TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Deciphering the Bone Marrow Microenvironment in
Idiopathic Acquired Aplastic Anemia

Isabel Filipa Bogalho Henriques Martins
Supervisor: Doctor Cladudia Alexandra Martins Lobato da Silva

Co-Supervisor: Doctor Domingos Manuel Pinto Henrique

Thesis approved in public session to obtain the PhD Degree in

Biotechnology and Biosciences

Jury Final Classification: Pass with Distinction

2025






TECNICO
LISBOA

UNIVERSIDADE DE LISBOA
INSTITUTO SUPERIOR TECNICO

Deciphering the Bone Marrow Microenvironment in
Idiopathic Acquired Aplastic Anemia

Isabel Filipa Bogalho Henriques Martins

Supervisor: Doctor Cladudia Alexandra Martins Lobato da Silva

Co-Supervisor: Doctor Domingos Manuel Pinto Henrique

Thesis approved in public session to obtain the PhD Degree in

Biotechnology and Biosciences

Jury Final Classification: Pass with Distinction

Jury
Chairperson: Doctor Arsénio do Carmo Sales Mendes Fialho, Instituto Superior Técnico,
Universidade de Lisboa.

Members of the Committee:
Doctor Arsénio do Carmo Sales Mendes Fialho, Instituto Superior Técnico, Universidade de
Lisboa;

Doctor Luis Miguel Nabais Borrego, Faculdade de Ciéncias Médicas | Nova Medical School,
Universidade Nova de Lisboa;

Doctor Claudia Alexandra Martins Lobato da Silva, Instituto Superior Técnico, Universidade
de Lisboa;

Doctor Raquel Madeira Gongalves, Instituto de Ciéncias Biomédicas Abel Salazar,
Universidade do Porto;

Doctor Ana Margarida Pires Fernandes-Platzgummer, Instituto Superior Técnico,
Universidade de Lisboa;
Doctor Elsa Margarida Cavaco Abranches, ViSync Technologies SA.

Funding Institution — FCT: Fundagdo para a Ciéncia e a Tecnologia

2025






Resumo

A anemia apldsica idiopatica adquirida (AA) é uma doenca rara, caracterizada por
insuficiéncia da medula éssea (MO), reducdo significativa do numero de células
hematopoiéticas estaminais e progenitoras (HSPC) e alteracdo do microambiente
medular (ex., adipogénese). Além do ataque imunolégico mediado por células T
citotoxicas, tém sido descritas alteracbes do nicho hematopoiético com possivel
implicagdo na fisiopatologia da doenca. Publicagdes prévias demonstraram a presencga
de alteragdes funcionais nas células estromais mesenquimais da MO (BM-MSCs),
contudo os dados sdo escassos e heterogéneos. Neste projeto, foi realizado o estudo
comparativo de BM-MSCs de utentes com AA em comparagao a controlos saudaveis.
Foram analisados: o perfil imunofenotipico, diferenciagao tri-linhagem e capacidade
proliferativa (Seccdo Ill); a capacidade de suporte hematopoiético (Seccdo 1V); o perfil
de expressao génica (Seccdo V). Para melhor recriar o microambiente natural da MO, foi
estabelecido um protocolo de descelularizagdao de osso femoral humano como
plataforma para co-cultura de BM-MSCs (Seccdo VI). No ambito do projecto, foi
desenvolvido um biobanco de amostras de MO de dadores com AA e saudaveis. No
presente estudo concluiu-se que: o perfil imunofenotipico e proliferativo in vitro das
BM-MSCs de AA foi semelhante aos controlos saudaveis; as BM-MSCs de AA exibiram
uma maior tendéncia para a diferenciagdao adipogénica; globalmente, a taxa de
proliferacio de HSPC sauddveis em co-cultura com BM-MSCs de AA foi menor
comparativamente a co-cultura com BM-MSCs saudaveis ou sem células de suporte; as
BM-MSCs de AA mostraram padrdes moleculares distintos, relacionados com
mecanismos de resposta imunitaria, adipogénese, metabolismo lipidico, diferenciagao
e atividade osteobldstica e osteoclastica, remodelacdo da matriz extracelular (ECM),
suporte hematopoiético, angiogénese, reparacdo de DNA, resposta ao stress e
sinalizacdo celular. O modelo de osso humano descelularizado demonstrou ser eficaz, o
gue suporta a sua aplicacdo como plataforma de co-cultura celular com o objectivo de
melhor representar o microambiente natural da MO.

Palavras-chave: anemia apldsica idiopdtica adquirida; células estromais
mesenquimais de medula éssea; células hematopoiéticas estaminais e progenitoras;

matriz dssea descelularizada; medicina regenerativa.



