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Abstract

ABSTRACT

Immune cell differentiation and activation are associated with
widespread DNA methylation changes; however, the causal
relationship between these changes and their impact in shaping cell
fate decisions still needs to be fully elucidated. Here, we conducted a
genome-wide analysis to investigate the relationship between DNA
methylation and gene expression at gene regulatory regions in human
immune cells. By utilizing CRISPR/dCas9-TET1 and -DNMT3A
epigenome editing tools, we successfully established a cause-and-
effect relationship between the DNA methylation levels of the promoter
of the Interleukin1-receptor antagonist (IL7RN) gene and its expression.
Most importantly, we observed that modifying the DNA methylation
status of the ILTRN promoter is sufficient to alter human myeloid cell
fate and change the cellular response to inflammatory stimuli, resulting
in pro-inflammatory cytokine release and a distinctive capacity to
support cancer growth. Collectively, our findings demonstrate the
potential of targeting specific DNA methylation events to directly
modulate immune and inflammatory responses, providing a proof-of-
principle for intervening in a broad range of inflammation-related

diseases.



Abstract

RESUMEN

La diferenciacién y activacion de las células inmunes se
asocian con cambios en la metilacion del ADN; sin embargo, larelacion
causal entre estos cambios y su impacto en las decisiones sobre la
identidad celular aun se desconoce. En esta tesis, hemos realizado un
analisis de todo el genoma para investigar la relacion entre la
metilacion del ADNy la expresién génica en las regiones reguladoras de
los genes en células inmunes. Para eso, hemos utilizado herramientas
de edicidon epigendmica CRISPR/dCas9-TET1 y -DNMT3A, y hemos
establecido una relacion de causa y efecto entre los niveles de
metilacion del ADN del promotor del gen antagonista del receptor de
interleucina 1 (IL1RN) y su expresion. Hemos observado que al
modificar el estado de metilacion del ADN del promotor de ILTRN es
suficiente para alterar la identidad de las células mieloides humanas.
Ademas, al cambiar la respuesta celular a los estimulos inflamatorios,
promoviendo como resultado la liberacion de citoquinas
proinflamatorias y una capacidad distinta en la modulacién del
crecimiento del cancer. En conclusién, nuestros hallazgos demuestran
el potencial de modificar la metilacién del ADN en zonas especificas
del genoma para modular directamente la respuesta inmune e
inflamatoria, proporcionando vias alternativas para el tratamiento de

enfermedades relacionadas con la inflamacion.
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Abstract

RESUM

La diferenciacid¢ i activacié de les cel-lules immunes s'associen
amb canvis en la metilacio de 'ADN; no obstant, la relacié causal entre
aquests canvis i el seu impacte en les decisions sobre la identitat
cel-lular encara no se saben. En aquesta tesi, hem fet una analisi de tot
el genoma per investigar la relacié entre la metilaci6 de UADN i
l'expressid genica a les regions reguladores dels gens en cél-lules
immunes. Per aix0, hem utilitzat eines d'edicié epigendmica
CRISPR/dCas9-TET1 i -DNMT3A, i hem establert una relacié de causai
consequencia entre els nivells de metilacio de 'ADN del promotor del
gen antagonista delreceptord'interleucina 1 (IL1RN) i la seva expressio.
Hem observat que al modificar l'estat de metilacié de I'ADN del
promotor d'ILTRN és suficient per alterar la identitat de cel-lules
humanes mieloides. A més a més, hem canviat la resposta cel-lular als
estimuls inflamatoris, promovent com a resultat l'alliberacié de
citocines proinflamatories i una capacitat diferencial en la modulacié
del creixement del cancer. En conclusié, la nostra investigacio
demostra el potencial de modificar la metilacié de 'ADN en zones
especifiques del genoma per modular directament la resposta immune
i pro-inflamatoria, proporcionant vies alternatives pel tractament de

malalties relacionades amb la inflamacio.
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Introduction

INTRODUCTION

1. Cell fate decisions in the immune system

1.1 Hematopoietic system

The human body is composed of multiple cell types, each of
which has a specific function that contributes to the correct physiology,
such as oxygen transport and immune defence. However, these
differentiated cells lack self-renewal potential, have a limited lifespan,
and need to be replaced to sustain the regular function of different
tissues and organs. Therefore, the balance between differentiation and

self-renewal needs to be highly regulated.

Hematopoietic stem cells (HSCs) are undifferentiated cells that
maintain tissue homeostasis by originating stem cells or newly
committed progenitors (Pinho and Frenette 2019). HSCs reside in the
bone marrow (BM) and are characterized by their self-renewal capacity
and ability to generate different mature blood cells in a tightly regulated

manner.

In the classical model of hematopoiesis, the first step of lineage
decision at the HSC level consists of the bifurcation in the lymphoid and
myeloid fates. HSCs can differentiate into multipotent progenitors
(MPPs). Secondly, common lymphoid progenitors (CLPs) with
decreasing pluripotency, in turn, differentiate into lymphoid cells such
as B and T lymphocytes or natural killers (NKs). Alternatively, HSCs can
differentiate into common myeloid progenitors (CMPs), which further
differentiate into the megakaryocyte-erythrocyte progenitors (MEPs) or
the granulocyte-monocyte progenitor (GMPs) (Jacobsen and Nerlov
2019). MEPs will finally generate erythrocytes and megakaryocytes

(MKs), which are the precursors of platelets. On the other branch,
14
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myeloid cells come from GMPs that differentiate into monocytes, the
precursors of macrophages, osteoclasts and dendritic cells (DC), and
granulocyte progenitors (GPs), which differentiate into the different
kinds of granulocytes: neutrophils, basophils, eosinophils and mast
cells (Figure 1).

&% Erythrocyte

—@ {O —;7%2\”;@ Platelets

MEP
Megk Macrophages

| / @ Osteoclast
Monocyte
m / @ :ﬁ Dendritic cell
@ _}@ GMP Q @Basophlls
I 4
HSC MPP GPs @ Eosinophils
\ i /J B cells \@ Mast cell

. Neutrophils
—’ ( ‘ T cells

’. NK cells

\}N\

f‘\\\

Stemness

Figure 1. Hematopoietic differentiation. Schematic representation of the hierarchical
tree model of blood cells. Hematopoietic stem cells (HSCs) in the bone marrow divide
and differentiate, generating other immature progenitor cells that will generate
committed mature cells. The hematopoietic differentiation is concomitant with a loss of
self-renewal capacity. Adapted from (Rieger and Schroeder 2012) ((Jacobsen and
Nerlov 2019).

1.2. Lineage-determining transcription factors

To maintain this balanced equilibrium, stem cells are
influenced by intrinsic signals such as transcription factors (TFs) and

the surrounding microenvironment. Therefore, much research has been

15



Introduction

done to identify signalling molecules that can result in the activation of
transcription factors (TFs) that will determine lineage identity (Robb
2007). For example, B-cell commitment is primarily directed by
interactions between early B-cell factor 1 (EBF1), Pax5, and PU-1. On
the other hand, transcription regulation in myeloid cells is mainly
characterized by the expression of PU-1, C/EBPa, and RUNX1 (Dahl et
al. 2003). Furthermore, TF's precise control relies on the expression
level rather than an all-or-none response. For example, high PU-1
expression is required for myeloid lineage commitment, while low

levels are required in the lymphoid lineage (lwasaki et al. 2005).

