  

Colony-forming unit (CFU) assay was performed in 24-well plate (in technical 

triplicates), upon adaptation of the manufacturer’s protocol, as below:  

1) HSPC harvested after 7-day cell expansion were resuspended in 

MethoCultÔ methylcellulose-based medium (STEMCELL Technologies) at a 
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cell concentration of 1000 cells in 2 ml of medium. The suspension tube was 

vortexed for at least 4 seconds to mix thoroughly. 

2) The tube was left to stand for about 5 minutes to allow bubbles to rise to 

the top. 

3) The mixture was carefully collected from the tube, to avoid formation of 

air-bubbles, with a 16-gauge blunt-end needle attached to a sterile luer lock 

syringe. For each tube plated (containing cells from a single expansion 

condition) a new needle and syringe were used. 

4) A volume of 500 µL was dispensed on the center of each well and evenly 

distributed by gently tilting the plate to allow the medium to attach to the 

wall of the well on all sides.  

5) To maintain humidity, 2 ml of sterile water was added to the remnant free 

wells, and the plate was covered and incubated at 37°C with 5% CO2 in a 

humidified chamber for 14 days. 

6) Colony identification and counting was performed by visual inspection 

using bright-field microscopy (Olympus CK40). Formed colonies were 

classified as: erythroid burst-forming unit (BFU-E), colony forming unit 

granulocyte-monocyte (CFU-GM), colony-forming unit-granulocyte, 

erythrocyte, monocyte or megakaryocyte (CFU-GEMM). Average colony 

count for each experimental condition was calculated. Colony number was 

normalized by the number of MethoCultÔ seeded cells and multiplied by 

the total number of CD34+ cells harvested on Day 7 of HSPC expansion. 

Results were plotted in graph bars (designed with Microsoft Excel). 
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Bone decellularization 

II.20. Human femoral bone decellularization protocol 

Decellularization of human bone from femoral head/neck collected after 

informed consent from patients undergoing elective hip replacement surgery was 

performed, based on a previously published protocol [24], specifically adapted and 

optimized for human femoral bone samples. 

Decellularization protocol 

1) Pieces of the medullary component of freshly collected bone samples were 

separated (as much as feasible) with the aid of a punch biopsy needle. 

Different needle diameters (5 mm, 10 mm, 15 mm) were tried. The bone 

sectioning area was preferentially located at the interface between cortical 

and medullary bone (for easier topographical orientation) with a fragment 

thickness of about of 3 to 5 mm. To clean samples before separation, 

surgical bone pieces were washed with 10 mM PBS buffer (pH 7.4) [PBS1x] 

under orbital agitation (VWRÒ Standard Analog Shaker) for three times (10 

minutes each) at RT. 

2) Protocol solutions were prepared, as described below: 

a) Solution #1: 10 mM PBS buffer (pH 7.4) [PBS1x] 

b) Solution #2: 10 mM Tris Base + 1.5% phenylmethanesulphonylfluoride 

(PMSF) + 0.1% ethylenediaminetetraacetic acid (EDTA) (pH 7.4) 

c) Freezing buffer solution: 10 mM Tris Base + 5 mM EDTA (pH 8.0) 

d) Enzymatic solution no.1: 0.25% trypsin (for cell detachment) + 0.5% EDTA 

e) Enzymatic solution no.2: 10 mM Tris Base (pH 8.0) + 20 U/mL of 

Benzonase (a nuclease that breaks down DNA and RNA) (Sigma-Aldrich – 

250 U/μL) 

f) Polar solvent #1: 50% of 99.9% isopropanol + 50% of normal saline 

g) Polar solvent #2: 99.9% isopropanol (only) 

 

3) Bone decellularization was performed for 4 days, as described in the 

Table 4, below. 
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Table 4 – Human femoral bone decellularization protocol. 

Day (no.) Processing stages 

1 

1. Rinse in solution #1, 10 mM PBS buffer (pH 7.4) for three times 
(10 min) at RT. 
2. Wash in solution #2 for three times (10 min) at RT. 
3. Three cycles of freeze–thaw (−80°C to 37°C) in freezing buffer 
solution. 
4. Centrifuge in solution #1 – 500 x g for 5 min at 25°C. In case of 
large fragments, not possible to centrifuge in 50 ml conical tubes, 
washing under agitation was performed. 
5. Incubate in solution #2 for 18 h at 4°C (overnight). 

2 

1. Wash in solution #1 for three times (10 min) at RT. 
2. Incubate in enzymatic digestion solution #1 for 5 h at 37°C 
under agitation (75 rpm). 
3. Wash in solution #2 for two times (10 min) at RT under agitation 
(50 rpm). 
4. Keep in solution #1 until the following day (overnight). 

3 

1. Centrifuge in solution #1 – 500 x g for 5 min at 25°C. 
2. Incubate in enzymatic digestion solution #2 for 6h at RT under 
agitation (50 rpm). 
3. Wash in solution #1 for three times (10 min). 
4. Polar solvent extraction with polar solvent #1 for 1 h at 37°C 
under agitation (300 rpm on Thermomixer comfort [Eppendorf]). 
5. Centrifuge the sample with polar solvent #1 – 500 x g for 5 min 
at 25°C. 
Steps 4. and 5. were repeated for 3 times. 

4 

1. Polar solvent extraction with polar solvent #2 for 1 h at 37°C 
under agitation (300 rpm on Thermomixer comfort [Eppendorf]). 
2. Centrifuge the sample with polar solvent #2 – 500 x g for 5 min 
at 25°C. 
Steps 1. and 2. were repeated for 3 to 4 times until the material 
appeared clear with no lipid content. 
3. Decellularized bone pieces where then stored in 100% ethanol 
at 4°C. 

PBS - Phosphate-Buffered Saline; RT - room temperature; rpm - revolutions per minute; g -relative centrifugal force. 

 
After decellularization, bone pieces from each donor, prepared 

simultaneously under the same experimental conditions, were processed in one of 

three ways (e.g. for the same donor, decellularized bone pieces were distributed for 

each one of the following procedures): 
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1) Decalcification, for sequential histological processing (paraffin embedding 

and sectioning) and staining, serving as a control sample for comparative 

histological analysis after co-culture of BM-MSCs on decellularized human 

femoral bone scaffold from the same donor. 

2) Sequential ex vivo co-culture of BM-MSCs on decellularized human femoral 

bone scaffold. 

3) Scanning electron microscopy (SEM), performed at MicroLab - Electron 

Microscopy Laboratory of Instituto Superior Técnico, Lisbon. 

Decalcification protocol was performed in order to allow paraffin sectioning. 

Previous attempts without decalcification were unsuccessful due to sectioning 

destruction and loss of bone structural integrity. Decalcification was performed 

based on previously published protocols [25, 26] for BM trephine biopsy processing, 

as follows:  

1) Fixation step in 10% neutral buffered formalin filled (60 ml) container for 

about 12-24 hours. 

2) Immersion of bone piece into Gooding and Stewart’s decalcification 

solution (10% formic acid + 5% formaldehyde, diluted in distilled water) for 

about 6 hours at 37°C (without agitation). 

3) Decellularized and decalcified bone samples were then immersed into a 

new 10% neutral buffered formalin filled (60 ml) container and transported 

in person to the Histopathology Unit at the Gulbenkian Institute of 

Molecular Medicine (GIMM), Lisbon, where paraffin embedding and 

sectioning, as well as Hematoxylin and eosin (H&E) and immunocytochemistry 

stainings were performed and optimized.  

 

II.21. BM-MSCs ex vivo culture in decellularized human femoral bone 

scaffolds 

BM-MSCs seeding and expansion in decellularized human bone matrix 

scaffolds was performed according to the following protocol: 

1) A cell pellet of about 3 million control-derived BM-MSCs (F18A22, at 

passage number 5; M78A22, at passage number 3) was established after in 
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vitro culture, cell harvesting and centrifugation, and aspiration of cell 

supernatant. 

2) Cells were homogeneously resuspended in 100 µL of 10% FBS MSCs-

qualified + DMEM + 1% A/A (pre-warmed at room temperature), at a 

concentration of about 300000 cells/10µL. 

3) Decellularized bone scaffolds generated from a single healthy donor 

(F59A23) were placed at the middle of ultra-low attachment 24-well plate 

(Corning®) wells (one scaffold per well). To prevent microbiological 

contamination, the day before cell seeding all decellularized scaffolds were 

washed with PBS + 3% A/A and left overnight (for about 12 hours) on 12-

well sterile plates inside laminar flow hood under UV-C light. Considering 

the exploratory proof-of-concept aim of the experiment, and to prevent 

reproducibility limitations possibly associated to the intrinsic heterogeneity 

of biological scaffolds, it was decided to use scaffolds from the same donor 

at this first stage.  

4) To evaluate the impact of cross-sectional surface area of the scaffold on cell 

attachment and proliferation, scaffolds with 5 mm, 10 mm and 15 mm of 

diameter were used.  

5) Cell seeding was performed by pipetting 10 µL of the BM-MSCs suspension 

(after gently mixing for homogenization) over 4, 3 or 2 evenly distributed 

spots at the upper surface (opposite to the lower surface, in direct contact 

with the bottom of the well) of each 15 mm, 10 mm or 5 mm diameter 

scaffold, respectively.  

6) After seeding, cells were incubated at 37°C with 5% CO2 in a humidified 

chamber for 2 hours.  

7) Then, about 2 ml of 10% FBS MSCs-qualified + DMEM + 2% A/A (pre-

warmed at room temperature) were gently added throughout the edges of 

each well (to avoid cell detachment), covering the upper surface of the 

scaffold.  

8) BM-MSCs + dECM scaffold sets were then incubated at 37°C with 5% CO2 in 

a humidified chamber for a period of 17 days. Medium changes were 

carefully performed every 4 days. 
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II.22. Viability assay of BM-MSCs cultured on decellularized human 

bone scaffolds 

Viability assay of BM-MSCs cultured on each decellularized bone scaffold was 

performed using PrestoBlue™(Thermo Fisher Scientific), at days 1, 5, 9 and 17 after 

cell seeding.  

Viability assay protocol (sequential steps) 

1) Preparation of 10% PrestoBlue™(Thermo Fisher Scientific) working 

solution, diluted in 10% FBS-DMEM (1% A/A) MSCs-qualified medium (pre-

warmed at room temperature).  

2) Addition of 1 ml of working solution to each well and incubation at 37°C 

with 5% CO2 in a humidified chamber for 2 hours. Negative controls 

(decellularized bone scaffold without seeded cells and medium only) were 

included. 

3) Fluorescence measurements in 96-well plate (Falcon® 96-well Black Flat 

Bottom), performed on Infinite® M200 PRO (Tecan®) microplate reader 

(technical triplicates, with 100 µL per well), according to 

PrestoBlue™(Thermo Fisher Scientific) manufacturer’s manual 

specifications (excitation/emission = 560/590 nm). Experiment was set to 

optimal gain.  

Relative fluorescence units (RFU), either absolute values or after normalization 

for medium only RFU (control), were compared for the following conditions: 5 mm, 

10 mm and 15 mm decellularized bone scaffold + BM-MSCs sets; decellularized bone 

scaffold without seeded BM-MSCs. Results were plotted in bar charts (designed with 

Microsoft Excel). 
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II.23. Histological processing and staining of decellularized bone 

scaffolds 

Processing of decellularized and decalcified bone was performed at the 

Histopathology Unit at the Gulbenkian Institute of Molecular Medicine (GIMM), 

Lisbon, where paraffin embedding and sectioning, as well as Hematoxylin and eosin 

(H&E), and immunohistochemistry stainings (with human-reactive polyclonal 

antibodies [host/isotype - rabbit/IgG]: collagen type I, fibronectin and Stromal cell–

derived factor 1, Thermo Fisher Scientific) were performed and optimized, 

according to previously published protocols [27], as follows.  

1) Tissue samples were sectioned at a thickness of 5μm using a microtome 

(Minot Microtome Leica RM2145) to proceed to an immunohistochemistry 

staining protocol.  

2) Sections were deparaffinized and hydrated with no antigen retrieval being 

required.  

3) Endogenous peroxidase was blocked by incubation with 3% H2O2 in 

methanol.  

4) Before primary antibody was incubated for 1h at RT total proteins were 

blocked with protein block serum free (Dako; Ref. X0909).  

5) Anti-rabbit EnVision+HRP (horseradish peroxidase) was used as a secondary 

antibody, for 30 min at RT (ref. K4003, Dako, Glostrup, Denmark).  

6) Brown positive cells were revealed by enzymatic substrate with horseradish 

peroxidase DAB solution (containing diaminobenzadine-tetrahydrochloride 

- ref K346811-2, Dako).  

7) All slides were counterstained with Harris’ Hematoxylin (Bio-Optica) and 

mounted with Entellan medium (Sigma ref. 1.00869.0500).  

8) Stainings were imaged in Olympus IX51 Inverted Microscope and recorded 

by an attached digital camera. 
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II.24. Scanning electron microscopy of decellularized human bone 

scaffolds 

In order to inspect 3D structure of bone extracellular matrix, both previously 

and after BM-MSCs ex vivo co-culture, scanning electron microscopy (SEM) was 

performed at MicroLab - Electron Microscopy Laboratory of Instituto Superior 

Técnico, Lisbon. 

Samples were placed on an Al stub using double-sided carbon tape and sputter 

coated with a thin gold/palladium (Au/Pd) film in a Quorum Technologies coater, 

model Q150T ES, and then then analyzed in a Hitachi scanning electron microscope 

(SEM), model S2400, with digital image acquisition by Bruker, software Quantax 

Esprit 1.9. 

 

II.25. Overall data analysis 

Data analysis was performed by using a combination of statistical resources 

from RStudio Software (R version 4.2.3) [6], Microsoft Excel (namely, two-tailed t-

test, assuming unequal variances) and FCS ExpressÔ7 (De Novo Software by 

Dotmatics). 
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III. Head-to-head comparison of phenotypic and functional 
properties between AA-derived and control-derived BM-MSCs  
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III.1. Summary 

Despite several reports demonstrating abnormal function of key bone marrow 

(BM) elements, particularly dysfunctional mesenchymal stromal cells (MSCs), in aplastic 

anemia (AA), published results are scarce and controversial. Therefore, further studies 

are needed to address these limitations and improve our understanding of the role of 

BM-MSCs in AA. To this end, a comparative analysis of morphological and functional 

properties of AA-derived (number of donors = 4; median age = 13 years; minimum 

= 7 years; maximum = 35 years) and control-derived (number of donors =7; median 

age = 40 years; minimum = 4 years; maximum = 69 years) BM-MSCs, isolated from 

age-matched donors, was performed. No significant differences in morphological 

and immunophenotypic properties were identified between groups.  

Trilineage differentiation capacity was assessed and confirmed for both AA 

and control-derived BM-MSCs. Some of the AA-derived BM-MSCs cells visualized on 

bright-field microscopy after Oil Red O staining (Sigma-Aldrich) showed a significant 

amount of intense-red-colored fat cells.  

Proliferative rates between AA-derived and control-derived BM-MSCs were 

similar, either at BM-MSCs isolation from MNC or after expansion of previously 

isolated BM-MSCs, cryopreserved in liquid/vapour phase nitrogen. For both AA and 

controls, MNC isolation of BM-MSCs on gelatin 0.1% coating or laminin-521 (LN521) 

was faster in comparison with no coating, with a mean number of days to 70% 

confluency of 9 days (n=6; minimum = 8 days; maximum = 10 days) and 14 days 

(n=5; minimum =12 days; maximum = 16 days), respectively.  

AA-derived BM-MSCs telomere length (n=11; mean of average telomere 

length on each chromosome end = 16.04 kb; minimum = 4.32 kb; maximum = 35.84 

kb) was not shorter in comparison to controls (n=11; mean of average telomere 

length on each chromosome end = 10.68 kb; minimum = 6.90 kb; maximum = 19.03 

kb) (p = 0.14). BM-MSCs from older donors and at higher passage number presented 

lower telomere length. 

Telomere absolute length assay by RT-qPCR showed to be feasible in a clinical 

context, aiding in diagnostic support of bone marrow failure syndromes, especially 

in case of variants of uncertain significance (VUS) in telomeropathies-related genes.  
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III.2. Background  

As referred in Chapter I, several reports have demonstrated an abnormal 

function of key BM elements in AA, namely the existence of dysfunctional MSCs 

[1,2,3]. However, published data are contradictory [4, 5] and of low reproducibility.  

Idiopathic acquired aplastic anemia (AA) is a rare disease, treated at few 

reference units of hematology, which poses limitations to sampling assess. 

Moreover, pancytopenia is not specific for AA, meaning that there will be cases of 

de novo idiopathic acquired AA which will be misdiagnosed, delaying patient referral 

and correct diagnosis. There are even cases in which patients are empirically started 

on corticosteroids, without a previous BM examination, especially in geographical 

areas or medical contexts with poor assess to hematology units.  

Alongside with those limitations, it is the fact that the research studies on AA-

derived BM-MSCs that have been performed were limited by a significative 

heterogeneity between studied patients, either between works, or even in the same 

study (e.g., including a wide spectrum of disease severity stages, from non-severe 

to very severe forms of AA; not clearly defined “idiopathic acquired” classification; 

not treatment-naïve patients). To this inter and intra-study sampling heterogeneity, 

adds technical discrepancies, namely regarding methodological approach and 

experimental setup, which limits results comparison and data sampling scaling up. 

A possible confounding effect of previously published data is also the donor 

age-matching. Proliferative and osteogenic impairment of MSCs isolated from older 

donors (e.g. 60 and 80 years old) compared to younger ones (e.g., 30 and 45 years 

old) has been demonstrated [7]. As so, it is important to take this into account while 

analyzing results from experiments performed in conditions with multiple peaks of 

age incidence, as is the case of AA. In this project, which involved both pediatrics 

and adult clinical units, an effort was made in order to age-match samples for each 

experimental setup, as far as possible upon sample availability.  

Taking those determinants into consideration, and with the aim to establish 

an as consistent as possible dataset for present and future works, isolation, 

expansion and characterization of age-matched BM-MSCs derived from idiopathic 
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acquired severe and very severe AA and healthy controls was performed, after 

careful donor selection.  

 

To further characterize AA-derived BM-MSCs, telomere length was also 

assessed. The rational follows.  

Telomeres consist of repetitive DNA sequences at the ends of chromosomes, 

functioning as protective caps, preventing damage and fusion. At each cell division, 

telomeres shorten, as a natural part of aging. Critically short telomeres can trigger 

cellular senescence or apoptosis [19,22]. 

In MSCs, telomere length varies, depending on age of donor, tissue source and 

culture conditions. MSCs from older-aged donors will have shorter telomeres in 

comparison to younger donors, which reflects their overall aging process and 

influences their functional properties. As so, shorter telomeres associate with lower 

replicative capacity and differentiation potential, leading to reduced functionality 

and impaired therapeutic potential [20, 21]. 

Telomere length is maintained by telomerase, an enzyme that can add DNA to 

telomeres, counteracting telomere shortening and cellular senescence. In humans, 

this enzyme is highly active in germ cells and embryonic cells, ensuring the 

transmission of intact chromosomes to offspring and supporting rapid cell division 

during development. In addition, certain adult stem cells (e.g., hematopoietic stem 

cells; germline stem cells; hair follicle stem cells), responsible for tissue renewal and 

repair, express telomerase to maintain proliferative capacity [19,20,21].  

Most adult somatic cells will have low or undetectable telomerase activity, 

which limits their replicative capacity, and will contribute to cellular senescence. On 

the contrary, in the vast majority of cancer cells, telomerase will be upregulated, 

which contributes to uncontrolled proliferation and aggressiveness of cancer cells 

[22, 23]. 

MSCs maintain some level of telomerase activity, however it is not sufficient 

to completely prevent telomere shortening overtime. Moreover, the level of 

telomerase activity is influenced by donor age and MSCs source (e.g., UC-MSCs and 

AT-MSCs present higher levels of telomerase in comparison to BM-MSCs). As 

telomerase will prevent telomere shortening, its activity is essential for preserving 
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MSCs self-renewal and differentiation properties. Due to this fact, telomerase has 

been under investigation for improvement of MSCs expansion and application in 

regenerative medicine [21,24,25]. 

Regarding aplastic anemia, telomere length seems to play a significant role in 

disease severity and prognosis, even in case of acquired AA and not just in inherited 

forms associated with germline mutations of telomeropathies-related genes 

[26,27,28]. In a cohort of patients with severe aplastic anemia receiving 

immunosuppressive therapy, telomere length inversely correlated with the risk of 

relapse, clonal evolution, and overall survival. Genetic defect in TERC or TERT was 

identified in only 1 patient [26].  
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III.3. Results and discussion 

III.3.1. Comparative analysis of morphologic and immunophenotypic 

characteristics between AA-derived and control-derived BM-MSCs 

Comparison of BM-MSCs derived both from AA and control donors, visualized 

on bright-field microscope at serial magnifications (4x, 10x, 20x), did not show 

significant differences between both groups. Cell morphology was compared for 

different passage numbers and days in culture. Figure 5 is a representative image of 

AA-derived (M15, M87) and control-derived (F18, M78) age-matched samples 

cultivated with expansion medium (10%FBS-DMEM (1% A/A). 

  

Figure 5: Fibroblastic, spindle-shape morphology of AA and healthy control-derived BM-

MSCs cultured under expansion conditions. Representative image of cell morphology of 

both disease and healthy samples imaged at 4x magnification on bright-field 

microscope (Olympus IX51 Inverted Microscope equipped with an attached digital 

camera). P = cell passage number; D = day number of cell culture (the day of BM-

MSCs seeding was considered D0). 
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Immunophenotypic profile, performed by flow cytometry, did not show 

significant differences in expression of positive and negative cell surface markers, as 

measured by percentage of cell expression (%) (p > 0.05) and mean fluorescence 

intensity (MFI) (p > 0.05), between AA-derived and control-derived BM-MSCs.  

For both groups, no significant differences attributable to sampling source 

(PSIS-derived versus femoral head/neck-derived BM-MSCs), cell passage number or 

donor age were detected. Viability was similar between groups.  

Data acquired with either FACSCalibur™ (BD Biosciences) (Figure 6) or 

FACSCanto™ II (BD Biosciences) (Figure 7) flow cytometers are plotted below 

(representative images of flow cytometry analysis of BM-MSCs samples using FCS 

ExpressÔ7 (De Novo Software by Dotmatics) are included in chapter X.ii., Appendix 

B, B.1. and B.2.; mean fluorescence intensity (MFI) plots included in chapter X.i., 

Appendix B, B.3. and B.4.). 