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 Ill); 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.
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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-y), tumor necrosis factor-alpha
(TNF-a), 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-a-
producing macrophages (Mg) were found in the bone marrow, with IFN-y-mediated HSC
loss requiring Mg presence, highlighting their role. IFN-y indirectly impairs HSC function
through niche cells like Mg 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-y, interferon-gamma; MVD, microvessel density; M@, macrophages; MSCs,
mesenchymal stromal cells; OB, osteoblasts; OC, osteoclasts; PC, pericytes; TNF-q,
tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor (adapted from
[164]).



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 DO).

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™ Il (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
AdipoRed™ 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 (Fl) 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 (Fl) 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.



Figure 14: Proliferative rate, defined by Fold Increase (Fl) 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 (Fl) 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
(xtSE 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; ¢ = 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 (Fl)
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 (Fl)
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 (Fl) 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 (Fl) 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 MethoCult™ 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, AMO08, 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, AMO0S8, 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, AMO0S8, 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, AMO0S8, 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, AMO08, 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, AMO0S8, 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, AMO08, 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, AMO08, 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, AMO0S8, 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/B-catenin inhibition or activation;
upregulation of genes related to MAPK, PI3K/Akt and NF-kB activation, Wnt/R-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, AMO08, 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/B-catenin inhibition or activation;
upregulation of genes related to MAPK, PI3K/Akt or NF-kB activation, Wnt/R-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 (AACt)
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method and plotted as Log2 fold change (L2FC; FC = 2"22¢t) 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 (10pM). Results determined by delta-delta Ct (AACt)
method and plotted as Log2 fold change (L2FC; FC = 22¢t) 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 (10pM). Results determined by delta-delta Ct (AACt)
method and plotted as Log2 fold change (L2FC; FC = 222¢t) 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 uM, 1 uM, 10 uM). Viability/metabolic
assay performed with PrestoBlue™. 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 uM, 10 uM). Significance attained for 10 uM
isotretinoin concentration (p = 0.15, for 1 uM versus no drug; p = 0.03 for 10 uM versus
no drug; p = 0.42 for 1 uM versus 10 uM). Results expressed by mean fold increase (Fl)
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 |
(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 | (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
PrestoBlue™. 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 | (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 | (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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I. Introduction and Thesis outline




.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.



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].
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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



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 x10°/L, (ii) platelets <20 x 10°/L (iii) reticulocyte count <20 x 10%/L;
Very Severe AA (VSAA): as for SAA but neutrophils <0.2 x 10°/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].



1.2.2. Bone Marrow Microenvironment in AA

1.2.2.1. 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



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.
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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-y), tumor necrosis factor-alpha
(TNF-a), 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-a-

producing macrophages (Mg) were found in the bone marrow, with IFN-y-mediated



HSC loss requiring Mg presence, highlighting their role. IFN-y indirectly impairs HSC
function through niche cells like Mg 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-y, interferon-gamma; MVD, microvessel density;
Mg, macrophages; MSCs, mesenchymal stromal cells; OB, osteoblasts; OC, osteoclasts;
PC, pericytes; TNF-a, 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



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].

1.2.2.2. 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].



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
- In AA patients, arsenic trioxide (ATO) plus
Ciclosporin A (CsA) demonstrated to partially
CCAAT/enhancer- restore the unbalanced differentiation of BM-
binding protein alpha | MSCs by improving the balance between
(C/EBPa) and osteogenic and adipogenic differentiation.
peroxisome - ATO showed to inhibit adipogenic differentiation [52-56]
proliferator-activated | and to promote osteogenic differentiation in
receptor gamma healthy BM-MSCs by CCAAT/enhancer-binding
(PPARYy) protein alpha (C/EBPa) and peroxisome
proliferator-activated receptor gamma (PPARy)
regulation.
- GATA-2, expressed in hematopoietic stem cells
and early hematopoietic progenitors, is a key
transcriptional factor in hematopoiesis, essential
for HSPC maintenance, differentiation,
GATA-2 and peroxisome pro_liferatio.n and survival. BM CD34+ ceIIs. from
oroliferator-activated patients with AA showed lower expression of
receptor gamma GATA-2. [57-64]
- GATA-2 is also involved in the regulation of the
(PPARYy) . . .
hematopoietic microenvironment. It is expressed
in preadipocytes and inhibits their terminal
differentiation into mature adipocytes by
suppressing PPARy. In AA-derived BM-MSCs,
GATA-2 expression showed to be significantly

10




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

Whnt signaling pathway

- Inhibition of differentiation of BM-MSCs into
adipocytes mediated by inhibition of PPARy mRNA
expression (Wnt/R-catenin pathway).

- Noncanonical Wnt pathway activates histone
methyltransferases leading to the inhibition of
PPARYy transactivation of target genes.

- In mouse model, Wnt/B-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/EBPa - CCAAT/enhancer-binding protein alpha; PPARy - peroxisome
proliferator-activated receptor gamma; LEP - leptin; LEP-R - leptin receptor.