1.2.1 Experimentally induced cell fate conversion

The classical model of cell differentiation was considered a
“one-way street”. One of the most comprehensive representations of
this concept is the “epigenetic landscape” proposed by Conrad
Waddington. In this metaphor, he describes a ball representing a stem
cell rolling down a hill, with the final valley symbolizing the

differentiated state (Waddington 2012).

Nonetheless, a new paradigm emerged when Davis, Weintraub
and Lassar in 1986 showed that fibroblasts were able to switch lineages
into contracting muscle cells through the forced expression of the MyoD
TF (Davis et al. 1987). Multiple groups subsequently succeeded in
switching the identity of differentiated cells after the ectopic expression
of defined transcription factors by direct cell conversion without
passing through a precursor state. These processes of experimentally
induced cell fate conversion are known as transdifferentiation (TD)

(Figure 2) (reviewed in (Graf 2011)). Several models of TD have been set

16
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up in the hematopoietic system. For example, GATA-1 overexpression in
myeloblasts induced the formation of erythroblasts, platelet precursors

and eosinophils (Kulessa et al. 1995).

In 2004, Xie and co-workers demonstrated that the ectopic
expression of CCAAT/enhancer-binding protein-a (C/EBPa) or C/EBPf
triggers the conversion of mouse pre-B lymphocytes into macrophages
(Xie et al.). It is important to explain that C/EBPa in hematopoiesis is
almost exclusively expressed in myeloid cells. Remarkably, Cebpa
knockout causes the failure of hematopoietic progenitors to generate

GMPs (Zhang et al. 2004).

Fibrobast —=Esm MyoD1 @ Muscle cell  (MyoD RNAs)  >50%
m\?llf) glf/;) i‘) Gata1 (@ MEP  EOS47, MEP21/26 <60%
Fibroblast <<<&3ms=— Ascl1, Brn2,Myt1l %é Neurons Tau, MAP2, NeuN 10%
(TCCDegf) ‘/\‘; fg,’;],gn /?FNKT-cens NKp46/NKG2D+  >50%
(BCTDe1”9+) i‘/\ C/EBPa/B -* iMac Mac1+ 100%

Figure 2. Examples of cell transdifferentiation (TD) induced by transcription factors
(TF). Protein markers for cell identity and efficiency (Eff.) of each cell conversion used in
each study are indicated. Adapted from (Davis et al. 1987) (Kulessa et al. 1995) (Li et al.
2007) (Xie et al.) (Graf 2011).

Inspired by this efficient system, Rapino and colleagues in the
Graf’s lab (Bussmann et al. 2009) developed a C/EBPa-induced
transdifferentiation system from human leukemic B cells into
macrophages. Of note, C/EBPa induction impaired cell tumorigenicity

after transplantation into immunodeficient mice (Rapino et al. 2013).
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Therefore, this unique cellular model can be used to study gene
regulatory events that occur during the cellular switch and determine

the drivers of the loss of tumorigenic capacity.

1.3 Role of myeloid cells in innate immunity

As mentioned before, the coordinated action of lineage-
determining transcription factors (TF) allows the establishment of
immune cells, which orchestrate the immune response. The immune
system comprises cells, chemicals, and processes that function to
protect the host from infectious agents, such as bacteria, fungi, or
viruses. The recognition of these pathogens’ signals leads to the
activation of different types of immune cells that can be classified into
two branches: innate and adaptive (Vivier and Malissen 2005; Chaplin
2010).

The first defence barrier against infections is coordinated by the
innate immune system and is mediated by distinct types of myeloid
cells (such as monocytes, macrophages and DCs) or lymphoid cells
(NK). It acts as a rapid and non-specific response by recognizing general
pathogen-associated molecular patterns (PAMPs). The second phase is
mediated by the adaptive immune system, primarily by T and B
lymphocytes. Itis highly specific for antigens and triggers the activation
and clonal expansion of lymphocytes that will fight against the
pathogen (Marshall et al. 2018). As myeloid cells are the focus of this
doctoral thesis, the next chapter will elaborate on these cells,

particularly macrophages.
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1.3.1 Origin and diversity of macrophages

Macrophages (Mac) are a heterogeneous population of
mononuclear phagocytic cells ubiquitously expressed, essential for
tissue homeostasis and host defence. For instance, during infection or
tissue damage, circulating monocytes differentiate into macrophages,
which, together with tissue-resident macrophages, participate in the

inflammatory response (Gordon and Taylor 2005).

Tissue macrophages are derived from embryonic or adult HSCs
in homeostatic conditions. During embryonic development,
macrophage precursors arise from the fetal yolk sac or the fetal liver

progenitors (Figure 3).
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Figure 3. Ontogeny and differentiation of phagocytes. Myeloid cells are derived from
the yolk sac and fetal liver during the developing embryo (prenatal origin) or from the
hematopoietic stem cells (HSCs) in the bone marrow during the postnatal stage and
adulthood. In the yolk sac, erythro-myeloid progenitors (EMPs) give rise to macrophages
and monocytes that can differentiate into tissue-resident macrophages. In the bone
marrow, monocytes develop from a granulocyte-monocyte progenitor (GMP), which
gives rise to monocytes in the blood. In homeostatic conditions, monocytes will
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differentiate into tissue-resident macrophages. However, in response to inflammation,
monocytes are recruited from the blood to the tissue and differentiate into inflammatory
macrophages that can polarize into specific phenotypes such as M1 or M2. Exceptions
include microglial cells, which arise from the yolk sac-derived macrophages. Adapted
from (Lawrence and Natoli 2011) (Ginhoux and Jung 2014).

For some tissues, such as microglia, these embryonic
precursors will proliferate and give rise to tissue-resident adult
macrophages that will never be replaced. Still, other tissues, such as
cardiac or alveolar, can harbour both embryonic-derived macrophages
and monocytes-derived ones. On the other hand, in tissues such as the
intestine or skin, there is a high dependence on monocytes as a source
for macrophages to maintain tissue homeostasis (Davis et al. 1987;

Mosser et al. 2021).

1.3.2 Activation of macrophages during inflammation

Under inflammatory conditions, monocytes extravasate from
the BM into the circulation and differentiate into functional phagocytic
macrophages. In doing so, they can remove and recycle dead cells and
tissue debris (Metchnikoff 1893). In macrophages, the pseudopod
structures allow for the detection of surrounding microorganisms,
forming a vesicle called a phagosome. Next, the phagosome fuses with

the lysosome, where the microorganism is degraded.

Depending on environmental factors, these cells exhibit
plasticity and change their phenotype. This biological process is known
as macrophage polarization and has been classically divided into pro-

inflammatory (M1) and anti-inflammatory (M2) states (Figure 3).

Microbial products or pro-inflammatory cytokines such as IFN-
yorLPSinduce M1 macrophage polarization. The binding of each ligand

to its pattern recognition receptor (PRR) triggers a signalling cascade
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with different gene expression responses. Specifically, IFN-y activates
the JAK-STAT1 pathway that initiates the expression of major
histocompatibility complex (MHC) Il, IL-12, IL-23 and nitric oxide
synthase 2 (NOS2) (Lawrence and Natoli 2011). Alternatively, LPS and
microbial ligands bind the Toll-like receptor 4 (TLR4) that triggers the
activation of three key signalling molecules: protein activator 1 (AP-1),
interferon responsive factor 3 (IRF3) and the nuclear factor kappa-B
(NF-kB) pathway (p65 and p50). As a result, high levels of
proinflammatory cytokines and chemokines are expressed (Chen et al.