 

 

Figure 6: AA-derived and control-derived BM-MSCs immunophenotypic profile - % of 

cells expressing cell surface positive markers for MSCs identification (CD73, CD90, CD44) 

(±SE mean); % of live cells (±SE mean). All samples were negative for CD34, CD14, CD19, 

HLA-DR (data not shown). Data acquisition performed with FACSCalibur™ flow 

cytometer (BD Biosciences). P = cell passage number. 
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Figure 7: AA-derived and control-derived BM-MSCs immunophenotypic profile - % of 

cells expressing cell surface positive markers for MSCs identification (CD73, CD90, CD44) 

(±SE mean); % of live cells (±SE mean). All samples were negative for CD34, CD14, CD19, 

HLA-DR (data not shown). Data acquisition performed with FACSCanto™ II (BD 

Biosciences). P = cell passage number. 

 

As depicted, expression of CD73, CD90 and CD44, which are positive cell 

surface markers that characterize BM-MSCs, was consistent between AA-derived 

and control-derived BM-MSCs.  

An exception was verified for CD105, which is a common marker used for 

MSCs immunophenotyping. Under the conditions of this study, CD105 expression 

among BM-MSCs from both groups was highly variable, even for cells from the same 

donor (chapter X.ii., Appendix B, B.3. and B.4.).  

CD105 corresponds to endoglin, a cell surface positive marker for MSCs, that 

was hypothesized to predict MSCs chondrogenic potential [8, 9], however not 

confirmed in posterior studies [10]. More recently, human adipose tissue-derived 

(AT-MSCs) and human umbilical cord-derived (UC-MSCs) MSCs were studied for 

CD105 expression, with identification of a subpopulation of CD105 negative AT-
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MSCs and UC-MSCs with a stronger immunomodulatory capacity, possible related 

to autocrine production of TGF-beta 1 [11]. 

CD105 is a labile, short half-life, marker, whose expression rapidly varies in 

response to physiological or pathological conditions. Endoglin is a transmembrane 

glycoprotein making part of the transforming growth factor-beta (TGF-β) receptor 

complex [12]. It is primarily expressed on vascular endothelial cells, playing a role in 

angiogenesis [13], in synctiotrophoblasts (of term placenta) and, less abundantly, in 

monocytes, fibroblasts, chondrocytes, and hematopoietic progenitor cells. In MSCs 

its expression is labile and depends on cell culture variables, making it a tricky cell 

marker for MSCs labeling, especially in vivo [15].  

Changes in CD105 expression could either vary according to biological (e.g., 

activation, differentiation or proliferative stage) or technical issues (e.g., sample 

handling or storage variations). Despite optimization of flow cytometry settings and 

proper compensations for each fluorochrome, specifically determined for both 

cytometers, as needed (e.g., after technical maintenance of the equipment; after 

change of the lot number of BD® Cytometer Setup), it was not possible to capture 

reproducible results of CD105 expression. Consequently, it was not possible to conclude 

if the observed variability was related to functional differences between BM-MSCs, to 

technical issues, or both. 

In regard to MFI results (chapter X.ii., Appendix B, B.3. and B.4.), it was not 

possible to identify a significantly distinct pattern between AA and control groups. 

MFI coefficient of variation (CV) was acceptable and relatively stable for all markers, 

across samples, again with a higher variability for CD105, as would be expected upon 

its expression profile, as previously discussed. 
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III.3.2. Multilineage differentiation assay (osteogenic, adipogenic 

and chondrogenic) of AA-derived and control-derived BM-MSCs - 

comparative analysis 

To confirm the differentiation capacity of BM-MSCs, trilineage differentiation 

assay was performed for both AA-derived and control-derived BM-MSCs.  

As depicted below, trilineage differentiation capacity was confirmed for all 

samples, either AA-derived (Figure 8) or control-derived (Figure 9). Despite the staining 

strategy (on bright-field) did not allow to obtain quantitative data (e.g., as measured by 

fluorescence), upon imaged data, AA-derived BM-MSCs did not seem to have lower 

osteogenic capacity in comparison to control-derived samples. To notice, M55 control 

appeared to have a lower differentiation capacity, namely of osteogenic differentiation, 

possible related to older age of donor (69 years old) [7]. 

On the other hand, AA-derived BM-MSCs seemed to have a higher adipogenic 

differentiation in comparison to control-derived BM-MSCs, with the exception of F18 

control sample, with a high adipogenic differentiation capacity, which could be possible 

related to the impact of donor younger age (4 years old donor).  

Differently from osteogenic differentiation, adipogenic differentiation potential 

have been shown to remain on the same level throughout the ageing process of MSCs 

[7, 16], which is important to take into account, especially when comparing older-age 

matched samples. This reinforces the hypothesis of an adipogenic bias in AA-derived 

BM-MSCs, as previously described [17]. 

Despite promising, these results still lack robustness and must be confirmed by 

increasing age-matched sampling numbers as well as by applying quantitative 

methodologies. 
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Figure 8: AA-derived BM-MSCs trilineage differentiation assay - osteogenic, adipogenic 

and chondrogenic differentiation. Samples imaged on bright-field microscope 

(Olympus IX51 Inverted Microscope equipped with an attached digital camera). 

Representative images of cells are shown. 

 

 

Figure 9: Healthy control-derived BM-MSCs trilineage differentiation assay - osteogenic, 

adipogenic and chondrogenic differentiation. Samples imaged on bright-field 

microscope (Olympus IX51 Inverted Microscope equipped with an attached digital 

camera). Representative images of cells are shown. 
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In latest experiments, AdipoRedTM Assay Reagent (Lonza), a fluorescent dye 

designed to stain intracellular lipid droplets, relatively specific to neutral lipids, was 

also applied. Both Oil Red O and AdipoRedÔ are relatively specific to neutral lipids 

and at a lesser extent could stain some phospholipids or other intracellular 

hydrophobic molecules, which should be considered for results interpretation.  

Below (Figure 10) is shown a representative image of AA-derived and control-

derived adipogenic differentiation assay after AdipoRedÔ staining. Despite this was 

just a proof-of-concept experiment, it was interesting to notice that fluorescence 

for either AA-derived (M87) BM-MSCs was lower than for control-derived (M73) 

BM-MSCs. However, bright-field image suggests the opposite. If this difference 

relates to biological properties (e.g., distinct lipid content profiles between samples) 

between groups or to technical issues, which must be optimized in further 

experiments (e.g., reagent titration), is an interesting research topic to explore. 

 

 

Figure 10: AA-derived and control-derived adipogenic differentiation assay after 

AdipoRedÔ Assay Reagent (Lonza) staining. Samples imaged at 4x magnification on 

fluorescence microscope (Olympus IX51 Inverted Microscope equipped with an 

attached digital camera). Representative images of cells are shown. 
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III.3.3. Proliferative analysis of AA-derived and control-derived BM-

MSCs – cell proliferation kinetics and telomere length analysis 

Proliferative analysis of AA-derived and control-derived BM-MSCs was performed 

at different culture stages, namely, upon isolation from MNC layer, expansion after 

thawing from liquid/vapour phase nitrogen cryopreservation and expansion after a first 

passage post-thawing. In both groups, cell proliferation was studied for the same sample 

at different passage numbers, as well as upon seeding (3000 cell/cm2) on different cell 

culture surface areas. 

BM-MSCs isolation and expansion from MNC 

There were no significant differences between time (number of days) to reach 

70% confluency (p = 0.82) between AA-derived and control-derived BM-MSCs, 

as depicted in Figure 11, below. 

  

Figure 11: Proliferation performance (defined by the number of days to reach 70% of 

cell confluency) of AA-derived and control-derived BM-MSCs upon isolation from BM-

derived MNC (±SE mean). Samples M78, M11 and M08 were seeded on uncoated cell 

culture plates. The remaining samples were seeded on gelatin 0.1% coating. 
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For both conditions, isolation of BM-MSCs on gelatin 0.1% (Sigma-Aldrich®) 

coated plates was faster in comparison with no coating (p = 0.04), with a mean 

number of days to 70% confluency of 9 days (n=5; minimum = 8 days; maximum = 

10 days) and 14 days (n=3; minimum =12 days; maximum = 16 days), respectively. 

These results were in accordance with previous works [18]. 

 

BM-MSCs expansion after thawing 

BM-MSCs proliferation after thawing from liquid/vapour phase nitrogen 

cryopreservation and culture on 25 cm2 T-flasks or 75 cm2 T-flasks, at a seeding density 

of 3000 cell/cm2, was not significantly different between AA-derived and control-

derived BM-MSCs, as represented in Figure 12 and Figure 13, below. 

 

Figure 12: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-

derived and control-derived BM-MSCs after thawing and expansion on T-25 flasks (±SE 

mean). No significant differences between AA and Controls (p = 0.80). P = cell passage 

number. 
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Figure 13: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-

derived and control-derived BM-MSCs after thawing and expansion on T-75 flasks (±SE 

mean). No significant differences between AA and Controls (p = 0.70). P = cell passage 

number. 

 

In both experimental setups, no viability differences between AA-derived (mean 

viability = 99%) and control-derived (mean viability = 99%) BM-MSCs were found at 

cell harvesting (p = 0.51). 

 

To depict if the proliferative profile between groups persisted after at least 

one cell passage post-thawing, both AA and control-derived BM-MSCs were seeded 

on 75 cm2 T-flasks (seeding density = 3000 cell/cm2) after one passage post-thawing to 

determine the FI at 70% confluency. No significant differences between AA and 

Controls (p = 0.48) were found, as depicted in Figure 14, below.  
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Figure 14: Proliferative rate, defined by Fold Increase (FI) at 70% confluency of AA-

derived and control-derived BM-MSCs after one passage post-thawing and expansion 

on T-75 flasks (±SE mean). No significant differences between AA and Controls (p = 0.48). 

P = cell passage number. 

 

No viability differences between AA (mean viability = 99%) and control-derived 

(mean viability = 99%) BM-MSCs were found at cell harvesting (p = 0.55). 

 

Proliferative BM-MSCs kinetics, assessed during a period of 7 day-cell culture (as 

described in II.5.), did not show significant differences between AA-derived (n=3) and 

control-derived BM-MSCs (n=3), as represented in Figure 15, below. 
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Figure 15: Proliferative kinetics of BM-MSCs (±SE mean). No significant differences 

between AA-derived and control-derived BM-MSCs (D1, p = 0.35; D2, p = 0.92, D3, p = 

0.79, D4, p = 0.99, D5, p = 0.81, D6, p = 0.70, D7, p = 0.68). AA = aplastic anemia; D = day 

number of cell culture (the day of BM-MSCs seeding was considered D0). 

 

Based on the results, it was concluded that in vitro proliferation of AA-derived 

BM-MSCs did not significantly differ from control-derived BM-MSCs.  

 

In order to determine the impact of cell culture vessel coating on the expansion 

of BM-MSCs, a laminin-521 (LN521) coating (Biolaminin 521 LN, BioLamina) was 

tested on AA-derived and control-derived BM-MSCs. According to the 

manufacturer, Biolaminin 521 LN comprises full-length, human recombinant 

laminin-521 protein. As an inherent stem cell niche protein, laminin-521 provides a 

biologically relevant environment, leading to improved survival and efficient cell 

growth from single-cell cultures to large-scale production.  

The experimental setup performed in this project comprised AA-derived (M15) 

and control-derived (F18 and F70) samples, cultured on LN521 coated versus 

uncoated 12-well plates, at a seeding density of 3000 cell/cm2, for 10 days. Expansion 

rate was assessed by fold increase (FI) at day 10, as represented in Figure 16, below. 
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Figure 16: Proliferative rate (defined by confluence (%) and fold increase (FI) at day 

10) of AA-derived and control-derived BM-MSCs (±SE mean), cultured on LN521 

(Biolaminin 521 LN, BioLamina) coated versus uncoated 12-well plates. At right side, 

representative morphological image of BM-MSCs cultured on LN521 coated 12-well 

plates, imaged on bright-field microscope (Olympus IX51 Inverted Microscope 

equipped with an attached digital camera). 

 
As depicted, LN521 coating led to higher confluence percentage for both AA-

derived and control-derived BM-MSCs, resulting in a more expressive fold change at 

day 10.  

In addition, LN521 coating was also used for isolation of BM-MSCs from a 

control-derived BM-MNC sample (data not shown), with 70% confluence reached at 

day 9, similarly to gelatin 0.1% coating, as previously mentioned.  
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Considering the relevance of telomere in MSCs biology and in AA 

pathophysiology, telomere length of both AA-derived and control-derived BM-MSCs 

was assessed by RT-qPCR with Absolute Human Telomere Length Quantification 

qPCR Assay Kit (ScienCellTM), as described previously (section II.10.).  

It should be noticed that for all AA samples studied in this project, dyskeratosis 

congenita/congenital telomeropathies gene mutations were excluded by NGS (ACD, 

CTC1, DKC1, NAF1, NHP2, NOP10, OBFC1, PARN, POT1, RPA1, RTEL1, TERC, TERT, 

TINF2, TPP1, USB1, WRAP53), as depicted in Materials and Methods. 

As represented in Figure 17, AA-derived BM-MSCs telomere length (n=11; 

mean of average telomere length on each chromosome end = 16.04 kb; minimum = 

4.32 kb; maximum = 35.84 kb) was not shorter in comparison to controls (n=11; 

mean of average telomere length on each chromosome end = 10.68 kb; minimum = 

6.90 kb; maximum = 19.03 kb) (p = 0.14). For both groups, telomere length shortens 

with increase of donor age and passage number. 

Despite these results are in accordance with previously publications regarding 

the influence of telomere length in MSCs biological properties, as described above 

[20,21,24,25], by this time, and upon literature review, published data about AA-

derived BM-MSCs absolute telomere length are scarce and controversial [29], thus 

requiring further consolidation.  
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Figure 17: Absolute telomere length for AA-derived and control-derived BM-MSCs. 

Data is presented as the average of telomere length on each chromosome in kilobase 

(±SE mean). No significant difference of average telomere length on each 

chromosome between groups. Donor-age and passage number effect for both 

groups, with shorter telomere length for older donors and higher cell passage 

number. kb/92 = average of telomere length on each chromosome in kilobase; a = AA-

derived BM-MSCs; c = control-derived BM-MSCs; BC = buffy-coat; P = cell passage 

number. 

 

In complementarity to telomere length assay performed for BM-MSCs, and in 

collaboration with Dr. Margarida Coucelo and Dr. Ana Teresa Simões, from 

Functional Unit of Molecular Hematology, ULS de Coimbra, results of a national Bone 

Marrow Failure (BMF) group previously analyzed samples were selected and tested by 

RT-qPCR with Absolute Human Telomere Length Quantification qPCR Assay Kit 

(ScienCellTM).  

251 patients were evaluated (2019-2023) using a customized NGS panel 

including 101 genes, excluding Fanconi Anemia. qPCR Assay for Telomere Length 
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quantification was performed according to manufacturer’s protocol (ScienCell). 

cDNA samples from BM-derived and PB-derived MNC, stored (-80°C) at biobank of 

Functional Unit of Molecular Hematology, ULS Coimbra, were used. Patients were 

grouped as: classic BMF (cBMF, n=58); non-classic BMF/cytopenias (uBMF, n=110); 

myelodysplastic syndrome/acute leukemia/juvenile myelomonocytic leukemia 

(MDS/AL/JMML, n=38); AA(n=45).  

A total of 63 germline variants were identified: 32 pathogenic, 31 variants of 

uncertain significance (VUS); and 2 somatic mutations. In the cBMF group the 

diagnosis was clarified in 20.7% of patients: 4/12 with suspected Diamond-Blackfan 

anemia (DBA) (2 RPS19, RPL35, RPL5); 6/22 with neutropenia or suspected 

Shwachman-Bodian-Diamond syndrome (SBDS) (4 SBDS, SRP54, GATA2); 2/24 

thrombocytopenia (WAS, GATA2). In the uBMF group, 15 VUS and 6 pathogenic 

variants were identified allowing a diagnosis in 5.5% of patients: 2 predisposition 

syndromes (SAMD9L, DDX41); telomeropathy (RTEL1); DBA-like (GATA1); 

immunodeficiency (LIG4); and Cartilage-hair hypoplasia (RMRP). In MDS/LA/LMMJ 

group, 11 pathogenic variants were identified: 8 associated with a predisposition 

syndrome (GATA2, 2 RUNX1, 2 DDX41, ERCCL2, TP53, NF1); 1 Shwachman-Diamond 

syndrome; and 2 immunodeficiency (STK4, RAB27A); 2 patients had only somatic 

mutations (RUNX1, NF1). In the AA group, TERT and MPL variants were identified in 

3 patients, reclassifying them. In 4% of patients (10/251) VUS in telomeropathies-

related genes were found, 4 of them with telomere length <1st percentile for age 

(previously measured by flow cytometry), strengthening the pathogenicity of the 

variant and supporting a diagnosis. 

In conclusion, NGS approach clarified the diagnosis in 12.7% of patients 

involving 22 different genes. Six uBMF and 3 AA had a genetic diagnosis, and 

patients were reclassified. Telomere Length assessed by RT-qPCR demonstrated to 

be a useful complementary assay in patients with VUS in telomeropathies-related 

genes and allowed to support the diagnosis in 4 other patients, as depicted in Figure 

18, below. 
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Figure 18: Absolute telomere length of BMF patients-derived MNC compared to 

controls. For each BMF patient with pathogenic variants, average telomere length 

on each chromosome (kb/92) was under the lower percentile determined for 

healthy controls. In addition, four patients with VUS in telomeropathies-related 

genes were identified to be under the lower percentile, demonstrating that RT-qPCR 

absolute telomere assay is a useful complementary assay for this subset of patients, 

supporting diagnosis. kb/92 = average of telomere length on each chromosome in 

kilobase; VUS = variants of uncertain significance. 
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III.4. Conclusions 

Based on the experimental results presented in this chapter, several conclusions 

were drawn. 

The AA-derived BM-MSCs studied did not differ from control-derived BM-MSCs in 

terms of morphological and immunophenotypic properties. 

Regarding differentiation, both AA-derived and control-derived BM-MSCs 

demonstrated trilineage differentiation capacity. AA-derived BM-MSCs exhibited an 

adipogenic bias after Oil Red O staining and bright-field microscopy (non-quantitative 

method). However, an exploratory AdipoRed™ Assay yielded contradictory results, 

requiring further investigation. 

Functionally, the proliferative rate of AA-derived BM-MSCs was comparable to 

controls. The use of a cell coating agent (e.g., 0.1% gelatin or laminin-521) accelerated 

the isolation of both AA-derived and control-derived BM-MSCs from MNC. 

Regarding telomere length, AA-derived BM-MSCs did not show shorter telomere 

lengths compared to healthy controls. As expected, based on previous data, BM-MSCs 

from older donors and at higher passage numbers had shorter telomere lengths. 

In the clinical context, the telomere absolute length assay by RT-qPCR proved 

feasible, demonstrating its potential as a useful complementary assay for diagnosing 

bone marrow failure syndromes, particularly in patients with variants of uncertain 

significance (VUS) in telomeropathy-related genes. 
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IV. Comparative analysis between AA and control-
derived BM-MSCs feeder layers on HSPC expansion  
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IV.1. Summary 

Ex vivo HSPC expansion has been attempted to obtain high quantity of HSPC to 

apply in cell and gene therapy for hematological conditions. However, the quality of 

HSPC for therapeutic purposes depends on their capacity for ex vivo proliferation 

without losing multi-lineage differentiation and self-renewal properties, which is a 

matter of research. In AA, ex vivo expansion of HSPC would be a strategy to circumvent 

the limited number of donors available for HCT. For that purpose, understanding the 

role of AA-derived BM-MSCs in HSPC support and expansion will be fundamental to 

develop strategies to modulate the BM niche in AA, both to improve ex vivo expansion 

and in vivo engraftment of HSPC.  

In this chapter, a comparative analysis of expansion of HSPC derived from 

healthy donors (number of donors = 10; median age = 54 years; minimum = 4 years; 

maximum = 73 years) co-cultured in cell suspension (30000 cells/ml) on AA-derived 

(number of donors = 4; median age = 13 years; minimum = 7 years; maximum = 35 

years) and control-derived (number of donors = 5; median age = 43 years; minimum 

= 4 years; maximum = 52 years) BM-MSCs feeder layers, or without feeder layer 

support, was performed. HSPC expansion was significantly higher after both AA-

derived and control-derived BM-MSCs co-culture in comparison to no feeder layer. 

Expansion of HSPC co-cultured on control-derived BM-MSCs was higher than on AA-

derived BM-MSCs feeder layers, with statistically significant results attained in two 

out of four experiments (HSPC Pool#1 experiment, p = 0.02; HSPC Pool#3 

experiment, p = 0.02). HSPC viability was similar (>90%) between experiments and 

groups. Colony forming unit assay (CFU) did not show significant differences 

regarding clonogenic potential of HSPC expanded on either AA-derived or control-

derived BM-MSCs feeder layers. For HSPC cultured without feeder layer, the 

number of CFU-GEMM was lower in comparison to co-culture with control-derived 

(p = 0.007) and AA-derived BM-MSCs feeder layers (p = 0.03).  

In conclusion, AA-derived BM-MSCs showed lower hematopoietic supportive 

capacity in comparison to control-derived BM-MSCs, suggesting a dysfunctional role 

in disease. Understanding the mechanisms behind that would be an important path 

towards improvement of HSPC expansion in AA.  
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IV.2. Background 

Within BM, MSCs are known to play a significant role in hematopoiesis, either 

by direct cell-cell contact or by secretion of growth factors and cytokines (e.g. SCF, 

IL-6, TPO), providing physical support for HSPC and regulating their proliferation and 

differentiation. BM-MSCs immunomodulatory function also contributes to the 

maintenance of a balanced hematopoietic environment (e.g., by suppression of 

immune cell attack to HSPC, thus ensuring their survival and functioning) [1,2]. 

Interestingly, during embryonic development, MSCs first appear in the aorta-gonad-

mesonephros (AGM) region, which is one of the places where definitive HSC are 

generated. During development, MSCs increase numerically to a plateau level found in 

adult BM, denoting the co-localization of MSCs to the major hematopoietic tissues [1]. 

Corroborating the importance on HSPC support, MSCs have been used as a 

strategy for ex vivo expansion of HSPC [3,4], as well as part of hematopoietic stem cell 

transplantation protocols [2]. 