1.2.3. Therapeutic Strategies for AA

1.2.3.1 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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1.2.3.2. 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].

1.2.3.2.1. 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 x 10° [n = 86], 2-2.5 x 10° [n
=53], <2x10° [n =9] cells per kg body weight), all patients reached hematopoietic
reconstitution, even those who received < 2 x 10° 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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1.2.3.2.2. 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-Seg-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 (FIt-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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1.3. Project Outline

The theoretical framework presented in the previous sections, and the research
guestions 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).

Bone marrow BM-MSCs +/- HSPC Co-culture model (Co)-culture modulation
(AA + controls) (AA vs. controls) (decellularized human bone matrix) (drugs/small molecules)
- isolation
- expansion YaXay
- characterization 2520053
{ . p oy
e g | Qe — -)—Wg — 5
. b o - 2D g;?n
Transcriptomics
3D platform * Drug screening * Add complexity to the model
* HSPC (autologous) (other ME cells - e.g., adipocytes)
expansion strategies * 3D scaffold
* Study drug effect - * Bioreactors
personalized medicine * Develop new MSC-based
treatment strategies (e.g., cell
or seaetome)

regenerative medicine-based strategies in AA/other BMFS

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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1.3.1. 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 Estefania - Hematology Unit; Hospital de S3o Bernardo, Setubal -
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 Ciéncia.

2. Bioinformatics analysis of BM-MSCs bulk mRNA-Seq data and RT-gPCR
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 AAis 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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1.3.2. 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 naive 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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I1.1. 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 Estefania, ULS de
Sdo José (principal collaborating physician - Paula Kjollerstrom, MD); Hematology Unit,
Hospital de Sdo Bernardo, ULS da Arrdbida (principal collaborating physician - Joana
Santos, MD); Orthopedics and Traumatology Unit, CUF Sintra Hospital (principal
collaborating physician - Jodo 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 x10°/L, (ii) platelets <20 x 10°/L (iii) reticulocyte count <20 x 10%/L;
very severe AA (VSAA): as for SAA but neutrophils <0.2 x 10°/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.

11.2. 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.

11.3. 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 11.2) 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 10° MNC/mL; up to 1x10°
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, PO 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
liqguid/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

5)

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.

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 2x10° cells/cm?. For subsequent expansion of BM-MSCs, a seeding

density of 3x103 cells/cm? 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.

11.4. 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)

2)

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.

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 vyears;
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

I1.5. Human BM-MSCs isolation and expansion
BM-MSCs isolation and expansion protocol

1) Previouslyisolated MNC (HetaSep™, STEMCELL Technologies) were seeded
in 6 or 12-well plates (depending on sampling amount) at a density of
200000 MNC/cm? and cultured in 10% FBS MSCs-qualified + DMEM + 1%
A/A (pre-warmed at room temperature) medium at 37°C with 5% CO; 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)

3)

4)

5)

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 uL 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.

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.

After BM-MSCs isolation, cells were replated (in passage 0 [PO] stage) on
uncoated T-Flasks at a cell density of 3000 cells/cm?. T-flask area was
chosen according to sampling amount. Cells were incubated at 37°C with
5% COz in a humidified chamber.

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 (Fl) 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

37



at a density of 3000 cell/cm?, 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 (DO = 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.

I1.6. 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/cm?
and expanded in 10% FBS-DMEM (1% A/A) medium (pre-warmed at room
temperature) at 37°C with 5% CO; 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% CO: 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)

5)

6)

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.

ALP staining (sequential steps) - remove the media from the wells; wash
once with PBS (200ul); fix the cells in 4% PFA (200ul) for 30 minutes at room
temperature (RT) and protected from light; wash the wells twice with PBS
(200pl) for 5 minutes at room temperature; keep the cells in distilled water
for 15 minutes (200ul); mix an aliquot of Fast Violet (Sigma-Aldrich) (1.5ml)
with 60ul of naphtol (Sigma-Aldrich), add 200ul to cover the well surface
and incubate for 45 minutes at room temperature, protected from light;
wash three times with PBS (200ul); keep in distilled water and take photos
on bright-field microscope (Olympus IX51 Inverted Microscope) equipped
with an attached digital camera.

von Kossa (VK) staining (sequential steps) — this protocol is to be performed
after the protocol for ALP staining; wash cells with distilled water (200ul);
stain cells with 200 pL of 2.5% silver nitrate solution (Sigma-Aldrich) for 30
minutes, at RT; wash three times with PBS (200ul); 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)

2)

3)

BM-MSCs were seeded on 12-well plates at a cell density of 3000 cell/cm?
and expanded in 10% FBS-DMEM (1% A/A) medium (pre-warmed at room
temperature) at 37°C with 5% CO; in a humidified chamber until 80-90%
cell confluency.

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% CO; in a humidified chamber.