2023).

The initiation of M2 polarization occurs when IL-4 and IL-13
cytokines bind to IL-4Ra and trigger the activation of STAT6 TF to
modulate interferon genes that mediate antiviral responses. As a result,
arginase 1 (ARG 1), IL-10, CCL17 and C206 (mannose receptor 1, MRC1)
are expressed. Eventually, these products contribute to tissue
remodelling, wound healing, tissue fibrosis and regulation of tumor

environment (Mantovani 2012)

The balance between M1/M2 populations is controlled by the
cytokine composition (paracrine and autocrine signals) during
inflammation. Recent advancements, such as scRNA-seq
technologies, have revealed that the M1 or M2 dichotomy is an
oversimplification and that a wide range of intermediate identities and

activation states exists(Blériot et al. 2020; Sanin et al. 2022).

1.3.3 In vitro polarization of human monocytes
In the tumor microenvironment, the ratio of M1/M2-like tumor-
associated macrophages (TAMs) is crucial for regulating immune

therapy responses. For instance, M2-like TAMs upregulate
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immunosuppressive genes such as PD-L1, IL-10, TGFB and IL-4, which
weakens the ability of T cells to suppress tumor growth (Wang 2024)
(DeNardo and Ruffell 2019). Therefore, there is a need to develop
models to study the underlying mechanism of myeloid differentiation.
When culturing monocytes in the presence of GM-CSF (granulocyte-
macrophage colony-stimulating factor), LPS, and TNF-a, the cells
differentiate into M1-like macrophages. Conversely, when monocytes
are cultured with M-CSF (macrophage colony-stimulating factor), IL-4,
and IL-10, they become M2-like macrophages. This demonstrates the
dependency of cell type identity on cytokines(Lacey et al. 2012;
Rodriguez et al. 2019).

2. Interleukin-1 (IL-1) pathway and its role in
inflammation

Interleukin-1 (IL-1) was originally described in 1974 as a fever-
inducing substance released by activated leukocytes called “pyrexin”
(Dinarello et al. 1974). Significant members of the IL-1 family include 2
cytokines that bind the same receptor: IL-1a and IL-1B (Sims et al.
1988). However, the IL-1 family comprises 11 members that are usually
classified as pro-inflammatory or anti-inflammatory. Overall, there are
7 cytokines with agonist activity (IL-1a, IL-1B, IL-18, IL-33 and IL-
36a/b/g), 3 receptor antagonists (IL1RN, IL-36Ra, IL-38), and an anti-
inflammatory cytokine (IL-37) (Garlanda and Mantovani 2021)
(Dinarello 2019). Given its relevance on inflammatory response in
myeloid cells we will focus on IL-1B and IL1RN cytokines in the next

chapter.
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2.1 Receptor agonists: IL-1B

IL-B, a pro-inflammatory cytokine, is mainly produced by
activated monocytes and macrophages via TLR activation and the
cytosolic inflammasome complex (Elliott and Sutterwala 2016).
Signalling from the inflammasome activates caspase-l, which cleaves
the inactive precursor peptide pro-IL-1B to generate the mature forms
that are secreted. After secretion, IL-1B binds to IL-1 receptor type 1 (IL-
1R1) and the co-receptor IL-1 receptor 3 (IL-1R3) (Figure 4a). Upon
binding, a conformation change in the receptor occurs and enables the
recruitment of an IL1RN accessory protein (IL-1RAcP). Next, it initiates
the activation of TLRs, that recruit myeloid differentiation factor 88
(MYD88), which starts a kinase-derived phosphorylation cascade
called IL-1R-associated kinases (IRAKs), followed by the
phosphorylation of IkB Kinase B (IKKB), IKB and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) translocation to the
nuclei (Miller et al. 2006). Then, the signalling complex triggers the
activation of p38, c-Jun N-terminal kinases (JNKs), extracellular signal-
regulated kinases (ERKs) and mitogen-activated protein kinases

(MAPKSs).

Finally, proinflammatory cytokines and chemokines are
expressed and act in local or systemic inflammation. Thus, protecting

against infections (Gabay et al. 2010).

2.2 Endogenous IL-1 inhibitors: IL-1 receptor antagonist

The existence of natural IL-1 inhibitors is fundamental to avoid
excessive inflammatory responses. IL-1 receptor antagonist (IL1RN) is a
natural antagonist that blocks the proinflammatory activity of IL-13 and
IL-1a by competitively binding to IL-1 receptors (Arend et al. 1985)

(Figure 4b). Upon binding, it triggers a conformational change that
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impedes the recruitment of IL-1R3, halting the signalling cascade.
Consequently, NF-kB activation via the IL-1 pathway is abrogated,

preventing the transcription of pro-inflammatory genes.

Remarkably, the importance of IL1RN in regulating the effects of
IL-1 has been demonstrated in knockout mice deficient in /{7rn, which
exhibit excessive inflammatory responses. These animals present signs
of polyarthritis, vasculitis or skin inflammation (Gabay and Palmer

2009).

Recent studies indicate that IL1RN may regulate the
inflammatory response to RNA vaccines by reducing excessive pro-
inflammatory cytokine release (Tahtinen et al. 2022). Interestingly,
clinical use of recombinant IL1RN (anakinra) can be effective for the
treatment of COVID-19 (Cauchois et al. 2020; Huet et al. 2020;
Kyriazopoulou et al. 2021). Thus, the balance between IL-1 agonists and

ILTRN is critical in pathogenic immune responses.
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Figure 4. IL-1 signalling pathway. a) Schematic activation of IL-1 receptor 1 (IL-1R3) and
the co-receptor IL-1R3 by IL-1a and IL-1B cytokines. Upon binding, both receptors
undergo a conformation change that leads to the recruitment of myeloid differentiation
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factor 88 (MYODS88) adaptor and the initiation of a proinflammatory signalling pathway.
In brief, IL-1 associated kinases (IRAK) complex will activate mitogen-activated protein
kinases p38 (MAPK), c-Jun N-terminal kinases (JNK) and extracellular signal-regulated
kinases (ERKs). Next, IRAK will phosphorylate IkB Kinase B (IKKB) that will be degraded
in the proteasome triggering the translocation into the nuclei of nuclear factor kappa -
light-chain-enhancer of activated B cells (NF-kB) resulting in transcription of
proinflammatory genes. b) Schematic inactivation by IL-1 receptor antagonist (IL1RN).
When IL-1RN binds to IL-1R1 it causes a different conformational change that blocks the
recruitment of IL-1R3. Therefore, NFKB does not translocate to the nuclei and no pro-
inflammatory signalling occurs. Adapted from (Dinarello 2019) (Gabay et al. 2010).