Regarding aplastic anemia, several studies suggest that AA-derived BM-MSCs 

might be involved in functional disruption of AA-HSC [5,6,7], however those results are 

contradictory [8,9], and thus further research is needed to better understand if there is 

a pathophysiological role of AA-derived BM-MSCs on hematopoietic support and, 

consequently, in disease establishment and severity.  

Again, the controversy of published data could be in part related to sampling and 

methodological heterogeneity across studies. Even in the same study, the sampling 

groups are heterogenous, including patients at distinct stages of AA severity, as well as 

either treated or untreated, introducing relevant confounding effects for an accurate 

interpretation of results. Another important consideration is the fact that, from one 

study to another, different sources of HSPC (e.g. either derived from peripheral blood, 

BM or cord blood units) were used [6,7,9], which further limits the comparison of 

results. 

In this work, a side-by-side comparison between severe and very severe AA-

derived BM-MSCs and control-derived BM-MSCs supportive capacity of in vitro 

expansion of HSPC isolated from BM samples (healthy donors) was performed. In an 

attempt to circumvent the abovementioned limitations, BM-MSCs samples used in this 
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work were derived from patients diagnosed with severe and very severe acquired 

idiopathic AA, age-matched with healthy controls based on sample availability. To 

increase homogeneity between AA-derived and control-derived BM-MSCs samples, it 

was opted to preferentially use control-derived MSCs isolated from BM samples 

collected from PSIS instead of femoral head/neck, whenever possible.  
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IV.3. Results and discussion 

IV.3.1. Analysis of HSPC expansion co-cultured with AA-derived 

versus control-derived BM-MSCs feeder layers 

For a better interpretation, HSPC expansion results will be presented according to 

the respective experimental setup - BM-MSCs + HSPC from single donor (single donor 

experiment); BM-MSCs + Pool#1 HSPC (Pool#1 experiment); BM-MSCs + Pool#2 HSPC 

(Pool#2 experiment); BM-MSCs + Pool#3 HSPC (Pool#3 experiment). The characteristics 

of HSPC and BM-MSCs samples co-cultured with HSPC as feeder layers are 

summarized in Table 5 and Table 6, below. 

Table 5 – Characterization of HSPC samples. 

Sampling 

group 
Sample ID 

Donor 

age 

(years) 

BM source Pool ID 

Percentage of 

CD34+ cells 

after MACS 

(determined 

by flow 

cytometry) 

Healthy 

donors 

 

M66 56 PSIS 

N/A  

(single donor 

experiment) 

68% 

F18 4 PSIS 
#1 75% 

F70 52 PSIS 

M12 10 Femoral head/neck 

#2 72% 

M72 52 Femoral head/neck 

F53 69 Femoral head/neck 

F51 73 Femoral head/neck 

M66 56 PSIS 

F91 31 PSIS 
#3 80% 

F53 69 Femoral head/neck 

BM - bone marrow; PSIS - posterior superior iliac spine; ID – identification; MACS - Magnetic-activated cell sorting; N/A 
– not applicable. 
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Table 6 – Characterization of BM-MSCs feeder layers. 

Sampling 

group 
Sample ID 

Donor age 

(years) 
BM source 

Co-cultured HSPC 

(single donor/pool ID) 

AA M87 (P4) 35 PSIS M66 

(single donor 

experiment) Control M78 (P2) 44 PSIS 

AA 

M15 (P4) 7 PSIS 

Pool #1 

M10 (P4) 12 PSIS 

M08 (P6) 14 PSIS 

M87 (P4) 35 PSIS 

Control 

F18 (P4) 4 PSIS 

M11 (P4) 11 PSIS 

M78 (P3) 44 PSIS 

AA 

M15 (P3) 7 PSIS 

Pool #2 

M10 (P4) 12 PSIS 

M87 (P6) 35 PSIS 

Control 

F18 (P5) 4 PSIS 

M70 (P6) 52 Femoral head/neck 

M78 (P4) 44 PSIS 

AA 

M15 (P6) 7 PSIS 

Pool #3 

M10 (P4) 12 PSIS 

M87 (P6) 35 PSIS 

Control 

F18 (P5) 4 PSIS 

F81 (P6) 43 PSIS 

M78 (P6) 44 PSIS 

BM - bone marrow; PSIS - posterior superior iliac spine; ID – identification; HSPC – hematopoietic stem and progenitor 
cells. 

 

Experimental methodologies are described in Section II (II.16. – II.19.). 
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Previously from HSPC expansion, feeder layers from both AA-derived and 

control-derived BM-MSCs were established, after one passage post-thawing, to 

avoid potential cryopreservation effect on cell growth and functioning. No 

significant differences in feeder layer establishment (e.g., time to confluence) were 

detected. Cell distribution and morphology were visualized on bright-field 

microscope, as represented in Figure 19, below. 

 

 

Figure 19: Representative image of AA-derived and control-derived BM-MSCs feeder 

layers. For both sampling groups it was possible to establish confluent feeder layers for 

co-culture with HSPC. Samples imaged at 10x magnification on bright-field (Olympus 

IX51 Inverted Microscope equipped with an attached digital camera). AA = aplastic 

anemia; HSPC = hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-

derived mesenchymal stromal cells. 

 

Globally, HSPC expansion showed a tendency to be higher in co-culture with 

control-derived BM-MSCs in comparison to AA-derived BM-MSCs. However, 

statistical significance was only attained in two out of four experimental setups, as 

detailed next. HSPC expansion was higher after co-culture with either AA or control-

derived BM-MSCs in comparison to culture without feeder layer. 

In all experiments, HSPC viability was comparable between groups, with rates 

above 90% of cell viability.  

Control-derived MSC (F18)

AA-derived MSC (M10)AA-derived MSC (M15)
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Control-derived MSC (F81)
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Before HSPC harvesting at Day 7, cells were visualized on bright-field 

microscope, as represented in Figure 20. As depicted, for HSPC culture without 

feeder layer, HSPC density appears to be lower in comparison to co-culture with 

both AA-derived and control-derived BM-MSCs.  

 

Figure 20: HSPC expansion (co-)cultured with AA-derived and control-derived BM-MSCs 

feeder layers, or without feeder layer, in the context of: HSPC single donor experiment; 

Pool#2 experiment. Representative images captured on Day 7 of HSPC expansion. 

Samples were imaged at 10x magnification on bright-field (Olympus IX51 Inverted 

Microscope equipped with an attached digital camera). AA = aplastic anemia; HSPC 

= hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-derived 

mesenchymal stromal cells. 

 

Results of HSPC expansion after 7-day (co-)culture are represented in Figure 

21 and Figure 22, below. For both single donor HSPC experiment and Pool#2 

experiment, HSPC expansion in co-culture with AA-derived BM-MSCs was not 

significantly different from control-derived BM-MSCs co-culture. 
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Figure 21: HSPC single donor experiment - HSPC expansion after 7-day (co-)culture with 

AA-derived (red bar) and control-derived BM-MSCs (blue bar) feeder layers, or without 

feeder layer (grey bar). * p = 0.006; ** p = 0.04; ns = not significant. Fold increase (FI) 

represents the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells 

enriched sample from single donor (M66) (±SE mean). AA-MSCs = aplastic anemia-

derived bone marrow mesenchymal stromal cells; Control-MSCs = control-derived 

derived bone marrow mesenchymal stromal cells; HSPC = hematopoietic stem and 

progenitor cells. 

 

Figure 22: HSPC Pool#2 experiment - HSPC expansion after 7-day (co-)culture with AA-

derived (red bars) and control-derived BM-MSCs (blue bars) feeder layers, or without 

feeder layer (grey bars). * p = 0.003; ** p = 0.03; ns = not significant. Fold increase (FI) 

represents the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells 

enriched Pool#2 (±SE mean). AA-MSCs = aplastic anemia-derived bone marrow 

mesenchymal stromal cells; Control-MSCs = control-derived derived bone marrow 

mesenchymal stromal cells; HSPC = hematopoietic stem and progenitor cells. 
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As represented, HSPC expansion was significantly higher after both AA-derived 

(p = 0.04 – HSPC single donor experiment; p = 0.03 – HSPC Pool#2 experiment) and 

control-derived BM-MSCs (p = 0.006 - HSPC single donor experiment; p = 0.003 - 

HSPC Pool#2 experiment) co-culture, in comparison to no feeder layer. 

In order to increase the robustness of this comparative study, two additional 

experiments were run with HSPC pools (Pool#1 and Pool#3) (co-)cultured over AA-

derived and control-derived BM-MSCs, or without feeder layer support.  

As performed for HSPC single donor and Pool#2 experiments, both Pool#1 and 

Pool#3 HSPC were visualized on bright-field microscope at Day 7 of expansion, 

immediately before HSPC harvesting, and imaged, as shown in Figure 23, below. As 

verified for the previous experiments (Figure 20), it was not possible to clearly 

identify a distinctive pattern between HSPC co-culture with both AA-derived and 

control-derived BM-MSCs upon microscopy. In addition, for HSPC culture without 

feeder layer, HSPC density appears to be lower in comparison to co-culture with 

either AA-derived or control-derived BM-MSCs feeder layers.  

 

Figure 23: HSPC expansion (co-)cultured with AA-derived and control-derived BM-MSCs 

feeder layers, or without feeder layer, in the context of: Pool#1 experiment; Pool#3 

experiment. Representative images captured on Day 7 of HSPC expansion. Samples were 

imaged at 10x and magnification, respectively, on bright-field (Olympus IX51 Inverted 

Microscope equipped with an attached digital camera). AA = aplastic anemia; HSPC = 

hematopoietic stem and progenitor cells; BM-MSCs = bone marrow-derived 

mesenchymal stromal cells. 
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Results of HSPC expansion after 7-day (co-)culture are represented in Figure 

24 and Figure 25, below.  

 

Figure 24: HSPC Pool#1 experiment - HSPC expansion after 7-day (co-)culture with AA-

derived (red bars) and control-derived (blue bars) BM-MSCs feeder layers, or without 

feeder layer (grey bars). * p = 0.02; ** p = 0.02; *** p = 0.01; ns = not significant. Fold 

increase (FI) represents the fraction of CD34+ cells at Day 7 divided by the number of 

CD34+ cells enriched Pool#1 (±SE mean). AA-MSCs = aplastic anemia-derived bone 

marrow mesenchymal stromal cells; Control-MSCs = control-derived derived bone 

marrow mesenchymal stromal cells; HSPC = hematopoietic stem and progenitor 

cells. 

 

Figure 25: HSPC Pool#3 experiment - HSPC expansion after 7-day (co-)culture with AA-

derived (red bars) and control-derived (blue bars) BM-MSCs feeder layers, or without 

feeder layer (grey bars). * p = 0.02; ** p = 0.03; *** p = 0.02. Fold increase (FI) 

represents the fraction of CD34+ cells at Day 7 divided by the number of CD34+ cells 

enriched Pool#3 (±SE mean). AA-MSCs = aplastic anemia-derived bone marrow 

mesenchymal stromal cells; Control-MSCs = control-derived derived bone marrow 

mesenchymal stromal cells; HSPC = hematopoietic stem and progenitor cells. 

0

1

2

3

4

5

6

F18 (P4) M11 (P4) M78 (P3) M15 (P4) M10 (P4) M08 (P6) M87 (P4) No feeder
layer

Fo
ld

 In
cr

ea
se

 (C
D

34
+)

HSPC (Pool#1)

0

2

4

6

8

10

12

14

16

F18 (P5) F81 (P6) M78 (P6) M10 (P4) M15 (P6) M87 (P6) No feeder
layer

Fo
ld

 In
cr

ea
se

 (C
D

34
+)

HSPC (Pool#3)

0

2

4

6

8

10

12

14

16

Control-MSC AA-MSC No feeder layer

Fo
ld

 In
cr

ea
se

 (C
D

34
+)

HSPC (Pool#3)

***
*

**



 105 

As represented, HSPC expansion was higher after co-culture on AA-derived BM-

MSCs feeder layers in comparison to control-derived BM-MSCs feeder layers (p = 

0.02 - HSPC Pool#1 experiment; p = 0.02 – HSPC Pool#3 experiment).  

In addition, HSPC expansion was significantly higher after both AA-derived (p 

= 0.02 - HSPC Pool#1 experiment; p = 0.03 - HSPC Pool#3 experiment) and control-

derived BM-MSCs (p = 0.01 - HSPC Pool#1 experiment; p = 0.02 - HSPC Pool#3 

experiment) co-culture in comparison to no feeder layer. 
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IV.3.2. Analysis of the clonogenic potential of HSPC expanded in co-

culture with AA-derived versus control-derived BM-MSCs feeder layers 

Clonogenic potential of HSPC expanded on either AA-derived or control-derived 

BM-MSCs was similar across experiments (BFU-E, p = 0.08; CFU-GM, p = 0.85; CFU-

GEMM, p = 0.10; CFU-E, p = 0.79). For HSPC cultured without feeder layer, the 

number of CFU-GEMM was lower in comparison to co-culture with control-derived 

(p = 0.007) or AA-derived BM-MSCs feeder layers (p = 0.03). CFU assay results are 

represented in Figure 26, below. 

 

 

Figure 26: Clonogenic potential of HSPC (co-)cultured with AA-derived and control-

derived BM-MSCs feeder layers, or without feeder layer. CFU number was normalized 

by the number of MethoCultÔ seeded cells and multiplied by the total number of 

CD34+ cells harvested on Day 7 of HSPC expansion. Plotted results correspond to 

the mean value of total CFU number of Pool#2 experiment, performed in technical 

triplicates (±SE mean). 

 

Despite apparent consistency across experiments, it is important to notice that the 

results could had been influenced by the need to use HSPC pool rather than single-donor 

derived HSPC. In fact, both AA-derived and control-derived BM samples were provided 

in small volumes of about 6 ml to 8 ml, due to ethical rules and sampling collection 
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protocols of clinical units, which limited the number of isolated MNC and, consequently, 

of sorted CD34+ cells per sample.  

Because experimental setups were simultaneously performed for several culture 

conditions, in technical triplicates, it was necessary to increase the number of CD34+ 

enriched cells by using pools from different donors, a strategy that has been successfully 

applied in the context of ex vivo expansion of CD34 enriched cells isolated from UCB 

[10,11,12,13]. 

Another possible confounding effect, alongside with the use of HSPC pools, is the 

potential variability of HSPC numbers and functional properties (e.g., proliferative and 

differentiation capacity) related to BM collection site (e.g., posterior superior iliac spine 

(PSIS) versus femoral head/neck; even peripheral blood, in case of mixing with BM 

samples during aspiration procedure) [14,15,13].  

To circumvent those limitations, further experiments must be performed with more 

homogeneous HSPC populations (e.g., HSPC isolated from the same patient upon 

collection of larger volumes of BM, if feasible; samples collected from theoretically 

equivalent BM locations). 

Considering that since the beginning of the project the number of samples in the 

biobank has been increasing, in close collaboration with the clinical units, it is expected 

to attain an adequate number of samples to better confirm the present results. 

Moreover, it is expected to increase the number of AA-derived BM samples, in order to 

functionally study HSPC from patients. 
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IV.4. Conclusions 

Based on the experimental results presented in this chapter, several 

conclusions were drawn regarding HSPC expansion and function.  

HSPC expansion in co-culture with either control-derived or AA-derived BM-

MSCs feeder layers was significantly higher compared to HSPC culture without a 

feeder layer, consistent with previously published findings. 

While HSPC expansion on AA-derived BM-MSCs feeder layers was observed to 

be lower than that on control-derived BM-MSCs feeder layers, further experiments 

are required to confirm this observation. 

Short-term clonogenic potential was similar between HSPC expanded in co-

culture with control-derived and AA-derived BM-MSCs feeder layers. HSPC 

expanded without a feeder layer exhibited a distinct clonogenic profile compared 

to those co-cultured on BM-MSCs feeder layers (e.g., lower CFU-GEMM numbers), 

although this difference showed variability between experiments. 

Finally, HSPC sampling heterogeneity was identified as a potential limiting 

factor for functional HSPC assessment and warrants further investigation in future 

studies. 
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V. Transcriptomics analysis of AA-derived versus 
control-derived BM-MSCs  
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V.1. Summary 

AA is a rare disorder, characterized by BM failure with severe reduction in the 

number of HSPC and BM microenvironment disturbances (e.g., BM replacement by fat 

cells). Besides cytotoxic T-cell–mediated attack to CD34+ HSPC, stem cell niche 

modulation has been implicated in pathophysiology of AA. Several reports have 

demonstrated an abnormal function of key BM elements, namely dysfunctional MSCs, 

however with scarce and heterogeneous data, and controversial results.  

In this work, bulk messenger ribonucleic acid sequencing (bulk mRNA-Seq) of BM-

derived MSCs (BM-MSCs) from both severe acquired idiopathic AA (SAA) patients (n= 4; 

median age = 13 years; minimum = 7 years; maximum = 35 years) and healthy controls 

(n=4; median age = 11.5 years; minimum = 4 years; maximum = 44 years) was performed 

to search for candidate (differently expressed) genes that might be related to the 

pathophysiology of disease and, consequently, become potential therapeutic targets.  

Upon data analysis, molecular patterns related to immune response, 

adipogenesis, lipid metabolism, osteoblast and osteoclast differentiation and activity, 

cell-ECM interactions/ECM remodeling, hematopoietic support, angiogenesis, DNA 

repair/DNA damage response, and stress response, were identified.  

Additionally, gene expression profiles related to key signaling pathways, namely 

Wnt/β-catenin, MAPK, PI3K/AKT, JAK-STAT, NF-kB, were identified, however with 

inconsistent results.  

No significant gene expression differences were identified for genes previously 

associated with MSCs disfunction in AA, namely, GATA2, CEBPA, RUNX1, LEP, LEPR. 

Interestingly, contrarily to what was expected from previously published results, PPARG 

was downregulated in AA-derived BM-MSCs in comparison to healthy controls. 

Transcriptomics results of a selected subset of genes were confirmed by RT-qPCR. 

Regarding genes with significant different gene expression (DGE) results in 

transcriptomics analysis, gene expression profiles between AA and control-derived BM-

MSCs showed a similar pattern (of either up or down regulation) between bulk mRNA-

Seq and RT-qPCR, with the exception of TNFSF9 (downregulated in RT-qPCR). For genes 

without significant DGE results in transcriptomics analysis but of potential interest in AA 
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biology, RT-qPCR results were less consistent with transcriptomics data. Results must be 

consolidated in further experiments.  

In vitro drug-modulation of AA and control-derived BM-MSCs with isotretinoin, a 

drug that could modulate the expression of several genes with potential influence on 

AA pathophysiology, was performed. Drug was selected based on the molecular analysis 

results. Gene expression profile of CEBPA, PPARG, RARA, WNT5A, APOL4 and SOCS3, 

assessed by RT-qPCR after a 6-day period of drug exposure of AA and control-derived 

BM-MSCs, suggested and effect of isotretinoin on CEBPA (upregulation), PPARG 

(downregulation), RARA (downregulation), WNT5A (downregulation) and APOL4 

(upregulation) expression, observed in global and individual analysis of either AA or 

control samples. However, upon comparison of gene expression profiles in either 

treated and untreated groups contrasting by disease (AA versus control), no differences 

were found either before or after drug exposure, with a possible exception for CEBPA 

(upregulation) and SOCS3 (upregulation), which must be confirmed in further 

experiments.  

In both AA and control samples, cellular metabolic activity at 24h of drug exposure 

was significantly lower for cells exposed to drug concentrations of both 1 µM (p = 0.004) 

and 10 µM (p = 0.002) in comparison to no drug. However, no significant differences 

between the three different drug concentrations were found (p = 0.21, for 0.1 µM versus 

1 µM; p = 0.13, for 0.1 µM versus 10 µM; p = 0.76 for 1 µM versus 10 µM). Globally, 

proliferative rate of BM-MSCs exposed to the drug, calculated by cell number fold 

increase (FI) at day 6 of exposure, appeared to be lower for increasing concentrations of 

drug in comparison to no drug exposure, with significance attained for 10 µM of 

isotretinoin concentration (p = 0.15, for 1 µM versus no drug; p = 0.03 for 10 µM versus 

no drug; p = 0.42 for 1 µM versus 10 µM).  

Overall, the results obtained provided valuable insights on altered patterns of BM 

microenvironment in AA, unveiling pathways for ex vivo modeling of disease towards 

development of regenerative medicine-based diagnostic and therapeutic strategies.  
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V.2. Background 

AA is a life-threatening hematologic syndrome characterized by pancytopenia and 

bone marrow (BM) failure associated with fatty replacement of BM and near absence of 

hematopoietic precursors cells [1,2]. 

The role of BM microenvironment in the pathogenesis of AA has been a matter of 

increasing research interest, aiming to improve therapeutic outcomes in AA [3-32]. 

Histological examination of BM from AA patients evidences a higher number of 

adipocytes and a lower number of osteoblasts, which could negatively influence 

hematopoiesis.  

Several mechanisms for BM-adipose tissue replacement in AA have been 

proposed. In vitro experiments have shown that BM-MSCs derived from patients with 

AA tend to differentiate into adipocytes in detriment of osteoblasts, and diverse 

molecules, transcription factors (TF) and signaling pathways were proposed to take part 

in this process. As summarized in Table 1 (section I.2.2.2.), PPARγ upregulation, GATA2 

downregulation, Wnt signaling pathway inhibition, increased leptin levels and 

downregulation of leptin receptor in MSCs, have been suggested to be present in AA 

[33,45]. 

Despite interesting, those results are limited by the scarcity and heterogeneity of 

studies (e.g., heterogeneous sampling groups; different methodological approaches; 

studies performed in animal model), and consequent lack of reproducibility. 

Motivated by the purpose of studying molecular patters of AA-derived BM-MSCs, 

while circumventing sampling heterogeneity, transcriptomics analysis was performed in 

order to search for the presence of differently expressed genes that could be related to 

AA pathophysiological mechanisms. The choice of bulk mRNA-Seq was based on the 

high-throughput nature of the methodology, allowing the capture and quantification of 

the expression of thousands of genes simultaneously, thus providing a comprehensive 

and efficient view of the transcriptome. 

MSCs transcriptomics analysis demonstrated to be a powerful tool to study 

the expression of genes encoding for matrisome elements throughout osteogenic 

specification of MSCs [46]. More recently, single-cell RNA sequencing analysis of 

human BM-MSCs have been performed, allowing identification of functional 
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subpopulations, providing novel insights into biological features of MSCs at the 

single-cell level [47]. 