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 AdipoRed™ 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 AdipoRed™ 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) Qil Red O staining (sequential steps) —wash the cells twice with PBS (200ul);
fix the cells in 4% PFA (200ul) for 30 minutes at room temperature and
protected from light; 3) wash three times with PBS (200ul); incubate the
cells with 0.3% Oil Red-O (Sigma-Aldrich) solution for 1 hour at room
temperature; wash the wells twice with PBS (200ul); 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 QOil 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% Qil 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) AdipoRed™ (Lonza) protocol (sequential steps) — remove the culture
medium and gently wash the cells with PBS; add 5 pL of AdipoRed™ (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

40



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 pL 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% CO; 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% CO;in a
humidified chamber.

7) Cultures were refeeded with differentiation (about 250 pL) 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 pL); fix cells with 4% PFA solution (200 L) for
30 minutes; after fixation, rinse wells with PBS (200 pL) and stain cells with
1% Alcian Blue (Alcian Blue 8GX, Sigma-Aldrich) prepared in 0.1 N HCL for
30 minutes (200 pL); rinse wells three times with 0.1 N HCL and add 200 uL
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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I1.7. 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™ Il (BD Biosciences), due to equipment replacement.

Flow cytometry protocol for BM-MSCs

1)

2)

3)

Previously harvested BM-MSCs were homogeneously distributed by four
flow cytometry tubes at a cell concentration between 5x10* to 10x10* cells
per tube (depending on the available cell numbers for each experiment)
and washed with PBS (until 2 ml).

Cells were firstly stained with Far Red LIVE/DEAD™ 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).

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 Express"7 (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 Express'"7 [De Novo Software by Dotmatics] are included in chapter

X.ii., Appendix B (B.1. and B.2.).

11.8. 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 | .

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
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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 plL. Nuclease-free water (4.2 uL 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 pL of 2X RT master mix into individual PCR tubes.

5) Pipetting of 10 uL 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 pL.

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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11.9. Human BM-MSCs RT-qPCR analysis

RT-qPCR analysis was performed with NZYSpeedy gPCR Green Master Mix (2x),
ROX plus (NZYtech) in StepOnePlus™ (Applied Biosystems™) and System Quant
Studio™ 5 Real-Time PCR System (Applied Biosystems™), by delta-delta Ct (AACt)
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 = 224Ct),
were plotted on bar graphs (designed in Microsoft Excel).

RT-gPCR 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

11.10. Human BM-MSCs absolute telomere length quantification by
RT-qPCR

BM-MSCs absolute telomere length was performed by RT-gPCR with Absolute
Human Telomere Length Quantification gPCR Assay Kit (ScienCell™), 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 TagGreen qPCR Master
Mix, a SYBR®Green dye-based gPCR 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 AACt method, as
follows:

1) Fortelomere (TEL), ACt (TEL) is the quantification cycle number difference

of TEL between the target and the reference genomic DNA samples.
- ACt (TEL) = Ct (TEL, target sample) - Ct (TEL, reference sample)

2) For single copy reference (SCR), ACt (SCR) is the quantification cycle
number difference of SCR between the target and the reference genomic

DNA samples.
- ACt (SCR) = Ct (SCR, target sample) - Ct (SCR, reference sample)

3) AACt = ACt (TEL) - ACt (SCR)

4) Relative telomere length of the target sample to the reference sample (fold)
- 2-AACt

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 2-84¢t

6) Asthere are 92 chromosome ends in one diploid cell, average telomere
length on each chromosome end = (1.23 + 0.09 Mb) x 2-24¢t/92

7) Results were expressed in kilobase (kb).
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11.11. 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 Ciéncia, 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®).

Disease
Age Severity and MSCs MSCs R.N.A .
Samples | Sample Gender passage quantification
(years) Treatment source o
ID number [after dilution]
Status
De novo,
reviously Bone 301 ng/ul
AM15 7 Male | P Marrow PS5 H
untreated, (PSIS) [54.2 ng/ul]
SAA
De novo,
reviously Bone 291 ng/ul
AM10 | 12 | Mmale | P Marrow P3
untreated, (PSIS) [55.3. ng/ul]
SAA
SAA
Relapse post
IST + related
allogeneic-
AA HCT
donors (relapse
(disease) after more Bone
AMO08 14 Male than six Marrow P6 :386 ng//pll
months (PSIS) [62.6 ng/ul]
without
therapy; loss
of
chimerism
of donor
cells)
De novo,
reviously Bone 252 ng/ul
AMS7 | 35 Male | P Marrow P4 H
untreated, (PSIS) [69.3 ng/pul]
SAA
Febrile
syndrome - Bone
CF18 4 Female | hematologic Marrow P5 ;112 ng//pll
disorder (PSIS) [91.3 ng/ul]
Healthy
excluded
donors -
Elective
(controls) . Bone
orthopedic Marrow 384 ng/ul
cMm11 11 Male surgery for P2 &/u
: (femoral [66.2 ng/ul]
benign
I head/neck)
condition
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Elective
orthopedic Bone
CF10 12 Female | surgery for Marrow P6 191 ng/pl
. (vertebral [61.6 ng/ul]
benign [
I body)
condition
Elective BM
aspirate for
diagnostic Bone
CM78 44 Male purposes - Marrow P2 [71t-(2":g{H;]
hematologic (PSIS) not difute
disorder
excluded