2.3 Dysregulation of the IL-1 pathway

2.3.1 Myeloid malignancies

Aberrant expression of IL-1 signalling is described in different
myeloid malignancies (Caiado et al. 2023). Hence, targeting IL-1 in
cancer represents a potent therapeutic strategy. Importantly, increased
IL-1B levels are associated with poor prognosis in patients with BCR-
ABL chronic myeloid leukemia (CML) and acute myeloid leukemia (AML)
(Ren 2005). Both hematological malignancies are characterized by a
block in cellular differentiation that results in an accumulation of
myeloid blast cells in peripheral blood and BM (Zhang et al. 2012).

Currently, in the clinical setting, IL-1B8 blocking strategies with
monoclonal antibodies (such as canakinumab) are being tested in
Phase Il clinical trials to treat low and intermediate risk of CML
(NTC04239157). Interestingly, another strategy is to use the IL-1
antagonist to balance the IL-1B dysregulated levels. For instance, the
use of IL1RN in combination with nilotinib, a BCR-ABL tyrosine kinase
inhibitor, has been shown to reduce leukemic cells and enhance the
self-renewal potential of leukemic stem cells in mouse models of CML

(Agerstam etal. 2015).
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However, IL1RN can also have arole in disease pathogenesis. In
fact, low ILTRN expression correlates with a negative survival prognosis
in AML, specifically in M4-M5 patients. Moreover, loss of ILTRN in vivo
biases HSC differentiation into the myeloid lineage through IL-1B

overexpression (Villatoro et al. 2023).

2.3.2 Autoinflammatory syndromes

Excessive IL-1 signalling is directly linked to pathogenesis in
autoinflammatory syndromes(Broderick and Hoffman 2022). These
syndromes are monogenic inherited disorders whose main clinical
features are characterized by fever and excessive inflammation
affecting multiple organs. Examples of these disorders are cryopyrin-
associated periodic syndromes (CAPS), familial Mediterranean fever
(FMF), tumor necrosis factor receptor-associated periodic syndrome
(TRAPS), and the deficiency of IL1RN (DIRA), among others. Notably,
anakinra (commercialized as Kineret) is FDA-approved in clinics for

treating CAPS, DIRA and rheumatoid arthritis.

2.3.2.1 CAPS: Cryopyrin-associated periodic syndromes

Autoinflammatory diseases caused by mutations in the NLR
family pyrin domain containing 3 (NLRP3) are termed cryopyrin-
associated periodic syndromes (CAPS), also known as
cryopyrinopathies (Hoffman et al. 2001). This group of inherited
disorders includes four clinical variants from the mildest to the most
severe: familial cold autoinflammatory syndrome (FCAS), cutaneous

and articular syndrome (CINCA), Muckle-Wells syndrome, neonatal-

26



Introduction

onset multisystem inflammatory disease (NOMID). These patients
develop fever and systemic symptoms.

The NLRP3 is involved in the inflammasome assembly, which is
responsible for the production and secretion of IL-13 through caspase |
activation (Agostini et al. 2004). Consequently, gain-of-function
mutations in CAPS patients lead to chronic inflammation because of
constitutive activation and hypersecretion of IL-1f.

As a proof-of-concept study, blocking IL-1R1 with anakinra
rapidly attenuated the symptoms and prevented organ damage in CAPS
patients (Hoffman et al. 2001) (Hawkins et al. 2003). Using a similar
approach, forced ILTRN expression in HSCs rescued multi-tissue

inflammation in a CAPS mouse model (Colantuoni et al. 2023).

2.3.2.2 DIRA: genetic IL1RN deficiency

DIRA (deficiency of ILTRN) syndrome is a rare disease caused
by the homozygous loss-of-function mutation of IL7RN, leading to a
lack of ILTRN production that begins around birth. These infants have
several clinical manifestations, including systemic inflammation of the
skin, joints, and bone with many infiltrating neutrophils and high levels
of IL-17, a cytokine involved in autoimmune disorders (Aksentijevich et
al. 2009).

Because of the /LTRN mutation, the resulting protein is
truncated. Consequently, there is no secretion of IL1RN, which results
in a hypersecretion of inflammatory cytokines. When patients are
treated daily with anakinra by subcutaneous injection, a rapid
remission occurs with normal levels of C-reactive protein (an early
marker of inflammation) and blood cell counts (Aksentijevich et al.

2009; Pillai et al. 2024).
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3. Epigenetic regulation of gene expression

Epigenetics was first introduced by Conrad Hal Waddington in
1942 to name “the causal interactions between genes and their
products, which bring the phenotype” (Waddington 2012). Epigenetic
modifications are critical for regulating gene and noncoding RNA
expression. These mechanisms specifically involve adding chemical
modifications to the DNA and the histone proteins without altering the
underlying DNA sequence itself. This process defines the cell's

epigenetic landscape (Goldberg et al. 2007).

3.1 Histone post-translational modifications (PTMs)

The most diverse epigenetic modifications are post-
translational modifications (PTMs) on histone proteins. To pack the
large size of the human genome, histone proteins are associated with
the DNA molecules to conform the nucleosome, which is the
fundamental unit of the chromatin.

The nucleosome is a tightly regulated structure that consists of
a central histone octamer that coats the DNA forming the nucleosome
core particles, which is composed of two copies each of four histone
proteins (H2A, H2B, H3 and H4) with approximately 150 bp of DNA.
Based on the level of compaction, chromatin can be either
heterochromatic (tightly packed) or euchromatic (lightly packed). In this
last chromatin state, the DNA is more accessible for the cellular
machinery and regulate key processes like transcription, replication, or
DNA repair (Millan-Zambrano et al. 2022).

The most thoroughly researched PTMs are found on the N-
terminal 'tail' of histones, which protrude from the nucleosome, making
them readily accessible. Interestingly, these amino-terminal regions

can undergo methylation at arginine (R) residues and acetylation,
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methylation, ADP-ribosylation, ubiquitylation, phosphorylation,
citrullination or sumoylation at lysine (K) residues (Falkenberg and
Johnstone 2014). In this thesis, we will briefly describe histone tail
modifications by methylation or acetylation for their role in gene

expression.

3.1.2 PTMs impact on transcription regulation

Histone methyltransferases (HMTs) and demethylases (HDMs) are
enzymes that methylate or demethylate lysine residues on histone H3
and H4 tails. This lysine residues can be mono-, di-, or tri-methylated,
having different effects on gene expression regulation. Additionally, the
HMT CARM1 can methylate arginine (R) residues, which is typically

linked with active transcription (Bauer et al. 2002) (Figure 5a).

On the other hand, histone acetylases (HATs) and deacetylases
(HDACs) add or remove acetyl groups at histone H3 and H4. Examples
of these PTMs are H3K27ac and H4K16ac (Figure 5b). Of note, the
location of this modifications is tightly regulated and is crucial for its

effect on transcription (Li et al. 2007).
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Figure 5. Histone modifications overview. Schematic of histone post-translational
modifications. a) Methyl groups are added by histone methyltransferases (HMT) and
erased by histone demethylases (HDM). b) On the other hand, acetyl marks on histones
can be deposited by histone acetyltransferases (HAT) and removed by histone
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deacetylases (HDAC. Selection of common histone modifications are shown. Adapted
from (Li et al. 2007).