In the context of AA, several single-cell RNA-Seq studies performed on 

HSPC/mononuclear cells presented relevant data regarding transcriptomic 

landscape of hematopoiesis in AA, such as: AA-HSPC lineage-specific alterations in 

gene expression and transcriptional regulatory networks, suggesting selective 

disruption of distinct lineage-committed progenitor pools; distinct HSPC-T cell 

crosstalk between AA patients and controls [48]; hematopoiesis disruption 

associated with aberrance of B cells [49]; or metabolomic abnormalities of T and NK 

cells, namely on glycolysis/gluconeogenesis and oxidative phosphorylation, 

respectively [50].  

Regarding AA-derived BM-MSCs transcriptomics analysis, published results 

are scarce, with only one recent publication identified, evidencing BM-MSCs 

significant different expression of senescence-associated genes and pathways, as 

well as of DNA damage response and telomere maintenance genes, hypothesized 

to be possible contributors to impairment of hematopoiesis support in AA [51]. 
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V.3. Results and discussion 

For a better data visualization, results were identified according to Sample ID as 

represented in Table 3 (section II.11.). 

 

V.3.1. Gene expression clustering according to BM-MSCs source (AA 

versus control samples) 

Figure 27 shows sample clustering by disease status (AA vs. healthy controls), 

except for AM08 and CF10 samples. 

 

 

Figure 27: Heatmap and dendrogram designed from scaled (z-score) VST-

transformed counts matrix of the 500 most variable genes. Clustering of samples by 

gene expression. Gene identification (GENCODE ID) shown along the right axis. 

Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 

bars). Control samples: CF18, CM11, CF10, CM78 (dendrogram blue bars). Heatmap 

Color key: Blue indicates increased expression; red indicates decreased expression. 

 

The fact that CF10 bone marrow sample was collected from a vertebral body (a 

less typical location for BM collection), raised the hypothesis that its unusual origin 
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might be influencing the hierarchical clustering results. Consequently, it was decided to 

remove CF10 for downstream analysis. After CF10 removal, all remaining samples 

clustered according to disease status (Figure 28). 

To investigate whether AM08, the only sample derived from a patient diagnosed 

with severe aplastic anemia (SAA) relapsed after allogeneic haematopoietic cell 

transplantation (allo-HCT), could be also interfering with the results of hierarchical 

clustering, further analyses were performed. The patient relapsed approximately seven 

months after undergoing allo-HCT from a sibling donor. This relapse occurred following 

six months without prior therapy and was associated with complete loss of donor cell 

chimerism. Removal of AM08, or AM08 and CF10 in combination (Appendix C, Figures 

C.1 and C.2), was tested. AM08 removal alone did not affect the clustering pattern. 

Due to the potential for misleading results from the CF10 sample, it was excluded 

from all downstream analyses (Figure 28). 

 

Figure 28: Heatmap and dendrogram designed from scaled (z-score) VST-

transformed counts matrix of the 500 most variable genes. Clustering of samples by 

gene expression. CF10 sample removed. Gene identification (GENCODE ID) shown 

along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 

(dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 

bar). Heatmap Color key: Blue indicates increased expression; red indicates 

decreased expression. 
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Principal component analysis (PCA) 

Principal component analysis (PCA; Figure 29) revealed that PC1 and PC2 

effectively differentiated AA and control-derived BM-MSCs, accounting for 63.5% of the 

total variance (42% [PC1], 21.5% [PC2]). Eigenvalues and PCA score distributions (PC1-

PC4) are detailed in Appendix C, Figures C.3 and C.4. 

 

 

Figure 29: Principal component analysis (PCA) - Principal component analysis (PCA) 
revealed that PC1 and PC2 segregated AA and control samples, explaining 63.5% of the 
variance (42% [PC1], 21.5% [PC2]). 
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V.3.2. Identification of BM-MSCs candidate genes potentially related 

to pathophysiological mechanisms of idiopathic AA 

 

Differential gene expression analysis (DGE) of AA versus control samples 

Considering padj < 0.05 and log2 fold change (L2FC) cutoff of <-1.5 for AA 

downregulated genes and of >1.5 for AA upregulated genes, 306 differentially expressed 

genes were identified. Of those, 188 genes were downregulated, and 118 genes 

upregulated. DGE results (AA versus controls) are plotted in Figure 30 (volcano plot). 

 

 

Figure 30: Volcano plot representing differently expressed genes between AA versus 

control samples (padj < 0.05; L2FC cutoff of <-1.5 and >1.5). n=966 refers to the total 

number of differently expressed genes (padj < 0.05) before filtering for L2FC threshold 

of <-1.5 and >1.5, for down and upregulated genes, respectively.  
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Functional enrichment analysis 

Gene Ontology (GO) analysis for upregulated and downregulated genes by means 

of Gene Set Enrichement Analysis (GSEA) method is represented in Figure 31. As 

depicted, genes related to DNA repair and immunoregulation seem to play a role in 

disease. 

 

 

Figure 31: GO enrichment analysis (GSEA) representing downregulated and 

upregulated genes accordingly to biological function (AA versus control samples). Genes 

related to DNA repair and immunoregulation seem to play a role in disease. 

 

Data Mining results  

Taking the gene sets of up and downregulated genes and considering the present 

knowledge about AA pathophysiological mechanisms and its biological traits, an 

exploratory analysis for each single gene was performed, in order to identify the 

seemingly most suitable candidates for downstream analysis. Afterwards, a deeper 

analysis of selected genes was performed, resulting in the identification of several 

functional groups of interest, namely: immune response (two gene patterns 

identified: pro-inflammatory; immunomodulatory), adipogenesis (two gene 

patterns identified: adipogenesis promotion; adipogenesis inhibition), lipid 

metabolism, osteoblast and osteoclast differentiation and activity, hematopoietic 
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support, ECM remodeling and cell-ECM interactions, DNA repair and DNA damage 

response, stress response, angiogenesis, and cell signaling pathways. To better 

represent those groups and identify the genes belonging to each functional subset, 

heatmaps contrasting AA and controls by biological function were plotted, as shown in 

Figures 32-42 (corresponding stripcharts and tables with padj and L2FC for each 

functional gene subset are shown in Appendix D, Figures D.1-D.11, and Appendix E, 

Tables E.1-E.11, respectively). 

 

Immune response 

Two distinct molecular patterns related to immune response were identified.  

A pro-inflammatory pattern (Figure 32), characterized by AA-derived BM-MSCs 

up-regulation of pro-inflammatory genes and down-regulation of anti-inflammatory 

genes in comparison to controls. Given the inflammatory nature of AA, this pattern 

suggests that BM-MSCs may exacerbate the immune-mediated destruction of HSPC in 

AA, potentially contributing to disease pathogenesis. 

Conversely, an immunomodulatory pattern was also identified (Figure 33). In this 

pattern, AA-derived cells exhibited down-regulation of pro-inflammatory genes and up-

regulation of anti-inflammatory genes relative to controls. Given the known 

immunoregulatory functions of MSCs, this pattern may represent an adaptive response 

by AA-derived BM-MSCs to mitigate the immune-mediated destruction of HSPC in AA. 
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Figure 32: Heatmap of differently expressed genes (AA versus controls) by biological 

function - immune response-related genes (pro-inflammatory pattern): AA-derived BM-

MSCs showing up-regulation of pro-inflammatory genes and down-regulation of anti-

inflammatory genes in comparison to controls [detailed references Appendix G, Table – 

G.1.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: AM10, 

AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 

(dendrogram blue bar). Heatmap Color key: Blue indicates increased expression; red 

indicates decreased expression. 
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Figure 33: Heatmap of differently expressed genes (AA versus controls) by biological 

function - immune response-related genes (immunomodulatory pattern): AA-derived 

BM-MSCs showing down-regulation of pro-inflammatory genes and up-regulation of 

anti-inflammatory genes in comparison to controls [detailed references in Appendix G, 

Table – G.2.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: 

AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, 

CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates increased 

expression; red indicates decreased expression. 

 
Adipogenesis and Lipid metabolism 

Consistent with immune response patterns, AA-derived BM-MSCs exhibited two 

opposing adipogenic phenotypes (Figure 34): promotion, aligning with bone marrow 

adipose tissue (BM-AT) replacement observed in AA bone marrow and potentially 

associated with disease establishment/maintenance; and inhibition, which may reflect 

a compensatory response by AA-derived BM-MSCs to counteract disease-related 

disruption of the AA bone marrow niche. 
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Figure 34: Heatmap of differently expressed genes (AA versus controls) by biological 

function - adipogenesis-related genes: AA-derived BM-MSCs showing down-regulation 

of both adipogenesis promotion and adipogenesis inhibition genes, in comparison to 

controls [detailed references in Appendix G, Table G.3. and Table G.4.]. Gene symbols 

shown along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and 

AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 

bar). Heatmap Color key: Blue indicates increased expression; red indicates decreased 

expression. 

 

Analysis of lipid metabolism genes (Figure 35) revealed that aplastic anemia AA-

derived BM-MSCs exhibited significant downregulation of genes that could functionally 

translate into: increased lipolysis and lipoprotein lipase (LPL) activity; decreased 

triglyceride synthesis, fatty acid uptake and storage, and lipogenesis; reduced very long 
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chain fatty acid (VLCFA) biosynthesis; and increased lipid transport proteins. Conversely, 

AA-derived BM-MSCs showed upregulation of genes related to cell membrane 

phospholipid composition and organization, suggesting potential impacts on cell 

signaling and interactions. 

 

 

Figure 35: Heatmap of differently expressed genes (AA versus controls) by biological 

function - lipid metabolism-related genes. AA-derived BM-MSCs showing 

downregulation of genes that could functionally translate into increase of lipolysis and 

lipoprotein lipase (LPL) activity, decrease in triglyceride synthesis, decrease in uptake 

and storage of fatty-acids, decrease in lipogenesis, decrease in biosynthesis of  very long 

chain fatty acids (VLCFA) and increase in lipid transport proteins. AA-derived BM-MSCs 

upregulated genes related to cell membrane phospholipid composition and organization 

[detailed references in Appendix G, Table G.5.]. Gene symbols shown along the right 

axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram 

orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap 

Color key: Blue indicates increased expression; red indicates decreased expression. 
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Osteoblast and osteoclast differentiation and activity 

In what refers to osteoblast and osteoclast differentiation and activity, different 

gene expression profiles between AA and controls were found. 

Several downregulated AA-derived BM-MSCs osteoblast-related genes were 

identified (Figure 36a.), which could functionally translate into a decreased promotion 

of osteoblast differentiation and activity, impairment of ECM remodeling, necessary for 

osteoblast activity, unbalance between bone formation and resorption and impairment 

of osteoblast protection against oxidative stress. In addition, a subset of upregulated 

AA-derived BM-MSCs osteoblast-related genes whose expression could also result in 

inhibition of osteoblast differentiation and activity was found, suggesting an overall 

disruption of bone matrix production and mineralization in AA, and consequent 

impairment of hematopoietic support.  

Regarding osteoclastogenesis and osteoclast activity, a group of AA-derived BM-

MSCs downregulated genes that could functionally translate into a decreased inhibition 

of osteoclast differentiation and activity in disease, thus promoting osteoclast activity, 

was identified (Figure 36b.). AA-derived BM-MSCs upregulated genes related to 

promotion of osteoclast adhesion and bone resorption activity were also found. 

Considering those data, we hypothesize that increased osteoclast activity might 

negatively affect the hematopoietic support in AA, possibly contributing as a 

pathophysiological mechanism.  
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Figure 36: Heatmap of differently expressed genes (AA versus controls) by biological 

function. 36a. Osteoblast differentiation and activity - AA-derived BM-MSCs 

downregulation of genes involved in promotion of osteoblast differentiation and activity 

and upregulation of genes involved in inhibition of osteoblast differentiation and 

activity. 36b. Osteoclast differentiation and activity - AA-derived BM-MSCs 

downregulation of genes involved in inhibition of osteoclast differentiation and activity 

and upregulation of genes involved in osteoclast activation [detailed references in 

Appendix G, Table G.6. and Table G.7.]. Gene symbols shown along the right axis. 

Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 

bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: 

Blue indicates increased expression; red indicates decreased expression. 
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Hematopoietic support 

As depicted in Figure 37, several genes related to HSPC balance between self-

renewal, differentiation and proliferation were identified, as well as genes interfering 

and regulating HSPC mobilization and homing. Overall, both listed down and 

upregulated genes in AA-derived BM-MSCs could phenotypically translate into 

impairment of BM niche support of HSPC (e.g., HSPC survival and maintenance 

disruption) and into lineage differentiation bias (e.g., decreased myeloid, erythroid and 

megakaryocyte differentiation; increased lymphoid lineage commitment).  

Regarding HSPC mobilization and homing, transcriptomics data raised up the 

hypothesis of an unbalance between both mechanisms in AA, but the results were 

heterogenous, and thus it was not possible to predict a functional effect solely based on 

DGE results. To notice that CCL2 (also known as Monocyte Chemoattractant Protein-1 

(MCL-1)) downregulation in AA-derived BM-MSCs should be interpreted widely. CCL2 is 

a pro-inflammatory chemokine, and its downregulation in AA-derived BM-MSCs could 

also translate an immunomodulatory effect of MSCs against the lymphocytotoxic BM 

environment present in AA.  

Interestingly, contrarily to previously published data (Table 1, section I.2.2.2.), 

PPARG was downregulated in AA-derived BM-MSCs. Besides adipogenesis promotion, 

PPARG also plays a role in HSPC regulation (e.g. quiescence and proliferation), lineage 

commitment, possibly favoring myeloid lineage instead of lymphoid differentiation, as 

well as in immune regulation (e.g. anti-inflammatory effects). Therefore, it could be 

hypothesized that PPARG downregulation could also functionally contribute to disease 

pathophysiology, however by different mechanisms from those that have been 

suggested [127,128,129]. 

Another gene of interest identified in this experiment was FRZB (SFRP3), a Wnt 

signaling inhibitor, downregulated in AA-derived BM-MSCs. Wnt signaling plays an 

important role in embryonic and adult hematopoiesis, regulating HSPC self-renewal and 

differentiation in a context-dependent manner, as well as influencing committed 

lymphoid progenitor cells (e.g., pro-B cells and pre-B cells in BM), immature thymocytes 

and mature T cells, as well as nonlymphoid lineages (e.g. megakaryocyte differentiation 

and platelet production) [72,73]. Downregulation of FRZB and, consequently, of 

functionally related genes, suggests an impairment of HSPC self-renewal capacity in AA, 
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as well as a trend to lymphocyte differentiation and proliferation, which could be 

mediated, at least in part, by diseased AA-derived BM-MSCs.  

 

 

Figure 37: Heatmap of differently expressed genes (AA versus controls) by biological 

function - hematopoietic support-related genes. AA-derived BM-MSCs showing 

downregulated and upregulated genes that could phenotypically translate into 

impairment of BM niche support of HSPC and/or be involved in HSPC lineage 

differentiation bias [detailed references in Appendix G, Table G.8.]. Gene symbols shown 

along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 

(dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). 

Heatmap Color key: Blue indicates increased expression; red indicates decreased 

expression. 
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ECM remodeling and cell-ECM interactions 

ECM provides structural and functional support to cells throughout the body, 

influencing a variety of biological processes, such as tissue development and 

remodeling, tissue repair and regeneration, barrier function, cell adhesion and 

migration, cell differentiation, and cell signaling. Its functioning is regulated by a 

complex and dynamic process involving protein synthesis and degradation, remodeling 

(e.g., degradation of old components and synthesis of new ones), cell-ECM interactions 

(either through cell surface receptors, such as integrins, or mediated by growth factors 

and other signaling molecules), as well as mechanical (e.g., regulation of ECM synthesis 

and degradation through cell mechanoreceptors in response to mechanical forces) and 

epigenetic regulation (e.g., regulation of ECM-related gene expression by DNA 

methylation and histone modification).  

As depicted in Figure 38, below, differently expressed genes functionally related 

to ECM and cell-ECM interactions were identified. The subset of AA-derived BM-MSCs 

downregulated genes relates to cell-ECM interactions as well as ECM remodeling, 

suggesting a BM niche unbalance in disease and consequently a less supportive 

environment for hematopoiesis and immune regulation. Regarding AA-derived BM-

MSCs upregulated genes, the results showed low consistency between diseased 

samples, despite significant L2FC and padj. Among the upregulated genes, some of them 

relate to cell-ECM interaction, in particular to cell adhesiveness (e.g., PODXL, promoting 

MSCs migration and homing to injury sites [74]; MAMDC2, involved in cell adhesion, 

migration, and signaling processes, such as MAPK pathway attenuating effect [75, 76]). 
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Figure 38: Heatmap of differently expressed genes (AA versus controls) by biological 

function - ECM remodeling and cell-ECM interactions. AA-derived BM-MSCs 

downregulation of genes related to cell-ECM interactions and ECM remodeling, 

suggesting a BM niche unbalance and, consequently, a less supportive environment for 

hematopoiesis and immune regulation in AA [detailed references in Appendix G, Table 

G.9.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: AM10, 

AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 

(dendrogram blue bar). Heatmap Color key: Blue indicates increased expression; red 

indicates decreased expression. 

 

DNA repair and DNA damage response 

A subset of genes related to DNA repair and damage response were identified, as 

shown in Figure 39. Both AA-derived BM-MSCs up and downregulated genes 

functionally associate with DNA damage response, cell cycle checkpoint control and 

apoptosis. Whether this pattern represents an AA-derived BM-MSCs response to the 

immune cytotoxic attack over BM, or to a disruption in DNA repair and damage response 

capacity of AA-derived BM-MSCs, thus contributing to disease phenotype, is not possible 

to ascertain here. Overall, the results from this experiment suggested that DNA repair 

and DNA damage response mechanisms might be significant in AA, and thus an 
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important topic for research (e.g., RGCC gene, a regulator of cell cycle progression, 

induced by p53 in response to DNA damage [77], was into the lowest L2FC range [L2FC 

-4.18]). 

 

 

Figure 39: Heatmap of differently expressed genes (AA versus controls) by biological 

function - DNA repair and DNA damage response. AA-derived BM-MSCs showing 

upregulation and downregulation of genes functionally associated with DNA damage 

response, cell cycle checkpoint control and apoptosis [detailed in references Appendix 

G, Table G.10.]. Gene symbols shown along the right axis. Aplastic anemia (AA) samples: 

AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control samples: CF18, 

CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates increased 

expression; red indicates decreased expression. 

 
Stress response 

Results evidenced an AA-derived BM-MSCs downregulation of genes involved in 

response to oxidative stress, hypoxia and nutrient deprivation, as well as of genes 

involved in regulation of stress response (e.g., DUSP6 and PPM1L, related to dampening 

of stress response, promoting cell adaptation and survival under stress 

conditions[78,79]), as shown in Figure 40.  

Significantly downregulated AA-derived BM-MSCs genes, as SELENOP and PRXL2A 

(L2FC -3.34, padj 1.32x10-8 and L2FC -4.28, padj 0.0003, respectively), that play an 

important role in reactive oxygen species (ROS) scavenging, especially in inflammatory 
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context, were identified in AA samples [80]. In addition, the downregulation of both 

SELENOP and SELENBP1 might suggest a pattern of selenium transport and metabolism 

dysregulation in AA [81], which may also be a relevant research topic to explore in 

further studies.  

Considering stress response genes upregulated in AA samples, both ANKRD1 and 

FLG-AS1 were identified within the higher L2FC range (L2FC 3.47, padj 6.38x10-16 and 

L2FC 3.43, padj 3.75x10-11, respectively). Those genes have been involved in mechanical 

stress response and remodeling of muscle tissues (e.g., cardiomyocytes) under stress 

conditions [82] and in regulation of cellular responses to oxidative and inflammatory 

stress (e.g. diabetic retinopathy) and skin barrier disruption [83], respectively.  

 

 

Figure 40: Heatmap of differently expressed genes (AA versus controls) by biological 

function - Stress response. AA-derived BM-MSCs showing downregulation of genes 

involved in response to oxidative stress, hypoxia and nutrient deprivation [detailed 

references in Appendix G, Table G.11.]. Gene symbols shown along the right axis. 

Aplastic anemia (AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange 

bar). Control samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: 

Blue indicates increased expression; red indicates decreased expression.  
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Angiogenesis 

Angiogenesis is a dynamic and context-dependent process, intrinsically linked to 

hematopoiesis [168]. Figure 41 lists the most significant genes related to angiogenesis 

differently expressed in this experiment.  

Several pro-angiogenic genes were identified to be downregulated in AA-derived 

BM-MSCs, which could theoretically affect the hematopoietic support provided by the 

bone marrow niche in healthy conditions.  

Oppositely, despite in a more heterogeneous pattern between samples, pro-

angiogenic AA-derived BM-MSCs upregulated genes were also identified. Upregulation 

of pro-angiogenic genes could occur in pro-inflammatory conditions and facilitate 

immune cell infiltration (e.g., through increasing the access of inflammatory cells into 

tissues, as mediated by endothelial expression of cell adhesion molecules and 

chemokines) [8484] and thus be hypothesized as an adjuvant disease mechanism in AA. 

TNFSF9 (also known as 4-1BB Ligand or CD137L), noticed to be upregulated in AA-

derived BM-MSCs (with the exception of AM10) within the highest L2FC range (L2FC 

4.22, padj 0.02), has been related to immune activation by T cell co-stimulation trough 

interaction with 4-1BB receptor (CD137), enhancing T cell proliferation, cytokine 

production, and survival. It also mediates a bidirectional signaling, transmitting back 

signals into the cells where it is expressed, promoting their activation and survival 

[85,86]. TNFSF9 has been implicated in serval diseases (e.g., cancer; auto-immune 

diseases) [87,88] and might be a relevant gene to explore in AA studies.   
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Figure 41: Heatmap of differently expressed genes (AA versus controls) by biological 

function -  Angiogenesis. AA-derived BM-MSCs showing  either up or downregulation of 

pro-angiogenic genes [detailed references Appendix G, Table G.12.]. Gene symbols 

shown along the right axis. Aplastic anemia (AA) samples: AM10, AM15, AM08, and 

AM87 (dendrogram orange bar). Control samples: CF18, CM11, CM78 (dendrogram blue 

bar). Heatmap Color key: Blue indicates increased expression; red indicates decreased 

expression. 