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; AMO0S8 - 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)

2)

3)

4)

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/ul. For each sample, a quality control (QC)
aliqguot was prepared to be analyzed in Fragment Analyzer™ system (Agilent
Technologies).

RNA samples were stored at -802C 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 Ciéncia (IGC).
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.

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 (lllumina) using NextSeq 1000/2000 P2 Reagents (100 Cycles)
v3 (lllumina, 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
[llumina DRAGEN FASTQ Generation v3.8.4. Library preparation and

sequencing were performed and optimized at Genomics Unit of IGC.

11.12. 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].

Principal component analysis (PCA) was performed by applying prcomp()
function and graphic visualization of PCA analysis was generated with R
package “factoextra” [11].

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, IfcShrink() 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.
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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11.13. 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/cm? on 24-well plates (technical triplicates were performed) and
expanded in either 0.1 uM, 1 uM or 10 puM isotretinoin or no-drug + 10% FBS-DMEM
(1% A/A) MSCs-qualified medium (pre-warmed at room temperature) at 37°C with
5% CO; in a humidified chamber.

11.14. 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 500puL of working solution to each well and incubation at 37°C
with 5% CO; 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 puL 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 uM,

1 uM or 10 uM) and plotted in bar charts (designed with Microsoft Excel).

11.15. 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/cm? on T25 culture flasks and cultured in either 10 uM isotretinoin or
no-drug + 10% FBS-DMEM (1% A/A) MSCs-qualified medium (pre-warmed
at room temperature) at 37°C with 5% CO; 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 11.8.).

3) RT-qPCR for RARA, CEBPA, PPARG, WNT5A, APOL4 and SOCS3 genes was
performed (as in section 11.9).

4) Results (log2 fold change (L2FC)) for both experimental conditions (no-drug;
isotretinoin 10 uM) 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

I.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)

2)

3)

4)

5)

6)

7)

8)

Centrifugation of mononuclear cells at 300 x g for 10 minutes and
supernatant aspiration.

Cell pellet resuspension in 300 uL 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.

Addition of 100 pL of FcR Blocking Reagent for up to 102 total cells.
Addition of 100 pL of CD34 MicroBeads UltraPure, human per 1082 total
cells.

Mixing and incubation for 30 minutes in the refrigerator (+2 to +8 °C).
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.

Supernatant aspiration and resuspension (up to 10% cells) in 500 pL of
MACS buffer.

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 11.18.

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 1V.3.1.).

11.17. 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 StemSpan™ Serum-free Expansion Medium Il (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/cm? and culturing them with
10% FBS MSCs-qualified + DMEM + 1% A/A (pre-warmed at room
temperature) medium at 37°C with 5% CO; 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% CO; 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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1.L18. 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™ Il (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 5x10* to 10x10* 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/DEAD™ 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 Express” 7 (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 11.16.).

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).

11.19. 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

MethoCult™ 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 plL 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% CO; 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 MethoCult™ 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

11.20. 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)

2)

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 (VWR® Standard Analog Shaker) for three times (10

minutes each) at RT.
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/pL)

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. 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
1 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).

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).

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).

3 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.

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)

2)

3)

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.

Sequential ex vivo co-culture of BM-MSCs on decellularized human femoral
bone scaffold.

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)

2)

3)

Fixation step in 10% neutral buffered formalin filled (60 ml) container for
about 12-24 hours.

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).

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.

11.21. 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 puL of 10% FBS MSCs-
qualified + DMEM + 1% A/A (pre-warmed at room temperature), at a
concentration of about 300000 cells/10uL.

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 uL 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% CO; 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% CO; in
a humidified chamber for a period of 17 days. Medium changes were

carefully performed every 4 days.
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11.22. 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% CO; 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 pL 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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1.23. 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 |, 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 5um 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% H;0; 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.

65



11.24. 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.

11.25. 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 Express"7 (De Novo Software by

Dotmatics).
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lll. Head-to-head comparison of phenotypic and functional
properties between AA-derived and control-derived BM-MSCs
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l1l.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.