Genome-wide approaches such as chromatin
immunoprecipitation followed by sequencing (ChIP-seq) allow the
profile of specific histone marks and uncover their association with
particular genomic features. For instance, H3K4me3 is usually
associated with active promoters, whereas H3K27me3 is enriched in
Polycomb-associated repressive chromatin in developmental genes
(Boyer et al. 2006). Interestingly, both these marks can be found in the
same region referred to as bivalent chromatin in ‘poised’ genes
(Bernstein et al. 2006). Notably, in cis-regulatory elements, active
enhancers are often defined with H3K4me1/2 and H3K27ac marks. In
contrast, poised enhancers are marked with H3K4me1/2 and the
repressive mark H3K27me3. Although the presence of histone
modifications is important in defining active enhancers, the binding of
transcription factors and co-regulators in the region is essential to their

complete activation (Vavouri and Lehner 2012; Heinz et al. 2015).

3.2 DNA methylation

DNA methylation (DNAm) was first discovered in
Mycobacterium tuberculosis in 1925. However, its biological
importance in gene regulation was not elucidated for decades. In
mammals, 5-methylcytosine (5mC) was discovered to be distributed in
the DNA, specifically in the cytosine residues linked to guanine via a
phosphate group on the same strand, called CpG dinucleotides. This
non-random distribution suggested a possible biological function (Bird

2002).
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3.2.1 The writers and erasers

The deposition and maintenance of DNAm is mediated by 3
major DNA methyltransferases (DNMTs). DNA methyltransferases
(DNMT3A and DNMT3B) are responsible for the de novo DNA
methylation process by adding a methyl group to the fifth carbon of
cytosines (5-methylcytosine (5mC)) at CpG dinucleotides (Li et al.
1992; Okano et al. 1999). DNMT1 maintains the pre-existing DNA
methylation patterns by copying the information from the parental DNA
strand into the nascent DNA strand during DNA replication (Figure 6).
There is also a catalytically inactive DNMT, DNMTS3L, which interacts
with DNMT3A and acts as an accessory protein involved in DNA
methylation establishment during embryonic development (Wienholz
etal. 2010).

Conversely, DNAm can be removed by dilution after each cell
division in a process termed passive DNA demethylation. Alternatively,
5mC can be actively removed from the DNA in a dynamic multi-step
process initiated by the Ten-Eleven Translocation (TET) enzymes. The
TET family consists of three paralogues (TET1, TET2, and TET3) that
oxidize 5mC into 5-hydroxymethylcytosine (5hmC) and then to 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Tahiliani et al.
2009; Ito et al. 2011). Interestingly, all oxidized forms can enhance DNA
demethylation during replication, as no maintenance activity like
DNMT1 for 5mC has been found for them. In the case of 5fC and 5caC,
demethylation can also occur through the thymine DNA glycosylase
(TDG) and the base excision repair (BER) machinery activities (Figure.

6) (Bird 2002; He et al. 2011; Ito et al. 2011).
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Figure 6. Schematic representation of the DNA methylation and the demethylation
processes. De novo methylation of cytosines (C) is carried out by DNMT3A/B enzymes,
resulting in a 5-methylcytosine (5mC) mark, which is maintained during replication by
the DNMT1 enzyme. 5mC can be reverted to C through active or passive demethylation.
In the active demethylation, TET enzymes catalyse the sequential oxidation of 5mC to
5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) to 5-carboxylcytosine
(5aC). Thymine DNA glycosylase coupled with the base excision repair (TDG-BER) will
convert either 5fC or 5caC to unmethylated cytosine (C). When DNA methylation is not
maintained during replication, 5mC is converted into unmethylated cytosine (C) in a
process known as passive demethylation. Adapted from (Wu and Zhang 2017).

3.2.2 Genomic distribution of epigenetic marks in the context
of gene regulation

The advance of high-throughput technologies has enabled the
analysis of genome-wide DNA mapping, thus helping to improve the
interpretation of each DNA modification's biological function
depending on its genomic context (Jones 2012; Allis and Jenuwein

2016).
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Of note, when observing the mammalian genome, more than
half of the genes contain short (approximately 1 kb) CpG-rich regions
known as CpG islands (CGls). CGls are characterized by CpG density,
where 1 out of every 10 dinucleotides is a CpG (Bird 1986). Interestingly,
most gene promoters, all the housekeeping genes and 50% of the
tissue-specific genes, are covered by CGls that tend to be demethylated
(Bird 2002). In addition, their nearby CGl shores (the region within 2 kb

of the islands) also tend to remain unmethylated (Doi et al. 2009).

Gene promoters with CGls at their TSS typically show H3K4me3,
lack DNAm, and have active transcription (Figure 7a) (Kelly et al. 2010).
TET enzymes frequently bound at CpG-rich promoters are responsible
for maintaining their unmethylated state (Jones 2012). Moreover,
H3K4me3 has been shown to block de novo DNA methylation by
preventing the binding to chromatin of DNMT3 enzymes (Ooi et al. 2007;
Zhang et al. 2010). However, CpG-poor promoters can be repressed by
various mechanisms, such as de novo DNA methylation or through
Polycomb complexes (Figure 7b). For example, during embryonic
development, PAX6 is suppressed in embryonic stem cells (ESCs) by
the deposition of H3K27me3. In contrast to active promoters, gene
bodies of actively transcribed genes are enriched with DNAm.
Moreover, changes in gene body methylation have been correlated with

the usage of alternative promoters, suggesting a more complex function

33



Introduction

that is cell-type specific(Rideout et al. 1990; Maunakea et al. 2010;
Greenberg and Bourc’his 2019).
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Figure 7. Cellular functions of DNA methylation and its role in gene expression. a)
Representative mechanism of TET-mediated DNA demethylation activating
transcription process in CpG island promoter. On the left, an active enhancer region
marked with H3K4me3 and H3K27ac. b) Schematics of gene silencing by DNMT-
mediated DNA methylation in a promoter region. Inactive enhancers are usually
associated with the recruitment of Polycomb repressive complex 2 (PRC2) and the
deposition of trimethylation of H3 at lysine 27 (H3K27me3). c) TET2 is recruited by
C/EBPa to induce DNA demethylation and enhancer activation during myeloid
differentiation of hematopoietic stem cells (HSCs) to granulocyte-monocyte
progenitors (GMPs). d) Schematics of X-linked gene inactivation through PRC2 complex
and DNA methylation. e) Schematics of genomic imprinting process exemplified by Igf2
where DNA methylation is asymmetrically deposited in the parental allele in regions
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known as imprinting control regions (ICR), leading to differences in gene expression.
DNAm in the paternal allele prevents CTCF binding and, therefore, allows the
downstream enhancer to activate Igf2 expression. f) DNA methylation is required for the
silencing of transposable elements. Adapted from (Sardina et al. 2018; Greenberg and
Bourc’his 2019).

Recent studies have suggested a novel class of CGls named “orphan”
CGls which are not associated with TSS and can be found within gene
bodies (intragenic) or between annotated genes (intergenic). Moreover,
orphan CGl can act as alternative promoters were when found at poised
enhancers, facilitating their interaction with long-range distal genes

(Pachano et al. 2021).