 

Cell signaling  

From each previous functional group, a subset of genes (Figure 42) directly 

implicated in cell signaling pathways of interest in AA, such as Wnt/ß-catenin, Wnt 

(noncanonical), MAPK, PI3K/Akt, NF-kB and JAK-STAT, was identified.  

As depicted in UMAP plot (Figure 43), both up and downregulation of genes 

similarly involved in the same cell signaling pathway were observed, as is the case of 

genes involved in activation or inhibition of Wnt/ß-catenin pathways. An exception was 

noticed for noncanonical Wnt pathway, represented by WNT5A. This gene was 

upregulated in AA-derived BM-MSCs, suggesting an activation of Wnt pathway in AA 

samples. WNT5A influences several cellular processes, as cell polarity, migration, 
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adhesion and differentiation, and has been implicated in disease, such as cancer, 

inflammation and organ fibrosis [8989,123,124,125,126]. 

MAPK and PI3K/Akt pathways play an important crosstalk for MSCs functioning 

and response to various stimulus, regulating proliferation, differentiation, migration, 

immunomodulation (e.g., these pathways have been implicated in mediating the 

immunosuppressive effects of MSCs) and survival, in a context-dependent manner 

[90,91,92].  

In this experiment, AA-derived BM-MSCs evidenced downregulation of genes 

involved in MAPK inhibition and upregulation of genes involved in MAPK and PI3K/Akt 

pathways activation. Considering the inflammatory BM microenvironment in AA, this 

overall MAPK and PI3K/Akt activation pattern may reflect a response mechanism of 

MSCs to disease-related injury. Whether this response occurs in vivo and promotes 

disease resolution or exacerbates severity remains a key question for further research 

and therapeutic development. 

NF-kB pathway is a key regulator of immune and inflammatory responses [93] and 

its activation in BM-MSCs has been associated with inflammation and ineffective 

hematopoiesis in hematological diseases, such as myelodysplastic syndromes [9494]. In 

this analysis, several genes implicated in NF-kB pathway were identified, with 

contradictory results, meaning up and downregulation of genes with activation or 

inhibitory effects for both AA and control samples. To notice is AHNAK2 gene, 

upregulated in AA-derived BM-MSCs samples (L2FC 1.92; padj 8.43x10-06), which has 

been associated with NF-kB activation, especially in cancer, contributing to disease 

aggressiveness and progression [95,96,97,98]. More recently, AHNAK2 was implicated 

in regulation of immune infiltration in pancreatic cancer [99]. This gene also modulates 

other cell signaling pathways, such as PI3K/Akt pathway [100], promoting cell 

proliferation and migration, and inhibiting apoptosis.   

JAK-STAT is an important cell signaling pathway, implicated in several biological 

processes, such as immune system development and function (e.g., induces 

differentiation, proliferation and activation of immune cells, as T and B lymphocytes and 

macrophages; mediates the effects of cytokines involved in immune responses and 

inflammation), cell growth and differentiation, as well as hematopoiesis [101,102]. 
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It has been implicated in regulation of MSCs proliferation, differentiation, 

immunomodulation, migration and tissue repair. Regarding MSCs immunosuppressive 

function, it has been reported that MSCs-derived factor indoleamine 2,3-dioxygenase 

(IDO) is involved in GVHD prevention by inhibiting T cell proliferation trough tryptophan 

degradation, and that interferon-gamma (IFN-γ) production by activated T-cells is 

related to the IDO induction in MSCs through the IFN-γ-JAK-STAT1 pathway [103,104].  

In addition, JAK-STAT signaling has been implicated in cancer (either solid and 

hematological malignancies) and immune diseases, and several inhibitors have been 

developed for targeted therapy in such conditions [105,106,107]. 

Considering this experiment, in AA-derived BM-MSCs samples, both SOCS2 (L2FC 

-2.62; padj 1.08x10-06) and SOCS3 (L2FC -1.92; padj 8.66x10-11) were downregulated in 

comparison to controls. These genes code for intracellular proteins belonging to SOCS 

protein family, and their expression is induced by STATs (Signal Transducer and Activator 

of Transcription). They function as negative regulators of JAK-STAT pathway, by 

preventing phosphorylation and activation of STATs [101,102].  

Accordingly, this gives rise to the hypothesis that JAK-STAT signaling could be 

activated in AA, supporting that JAK inhibitors might be potential therapeutic adjuncts 

in AA [108]. However, in further studies, the specificity of JAK inhibitors must be taken 

into consideration, especially in the context of AA, due to their impact on hematopoiesis 

[109]. 
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Figure 42: Heatmap of differently expressed genes (AA versus controls) by biological 

function - Cell signaling. AA-derived BM-MSCs showing - downregulation of genes 

related to MAPK inhibition, JAK-STAT inhibition, Wnt/ß-catenin inhibition or activation; 

upregulation of genes related to MAPK, PI3K/Akt and NF-kB activation, Wnt/ß-catenin 

inhibition or activation, Wnt (noncanonical) activation. As shown, the simultaneous up- 

and downregulation of genes within the same signaling pathway highlights the intricate 

nature of cellular signaling interactions. This complexity underscores the challenges in 

interpreting transcriptomic results and their biological significance [detailed references 

in Appendix G, Table G.13.]. Gene symbols shown along the right axis. Aplastic anemia 

(AA) samples: AM10, AM15, AM08, and AM87 (dendrogram orange bar). Control 

samples: CF18, CM11, CM78 (dendrogram blue bar). Heatmap Color key: Blue indicates 

increased expression; red indicates decreased expression. 
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Figure 43: Uniform Manifold Approximation and Projection (UMAP) of differently 

expressed genes (AA versus controls) by biological function. Two distinct molecular 

patterns were observed in AA-derived BM-MSCs: downregulation of genes related to 

MAPK inhibition, JAK-STAT inhibition, Wnt/ß-catenin inhibition or activation; 

upregulation of genes related to MAPK, PI3K/Akt or NF-kB activation, Wnt/ß-catenin 

inhibition or activation, Wnt (noncanonical) activation. Symbols: (-) indicates pathway 

inhibition; (+) indicates pathway activation. 

 

Other genes of interest in AA – not identified in transcriptomics analysis   

DGE analysis results for genes that, accordingly to previously published data, could 

be implicated in some of the abovementioned biological functions, such as BGLAP 

(osteocalcin), SPARC (osteonectin), SPP1 (osteopontin), FN1 (fibronectin), RUNX1, 

RUNX2, CTNNB1 (beta-catenin), CEBPA, SALL4, VEGFA, FGF2, HGF, ANGPT1, PDGFA, 

PDGFB and TGFB1, were reviewed, with no significant differences between AA and 

controls. 

Considering genes coding for cytokines produced by MSCs, either anti-

inflammatory or pro-inflammatory, such as IL-10, PGE2, IDO, HLA-G5, and IL-6, IL-8, IL-
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1b, respectively, and genes coding for MSCs-derived adipokines, as ADIPOQ 

(adiponectin), RETN (resistin), NAMPT (visfastin), APLN (apelin), LEP (leptin) and LEPR 

(leptin receptor), no significant differences between AA and controls were found.  

Moreover, for genes associated with inherited AA, such as TERC, TERT, DKC1, 

TINF2, FANCA, FANCB, GATA2, SRP72, or associated to somatic mutations and clonal 

hematopoiesis in AA [110], such as DNMT3A, ASXL1, BCOR, BCORL1, no significant 

differences between AA and controls were identified. Gene list presented in chapter 

X.vi., Appendix F (Table F.1). 

 

Conclusion of bulk mRNA-Seq analysis 

This study, while providing novel insights, acknowledges several limitations that 

could influence results and data interpretation. Firstly, the rarity of aplastic anemia 

limited the availability of AA-derived samples (n= 4), particularly from newly diagnosed 

patients. A larger cohort of both AA and control samples would enhance the robustness 

of our findings. Secondly, RNA extraction was performed after in vitro BM-MSCs 

expansion, which may have altered cell properties and consequently impacted the 

results. Factors such as plastic adherence and prolonged cell culture, involving repeated 

passaging, can induce significant alterations in MSCs phenotypic and functional 

characteristics, including their gene expression profiles [169,170]. 

Despite these limitations, this study contributes valuable information regarding 

BM-MSCs in acquired idiopathic AA, complementing previous transcriptomic studies 

that primarily focused on bone marrow and peripheral blood-derived mononuclear cells 

[48,49,50]. 

The key findings of this study, summarized in Figure 44, suggest two potential roles 

for MSCs in aplastic anemia.  

Firstly, the observed immunomodulatory, adipogenesis-inhibitory, and enhanced 

DNA damage response molecular patterns in AA-derived BM-MSCs may represent a 

compensatory mechanism against the AA-associated immune attack on the 

hematopoietic niche. This suggests a protective and potentially regenerative function of 

MSCs in AA.  
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Conversely, the concurrent presence of pro-inflammatory, pro-adipogenic, 

osteoblast-inhibitory, osteoclast-activating, extracellular matrix remodeling and 

angiogenesis-disruptive, impaired DNA damage response/stress response, and 

dysregulated cell signaling molecular patterns indicates a dysfunctional state of MSCs. 

This dysfunction could contribute to AA pathogenesis, potentially arising as a secondary 

consequence of disease-associated cytotoxic insult to the BM and thereby influencing 

disease severity and therapeutic response variability. 

 

Previous studies, as thoroughly reviewed elsewhere [6,16,171], have identified 

several molecular patterns associated with MSCs in aplastic anemia (AA). However, by 

capturing the comprehensive transcriptional profile of disease-derived MSCs compared 

to healthy controls, this work provides crucial insights into the complex interplay of 

concomitant mechanisms. Our findings suggest that the disease phenotype in AA may 

reflect a delicate balance between opposing molecular patterns. Furthermore, we have 

identified several novel candidate genes, not previously reported in the context of AA, 

opening new avenues for investigating the molecular mechanisms underlying AA.  

To validate these findings and to clarify the precise contribution of BM-MSCs 

dysfunction to AA pathogenesis and therapeutic outcomes, future research is crucial. 

This should include in vivo studies and investigation of larger patient cohorts, ultimately 

paving the way for targeted and innovative therapeutic strategies. 
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Figure 44: Summary of bulk transcriptomic analysis comparing AA-derived BM-MSCs to 

healthy controls. Solid blue line: activation; solid red line: inhibition; dashed red line: 

functional disruption; cell signaling (+): activation; cell signaling (-): inhibition; cell signaling 

(+/-): either activation or inhibition. AA-BM-MSCs: bone marrow-derived mesenchymal 

stromal cells from aplastic anemia patients; ECM: extracellular matrix; HSPC: 

hematopoietic stem and progenitor cells. Created with BioRender.com. Lira, K. (2024) 

BioRender.com/g26e388. 
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V.3.3. Validation of transcriptomics results for selected candidate 

genes by RT-qPCR 

For a subset of selected candidate genes, namely SPARC, BGLAP, SPP1, PPARG, 

FABP4, LEPR, GATA2, CEBPA, RARA, ARID5, ADIPOQ, BIRC5, SFRP1, TNFSF9, WNT5A, 

BHLHE41, MYBL1, APOL4, KCTD9, HOTAIR, SOCS2, SOCS3, RBP1, CD74, gene expression 

profiles were confirmed by RT-qPCR, for both AA-derived and control-derived BM-MSCs.  

Genes studied by RT-qPCR were selected based on their functional properties and 

potential role in the context of AA biology, as well as on the L2FC value and statistical 

significance (padj) obtained from transcriptomics analysis, as depicted in Table 7 and 

Table 8, below.  

Table 7 – Genes selected for RT-qPCR according to biological function and DGE 

analysis results. 

Gene symbol Biological function L2FC padj 

RARA 

[117] 

Regulation of adipogenesis 

(adipogenesis inhibitor); lipid 

metabolism. 

-1.662 0.007 

ARID5 

[118,119,120] 

Pro-inflammatory; adipose tissue 

homeostasis (e.g., repression of 

PPARG transcription). 

-1.501 2.567x10-6 

TNFSF9 

[121,122] 
Pro-inflammatory. 4.219 0.022 

WNT5A 

[123,124,125,126] 

Wnt noncanonical pathways 

activator; bone resorption promotion; 

angiogenesis. 

2.478 0.0002 

PPARG 

[127,128,129] 

Adipogenesis promotion; lipid 

metabolism; hematopoietic support. 
-1.996 0.007 

BHLHE41 

[130,131,132] 

Anti-inflammatory; adipogenesis 

inhibition. 
-3.669 0.0003 

MYBL1 

[132,133] 

Hematopoiesis regulation (balance 

between self-renewal and 

differentiation). 

2.739 0.0005 

APOL4 

[134,135,136] 
Pro-inflammatory; lipid metabolism. -4.508 0.0002 
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HOTAIR 

[111] 

Gene regulation, chromatin 

remodeling, cancer progression, 

angiogenesis, inflammation. 

-3.920 9.507X10-14 

SOCS2 

[101,102,112,113] 

Anti-inflammatory; adipogenesis 

inhibition; JAK-STAT cell signaling. 
-2.621 1.086x10-6 

SOCS3 

[101,102,113,114] 

Lipid metabolism; JAK-STAT cell 

signaling. 
-1.925 8.664x10-11 

RBP1 

[115,137] 
Immunomodulation. -4.113 7.795x10-8 

CD74 

[116] 
Immunomodulation. -3.988 1.551x10-9 

L2FC – Log2 fold change; padj – adjusted p-value. 
 

Table 8 – Genes selected for RT-qPCR according to potential biological relevance in 

the context of AA biology, but with no significant DGE results in transcriptomics 

analysis. 

Gene symbol Biological function L2FC padj 

SPARC (osteonectin) 

[138] 

ECM synthesis regulation; differentiation 

and maturation of osteoblasts;  bone 

mineralization. 

-0.018 0.966 

BGLAP (osteocalcin) 

[139] 

Bone formation and remodeling by 

regulation of osteoblasts and osteoclasts 

activity; bone mineralization. 

-0.008 NA 

SPP1 (osteopontin) 

[140,141] 

Bone remodeling; inflammation (pro-

inflammatory). 
0.130 0.459 

FABP4 

[142,143] 
Lipid metabolism; inflammation. -1.431 0.766 

LEPR 

[143,144,145] 

Hematopoiesis (e.g., secretion of HSPC 

supportive growth factors by LepR+ 

stromal cells; marker for functional long-

term HSC); inflammation. 

-0.040 NA 

GATA2 

[146,147] 

Hematopoiesis (HSC self-renewal and 

hematopoietic lineage determination). 
-1.458 0.051 

CEBPA 

[148,149,150,151,152]  

Hematopoiesis (e.g., induction of 

myeloid versus erythroid differentiation); 
-0.123 0.238 
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adipogenesis (e.g., PPARG synergism 

with CEBPA). 

ADIPOQ 

 (adiponectin) 

[153,154] 

Hematopoiesis (HSC self-renewal and 

proliferation - pool expansion); anti-

inflammatory. 

0.022 NA 

BIRC5 

(survivin) 

[155,156] 

Hematopoiesis (e.g., HSPC maintenance, 

proliferation, differentiation and survival; 

erythroid differentiation); apoptosis 

inhibitor. 

1.768 0.068 

SFRP1 

[157,158,159,160] 

Wnt signaling modulator (soluble 

inhibitor); hematopoiesis (e.g., HSC self-

renewal and differentiation; regulation 

of the balance between HSC quiescence 

and activation); osteoblast inhibitor. 

-1.211 0.461 

KCTD9 

[161,162,163,164] 

Pro-inflammatory (e.g., NK cell activity 

enhancement); Wnt/b-catenin pathway 

inhibitor (e.g., colorectal cancer tumor 

suppressor). 

0.967 0.023 

L2FC – Log2 fold change; padj – adjusted p-value; ECM – extracellular matrix; HSC – hematopoietic stem cells; 
HSPC – hematopoietic stem and progenitor cells; NK – natural killer cells.  

 

As depicted in Figure 45, below, for genes with significant DGE results in 

transcriptomics analysis (Table 7), RT-qPCR gene expression profiles between AA and 

control-derived BM-MSCs showed a similar pattern of either up or down regulation in 

comparison to bulk mRNA-Seq data, with the exception of TNFSF9, which was 

downregulated in RT-qPCR assessment (RT-qPCR L2FC = -0.233 versus bulk mRNA-Seq 

L2FC = 4.219). 

For genes without significant DGE results in transcriptomics analysis but of 

potential interest in AA biology (Table 8), RT-qPCR results were less consistent with 

transcriptomics data, namely for LEPR (RT-qPCR L2FC = -2.795 versus bulk mRNA-Seq 

L2FC = -0.040); GATA2 (RT-qPCR L2FC = -1.936 versus bulk mRNA-Seq L2FC = -1.458); 

ADIPOQ (RT-qPCR L2FC = -3.055 versus bulk mRNA-Seq L2FC = 0.022); BIRC5 (RT-qPCR 

L2FC = 3.595 versus bulk mRNA-Seq L2FC = 1.758); SFRP1 (RT-qPCR L2FC = -2,585 versus 

bulk mRNA-Seq L2FC = -1.211). 
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Despite RT-qPCR results seem to reinforce expression differences for genes with 

potential interest in AA but not significantly captured by bulk mRNA-Seq, it is not 

possible to infer if those results are biologically meaningful or result from 

methodological discrepancies. As so, RT-qPCR results must be interpreted carefully, 

especially for genes without DGE significance in transcriptomics analysis. 

 

 

Figure 45: RT-qPCR results for genes selected according to functional properties, 

transcriptomics analysis and AA biology. Results determined by delta-delta Ct (ΔΔCt) 

method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between AA and control-

derived BM-MSCs (±SE mean). AA - aplastic anemia. 
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Limitations of gene expression analysis and future perspectives  

Gene expression analysis is hugely sensitive to experimental variables (e.g., cell 

processing, culture conditions, cell passage number, RNA quality, etc.) as well as to 

methodological approaches. 

From one side, RT-qPCR reproducibility could be limited by its relative 

quantification nature (to a reference housekeeping gene) as well as by the fact of being 

a targeted approach, depending on primer design quality for higher sensitivity and 

specificity [165]. On the other side, despite mRNA-Seq allows higher sensitivity and 

precision (e.g., absolute quantification of RNA molecules) [166], results could also be 

affected by processing errors and sampling variability.  

In this work, RT-qPCR experiments were performed in samples derived from the 

same donors used for bulk mRNA-Seq experience, at an identical passage number, but 

unfortunately it was not possible to perform RT-qPCR on the same RNA extracted for 

transcriptomics, due to limitation of sample quantity. Consequently, reproducibility of 

results could had been limited by this fact. 

One strategy to circumvent those limitations would be to enlarge the number of 

both AA and control donors for transcriptomics analysis, either by bulk or single-cell 

mRNA-Seq, with the purpose of increasing data robustness.  

Another methodological approach of interest would be to perform protein 

analysis (e.g., by Western Blot) in both AA and control-derived BM-MSCs, in order to 

better ascertain the phenotypic impact of different gene expression profiles on cells. In 

future experiments, Western blot analysis is planned to be performed, based on the DGE 

data presented in this chapter.  

 

V.3.4. BM-MSCs in vitro drug-modulation with isotretinoin - analysis 

of treatment effect on cell survival and gene expression 

As described previously (sections II.13., II.14. and II.15.), in vitro drug-modulation 

with isotretinoin was performed in both AA and control-derived BM-MSCs. Regarding 

samples used for this experiment, AA group was similar to the groups used for gene 

expression analysis, with the exception of M08, not included. Control group similarly 

included F18, but not the other controls. Instead, control F81 (age = 43 years old; BM 
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source = PSIS; passage number = 6) was added. This difference was imposed by 

limitations regarding sample availability. However, considering the exploratory purpose 

of the experiment, it was decided to proceed.  

 

Expression profile of selected genes after 6-day BM-MSCs culture under drug 

exposure 

Gene expression profile of CEBPA, PPARG, RARA, WNT5A, APOL4 and SOCS3, 

determined by RT-qPCR after in vitro 6-day culture of AA and control-derived BM-MSCs 

under 10µM isotretinoin exposure, was performed.  

Considering global and individual analysis of both AA and control samples, 

isotretinoin exposure seemed to influence the expression of CEBPA (upregulation), 

PPARG (downregulation), RARA (downregulation); WNT5A (downregulation) and APOL4 

(upregulation) in comparison to untreated samples (L2FC cutoff ± 0.5), as depicted in 

Figure 46, below. 

 

 

Figure 46: RT-qPCR results for selected genes after 6-day exposure of AA and control-

derived BM-MSCs to isotretinoin (10µM). Results determined by delta-delta Ct (ΔΔCt) 

method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between treated and 

untreated samples (±SE mean). AA - aplastic anemia. 
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However, upon comparison of gene expression profiles between treated and 

untreated samples contrasting by disease status (AA versus controls), no significant 

differences were found either before or after drug exposure, as represented in Figure 

47, below. An exception could be hypothesized for CEBPA (upregulation) and SOCS3 

(upregulation) but must be confirmed in further experiments.  

 

 

Figure 47: RT-qPCR results for selected genes after 6-day exposure of AA and control-

derived BM-MSCs to isotretinoin (10µM). Results determined by delta-delta Ct (ΔΔCt) 

method and plotted as Log2 fold change (L2FC; FC = 2-∆∆Ct) between treated and 

untreated samples contrasting by disease status – AA versus controls (±SE mean). AA - 

aplastic anemia. 
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Cellular metabolic activity after 24 hours of drug exposure 

Cellular metabolic activity at 24 hours after in vitro AA and control-derived BM-

MSCs drug-modulation with isotretinoin (0.1 µM, 1 µM, 10 µM) was assessed, as 

depicted in Figure 48, below.  

 

 

Figure 48: Cellular metabolic activity at 24 hours after in vitro AA and control-derived 

BM-MSCs drug-modulation with isotretinoin (0.1 µM, 1 µM, 10 µM). Viability/metabolic 

assay performed with PrestoBlueTM. Results expressed as mean fold increase of relative 

fluorescence units (RFU), normalized for negative control (cell medium) (±SE mean). AA 

- aplastic anemia. 

 

In both groups, fluorescence fold increase (a readout of cellular metabolic activity) 

at 24h of drug exposure was significantly lower for cells exposed to drug concentrations 

of both 1 µM (p = 0.004) and 10 µM (p = 0.002), in comparison to no-drug. However, no 

significant differences were identified between the three different drug concentrations 

(p = 0.21, for 0.1 µM versus 1 µM; p = 0.13, for 0.1 µM versus 10 µM; p = 0.76 for 1 µM 

versus 10 µM).  
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Proliferative rate of AA and control-derived BM-MSCs after in vitro 6-day culture 

under drug exposure 

Proliferative rate of AA and control-derived BM-MSCs after in vitro 6-day culture 

with isotretinoin at different concentrations (no drug, 1 µM, 10 µM), calculated by cell 

number fold increase (FI), was determined by the end of day 6.  