70



I11.2. Background

As referred in Chapter |, 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-naive 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

72



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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111.3. Results and discussion

111.3.1. 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).
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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 DO).
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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™ Il (BD Biosciences) (Figure 7) flow cytometers are plotted below
(representative images of flow cytometry analysis of BM-MSCs samples using FCS
Express'7 (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.).
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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™ Il (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-B) 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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111.3.2. 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.
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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, AdipoRed™ 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 AdipoRed"™ 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 AdipoRed™ 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.
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Figure 10: AA-derived and control-derived adipogenic differentiation assay after
AdipoRed™ 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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111.3.3. 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/cm?) 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.
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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.

81



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 cm? T-flasks or 75 cm? T-flasks, at a seeding density
of 3000 cell/cm?, was not significantly different between AA-derived and control-

derived BM-MSCs, as represented in Figure 12 and Figure 13, below.
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Figure 12: Proliferative rate, defined by Fold Increase (Fl) 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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BM-MSCs expansion (after thawing, T75)
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Figure 13: Proliferative rate, defined by Fold Increase (Fl) 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 cm? T-flasks (seeding density = 3000 cell/cm?) 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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BM-MSCs expansion (1 passage post-thawing)
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Figure 14: Proliferative rate, defined by Fold Increase (Fl) 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 I1.5.), 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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BM-MSC Ploriferative Kinetics
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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 DO).

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/cm?, for 10 days. Expansion

rate was assessed by fold increase (Fl) at day 10, as represented in Figure 16, below.
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Figure 16: Proliferative rate (defined by confluence (%) and fold increase (Fl) 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
gPCR Assay Kit (ScienCellTM), as described previously (section 11.10.).

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.

87



AA-derived BM-MSC

25

N~

Q

@

()

c

O —~

£8

-

w3

=15 N N B B B Fd
(] ..

o

sE B B B B I
s B B B Rl B

E o

o O

EE

< 8

o c

o O

oo

S

[

>

Z

25

Average of telomere lenght on each
chromosome (kb/92)

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
(xSE 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; ¢ = 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 Simdes, 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-gPCR with Absolute Human Telomere Length Quantification qPCR Assay Kit
(ScienCell™),

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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guantification 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/IMML, 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, GATAZ2). In the uBMF group, 15 VUS and 6 pathogenic
variants were identified allowing a diagnosis in 5.5% of patients: 2 predisposition
syndromes (SAMDYL, DDX41); telomeropathy (RTEL1); DBA-like (GATA1l);
immunodeficiency (LIG4); and Cartilage-hair hypoplasia (RMRP). In MDS/LA/LMM)J
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
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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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111.4. 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.

Percentage of
CD34+ cells
Donor
Sampling after MACS
Sample ID age BM source Pool ID
group (determined
(years)
by flow
cytometry)
N/A
M66 56 PSIS (single donor 68%
experiment)
F18 4 PSIS
#1 75%
F70 52 PSIS
M12 10 Femoral head/neck
Healthy
donors M72 52 Femoral head/neck
F53 69 Femoral head/neck #2 72%
F51 73 Femoral head/neck
M66 56 PSIS
Fo1 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 Donor age Co-cultured HSPC
Sample ID BM source
group (years) (single donor/pool ID)
AA M87 (P4) 35 PSIS M66
(single donor
Control M78 (P2) 44 PSIS .
experiment)
M15 (P4) 7 PSIS
M10 (P4) 12 PSIS
AA
MO8 (P6) 14 PSIS
M87 (P4) 35 PSIS Pool #1
F18 (P4) 4 PSIS
Control M11 (P4) 11 PSIS
M78 (P3) 44 PSIS
M15 (P3) 7 PSIS
AA M10 (P4) 12 PSIS
M87 (P6) 35 PSIS
Pool #2
F18 (P5) 4 PSIS
Control M70 (P6) 52 Femoral head/neck
M78 (P4) 44 PSIS
M15 (P6) 7 PSIS
AA M10 (P4) 12 PSIS
M87 (P6) 35 PSIS
Pool #3
F18 (P5) 4 PSIS
Control 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 Il (11.16. —11.19.).
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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.

AA-derived MSC (M10) LU AA<derived MSC (M87)

~ - Control-derived MSC (M78)

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.
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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.

AA-derived MSC - M87 + HSPC (10x) Control-derived MSC — M78 + HSPC (10x) HSPC without feeder layer (10x)

Single donor experiment

AA-derived MSC — M87 + HSPC (10x) Control-derived MSC — M78 + HSPC (10x) 3 HSPC without feeder layer (10x)

g

Pool#2 experiment

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 (Fl)
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.
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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 (Fl)
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.

Control-derived MSC — F18 + HSPC (10x)
T SN Y e e

HSPC without feeder layer (10x)

Pool#1 experiment

HSPC without feeder layer (4x)
|

Pool#3 experiment

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.