3.2.3 Biological mechanisms of DNAmM during early
development

The balance between DNMTs and TETs is crucial for epigenetic
reprogramming at first stages during development. Atthe phase of germ
cell specification, there is a loss of DNAmM, which provides a ‘blank
slate’ for establishing cell type-specific methylation patterns (Monk et
al. 1987; Sasaki and Matsui 2008; Reik and Surani 2015). Additionally,
DNA methylation is involved in transcriptional silencing during
mammalian development. One mechanism in which DNA methylation
can contribute to gene silencing is by inhibiting TF binding or through
methyl-CpG-binding domain (MBD) proteins (Kaluscha et al. 2022).
MBD proteins known as “readers” can recognize 5mC marks and recruit
corepressor complexes, leading to gene repression (Bogdanovi¢ and
Veenstra 2009). Here, we will briefly describe some long-term silencing

process where DNA methylation participates.

X-chromosome inactivation (XCI). XCl begins when XIST, a

long non-coding RNA, spreads across the future inactive X
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chromosome (Xi) and recruits Polycomb repressive complexes (PRCs).
Next, heterochromatic marks such as H3K27me3 are deposited,
resulting in gene silencing (Forsyth et al. 2024) (Figure 7d). As a final
layer of regulation, promoters and enhancers gain DNAm that will be

maintained in each cell division (Lock Cell 1987).

Genomic imprinting. In this process, DNAmis unequally added
in the parental germlines in DNA sequences known as imprinting
control regions (ICRs). The involvement of imprinting in gene regulation
is exemplified by the role of CTCF, a TF that can insulate a promoter from
a remote enhancer, in the Igf2 locus (Figure 7e). The maternal allele is
methylation-free, allowing CTCF binding and insulation. However, the
ICR at the paternal allele is methylated, preventing CTCF binding and,
therefore, allowing the downstream enhancer to activate [gf2
expression. Importantly, disrupting imprinting leads to neurological and

metabolic disorders (Fitzpatrick et al. 2002).

Genome stability. DNAm is involved in the transcriptional
repression of genomic repetitive elements such as transposable
elements (TE) which is crucial for genomic stability (Figure 7f) (Walsh et
al. 1998). Subsequently, when TEs promoters like LINE-1 are
hypomethylated, it leads to the activation of these mobile genetic
elements causing genomic instability (Shukla et al. 2013; Babaian et al.

2016).

3.2.4 DNMT and TET activities during development
Many studies have reported the role of methylation loss in gene
activation and its relevance in development. Previous work in zebrafish

has demonstrated TET-mediated active demethylation of enhancers is
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key for vertebrate development (Bogdanovi¢ et al. 2016). Additionally,
losing the three Tet enzymes in embryonic stem cells leads to increased
promoter hypermethylation in genes implicated in embryonic
development, causing impaired differentiation (Dawlaty et al. 2014). In
another study, it was observed that conditional deletions of Tet
enzymes lead to gastrulation failure (Dai et al. 2016). Thus, highlighting
the crucial roles of DNA methylation in various stages of mammalian
development.

Parallel research has also explored the effects of DNA
methylation loss on the molecular level. Interestingly, Tet2 deficiency
results in DNA hypermethylation and loss of 5hmC at enhancers
regions, which finally leads to reduced gene expression (Hon et al.
2014a). Indeed, these enhancer regions are directly bound by TET2,
which lacks DNA binding domain. Therefore, this enzyme needs to be
recruited by TF to gene regulatory elements (GREs) for active
demethylation which might result in active transcription (Wang et al.

2018).

Interestingly, DNAmM can modulate the physical access of TFs to
the DNA. In fact, several TFs show methyl-cytosine binding sensitivity.
Therefore, the recruitment of some TFs into a particular region depends
onthe presence of DNA methylation marks at their recognition sites (Yin
et al. 2017). In particular, TF can recognize methylated sequences
during cell reprogramming and interact with methylation enzymes to
regulate gene expression during cell fate transitions. In the case of
myeloid cell fate establishment, Sardina and co-workers showed that
C/EBPa and KLF4 transcription factors can recruit Tet2 to myeloid

enhancers, leading to their demethylation and activation (Figure 7c)
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(Sardina et al. 2018). Otherwise, DNA methylation at enhancers can
restrict TF binding.

Onthe other hand, Dnmtloss during endodermal differentiation
led to a global reduction of DNAmM and embryonic lethality (Okano et al.
1999). Moreover, Dnmt3a null HSCs contribute to upregulating
multipotent genes, resulting in a block of hematopoietic stem cell
differentiation (Challen et al. 2012; Liao et al. 2015). Overall, DNA
methylation enzymes are essential during normal development and cell

fate transitions.

3.2.4.1 DNMT and TET activities during myeloid differentiation

The differentiation from progenitors to fully mature myeloid
cells necessitate the timely involvement of epigenetic mechanisms to
regulate immune cell gene expression (Geissmann et al. 2010). During
neutrophil commitment, DNAm levels first increase as CMPs transition
to GMPs, followed by a decrease as GMPs mature. Remarkably, these
changes in DNAmM are correlated with changes in gene expression
(Rénnerblad et al. 2014). This dynamic epigenetic control, together with
lineage-specific transcription factors such as PU.1, C/EBPa and GATA1,
is essential to determine myeloid cell identity (Roy et al. 2021).

Interestingly, several studies have shown that active DNA
demethylation occurs during the in vitro differentiation of primary
human monocytes into macrophages. Klug and co-workers identified a
loss of methylation during differentiation, accompanied by a TET2-
driven rise in 5hmC (Klug et al. 2013). Another study found TET2-
dependent demethylation occurred during the in vitro differentiation of
monocytes to DCs. Vitamin C treatment, a TET enzyme cofactor,

similarly enhanced DNA demethylation, which correlated with gene
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upregulation and increased proinflammatory cytokine productionin DC

(Morante-Palacios et al. 2022b).

3.2.5. DNA methylation in disease

Nowadays, it is well known that hypermethylation of CpG
islands located at promoter regions of tumor suppressor genes leads to
their repression in a wide range of cancers (Jones and Baylin, 2002;
Esteller and Berdasco, 2019). Examples of these hypermethylated
genes include the DNA repair gene MGMT in colorectal cancer and the
cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B), which regulate
cell cycle progression and are repressed in different types of

hematological malignancies.

Alterations in genes encoding regulators of DNA methylation such as
DNMT3A and TET enzymes are frequent in a wide range of diseases,
such as neurodegeneration, immunodeficiency and haematological

cancers.

Alterations of DNMTs. Heterozygous mutations in the DNMT1
gene are present in patients with neurodegenerative disorders
characterized by dementia and hearing loss (Kernohan 2016).
Mutations in the DNMT3B catalytic domain have been described in
patients with immunodeficiency, centromeric instability, and facial
anomalies (ICF1) syndrome. In acute myeloid leukemia (AML) aberrant
DNAm is considered a hallmark of the disease (Huang and Figueroa
2021). Importantly, mutations in DNMT3A gene are found in around 20-
25% of patients (Challen et al. 2012; Patel et al. 2012). Most of these are
missense mutations localized at the arginine 882 (R882) in the catalytic

domain. Remarkably, these patients show a hypomethylation state,
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especially at CpG islands, shores, and promoters (Russler-Germain et

al. 2014; Yang et al. 2016; Spencer et al. 2017).