As depicted in Figure 49, proliferative rate appeared to be lower for increasing 

concentrations of drug in comparison with no drug exposure, with significance attained 

for 10 µM isotretinoin concentration (p = 0.15, for 1 µM versus no drug; p = 0.03 for 10 

µM versus no drug; p = 0.42 for 1 µM versus 10 µM).  

 

 
 

Figure 49: Proliferative rate by day 6 of in vitro AA and control-derived BM-MSCs drug-

modulation with isotretinoin (no drug, 1 µM, 10 µM). Significance attained for 10 µM 

isotretinoin concentration (p = 0.15, for 1 µM versus no drug; p = 0.03 for 10 µM versus 

no drug; p = 0.42 for 1 µM versus 10 µM). Results expressed by mean fold increase (FI) 

of cell number by day 6 (±SE mean). AA - aplastic anemia. 

 

Despite the exploratory character of the drug experiment with isotretinoin, whose 

results must be consolidated, this was a preliminary approach to drug modulation that 

will be further optimized and extended to other molecules of interest. The ultimate goal 

will be to establish an AA model for disease study and drug testing.   
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V.4. Conclusions 

Transcriptomics analysis provided valuable insights on altered patterns of BM 

microenvironment in AA, thus contributing to a better understanding of disease 

mechanisms. 

Molecular patterns related to immune response, adipogenesis, lipid metabolism, 

osteoblast and osteoclast differentiation and activity, cell-ECM interactions/ECM 

remodeling, hematopoietic support, angiogenesis, DNA repair/DNA damage response, 

stress response, and cell signaling were identified.  

Based on the gene expression profile differences unveiled by bulk mRNA-Seq 

data, two opposite roles for BM-MSCs in AA were hypothesized:  

1) A protective and regenerative role against cytotoxic-mediated immune attack 

on the hematopoietic niche (e.g., immunomodulatory, adipogenesis inhibitory 

and DNA damage responsive molecular patterns). 

2) An adjunctive pathophysiological role, which might influence disease 

establishment or severity and therapeutic outcomes (e.g., pro-inflammatory, 

pro-adipogenic, osteoblast inhibitor, osteoclast activator, ECM remodeling 

and angiogenesis disruptive, DNA repair/stress response impairing, and cell 

signaling deregulatory molecular patterns).  

Contrarily to previously published data, PPARG upregulation was not identified. In 

addition, despite GATA2 seemed to be downregulated in AA samples, statistical 

significance was not attained.  

Among candidate genes, the upregulation of WNT5A and downregulation of 

SOCS2, SOCS3, RARA and RBP1 was particularly relevant, since these genes could be 

interesting targets for ex vivo BM-MSCs culture modulation (e.g., for improvement of 

BM-MSCs-mediated support of HSPC expansion) or to development of novel 

therapeutical approaches for AA, some of them already clinically approved for the 

treatment of other hematological conditions (e.g., counteraction of SOCS2 and SOCS3 

downregulation by a JAK inhibitor, such as ruxolitinib - a JAK1/2 inhibitor, approved for 

myelofibrosis, refractory polycythemia vera or steroid refractory acute GVHD [167]; 

compensation of RARA and RBP1 downregulation with retinoids, such as all-trans 
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retinoic acid (ATRA), a drug approved for treatment of acute promyelocytic 

leukemia, or isotretinoin). 

In general, transcriptomics results were adequately validated by RT-qPCR and 

showed a similar pattern of up and downregulation between AA and controls, 

reproduced in RNA samples extracted at different timepoints. 

In vitro drug-modulation of BM-MSCs with a molecule selected upon gene 

expression analysis showed to be feasible. This approach will be optimized for disease 

modeling and drug testing. 
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VI.1. Summary 

Bone marrow microenvironment (BMME) plays a critical role in the development 

and function of blood cells. In AA, BMME disruption has been shown to contribute to 

disease pathophysiology and severity. Consequently, to better understand the 

mechanisms of disease it is relevant to develop a model that incorporates structural and 

biochemical cues of the natural BM microenvironment in order to circumvent the 

limitations of plastic-based 2D culture systems.  

Considering that, aiming at the development of a 3D biological culture system that 

better represents the human BM microenvironment ultrastructural and chemical 

complexity, a human bone (femoral head/neck) detergent-free decellularization 

protocol was established and optimized. 

Healthy bone samples collected in the context of elective hip replacement surgery 

(n=5; median age = 59 years; minimum = 52 years; maximum = 65 years) were 

decellularized and characterized by histochemistry (H&E), immunohistochemistry 

(collagen type I, fibronectin, stromal cell–derived factor 1) and scanning electron 

microscopy (SEM).  

Ex vivo co-culture of control-derived BM-MSCs in decellularized bone extracellular 

matrix (dECM) scaffolds (5 mm, 10 mm and 15 mm of diameter) was performed for 17 

days. Cellular viability assay, performed at different timepoints, showed an increase in 

cellular metabolic activity of scaffold plus BM-MSCs in comparison to controls (empty 

scaffold or medium only). A plateau was attained at day 10.  

BM-MSCs expansion and extracellular matrix formation were demonstrated by 

microscopy. It was noticed that cell expansion in dECM scaffold was heterogeneous, 

with higher cell densities and ECM deposition identified in the upper half of the 

scaffold. This was hypothesized to be related to cell seeding methodology and/or to 

scaffold mineralization.  

Overall, decellularization protocol showed to be feasible, while maintaining 

significant physiological properties of human bone (e.g., 3D structural integrity; ECM 

biochemical properties). The successful culture of BM-MSCs onto the human dECM 

scaffold is relevant as a preliminary result to proceed towards the development of 

an ex vivo human BM model for disease study and modulation.   
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VI.2. Background 

Human bone is composed of an outer layer of compact (cortical) bone, organized 

in osteons (Haversian systems), inside of which is the spongy (cancellous) bone, 

composed of trabeculae (thin bony struts) arranged in a network that provides strength 

while minimizing weight. Trabeculae form interconnected spaces, where BM cells and 

niche elements reside [1]. HSPC are preferentially localized to trabecular bone area [2]. 

The BM niche is a complex microenvironment, composed of cellular (e.g., MSCs, 

osteoblasts, osteoclasts, endothelial cells, adipocytes, macrophages, sympathetic 

nerves) and ECM components (e.g., glycoproteins, as fibronectin, osteonectin, laminin; 

collagens, as collagen type I; proteoglycans and hyaluronan), which provide biophysical 

and signaling cues, influencing cell proliferation, differentiation, adhesion and 

migration, thus regulating HSPC functioning and hematopoiesis [3]. 

Adding to this, physical factors, such as oxygen tension (e.g., HSPC reside in areas 

with low oxygen levels) [4] and shear stress (e.g., blood flow creates mechanical forces 

that could influence HSPC functioning) [5], increase the level of complexity of BM 

microenvironment, further contributing to the limitations of current experimental 

approaches to study HSPC and BM niche and to their low reproducibility in vivo [6]. 

Figure 50 depicts BM niche is composed of distinct functional areas – the 

endosteal niche, also known as the osteoblastic niche, which provides osteoblast-

secreted cytokines and ECM proteins, essential for HSC maintenance and self-renewal; 

and the perisinusoidal vascular niche, adjacent to blood vessels lined by endothelial cells 

and perivascular cells such as MSCs, which provides HSPC with nutrients, oxygen and 

signaling molecules essential for proliferation, differentiation and survival [7]. More 

recently, a periarteriolar niche maintained by mechanical stimulation (through 

mechanosensitive ion channel PIEZO1) was described, appearing to play a role in 

osteogenesis and lymphopoiesis [8]. 

Over the years, to improve bone tissue research, 3D cell culture models have been 

developed, such as synthetic scaffolds [9-12], bio-functionalized scaffolds [13-16], 

natural or synthetic polymers-based hydrogels [9,11,17], microspheres or organoids 

[18,21], 3D printing [22,23], as well as decellularized ECM (obtained by decellularization 

of ECM produced by stromal cells in vitro) [24].  
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Despite those advances, in vitro recreation of the intricate BM niche has been 

challenging, with no optimal system attained. To circumvent those limitations, BM 

decellularization models have been attempted, with increasing interest, based on the 

hypothesis that biological, naturally derived, ECM scaffolds would better recreate the 

structural and chemical complexity of the BM niche.  

 

 

Figure 50: Bone marrow microenvironment. The bone marrow (BM) hosts two crucial 

hematopoietic stem cell (HSC) microenvironments: the endosteal and vascular niches. 

The endosteal niche, located at the bone surface, is recognized as the "osteoblastic 

niche" due to the significant role of osteoblasts in promoting HSC quiescence and self-

renewal. In parallel, the vascular niche, positioned alongside blood vessels, serves to 

stimulate HSC proliferation and differentiation through its rich supply of nutrients and 

signaling factors. This latter niche comprises endothelial cells, pericytes, and smooth 

muscle cells. Collectively, these distinct niches are fundamental to regulating HSC 

maintenance and activity within the BM. HSC: hematopoietic stem cells; CAR cell: 

CXCL12-abundant reticular stromal cells; LepR+: leptin receptor positive perivascular 

stromal cells; NG2+: neuroglial antigen 2 stromal pericytes. OPN: Osteopontin. ANG1: 

Angiopoietin-1, SCF: Stem cell factor (from [7]). 

 

According to published data, decellularized bone marrow scaffolds were 

successfully established in bovine [25] and porcine [26] samples, either by detergent-

free or high-hydrostatic pressurization method, respectively. More recently, a 
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decellularized human bone (femoral head) 3D platform was developed [27] and applied 

to study human BM-MSCs subjected to dynamic culture (e.g., sheer and compressive 

stress) in a bioreactor system. In comparison to static controls, both dynamic conditions 

improved cell repopulation within the scaffold and boosted ECM production [28]. 

Despite promising, decellularization protocols between studies are 

heterogeneous and sometimes omissive, which limits their application. On the other 

hand, human bone size and consistency differs from animal tissues, which difficult strict 

application of those protocols into human samples.  

As discussed in previous sections, interpretation of 2D cell culture experiments 

should be performed cautiously, since those models lack architectural and biochemical 

properties of biological tissues, as is the case of BM microenvironment, with all its 

complexity and cues that influence cellular functioning and crosstalk.  

The need for optimization of a research model in AA, as concluded from previously 

published data as well as from the experiments performed in the context of this project, 

was the basis for the development of a decellularized human bone marrow platform to 

be applied in further research steps, aiming to provide a BM platform for disease study 

and modulation. 

To establish that model, a previously published detergent-free free bovine bone 

decellularization protocol, involving mechanical disruption (agitation; freeze-thawing), 

enzymatic digestion (trypsin; benzonase), chemical washing (EDTA - chelating agent; Tris 

Base - buffer) and polar solvent extraction (isopropanol), was adapted and optimized for 

human bone (femoral head/neck) [25]. The option for a detergent-free methodology 

was related to the fact that detergents, even in low dose, were shown to be able to 

denature collagen molecules [31] and were detected in residual amounts in 

decellularized tissues, disrupting the ECM biochemical composition and topographical 

ligand landscape, with adverse cell seeding behaviour [32]. 
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VI.3. Results and discussion 

VI.3.1. Optimization of a human bone marrow decellularization 

protocol 

As described previously (section II.20.), a human bone marrow decellularization 

protocol was performed and optimized in healthy bone samples (n=5; median age = 59 

years; minimum = 52 years; maximum = 65 years) collected in the context of elective hip 

replacement surgery. 

Macroscopic appearance of femoral bone fragments after surgical collection and 

decellularization are represented in Figure 51. 

 

 

Figure 51: Human femoral bone samples – a) after surgical collection (upper row), after 

PBS (1x) washing of the surgical piece, before bone separation in smaller fragments and 

decellularization (middle row), and after decellularization (lower row); b) schematic 

representation of bone sample collection area (between the dashed red lines) c) 

representative image of decellularized femoral bone scaffolds placed in ultra-low 

attachment 24-well plate - empty scaffolds (upper row); BM-MSCs seeded scaffolds 

embed in 10% FBS MSCs-qualified supplemented medium (lower row). 
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It is important to notice that, despite EDTA washings, bone fragments maintained 

their stiffness and hardness, even after the decellularization protocol, which limited the 

capacity to obtain homogeneous scaffolds, even using a punch biopsy needle of similar 

diameter (5 mm, 10 mm, 15 mm diameters were tried). In addition, scaffold 

thickness varied between 3 to 5 mm, with some degree of bone crushing at the 

cutting limits. To circumvent those limitations, an attempt of EDTA-based 

decalcification either before or after decellularization protocol was made, however 

with poor and time-consuming results, even for smaller bone samples, thus implying 

the application of more tissue aggressive chemicals, such as formic acid and 

formaldehyde [33,34]. This was the reason why decalcification protocol was 

performed only before histological processing (paraffin embedding and sectioning), 

therefore not influencing BM-MSCs + dECM co-culture. 

In research context, bone decalcification (removal of bone mineral 

component, namely hydroxyapatite) is mainly performed to increase bone matrix 

porosity, thus enhancing cellular infiltration and bone regeneration; to improve 

biocompatibility, since decalcification is related to exposure of bone bioactive 

molecules (e.g., bone morphogenetic protein), promoting cell adhesion, 

proliferation and differentiation; and to reduce stiffness and increase bone tissue 

flexibility, which is relevant for scaffold shape according to specific experimental 

determinants. However, decalcification could also have negative impact on bone 

mechanical (e.g., demineralization weakens bone structural integrity) and 

biochemical (e.g., damage to organic compounds, such as collagen and other 

proteins, altering the topographical landscape and thus bone regenerative cues) 

properties, which implies a balanced demineralization strategy according to the 

research purpose [35,36].  

In this experiment, it was decided to avoid aggressive decalcification methods 

as part of the decellularization protocol, in order to prevent disruption of bone 

matrix structure and biochemical cues that could affect experimental results in the 

context of a disease modeling approach. However, due to the biological nature of 

human femur, which is a long and strong bone, playing an important role in body 

weight support and locomotion, it was hard to separate bone fragments in a 
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reproducible manner, an issue that must be improved for the optimization of the 

decellularized BM platform under development.  

 

The effectiveness of bone decellularization protocol was confirmed by 

histochemistry (H&E). As represented in Figure 52, ECM integrity showed to be 

preserved after decellularization, reinforcing the adequacy and further applicability 

of the protocol.  

 

 

Figure 52: Representative H&E stainings of decellularized human bone (femoral 

head/neck) scaffolds. Eosin staining (pink-red color) representing preservation of 

extracellular matrix (ECM) components and bone trabeculae (T) after 

decellularization. Absence of blue-purple staining representative of cell nuclei (as 

would be revealed by hematoxylin). Histological samples imaged at 4x and 20x 

magnification on bright-field microscope (Olympus IX51 Inverted Microscope 

equipped with an attached digital camera). 
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The analysis of biochemical composition of dECM, assessed by 

immunohistochemistry, confirmed the presence of collagen type I and fibronectin 

(FN) after decellularization, as depicted in Figure 53.  

 

 

Figure 53: Representative immunohistochemical stainings of collagen type I (COL1A1), 

fibronectin (FN) and stromal cell–derived factor 1 (SDF-1), on human decellularized 

bone (femoral head/neck) extracellular matrix scaffolds (dECM). Positive staining for 

collagen type I (strong) and fibronectin (weak). Minimal staining/negativity for SDF-

1. T = bone trabeculae; ECM = extracellular matrix. Histological samples imaged at 

20x and 40x magnification on bright-field microscope (Olympus IX51 Inverted 

Microscope equipped with an attached digital camera). 
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Both collagen type I and fibronectin represent important, natural constitutive, 

ECM matrix elements.  

Collagen type I is a main building block of bone, providing structural and 

functional (e.g., role in cell proliferation, differentiation and migration) support to 

cells within the BM [48,49,50].  

Fibronectin is a key bone ECM component with an important role in: cell 

adhesion (e.g., mediated by specific binding sites for integrins) [39], allowing cells 

(e.g., MSCs, osteoblasts, osteoclasts, HSPC) to attach to bone ECM and to each 

other; ECM organization and stability (mediated by fibronectin polymerization), 

assuring that collagen fibers and other ECM components arrange correctly [40]; cell 

signaling, influencing the behavior of BM cells (e.g., cell proliferation, differentiation 

and migration), such as BM-MSCs (e.g., induction of BM-MSCs osteogenic 

differentiation by integrin α5β1-mediated activation of PI3K/AKT and Wnt/β-

catenin signaling [42]) and HSCP (e.g., stimulation of myelopoiesis; HSPC migration, 

homing and retention [39]); and bone mineralization [41]. 

Conservation of those ECM components after decellularization corroborates 

the persistence of significant biological cues in the dECM platform under 

development, thus reinforcing its usefulness for studies in the context of BM-MSCs 

and HSPC biology. 

 

After decellularization, the 3D structure and integrity of decellularized bone 

scaffolds was assessed by SEM, without previous decalcification. As represented in 

figure 54, below, 3D architecture showed to be preserved in all samples. However, 

as would be expected, bone destruction was observed at the cutting limits of bone 

pieces. At higher magnification power it is possible to detect the persistence of ECM 

fibers/fibrils (e.g., collagen) after decellularization. Image interpretation was 

performed with the aid of previously published data regarding SEM applications for 

bone imaging [37]. 
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Figure 54: Representative SEM images of decellularized human bone (femoral 

head/neck) scaffolds – a) interface between compact bone (CB) and spongy bone (SB), 

showing preserved structural integrity; b) and d) decellularized bone trabecula with 

remaining ECM fibers/fibrils (*); c) bone structural disruption at the limits of bone 

cutting area (dashed box). Samples visualized on Hitachi scanning electron 

microscope (SEM), model S2400, with digital image acquisition by Bruker, software 

Quantax Esprit 1.9. 

 

VI.3.2. Establishment of an ex vivo BM-MSCs 3D co-culture model on 

decellularized human femoral bone scaffolds  

Ex vivo co-culture of control-derived BM-MSCs in decellularized bone extracellular 

matrix (dECM) scaffolds (5 mm, 10 mm and 15 mm of diameter) was performed for 17 

days.  

Cell viability assay (PrestoBlueTM) was performed to assess cellular metabolic 

activity of scaffold-seeded cells at different timepoints, as a proxy of cell seeding and 

proliferation over time. 
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As depicted in Figure 55, below, an increase in cellular metabolic activity of 

scaffold plus BM-MSCs sets in comparison to controls (empty scaffold or medium only) 

was confirmed. However, it was not possible to conclude if scaffold size would influence 

the cell seeding and proliferative behaviour. 

Regarding the decrease of fluorescence emission of 15 mm scaffold + BM-MSCs 

set at day 5, it was not possible to ascertain if it was due to biological issues or due to 

technical errors (e.g., inefficient cell seeding or attachment disruption due to shear 

stress induced by cell culture medium embedding or changes). For all setups, a plateau 

level was attained at day 10.  

 

 

Figure 55: Cellular metabolic activity of control-derived BM-MSCs co-cultured in human 

bone (femoral head/neck) decellularized scaffolds of 5 mm, 10 mm or 15 mm of 

diameter, at different timepoints. Viability/metabolic assay performed with 

PrestoBlueTM. Results expressed as mean relative fluorescence units (RFU) (±SE mean). 

 
Histological head-to-head comparison of dECM scaffolds with control-derived BM-

MSCs + dECM scaffolds sets after 17-day co-culture, represented in Figure 56, below, 

confirmed effective cell seeding and ECM deposition in co-culture sets. However, cell 

density and ECM deposition pattern in the seeded scaffolds were heterogeneous, 

with higher densities noticed in the upper half of the scaffold.  

This heterogeneity was hypothesized to be related to either cell seeding 

methodology, since cells were seeded through the top surface of the scaffold 

(opposite to the basal surface, in contact with the bottom of the culture plate well), 

or to the conserved mineralized structure of the scaffold, which as previously 

mentioned could decrease porosity and limit cell permeation into the scaffold.  
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Figure 56: H&E stainings of decellularized human bone (femoral head/neck) scaffolds 

(upper row) in head-to-head comparison to BM-MSCs + dECM sets after 17-day co-

culture. In contrast to dECM scaffolds, co-culture sets showed increased ECM deposition 

(pink-red color from eosin staining) and cellularity (dark-blue dots revealed by 

hematoxylin), in a heterogeneous pattern. T = bone trabeculae; * = ECM/cell lower-

density areas; ** = ECM/cell higher-density areas. Histological samples imaged at 4x, 

10x, 20x and 40x magnification on bright-field microscope (Olympus IX51 Inverted 

Microscope equipped with an attached digital camera). 

 

ECM active production in control-derived BM-MSCs + dECM scaffolds co-culture 

sets was further confirmed by increased expression of collagen type I and fibronectin, 

as represented in Figure 57, below. Also represented is the increased expression of 

stromal cell-derived factor 1 (SDF-1) in the co-culture setting, denoting BM-MSCs 

activity.  
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Figure 57: Representative immunohistochemical stainings of collagen type I (COL1A1), 

fibronectin (FN) and stromal cell–derived factor 1 (SDF-1), on BM-MSCs + dECM sets 

after 17-day co-culture. Positive staining for collagen type I (strong), fibronectin 

(strong) and SDF-1 (strong). ** = ECM/cell higher-density areas; dashed box = SDF-

1 staining in blood vessel. T = bone trabeculae. Histological samples imaged at 20x 

and 40x magnification on bright-field microscope (Olympus IX51 Inverted Microscope 

equipped with an attached digital camera). 

 
SDF-1 (also known as CXCL12, the ligand of CXCR4 receptor) is a chemokine 

present in several tissues, such as BM, where it is produced by stromal cells, 

osteoblasts and endothelial cells [46,47]. SDF-1 is a potent chemoattractant for 

hematopoietic cells, promoting the migration and engraftment of HSPC in 

specialized BM niches [43,44]. It is also an important regenerative molecule, whose 

release in the context of tissue injury creates a concentration gradient that attracts 

CXCR4 positive MSCs for tissue repairing through differentiation (e.g., osteoblast 
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differentiation in case of bone lesion), secretion of growth factors and 

immunomodulation [45]. 