HSPC (Pool#1) HSPC (Pool#1)
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F18(P4) ™11 (P4) M78(P3) M15(P4) M10(P4) MO8 (P6) M87 (P4) No feeder
layer
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@
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Control-MSC AA-MSC No feeder layer

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 (Fl) represents the fraction of CD34+ cells at Day 7 divided by the number of
CD34+ cells enriched Pool#1 (xSE 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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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 (Fl)
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.
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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.
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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 MethoCult™ 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/B-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-gPCR, 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-gPCR 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 uM (p = 0.004)
and 10 uM (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 uM versus
1 uM; p = 0.13, for 0.1 uM versus 10 uM; p = 0.76 for 1 uM versus 10 uM). Globally,
proliferative rate of BM-MSCs exposed to the drug, calculated by cell number fold
increase (Fl) 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 uM of
isotretinoin concentration (p = 0.15, for 1 uM versus no drug; p = 0.03 for 10 uM versus
no drug; p = 0.42 for 1 uM versus 10 uM).

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.

113



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 1.2.2.2.), PPARy 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 I1.11.).

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 AM0O8 and CF10 samples.

Color Key
AA-MSC versus Healthy Controls

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, AMO08, 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 AMO0S, 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 AMO08, or AMO08 and CF10 in combination (Appendix C, Figures
C.1 and C.2), was tested. AMO08 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).
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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, AM0S8, 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.

PCA - disease status
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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).
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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.
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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, AMO08, 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, AMO0S8, 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, AMO0S8, and
AMS87 (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.
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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, AMO08, 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 1.2.2.2.),
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.
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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]).

131



Color Key
ECM remodeling and cell-ECM interactions

1 [ []

IPKNOX2

TSF

TINAGL1

CTSH

FRZB

LFML1

IMMP11

ALNT15

DAMTS9

PODXL

ITGAG

MAMDC2

CPNE7

AM15
AM87
AMO08
AM10
CM78

CF18
CM11

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, AMO08, 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]).
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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, AMO08, 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® 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 6.38x107'® and
L2FC 3.43, padj 3.75x10%%, 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.
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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, AMO08, 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, AMO0S8, and
AMS87 (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/R-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/R-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°), 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-y) production by activated T-cells is
related to the IDO induction in MSCs through the IFN-y-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 1.08x107) and SOCS3 (L2FC -1.92; padj 8.66x1011) 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

AT

AM15
AM87
AMO08
AM10

CF18
CcM11
CM78

function - Cell signaling. AA-derived BM-MSCs showing - downregulation of genes
related to MAPK inhibition, JAK-STAT inhibition, Wnt/B-catenin inhibition or activation;
upregulation of genes related to MAPK, PI3K/Akt and NF-kB activation, Wnt/R-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/B-catenin inhibition or activation;
upregulation of genes related to MAPK, PI3K/Akt or NF-kB activation, Wnt/R-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

Regulation of adipogenesis
RARA

(adipogenesis inhibitor); lipid -1.662 0.007
[117]
metabolism.
Pro-inflammatory; adipose tissue
ARID5
homeostasis (e.g., repression of -1.501 2.567x10°®
[118,119,120]
PPARG transcription).
TNFSF9
Pro-inflammatory. 4.219 0.022
[121,122]
Wnt noncanonical pathways
WNT5A

activator; bone resorption promotion; 2.478 0.0002
[123,124,125,126]
angiogenesis.

PPARG Adipogenesis promotion; lipid
-1.996 0.007
[127,128,129] metabolism; hematopoietic support.
BHLHE41 Anti-inflammatory; adipogenesis
-3.669 0.0003
[130,131,132] inhibition.
Hematopoiesis regulation (balance
MYBL1
between self-renewal and 2.739 0.0005
[132,133]
differentiation).
APOL4
Pro-inflammatory; lipid metabolism. -4.508 0.0002
[134,135,136]
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Gene regulation, chromatin
HOTAIR
remodeling, cancer progression, -3.920 9.507X10
[111]
angiogenesis, inflammation.
S0CS2 Anti-inflammatory; adipogenesis
-2.621 1.086x10°°
[101,102,112,113] inhibition; JAK-STAT cell signaling.
S0OCS3 Lipid metabolism; JAK-STAT cell
-1.925 8.664x10-1!
[101,102,113,114] signaling.
RBP1
Immunomodaulation. -4.113 7.795x10-8
[115,137]
CD74
Immunomodulation. -3.988 1.551x107°
[116]

L2FC — Log2 fold change; padj — adjusted p-value.