Alterations of TETs. TET2 loss of function mutations are
frequently observed in hematological malignancies such as acute
myeloid leukemia (AML), myelodysplastic syndromes (MDS) and
myeloproliferative neoplasms (MPN). In contrast to DNMT3A
mutations, TET2 mutations result in genome-wide hypermethylation
and decreased 5hmC levels. Moreover, Tet2 depletion in mouse
hematopoietic precursors leads to myeloid bias (Figueroa et al. 2010;
Ko et al. 2010; Li et al. 2011; Moran-Crusio et al. 2011). Interestingly,
high frequencies of TET2 mutations are present in individuals with
clonal hematopoiesis of indeterminate potential (CHIP), a preleukemic
condition associated with aging(Xie et al. 2014; Tulstrup et al. 2021).
Recent studies show that TET2-associated hypermethylation occurs at
enhancers associated with myeloid differentiation in CHIP and AML
patients (Lietal.2011; Rasmussen et al. 2019; Ostrander et al. 2020).

Thus, understanding the mechanistic role of DNAm in a disease
context has helped us to interpret its role in gene regulation and the

development of effective therapeutics (Greenberg and Bourc’his 2019).

4. Epigenome manipulation

Given the broad importance of epigenetic modifications in
pathogenesis many efforts have been made to perturb the epigenome
and therefore understand the function of each modification. Early
studies relied on genetic manipulation techniques such as gene
knockouts, point mutations, domain deletions, or targeted knockdowns

of a transcript (Holtzman and Gersbach 2018). In recent years,
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numerous epigenetic editing technologies have allowed targeted
modifications to study cellular phenotypes and accurately replicate

disease mechanisms.

4.1 Non-specific methods: epidrugs

Recently, interest in epigenetic drugs for cancer treatment has
surged. These drugs, known as “epidrugs,” represent an alternative to
traditional chemotherapy agents. Precisely, epidrugs are small
chemical molecules that inhibit the enzymes necessary for the
maintenance or establishment of histone or DNA modifications
therefore acting to restore a “normal” epigenetic landscape. They can

be classified as altering:

DNA methylation: hypomethylating agents (HMAs), like 5-
azacitidine, work by inhibiting DNA methyltransferases, leading to gene
demethylation. Of note, 5-azacitidine is FDA-approved for the
treatment of myeloid malignancies. It demethylates aberrantly
hypermethylated genes such as cyclin-dependent kinase inhibitor 2B

(CDKN2B), which leads to its gene reactivation (Toyota et al. 2001).

Histone PTMs: Histone deacetylase (HDACI) inhibitors have
been FDA-approved to treat T-cell malignancies. Other HDACi have
been approved by the FDA for the treatment of multiple myeloma,

offering an alternative for drug-resistant patients (Prince et al. 2009).

Although small inhibitors are valuable options to treat disease,
they cause irreversible and global effects since they lack specificity for
a particular tissue or genomic target. Moreover, it remains a major
challenge to reduce their off-target effects and predict which genes will

be activated unspecifically because of these treatments (Baylin and
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Jones 2016; Berdasco and Esteller 2019). Consequently, there is an

unmet need for precise tools for epigenetic therapy purposes.

4.2 Targeted methods

DNA-binding-based technology has emerged as a precise, flexible, and
locus-specific technique to alter the epigenome. Therefore, it allows us
to establish a causal link between epigenetic changes and gene
regulation. The diversity of epigenome editing approaches presents a
wide range of biological applications, from gene regulation, high-
throughput screenings, perturbations of noncoding regulatory
elements, manipulation of 3D genome and disease perturbations,

among others (Nakamura et al. 2021).

4.2.1 Genome engineering: ZFN, TALENS
Genome editing technology has emerged in research to study
the genetic basis of cell function and disease by inducing specific

modifications to the DNA.

Early work in gene editing began with DNA-binding proteins
such as zinc finger nucleases (ZFNs) (Klug and Rhodes 1987) and
transcription activator-like effector nucleases (TALENSs) (Sanjana et al.
2012). ZFNs and TALENs are constructed by fusing several DNA binding
modules with endonucleases linked to a DNA cleavage domain.
Therefore, these constructed array enables the recognition of long DNA

sequences and increases target specificity.

ZFNs: are one of the most common DNA binding motifs found

in eukaryotes. Multiple ZF domains are combined for genome
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engineering to recognize sequences (3-4 bp) via DNA-protein

interaction.

TALENs: are derived from bacteria. In a similar way, each
peptide domainrecognizes a specific nucleotide and can be assembled

in series to recognize a target sequence.

Moreover, ZFNs and TALENs can be fused with epigenetic enzymes to
induce site-specific chromatin modifications (Perez-Pinera et al. 2012).
One example is the fusion of ZF with histone methyltransferases (HMT)
or histone acetyltransferases (HAT) (Coates et al. 2005), this last
approach was applied to restore neuroprotection mechanisms in a
Parkinson model by activating a neurotrophic factor on glial neurons
(Laganiere et al. 2010). In a similar way, TALENs have been used for
transcriptional activation (Polstein et al. 2015) and for visualizing the
architecture of endogenous repetitive sequences by fusing them with

fluorescent proteins (Miyanari et al. 2013).

However, these strategies are laborious and intensive as each repetitive
domain recognizes a particular DNA base in the target sequence. In
addition, engineering a different ZF or TALE domain for each target

region is time-consuming and challenging for multiplexing approaches.

4.2.2 CRISPR/Cas9: discovery and applications

A major discovery in genome editing came from the advent of
the CRISPR/Cas9 system. Thanks to its high efficiency, specificity, and
flexibility, the targeting platform has become the most widely used

genome-engineering tool.
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There are several subtypes that have been classified in two
classes depending on the protein complex. Class 1 includes (types|, Ill,
and IV and is characterized by multiple subunits of Cas protein
complexes, whereas class 2 systems (types Il, V, and VI) comprise a
single unit of Cas9 effector protein (Makarova et al. 2015). Interestingly,
this mechanism was discovered in prokaryotes, where CRISR/Cas plays
a role in the adaptative immune system against foreign nucleic acids

(Mojica et al. 2009).

The mechanism of action in type Il systems is usually divided
into three stages. First, clustered regularly interspaced short
palindromic repeats (CRISPR) systems and Cas9 endonuclease formed
the ribonucleoprotein (RNP) complex. Second, CRISPR RNA (crRNA)
and trans-activating RNA (tracRNA) are fused to produce a single guide
RNA (gRNA), that undergoes complementary base pairing (protospacer)
that is adjacent to a protospacer adjacent motif (PAM) (Gilbert et al.
2013). Finally, Cas9 RNP binds to the PAM, it cleaves the DNA strand by
generating a blunt double-strand break (DSB) that will be repaired by
non-homologous end-joining (NHEJ) and homology-directed repair

(HDR) pathways (Hussmann et al. 2021).

Consequently, for genome editing, CRISPR/Cas system has
been widely used to cut dsDNA by generating DSB for targeted
deletions, gene knock-out, and gene knock-in by exploiting cellular
phenotypes (Jinek et al. 2012). Many efforts have been made to improve
CRISPR/Cas properties, such as specificity and efficacy. For instance,
initial CRISPR technologies focused on Cas9 orthologues from
Streptococcus pyogens (SpCas9). However, new effectors have been
identified with reduced Cas9 size and less restrictive PAM requirements

(Chatterjee et al. 2018). Besides Cas9, other RNA-guided
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programmable nucleases, including Cas12 (Zetsche et al. 2015) and
Cas13 (Abudayyeh et al. 2016) from type V and VI CRISPR systems have

been discovered and characterized (Jiang and Doudna 2017) (Figure 8).