The deposition of SDF-1 in control-derived BM-MSCs + dECM scaffolds sets 

observed in this experiment could be interpreted as a potential readout of the dECM 

platform capacity for HSPC support and expansion, which is planned to be tested in 

future works. 

 
In accordance with the previous histological results, SEM imaging depicted cell 

seeding and active ECM deposition after 17-day co-culture of control-derived BM-MSCs 

in human bone scaffolds, as represented in Figure 58, below.  

 

 

Figure 58: Representative SEM images of decellularized human bone (femoral 

head/neck) matrix (dECM) scaffold [a) and b)], compared to BM-MSCs + dECM scaffold 

set after 17-day co-culture [c) and d)]. Images c) and d) denoting rougher bone surface 

(**) in comparison to a) and b) (*), corresponding to active ECM deposition secondary 

to BM-MSCs activity. Mesenchymal stromal cell depicted in d) (dashed box). Samples 

visualized on Hitachi scanning electron microscope (SEM), model S2400, with digital 

image acquisition by Bruker, software Quantax Esprit 1.9. 
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VI.4. Conclusions 

Considering the abovementioned results, it was concluded that the 

decellularization protocol was effective for human femoral bone samples, while 

preserving relevant biological properties for disease modeling and stem cell 

research, namely 3D structural integrity and ECM biochemical cues. 

Co-culture of control-derived BM-MSCs in dECM scaffolds was feasible, and 

cell seeding and proliferation (assessed by proxy using a metabolic assay) as well as 

active ECM production were confirmed.  

Upon the results, cell and ECM density heterogeneity in seeded dECM 

scaffolds should be further optimized to increase the efficiency of the model. A 

decalcification step before the decellularization protocol could be introduced in 

order to divide bone samples in identical parts (e.g., diameter; thickness) and 

increase porosity. In addition, a less harsh demineralization strategy (e.g. ultrasound 

decalcification with 0.5M, pH 7.4, EDTA solution, as published [38]) could be tested 

to reach an optimal balance between decreased bone hardness and increased 

porosity and preservation of the ultrastructural and biochemical properties of 

natural bone matrix. 

As a final remark, with the goal of establishing a platform that better recreates 

the BM microenvironment, the experimental setup will be upgraded by the 

development of a bio-inspired prototype perfusion chamber system enclosing a 

dECM bone scaffold to support the expansion of either control-derived HSPC (in a 

first experimental stage) or of AA-derived HSPC in co-culture with functional BM-

MSCs. The system is expected to allow a better mimicry of the in vivo BM niche 

towards different applications (e.g., disease study and modeling; generation of 

meaningful numbers of functional HSPC for regenerative medicine applications). 
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VII. Final remarks and future directions 

The experiments performed in the context of this thesis project demonstrated that 

AA-derived BM-MSCs have distinct functional and molecular properties in comparison 

to control-derived BM-MSCs, thus influencing in vitro HSPC expansion. 

In addition, despite no significant phenotypic and proliferative capacity 

differences between AA versus control-derived BM-MSCs were found, it was noticed 

that AA-derived BM-MSCs exhibited a tendency towards higher adipogenic 

differentiation in comparison to controls, which is consistent with previously published 

data and with the histological pattern of increased BM adipose tissue observed in 

trephine biopsies from AA patients.  

From this point, a rational base is established for the study of AA-derived HSPC 

phenotypic, functional and molecular properties to evaluate - a) if, as demonstrated in 

control samples, AA-derived HSPC expansion differs according to feeder layer source 

(AA versus control-derived BM-MSCs); b) if AA-derived HSPC expansion could be 

optimized by co-culture with control-derived BM-MSCs feeder layer ± dECM 3D human 

bone scaffolds; c) whether drug modulation of AA-derived BM-MSCs´ cell signaling 

pathways, as assessed by the molecular studies performed, could reverse their less 

supportive effect on HSPC expansion. 

Those goals are expected to allow not only the optimization of ex vivo culture 

settings towards the autologous expansion of AA-derived HSPC, but also to define 

strategies for in vivo modulation of AA-BM microenvironment, in a combined strategy 

to both improve immunomodulation and HSPC support (e.g., in adjunct to conventional 

treatments) and to recover a healthier niche for a more effective engraftment of HSPC 

(e.g., definition of the best conditioning regimens for HSPC autologous or allogeneic 

transplantation in AA).  

To circumvent the structural and biochemical limitations of in vitro 2D culture 

systems, the natural human bone-derived dECM model that has been developed in this 

project showed to be feasible and thus will be applied to improve future experimental 

settings. Moreover, dynamic culture conditions (e.g., ex vivo perfusion chamber 

provided with a human bone dECM scaffold, under controlled oxygen tension and 
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biochemical composition) will be established, to better recreate the natural BM niche 

and thus attain more accurate and in vivo translatable results.  

In what concerns molecular characterization, bulk mRNA-Seq was chosen as a 

first-glance strategy to effectively identify AA-associated molecular patterns, in a high-

throughput manner. However, considering the advances in transcriptomics, single-cell 

mRNA sequencing will be a useful strategy in the future, being expected to better 

identify AA-derived BM-MSCs and HSPC specificities, namely, to find cell subpopulations 

associated either with disease establishment and severity or, on the contrary, with BM-

MSCs-associated response against the immunological cytotoxic attack over HSPC that 

takes place in AA. Molecular study at the single-cell level resolution will thus be 

attempted, towards a better understanding of disease and, consequently, a better 

knowledge on how to develop novel therapeutic strategies for AA treatment.  

In a future perspective, a co-culture device based on microfluidics as a 

bioengineered BM proxy for disease modeling and drug testing in the context of AA is 

also planned to be developed (in collaboration with INESC MN/i4HB), which is in line 

with the ultimate research goal of advancing personalized medicine and targeted 

therapies in aplastic anemia. 

To conclude, it is important to remark the importance of strengthening the 

collaboration with the clinical units involved in the project, not only to increase the 

number of study samples (either disease or control-derived samples) available in the 

biobank, but also to share and discuss the experimental results, as well as to learn from 

the clinicians more about the in vivo, real-world, behaviour of disease (and of therapy 

responses and toxicities), which will provide us with relevant data to define research 

topics of interest and priorities.  
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VIII. Scientific outputs 

Scientific outputs developed in the context of thesis project: 

1.) Carvalho MS, Alves L, Bogalho I, Cabral JMS, da Silva CL. Impact of Donor Age 

on the Osteogenic Supportive Capacity of Mesenchymal Stromal Cell-Derived 

Extracellular Matrix. Front Cell Dev Biol. 2021 Oct 5;9:747521. doi: 

10.3389/fcell.2021.747521. PMID: 34676216; PMCID: PMC8523799. 

2.) Margarida Coucelo, Joana Azevedo, Isabel Bogalho, Ana Teresa Simões et al. 

OC 4 - NEXT GENERATION SEQUENCING APPROACH TO BONE MARROW 

FAILURE SYNDROMES – PORTUGUESE EXPERIENCE, EJC Paediatric Oncology, 

Volume 2, Supplement 1, 2023, 100035. 

 

List of works under preparation for publication:  

1.) I. Bogalho Martins; P. Kjöllerström, J. Sarmento Esteves, J. Santos, A, M. 

Coucelo, A. Teresa Simões, A. Catarina Oliveira, A. Fernandes-Platzgummer, D. Henrique, 

C.L. da Silva. Transcriptomic profiling of bone marrow-derived mesenchymal stromal 

cells from patients with acquired idiopathic aplastic anemia.  [Experimental Hematology 

- https://www.exphem.org/] 

2.) Ex Vivo Modeling of Aplastic Anemia Using an optimized 3D Decellularized 

Human Femoral Bone Platform (in collaboration with FCUL, iBB-SCERG (Focus Area C), 

iBB-BERG).  
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X.i. Appendix A 

 
Table A.1: FastQC Basic Statistics 
 

Table A.1:  FastQC Basic Statistics  

Samples Sample ID Total sequences 
Sequences 

flagged as poor 
quality 

%GC 

AA 

AM15 20515252 0 45% 

AM10 22500591 0 44% 

AM08 29601887 0 45% 

AM87 26923608 0 45% 

Controls 

CF18 21732004 0 46% 

CM11 54740823 0 45% 

CF10 40550205 0 45% 

CM78 32144362 0 45% 

 
 
Table A.2: Summary of mapping statistics 

 
Table A.2:  Mapping statistics (Human reference genome GRCh38). 

Samples Sample ID Number of 
input reads 

Uniquely mapped 
reads % 

Average of 
input read 

length 

Average    
mapped length 

Mismatch 
rate per 
base % 

AA 

AM08 29601887 90.82% 98 98,18 0.16% 

AM10 22500591 91.70% 98 98,11 0.17% 

AM15 20515252 88,93% 98 98,04 0,17% 

AM87 26923608 89.75% 98 97,72 0.16% 

Controls 

CF18 21732004 88.10% 99 98,12 0,17% 

CF10 40550205 90.94% 98 98,05 0,17% 

CM11 54740823 90,28% 98 98,16 0,16% 

CM78 32144362 89,20% 99 98,25 0,17% 
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X.ii. Appendix B 

 

B.1. - FACSCalibur™ flow cytometer (BD Biosciences) – representative images 

of flow cytometry analysis of BM-MSCs samples using FCS ExpressÔ7 (De Novo 

Software by Dotmatics). 

 

a) F18 (control-derived BM-MSCs) 

 
 

b) M15 (AA-derived BM-MSCs) 
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B.2. - FACSCanto™ II (BD Biosciences) – representative images of flow cytometry 

analysis of BM-MSCs samples using FCS ExpressÔ7 (De Novo Software by 

Dotmatics). 

 

a) M11 (control-derived MSCs) 

 

 

 

b) M10 (AA-derived BM-MSCs) 
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B.3. - AA-derived and control-derived BM-MSCs immunophenotypic profile – Mean 
fluorescence intensity (MFI) of cell surface positive markers for MSCs identification 
(CD73, CD90, CD44, CD105) (±SE mean); MFI coefficient of variation (CV) (±SE 
mean). Data acquisition performed with FACSCalibur™ (BD Biosciences) flow 
cytometer. P = cell passage number. 
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B.4. - AA-derived and control-derived BM-MSCs immunophenotypic profile – Mean 
fluorescence intensity (MFI) of cell surface positive markers for MSCs identification 
(CD73, CD90, CD44, CD105) (±SE mean); MFI coefficient of variation (CV) (±SE 
mean). Data acquisition performed with FACSCanto™ II (BD Biosciences) flow 
cytometer. P = cell passage number. 
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B.5. - FACSCanto™ II (BD Biosciences) – representative images of flow cytometry 

analysis of HSPC using FCS ExpressÔ7 (De Novo Software by Dotmatics). 
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X.iii. Appendix C 

 

 
 

Figure C.1: Heatmap and dendrogram designed from scaled (z-score) VST-
transformed counts matrix of the 500 most variable genes. Clustering of samples by 
gene expression. Sample AM08 removed. 

 
 

 
 
Figure C.2: Heatmap and dendrogram designed from scaled (z-score) VST-

transformed counts matrix of the 500 most variable genes. Clustering of samples by 
gene expression. Sample AM08 removed. Samples AM08 and CF10 removed. 
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Figure C.3: Eigenvalues showing the relative amount of variation explained by 
the different Principal Components. 
 
 

 
 

Figure C.4: Boxplots representing PCA scores for PC1, PC2, PC3 and PC4. 
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X.iv. Appendix D 

 

 
 
Figure D.1: Strip chart of differently expressed genes (AA versus controls) by biological 
function - immune response-related genes: AA-derived BM-MSCs showing up-regulation 
of pro-inflammatory genes and down-regulation of anti-inflammatory genes in 
comparison to controls. 
 

 

 
 
Figure D.2: Strip chart of differently expressed genes (AA versus controls) by biological 
function - immune response-related genes: AA-derived BM-MSCs showing down-
regulation of pro-inflammatory genes and up-regulation of anti-inflammatory genes in 
comparison to controls.  
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Figure D.3: Strip chart of differently expressed genes (AA versus controls) by biological 
function - adipogenesis-related genes: AA-derived BM-MSCs showing down-regulation 
of both adipogenesis promotion and adipogenesis inhibition genes, in comparison to 
controls.  
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Figure D.4: Strip chart of differently expressed genes (AA versus controls) by biological 
function - lipid metabolism-related genes.  
 

 
 

Figure D.5: Strip chart of differently expressed genes (AA versus controls) by biological 
function - osteoblast and osteoclast differentiation and activity-related genes.  
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Figure D.6: Strip chart of differently expressed genes (AA versus controls) by biological 
function - hematopoietic support-related genes. 
 
 

 
 

Figure D.7: Strip chart of differently expressed genes (AA versus controls) by biological 
function - ECM remodeling and cell-ECM interactions. 
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Figure D.8: Strip chart of differently expressed genes (AA versus controls) by biological 
function - DNA repair and DNA damage response. 
 
 

 
 
Figure D.9: Strip chart of differently expressed genes (AA versus controls) by biological 
function - Stress response. 
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Figure D.10: Strip chart of differently expressed genes (AA versus controls) by biological 
function - Angiogenesis. 
 

 
 

Figure D.11: Heatmap of differently expressed genes (AA versus controls) by biological 
function - Cell signaling.  
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X.v. Appendix E 

 
Table E.1: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - immune response-related genes: pro-inflammatory pattern. 
 

Gene symbol log2Fold Change padj 
TNFSF9 4.21892886 0.021928883 
WNT5A 2.477853627 0.000235227 
MYCT1 2.365737868 0.029305147 

HNRNPL 1.83582578 9.30E-06 
DOCK5 1.793512051 2.30E-07 
DKK1 1.769633118 0.002632571 
MPP7 1.542811799 0.005261244 
CD9 1.524443099 0.002637562 

KCTD9 0.798098394 0.022872327 
EFNB1 -1.620957832 9.30E-07 
SOCS3 -1.924864374 8.66E-11 
PPM1L -2.17735351 0.015180068 
EGR3 -2.340538776 3.17E-05 

CD200 -2.573797058 0.001091256 
CYP27A1 -2.611213003 6.48E-11 

SOCS2 -2.620806387 1.09E-06 
SELENOP -3.339835479 1.32E-08 

RBP1 -4.113121298 7.80E-08 
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Table E.2: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - immune response-related genes: immunomodulatory pattern. 
 

Gene symbol log2 Fold Change padj 
FLG 4.854254393 3.15E-15 

PODXL 2.83718376 0.00044028 
PLD4 1.823677745 0.00027295 

RNF144B 1.731316405 0.00017949 
PTEN 1.646898584 0.01086371 

TNFRSF11B 1.63264282 0.00884692 
ARID5A -1.501025734 2.57E-06 

JUNB -1.694260989 0.00944809 
EPDR1 -1.840651455 1.35E-10 
DUSP6 -1.844621708 0.00010941 
SULF2 -1.85731842 0.01487028 
PCSK5 -1.880548998 0.0016283 
IFITM1 -2.081966897 0.0012492 
HCP5 -2.271243716 0.00099454 

HLA-DMA -2.379322359 0.00066366 
EFNB3 -2.381425953 0.00322696 
MX2 -2.508418079 7.67E-05 
PDK3 -2.57969599 1.00E-06 

GPR183 (EBI2) -2.604357196 0.0137661 
CCL2 (MCP-1) -2.636950446 5.60E-06 

RARRES1 (TIG1) -2.764628971 0.00158121 
ICAM1 -2.834963155 0.00189187 
CD40 -3.015803953 0.00017101 
BST2 -3.113512972 0.00166406 
IFI27 -3.157594638 0.00011659 

RAB20 -3.172872773 1.88E-08 
CERS4 -3.226529538 0.00905934 

BHLHE41 (DEC2/SHARP1) -3.668617222 0.00032345 
CD74 -3.988273966 1.55E-09 

APOL4 -4.508226818 0.00016452 
HLA-DPA1 -5.008771364 3.97E-09 
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Table E.3: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - adipogenesis-related genes. 
 

Gene symbol log2 Fold Change padj 
Adipogenesis promotion 

RARA -1.6618734 0.00688921 
IGF1 -1.9212446 0.01794838 

PPARG -1.9959591 0.00742104 
GALNT15 -2.4471397 0.00023523 
IGFBP2 -4.1493214 1.57E-15 

Adipogenesis inhibition 
RARA -1.6618734 0.00688921 
EGR3 -2.3405388 3.17E-05 

EFNB3 -2.381426 0.00322696 
CYP27A1 -2.611213 6.48E-11 

SOCS2 -2.6208064 1.09E-06 
RARRES1 (TIG1) -2.764629 0.00158121 

BHLHE41 (DEC2/SHARP1) -3.6686172 0.00032345 
 
 
Table E.4: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - lipid metabolism-related genes. 
 

Gene symbol log2 Fold Change padj 
BLTP2 1.50262802 0.00111442 
PLD4 1.82367775 0.00027295 

ATP8B2 1.98927231 1.80E-09 
ELOVL3 -1.5379413 0.00600931 

ANGPTL4 -1.6028079 9.32E-05 
RARA -1.6618734 0.00688921 

PLAAT4 -1.6973963 0.02133021 
IGF1 -1.9212446 0.01794838 

SOCS3 -1.9248644 8.66E-11 
PPARG -1.9959591 0.00742104 
PLPP1 -2.4347655 1.45E-13 

CYP27A1 -2.611213 6.48E-11 
DGAT2 -2.7976261 0.00018009 
APOL4 -4.5082268 0.00016452 
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Table E.5: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - osteoblast and osteoclast differentiation and activity-related genes.  
 

Gene symbol log2 Fold Change padj 
Osteoblast differentiation and activity 

PTEN 1.646898584 0.010863713 
SMOC1 -1.781574381 0.014445916 
EGR3 -2.340538776 3.17E-05 

EFNB3 -2.381425953 0.003226962 
PGF -2.461994837 0.000632299 

ICAM1 -2.834963155 0.001891875 
SELENOP -3.339835479 1.32E-08 
GPM6B -3.493860751 9.20E-10 
IGFBP2 -4.149321449 1.57E-15 

Osteoclast differentiation and activity 
WNT5A 2.477853627 0.000235227 
DOCK5 1.793512051 2.30E-07 
MAFB -1.837604208 0.035690368 
DUSP6 -1.844621708 0.000109413 

CYP27A1 -2.611213003 6.48E-11 
RARRES1 -2.764628971 0.001581209 
SELENOP -3.339835479 1.32E-08 
BHLHE41 -3.668617222 0.000323455 
PRXL2A -4.282714957 0.000313103 

 
 
Table E.6: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - hematopoietic support-related genes. 
 

Gene symbol log2 Fold Change padj 
ITGA6 1.98828782 0.00048047 
MYBL1 2.73911489 1.76E-05 
NFE2 -1.5334518 0.02760218 
MAFB -1.8376042 0.03569037 
PPARG -1.9959591 0.00742104 

FRZB (SFRP3) -2.2460044 0.00071179 
CCL2 (MCP-1) -2.6369504 5.60E-06 
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Table E.7: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - ECM remodeling and cell-ECM interactions. 
 

Gene symbol log2 Fold Change padj 
ITGA6 1.988287823 0.00048047 
PODXL 2.83718376 0.00044028 

MAMDC2 3.829928546 3.16E-05 
CPNE7 4.087386752 5.91E-06 
CTSF -1.728142681 0.00392201 

MMP11 -1.835385593 0.00053798 
TINAGL1 -2.088543562 0.0012492 

FRZB (SFRP3) -2.246004361 0.00071179 
ADAMTS9 -2.263655254 0.00817428 
OLFML1 -2.3502057 0.00079147 

GALNT15 -2.447139672 0.00023523 
CTSH -2.555574902 0.00040775 

PKNOX2 -2.644640745 0.01182407 
 
 
Table E.8: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - DNA repair and DNA damage response. 
 

Gene symbol log2 Fold Change padj 
BARD1 1.603617078 3.03E-06 
ERCC6 1.740807049 1.16E-06 

FANCD2 1.964547304 0.004806992 
BRINP1 -2.179638284 0.002223902 
RGCC -4.176665305 0.00132973 
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Table E.9: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - Stress response. 
 

Gene symbol log2 Fold Change padj 
ANKRD1 3.472624018 6.38E-16 
FLG-AS1 3.532297602 3.75E-11 

JUNB -1.694260989 0.00944809 
DUSP6 -1.844621708 0.00010941 

SELENBP1 -2.000183681 0.00022838 
PPM1L -2.17735351 0.01518007 

NDUFA4L2 -2.221615874 9.31E-05 
DDIT4L -2.366359767 0.01960197 
PDK3 -2.57969599 1.00E-06 

SELENOP -3.339835479 1.32E-08 
PRXL2A -4.282714957 0.0003131 

 
 
Table E.10: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - Angiogenesis. 
 

Gene symbol log2 Fold Change padj 
TNFSF9 (4-1BBL/CD137L) 4.21892886 0.02192888 

WNT5A 2.477853627 0.00023523 
MYCT1 2.365737868 0.02930515 
ITGA6 1.988287823 0.00048047 

KIT 1.618768215 0.00983716 
ANGPTL4 -1.602807883 9.32E-05 

CREG1 -1.750677491 3.76E-05 
EFNB3 -2.381425953 0.00322696 

PGF -2.461994837 0.0006323 
IGFBP2 -4.149321449 1.57E-15 
RGCC -4.176665305 0.00132973 
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Table E.11: L2FC and padj for differently expressed genes (AA versus controls) by 
biological function - Cell signaling. 
 

Gene symbol log2 Fold Change padj 
Wnt 

LYPD6 1.611843134 0.001436787 
DKK1 1.769633118 0.002632571 

AHNAK2 1.921244007 8.43E-06 
WNT5A 2.477853627 0.000235227 

FRZB (SFRP3) -2.246004361 0.000711794 
ALDOC -2.246447133 0.000103704 

MAPK/PI3K/Akt 
EPHB1 1.885509318 0.00270059 

AHNAK2 1.921244007 8.43E-06 
DUSP6 -1.844621708 0.000109413 
PRXL2A -4.282714957 0.000313103 

NF-kB 
AHNAK2 1.921244007 8.43E-06 

JAK-STAT 
SOCS3 -1.924864374 8.66E-11 
SOCS2 -2.620806387 1.09E-06 
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X.vi. Appendix F 

Table F.1: List of genes of interest but not differently expressed between AA and 
controls. 
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X.vii. Appendix G 

 
Table G.1. - Pro-inflammatory pattern genes 

CD9 Brosseau C, Colas L, Magnan A, Brouard S. CD9 Tetraspanin: A New Pathway for 
the Regulation of Inflammation? Front Immunol. 2018 Oct 9;9:2316.  