Table 8 — Genes selected for RT-gPCR 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
ECM synthesis regulation; differentiation
SPARC (osteonectin)
and maturation of osteoblasts; bone -0.018 0.966
[138]
mineralization.
Bone formation and remodeling by
BGLAP (osteocalcin)
regulation of osteoblasts and osteoclasts -0.008 NA
[139]
activity; bone mineralization.
SPP1 (osteopontin) Bone remodeling; inflammation (pro-
0.130 0.459
[140,141] inflammatory).
FABP4
Lipid metabolism; inflammation. -1.431 0.766
[142,143]
Hematopoiesis (e.g., secretion of HSPC
LEPR supportive growth factors by LepR+
-0.040 NA
[143,144,145] stromal cells; marker for functional long-
term HSC); inflammation.
GATA2 Hematopoiesis (HSC self-renewal and
-1.458 0.051
[146,147] hematopoietic lineage determination).
CEBPA Hematopoiesis (e.g., induction of
-0.123 0.238
[148,149,150,151,152] | myeloid versus erythroid differentiation);
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adipogenesis (e.g., PPARG synergism

with CEBPA).
ADIPOQ Hematopoiesis (HSC self-renewal and
(adiponectin) proliferation - pool expansion); anti- 0.022 NA
[153,154] inflammatory.

Hematopoiesis (e.g., HSPC maintenance,
BIRC5
proliferation, differentiation and survival;
(survivin) 1.768 0.068
erythroid differentiation); apoptosis

[155,156]
inhibitor.
Whnt signaling modulator (soluble
inhibitor); hematopoiesis (e.g., HSC self-
SFRP1
renewal and differentiation; regulation -1.211 0.461
[157,158,159,160]
of the balance between HSC quiescence
and activation); osteoblast inhibitor.
Pro-inflammatory (e.g., NK cell activity
KCTD9 enhancement); Wnt/p-catenin pathway
0.967 0.023
[161,162,163,164] inhibitor (e.g., colorectal cancer tumor

suppressor).

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-gPCR 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-gPCR 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-gPCR 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-gPCR L2FC = -2,585 versus
bulk mRNA-Seq L2FC =-1.211).
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Despite RT-gPCR 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.
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Figure 45: RT-gPCR results for genes selected according to functional properties,
transcriptomics analysis and AA biology. Results determined by delta-delta Ct (AACt)
method and plotted as Log2 fold change (L2FC; FC = 224Ct) 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
mMRNA-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 I1.13., I1.14. and 11.15.), 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 10uM 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.
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Figure 46: RT-gPCR results for selected genes after 6-day exposure of AA and control-
derived BM-MSCs to isotretinoin (10pM). Results determined by delta-delta Ct (AACt)
method and plotted as Log2 fold change (L2FC; FC = 222¢) 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.
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Figure 47: RT-gPCR results for selected genes after 6-day exposure of AA and control-
derived BM-MSCs to isotretinoin (10pM). Results determined by delta-delta Ct (AACt)
method and plotted as Log2 fold change (L2FC; FC = 222¢) 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 puM, 1 uM, 10 uM) was assessed, as

depicted in Figure 48, below.

Cellular metabolic activity at 24h
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Figure 48: Cellular metabolic activity at 24 hours after in vitro AA and control-derived
BM-MSCs drug-modulation with isotretinoin (0.1 uM, 1 uM, 10 uM). Viability/metabolic
assay performed with PrestoBlue™. 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 uM (p = 0.004) and 10 uM (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 uM versus 1 uM; p = 0.13, for 0.1 uM versus 10 uM; p = 0.76 for 1 uM
versus 10 uM).
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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 uM, 10 uM), calculated by cell
number fold increase (Fl), 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 uM isotretinoin concentration (p = 0.15, for 1 uM versus no drug; p = 0.03 for 10

1M versus no drug; p = 0.42 for 1 uM versus 10 uM).

BM-MSC exposed to isotretinoin
3.5

25

15
0. I i
0

no-drug 1uM 10uM no-drug 1uM 10uM no-drug 1uM 10uM no-drug 1uM 10uM no-drug 1uM 10uM

N

Fold Increase (day 6)

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

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
S0CS2, 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-gPCR 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 |; 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.
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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 11.20.), 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.

b)

Intertrochanteric
line

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.
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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 | and fibronectin

(FN) after decellularization, as depicted in Figure 53.

COL1A1 - negative control COL1A1 -immunostaining
' -
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SDF-1- negative control SDF-1 - immunostaining

F59A24 dECM (20x) ! F59A24 dECM (20x) F59A24 dECM (20x)
i
H

Figure 53: Representative immunohistochemical stainings of collagen type | (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 | (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 | and fibronectin represent important, natural constitutive,
ECM matrix elements.

Collagen type | 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 a5B1-mediated activation of PI3K/AKT and Wnt/B-
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.

VI1.3.2. 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 (PrestoBlue™) 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.
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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

PrestoBlue™. 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 | 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 | (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 | (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.
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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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VI1.4. 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; ¢) 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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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: PM(C8523799.

2.) Margarida Coucelo, Joana Azevedo, Isabel Bogalho, Ana Teresa Simdes 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. Kjollerstrom, J. Sarmento Esteves, J. Santos, A, M.
Coucelo, A. Teresa Simdes, 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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