MPP7 

Cheng X, Sun D, Li H, Zhang J, Luo Q, Jin X, Chen Y, Yuan Q, Wang B. MPP7 is a 
potential prognostic marker and is associated with cancer metabolism and 
immune infiltration in clear cell renal cell carcinoma: a bioinformatics analysis 
based on the TCGA database. Transl Androl Urol. 2023 Apr 28;12(4):642-658. 

DOCK5 

Watanabe M, Terasawa M, Miyano K, Yanagihara T, Uruno T, Sanematsu F, 
Nishikimi A, Côté JF, Sumimoto H, Fukui Y. DOCK2 and DOCK5 act additively in 
neutrophils to regulate chemotaxis, superoxide production, and extracellular trap 
formation. J Immunol. 2014 Dec 1;193(11):5660-7. 

HNRNPL Sudhakaran M, Doseff AI. Role of Heterogeneous Nuclear Ribonucleoproteins in 
the Cancer-Immune Landscape. Int J Mol Sci. 2023 Mar 7;24(6):5086. 

MYCT1 
Xu J, Sun Y, Fu W, Fu S. MYCT1 in cancer development: Gene structure, regulation, 
and biological implications for diagnosis and treatment. Biomed Pharmacother. 
2023 Sep;165:115208. 

WNT5A Huang Y, Xue Q, Chang J, Wang X, Miao C. Wnt5a: A promising therapeutic target 
for inflammation, especially rheumatoid arthritis. Cytokine. 2023 Dec;172:156381. 

TNFSF9  
Wong HY, Schwarz H. CD137 / CD137 ligand signalling regulates the immune 
balance: A potential target for novel immunotherapy of autoimmune diseases. J 
Autoimmun. 2020 Aug;112:102499. 

KCTD9 
Yao H, Ren D, Wang Y, Wu L, Wu Y, Wang W, Li Q, Liu L. KCTD9 inhibits the Wnt/β-
catenin pathway by decreasing the level of β-catenin in colorectal cancer. Cell 
Death Dis. 2022 Sep 2;13(9):761. 

EFNB1 
Mori T, Maeda N, Inoue K, Sekimoto R, Tsushima Y, Matsuda K, Yamaoka M, 
Suganami T, Nishizawa H, Ogawa Y, Funahashi T, Shimomura I. A novel role for 
adipose ephrin-B1 in inflammatory response. PLoS One. 2013 Oct 1;8(10):e76199. 

SOCS3 
Santos MRG, Queiroz-Junior CM, Madeira MFM, Machado FS. Suppressors of 
cytokine signaling (SOCS) proteins in inflammatory bone disorders. Bone. 2020 
Nov;140:115538. 

PPM1L 

Wang B, Zhou Q, Bi Y, Zhou W, Zeng Q, Liu Z, Liu X, Zhan Z. Phosphatase PPM1L 
Prevents Excessive Inflammatory Responses and Cardiac Dysfunction after 
Myocardial Infarction by Inhibiting IKKβ Activation. J Immunol. 2019 Sep 
1;203(5):1338-1347. 

EGR3 

Li S, Miao T, Sebastian M, Bhullar P, Ghaffari E, Liu M, Symonds AL, Wang P. The 
transcription factors Egr2 and Egr3 are essential for the control of inflammation 
and antigen-induced proliferation of B and T cells. Immunity. 2012 Oct 
19;37(4):685-96. 

CD200 

Varnum MM, Kiyota T, Ingraham KL, Ikezu S, Ikezu T. The anti-inflammatory 
glycoprotein, CD200, restores neurogenesis and enhances amyloid phagocytosis in 
a mouse model of Alzheimer's disease. Neurobiol Aging. 2015 Nov;36(11):2995-
3007. 

CYP27A1 

Hendrikx T, Jeurissen ML, Bieghs V, Walenbergh SM, van Gorp PJ, Verheyen F, 
Houben T, Guichot YD, Gijbels MJ, Leitersdorf E, Hofker MH, Lütjohann D, Shiri-
Sverdlov R. Hematopoietic overexpression of Cyp27a1 reduces hepatic 
inflammation independently of 27-hydroxycholesterol levels in Ldlr(-/-) mice. J 
Hepatol. 2015 Feb;62(2):430-6. 

SOCS2 
Sobah ML, Liongue C, Ward AC. SOCS Proteins in Immunity, Inflammatory 
Diseases, and Immune-Related Cancer. Front Med (Lausanne). 2021 Sep 
16;8:727987. 

SELENOP Mal'tseva VN, Goltyaev MV, Turovsky EA, Varlamova EG. Immunomodulatory and 
Anti-Inflammatory Properties of Selenium-Containing Agents: Their Role in the 
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Regulation of Defense Mechanisms against COVID-19. Int J Mol Sci. 2022 Feb 
21;23(4):2360. 

DKK1 

Jaschke NP, Pählig S, Sinha A, Adolph TE, Colunga ML, Hofmann M, Wang A, Thiele 
S, Schwärzler J, Kleymann A, Gentzel M, Tilg H, Wielockx B, Hofbauer LC, Rauner 
M, Göbel A, Rachner TD. Dickkopf1 fuels inflammatory cytokine responses. 
Commun Biol. 2022 Dec 20;5(1):1391. 

RBP1 
Dolin HH, Franco JH, Chen X, Pan ZK. Retinoic Acid-Induced Regulation of 
Inflammatory Pathways Is a Potential Sepsis Treatment. Infect Immun. 2023 Apr 
18;91(4):e0045722. doi: 10.1128/iai.00457-22. 

 
Table G.2. – Immunomodulatory pattern genes 

PTEN 

Li XF, Chen X, Bao J, Xu L, Zhang L, Huang C, Meng XM, Li J. PTEN negatively 
regulates the expression of pro-inflammatory cytokines and chemokines of 
fibroblast-like synoviocytes in adjuvant-induced arthritis. Artif Cells Nanomed 
Biotechnol. 2019 Dec;47(1):3687-3696. 

RNF144B 

Li G, Zhang J, Zhao Z, Wang J, Li J, Xu W, Cui Z, Sun P, Yuan H, Wang T, Li K, Bai X, 
Ma X, Li P, Fu Y, Cao Y, Bao H, Li D, Liu Z, Zhu N, Tang L, Lu Z. RNF144B negatively 
regulates antiviral immunity by targeting MDA5 for autophagic degradation. 
EMBO Rep. 2024 Oct;25(10):4594-4624. 

PLD4 

Gavin AL, Huang D, Huber C, Mårtensson A, Tardif V, Skog PD, Blane TR, Thinnes 
TC, Osborn K, Chong HS, Kargaran F, Kimm P, Zeitjian A, Sielski RL, Briggs M, Schulz 
SR, Zarpellon A, Cravatt B, Pang ES, Teijaro J, de la Torre JC, O'Keeffe M, Hochrein 
H, Damme M, Teyton L, Lawson BR, Nemazee D. PLD3 and PLD4 are single-
stranded acid exonucleases that regulate endosomal nucleic-acid sensing. Nat 
Immunol. 2018 Sep;19(9):942-953. 

PODXL 

Amo L, Díez-García J, Tamayo-Orbegozo E, Maruri N, Larrucea S. Podocalyxin 
Expressed in Antigen Presenting Cells Promotes Interaction With T Cells and Alters 
Centrosome Translocation to the Contact Site. Front Immunol. 2022 May 
31;13:835527. 

EPDR1 

Qian X, Cai J, Zhang Y, Shen S, Wang M, Liu S, Meng X, Zhang J, Ye Z, Qiu S, Zhong 
X, Gao P. EPDR1 promotes PD-L1 expression and tumor immune evasion by 
inhibiting TRIM21-dependent ubiquitylation of IkappaB kinase-β. EMBO J. 2024 
Oct;43(19):4248-4273. 

SULF2 

Siegel RJ, Singh AK, Panipinto PM, Shaikh FS, Vinh J, Han SU, Kenney HM, Schwarz 
EM, Crowson CS, Khuder SA, Khuder BS, Fox DA, Ahmed S. Extracellular sulfatase-
2 is overexpressed in rheumatoid arthritis and mediates the TNF-α-induced 
inflammatory activation of synovial fibroblasts. Cell Mol Immunol. 2022 
Oct;19(10):1185-1195. 

PCSK5 

Ito H, Nozaki K, Sakimura K, Abe M, Yamawaki S, Aizawa H. Activation of 
proprotein convertase in the mouse habenula causes depressive-like behaviors 
through remodeling of extracellular matrix. Neuropsychopharmacology. 2021 
Jan;46(2):442-454. 

IFITM1 Yánez DC, Ross S, Crompton T. The IFITM protein family in adaptive immunity. 
Immunology. 2020 Apr;159(4):365-372. 

HCP5 
Kulski JK. Long Noncoding RNA HCP5, a Hybrid HLA Class I Endogenous Retroviral 
Gene: Structure, Expression, and Disease Associations. Cells. 2019 May 
20;8(5):480. 

GPR183 (EBI2) 
Misselwitz B, Wyss A, Raselli T, Cerovic V, Sailer AW, Krupka N, Ruiz F, Pot C, Pabst 
O. The oxysterol receptor GPR183 in inflammatory bowel diseases. Br J Pharmacol. 
2021 Aug;178(16):3140-3156. 

CCL2 (~MCP-1) 
Gschwandtner M, Derler R, Midwood KS. More Than Just Attractive: How CCL2 
Influences Myeloid Cell Behavior Beyond Chemotaxis. Front Immunol. 2019 Dec 
13;10:2759. 

IFI27 
Zhao X, Zhang L, Wang J, Zhang M, Song Z, Ni B, You Y. Identification of key 
biomarkers and immune infiltration in systemic lupus erythematosus by 
integrated bioinformatics analysis. J Transl Med. 2021 Jan 19;19(1):35. 



 238 

HLA-DPA1 

Chen Z, Chen R, Ou Y, Lu J, Jiang Q, Liu G, Wang L, Liu Y, Zhou Z, Yang B, Zuo L. 
Construction of an HLA Classifier for Early Diagnosis, Prognosis, and Recognition 
of Immunosuppression in Sepsis by Multiple Transcriptome Datasets. Front 
Physiol. 2022 May 24;13:870657. 

APOL4 

Paz-Barba M, Muñoz Garcia A, de Winter TJJ, de Graaf N, van Agen M, van der Sar 
E, Lambregtse F, Daleman L, van der Slik A, Zaldumbide A, de Koning EJP, Carlotti 
F. Apolipoprotein L genes are novel mediators of inflammation in beta cells. 
Diabetologia. 2024 Jan;67(1):124-136. 

ARID5A 
Nyati KK, Zaman MM, Sharma P, Kishimoto T. Arid5a, an RNA-Binding Protein in 
Immune Regulation: RNA Stability, Inflammation, and Autoimmunity. Trends 
Immunol. 2020 Mar;41(3):255-268. 

JUNB Ren FJ, Cai XY, Yao Y, Fang GY. JunB: a paradigm for Jun family in immune response 
and cancer. Front Cell Infect Microbiol. 2023 Sep 4;13:1222265. 

HLA-DMA 
Alvaro-Benito M, Morrison E, Wieczorek M, Sticht J, Freund C. Human leukocyte 
Antigen-DM polymorphisms in autoimmune diseases. Open Biol. 2016 
Aug;6(8):160165. 

MX2* 
Meng XW, Cheng ZL, Lu ZY, Tan YN, Jia XY, Zhang M. MX2: Identification and 
systematic mechanistic analysis of a novel immune-related biomarker for systemic 
lupus erythematosus. Front Immunol. 2022 Aug 18;13:978851. 

PDK3 
Li C, Liu C, Zhang J, Lu Y, Jiang B, Xiong H, Li C. Pyruvate dehydrogenase kinase 
regulates macrophage polarization in metabolic and inflammatory diseases. Front 
Immunol. 2023 Dec 18;14:1296687. 

RARRES1 
(~TIG1) 

Möller-Hackbarth K, Dabaghie D, Charrin E, Zambrano S, Genové G, Li X, 
Wernerson A, Lal M, Patrakka J. Retinoic acid receptor responder1 promotes 
development of glomerular diseases via the Nuclear Factor-κB signaling pathway. 
Kidney Int. 2021 Oct;100(4):809-823. 

ICAM1** 
Bui TM, Wiesolek HL, Sumagin R. ICAM-1: A master regulator of cellular responses 
in inflammation, injury resolution, and tumorigenesis. J Leukoc Biol. 2020 
Sep;108(3):787-799. 

BST2 
Tiwari R, de la Torre JC, McGavern DB, Nayak D. Beyond Tethering the Viral 
Particles: Immunomodulatory Functions of Tetherin (BST-2). DNA Cell Biol. 2019 
Nov;38(11):1170-1177. 

RAB20* Prashar A, Schnettger L, Bernard EM, Gutierrez MG. Rab GTPases in Immunity and 
Inflammation. Front Cell Infect Microbiol. 2017 Sep 29;7:435. 

CD74** Su H, Na N, Zhang X, Zhao Y. The biological function and significance of CD74 in 
immune diseases. Inflamm Res. 2017 Mar;66(3):209-216. 

TNFRSF11B 
Saidenberg Kermanac'h N, Bessis N, Cohen-Solal M, De Vernejoul MC, Boissier MC. 
Osteoprotegerin and inflammation. Eur Cytokine Netw. 2002 Apr-Jun;13(2):144-
53. PMID: 12101070. 

FLG 

Liljedahl ER, Gliga A, de Paula HK, Engfeldt M, Julander A, Lidén C, Lindh C, Broberg 
K. Inflammation-related proteins in blood after dermal exposure to some common 
chemicals depend on the skin barrier gene filaggrin - a human experimental study. 
Environ Toxicol Pharmacol. 2024 Jan;105:104346. 

DUSP6 
Zhang Z, Chen Y, Zheng L, Du J, Wei S, Zhu X, Xiong JW. A DUSP6 inhibitor 
suppresses inflammatory cardiac remodeling and improves heart function after 
myocardial infarction. Dis Model Mech. 2023 May 1;16(5):dmm049662. 

EFNB3* Darling TK, Lamb TJ. Emerging Roles for Eph Receptors and Ephrin Ligands in 
Immunity. Front Immunol. 2019 Jul 4;10:1473. 

CD40** 
Senhaji N, Kojok K, Darif Y, Fadainia C, Zaid Y. The Contribution of CD40/CD40L 
Axis in Inflammatory Bowel Disease: An Update. Front Immunol. 2015 Oct 
16;6:529. 

CERS4 

Alexandropoulou I, Grammatikopoulou MG, Gkouskou KK, Pritsa AA, Vassilakou T, 
Rigopoulou E, Lindqvist HM, Bogdanos DP. Ceramides in Autoimmune Rheumatic 
Diseases: Existing Evidence and Therapeutic Considerations for Diet as an 
Anticeramide Treatment. Nutrients. 2023 Jan 2;15(1):229. 
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BHLHE41  
(~DEC2/SHARP1) 

Bret C, Desmots-Loyer F, Moreaux J, Fest T. BHLHE41, a transcriptional repressor 
involved in physiological processes and tumor development. Cell Oncol (Dordr). 
2024 Sep 10. 

 
Table G.3. – Adipogenesis inhibition genes 

RARA 

Green AC, Kocovski P, Jovic T, Walia MK, Chandraratna RAS, Martin TJ, Baker EK, 
Purton LE. Retinoic acid receptor signalling directly regulates osteoblast and 
adipocyte differentiation from mesenchymal progenitor cells. Exp Cell Res. 2017 
Jan 1;350(1):284-297. 

SOCS2 

Val CH, de Oliveira MC, Lacerda DR, Barroso A, Batista NV, Menezes-Garcia Z, de 
Assis DRR, Cramer AT, Brant F, Teixeira MM, Glória Souza D, Ferreira AM, 
Machado FS. SOCS2 modulates adipose tissue inflammation and expansion in 
mice. J Nutr Biochem. 2020 Feb;76:108304. 

EGR3 
Wan X, Wang L, Khan MA, Peng L, Zhang K, Sun X, Yi X, Wang Z, Chen K. Shift work 
promotes adipogenesis via cortisol-dependent downregulation of EGR3-HDAC6 
pathway. Cell Death Discov. 2024 Mar 11;10(1):129. 

EFNB3 Arthur A, Gronthos S. Eph-Ephrin Signaling Mediates Cross-Talk Within the Bone 
Microenvironment. Front Cell Dev Biol. 2021 Feb 9;9:598612. 

CYP27A1 Li J, Daly E, Campioli E, Wabitsch M, Papadopoulos V. De novo synthesis of 
steroids and oxysterols in adipocytes. J Biol Chem. 2014 Jan 10;289(2):747-64. 

RARRES1 (~TIG1) 
Maimouni S, Issa N, Cheng S, Ouaari C, Cheema A, Kumar D, Byers S. Tumor 
suppressor RARRES1- A novel regulator of fatty acid metabolism in epithelial cells. 
PLoS One. 2018 Dec 17;13(12):e0208756. 

BHLHE41 
(~DEC2/SHARP1) 

Gulbagci NT, Li L, Ling B, Gopinadhan S, Walsh M, Rossner M, Nave KA, Taneja R. 
SHARP1/DEC2 inhibits adipogenic differentiation by regulating the activity of 
C/EBP. EMBO Rep. 2009 Jan;10(1):79-86. 

MMP11 
Andarawewa KL, Rio M-C. New insights into MMP function in adipogenesis. The 
Cancer Degradome: In: Proteases and Cancer Biology, Edwards D, Hoyer-Hansen 
G, Blasi F, Sloane BF (Eds.). New York: Springer; 2008 p. 361–372. 

 
Table G.4. – Adipogenesis promotion genes 

IGFBP2 

Wang Y, Liu Y, Fan Z, Liu D, Wang F, Zhou Y. IGFBP2 enhances adipogenic 
differentiation potentials of mesenchymal stem cells from Wharton's jelly of the 
umbilical cord via JNK and Akt signaling pathways. PLoS One. 2017 Aug 
31;12(8):e0184182. 

PPARG 
Zhuang H, Zhang X, Zhu C, Tang X, Yu F, Shang GW, Cai X. Molecular Mechanisms 
of PPAR-γ Governing MSCs Osteogenic and Adipogenic Differentiation. Curr Stem 
Cell Res Ther. 2016;11(3):255-64. 

IGF1 
Hu L, Yang G, Hägg D, Sun G, Ahn JM, Jiang N, Ricupero CL, Wu J, Rodhe CH, 
Ascherman JA, Chen L, Mao JJ. IGF1 Promotes Adipogenesis by a Lineage Bias of 
Endogenous Adipose Stem/Progenitor Cells. Stem Cells. 2015 Aug;33(8):2483-95. 

GALNT15 

Takahashi A, Koike R, Watanabe S, Kuribayashi K, Wabitsch M, Miyamoto M, 
Komuro A, Seki M, Nashimoto M, Shimizu-Ibuka A, Yamashita K, Iwata T. 
Polypeptide N-acetylgalactosaminyltransferase-15 regulates adipogenesis in 
human SGBS cells. Sci Rep. 2024 Aug 29;14(1):20049. 

RARA 
Cao J, Ma Y, Yao W, Zhang X, Wu D. Retinoids Regulate Adipogenesis Involving the 
TGFβ/SMAD and Wnt/β-Catenin Pathways in Human Bone Marrow Mesenchymal 
Stem Cells. Int J Mol Sci. 2017 Apr 15;18(4):842. 

 
Table G.5. – Lipid metabolism genes 

BLTP2 Neuman SD, Levine TP, Bashirullah A. A novel superfamily of bridge-like lipid 
transfer proteins. Trends Cell Biol. 2022 Nov;32(11):962-974. 

PLD4 
Singh S, Dransfeld U, Ambaw Y, Lopez-Scarim J, Farese RV Jr, Walther TC. PLD3 and 
PLD4 synthesize S,S-BMP, a key phospholipid enabling lipid degradation in 
lysosomes. bioRxiv [Preprint]. 2024 Mar 21:2024.03.21.586175. 
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ATP8B2 

Takatsu H, Nishimura N, Kosugi Y, Ogawa H, Nakayama K, Colin E, Platzer K, Abou 
Jamra R, Redler S, Prouteau C, Ziegler A, Shin HW. De Novo Missense Variations of 
ATP8B2 Impair Its Phosphatidylcholine Flippase Activity. Mol Cell Biol. 
2024;44(11):473-488. 

ELOVL3 

Westerberg R, Månsson JE, Golozoubova V, Shabalina IG, Backlund EC, Tvrdik P, 
Retterstøl K, Capecchi MR, Jacobsson A. ELOVL3 is an important component for 
early onset of lipid recruitment in brown adipose tissue. J Biol Chem. 2006 Feb 
24;281(8):4958-68. 

ANGPTL4 Kersten S. Role and mechanism of the action of angiopoietin-like protein ANGPTL4 
in plasma lipid metabolism. J Lipid Res. 2021;62:100150. 

RARA Bonet ML, Ribot J, Palou A. Lipid metabolism in mammalian tissues and its control 
by retinoic acid. Biochim Biophys Acta. 2012 Jan;1821(1):177-89. 

PLAAT4 
(~RARRES3) 

Zhao JY, Yuan XK, Luo RZ, Wang LX, Gu W, Yamane D, Feng H. Phospholipase A and 
acyltransferase 4/retinoic acid receptor responder 3 at the intersection of tumor 
suppression and pathogen restriction. Front Immunol. 2023 Mar 31;14:1107239. 

IGF1 Zhang D, Wei Y, Huang Q, Chen Y, Zeng K, Yang W, Chen J, Chen J. Important 
Hormones Regulating Lipid Metabolism. Molecules. 2022 Oct 19;27(20):7052. 

SOCS3 

Sachithanandan N, Fam BC, Fynch S, Dzamko N, Watt MJ, Wormald S, Honeyman 
J, Galic S, Proietto J, Andrikopoulos S, Hevener AL, Kay TW, Steinberg GR. Liver-
specific suppressor of cytokine signaling-3 deletion in mice enhances hepatic 
insulin sensitivity and lipogenesis resulting in fatty liver and obesity. Hepatology. 
2010 Nov;52(5):1632-42. 

PPARG 
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Table G.12. – Angiogenesis-related genes 
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