Nowadays, CRISPR's applications have expanded far beyond
inducing double-strand breaks. The toolbox includes single base pair
modification, fluorescent tagging of genomic loci, and regulation of
gene expression (Mali et al. 2013). Notably, CRISPR gene editing has
been incorporated in several clinical trials to treat diverse diseases
(Villiger et al. 2024a). Recently, Anzalone and co-workers developed the
so-called prime editing, a novel strategy for introducing small to
medium-sized targeted insertions, deletions, and nucleotide
replacement. Here, a Cas9 variantis fused with a reverse transcriptase,
which, together with a prime editor, guides RNA (pegRNA) that serves as
a primer for the reverse transcription (Anzalone et al. 2019). This novel
strategy offers huge flexibility and precision as it does not introduce
DSB, leading to fewer errors and less off-target effect. Notably, CRISPR
gene editing has been incorporated in several clinical trials to treat

diverse diseases (Villiger et al. 2024a).

Here, we focus on the recent advances of CRISPR-based tools
for epigenome engineering in the context of gene expression regulation

and therapeutic applications.

4.2.3 CRISPR-mediated epigenome-editing
Epigenome editing has emerged as a precise approach to
modify epigenetic marks. In CRISPR-based systems, Cas9's catalytic

domain is mutated, making it an inactive “dead” Cas9 (dCas9).
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To edit the epigenome, dCas9 is fused to epigenetic effector
(epi-dCas9) domains to target any genomic locus using a gRNA
complementary to the target sequence (Gilbert et al. 2013)(Figure 8).
Therefore, this tool allows us to directly test each individual epigenetic
mark's causal function in gene expression and chromatin structure.
Additionally, this aids in studying biological processes and diseases

where these modifications are altered.

4.2.3.1 Targeted transcriptional regulation

Transcriptional modulators can act by transiently recruiting
chromatin remodelling complexes or chromatin-modifying enzymes
that produce chromatin compaction (CRISPRi) or decompaction
(CRISPRa). This strategy offers an alternative to transgene
overexpression or knock-down-mediated gene repression(Pulecio et al.
2017). In the following sections, we will describe each modification and

the composition of the epigenome editing tool.

CRISPR interference (CRISPRi). Early work in generating
CRISPR-based repressors relied on fusions of dCas9 with the
repressive chromatin modifier Krippel-associated box (KRAB) domain
(Gilbert et al. 2013). Once KRAB binds to the target region, it recruits
CO-repressors (KAPI and HP1 proteins) that induce
heterochromatinization to rapidly silence transcription. Of note,
CRISPRi has become an alternative strategy to traditional RNA
interference methods. Moreover, since CRISPRi does not interact with
the endogenous microRNA machinery, like traditional RNA interference

methods, it can target non-coding elements (Gilbert et al. 2014).
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CRISPR activation (CRISPRa): It is based in the fusion of dCas9
with transactivation domains. The most common one is the herpes
virus transcription factor VP16 (or 4 copies of VP16, named VP64).
CRISPRa promotes transcription by recruiting co-activators and the
transcriptional machinery to the target gene (Perez-Pinera et al. 2012).
For instance, dCas9-VP64-mediated gene activation was sufficient to
induce changes in neuronal cellular identity (Joshua Black CSC 2016).
However, in most cases, the activation level driven by CRISPRa is
unstable. Therefore, next-generation CRISPRa uses multiple effector
fusions such as VPR (VP64, p65, and Rta), SAM, and the SunTag system
(Chavez et al. 2015).

-The SunTag system: was developed to enhance
transcriptional activation by recruiting multiple VP64 domains to a
single molecule of dCas9. For this, single-chain variable fragments
(scFv) antibodies were fused with multiple copies of GCNA peptide and
VP64 (Tanenbaum et al. 2014) (Figure 8). Konnerman and co-workers
engineered different combinations of synthetic transactivating
domains, showing that synergistic activation mediator (SAM) was the
optimal tool for high on-target specificity and transcription activation
(Konermann et al. 2015). However, these tools act as scaffolds and do

not enzymatically modulate the chromatin state directly.
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Figure 8. Schematic of CRISPR-dCas epigenome editors constructs. dCas9-fusion
is constituted by the Streptococcus pyogens catalytically dead Cas9 (spdCas9) fused
with different effector domains to modify chromatin marks or modulate transcription in
the presence of a single guide RNA (sgRNA) complementary to DNA. dCas9-SunTag is
formed of SpdCas9 fused with tandem repeats of GCNA binding motif, which recruits
effector proteins coupled with small-chain variable fragment (scFV) domain. dCas9-
SAM s formed by SpdCas9 enzyme fused to the transcriptional activator VP64. The
gRNA is modified to include two RNA aptamers for binding with engineered MS2
bacteriophage coat proteins, which recruit two transcriptional activators, p65 and
HSF1. dCas13 (catalytically dead Cas13) enzyme fused with an effector domain allows
precise editing of different RNA base modifications. Adapted from (Policarpi et al. 2021;
McCutcheon et al. 2024).

4.2.3.2. Multiplex epigenome editing

Given the potential role of dCas9-based tools in unveiling
biological mechanisms, strategies to combine these tools have been
developed to simultaneously target multiple regions or induce a more
lasting effect (McCutcheon et al. 2024). Another key consideration is to
decipher how the combination of chromatin marks influences gene
regulation to understand sophisticated regulatory circuits (Policarpi et

al. 2021).

Policarpi and co-workers engineered a dCas9-SunTag system
fused with 9 key chromatin modifiers that deposit H3K4me3 (Prdm9-
CD), H3K27ac (p300-CD), H3K79me2 (Dot1l-CD), H3K9me2 (G9a-CD),
H3K36me3 (Setd2-CD), DNA methylation (Dnmt3a/3l-CD), H2AK119ub
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(Ring1b-CD) and full-length (FL) enzymes that write H3K27me3 (Ezh2-
FL) and H4K20me3 (Kmt5c-FL). Moreover, this toolkit is coupled with a
single-cell transcriptomic readout. They observed robust gene
activation by H3K4me3 deposition, even in genes that are never active.
In addition, they showed that DNAmM induced silencing was not as
strong as the repression associated with other epigenetic marks, such

as H2AK119ub or H3K9me2/3 (Policarpi et al. 2024).

Multiplex strategies can also be applied to shed light on
disease-associated epigenetic mechanisms. For instance, Nufiez and
co-workers (Nufiez et al. 2021) used a highly specific genome-wide
approach targeting thousands of different loci in human cells,
highlighting the potential utility in therapeutic screening. They
specifically used a CRISPRoff tool, based in the fusion of dCas9 with the
effectors KRAB, DNMT3A and DNMT3L together, and a sgRNA library.
Notably, the gene silencing obtained was maintained after cell division
and differentiation. Moreover, it could be reverted with a CRISPRon tool
(an optimized version of dCas9-TET1 with transactivator domains)

(Nufez et al. 2021).

4.2.3.3 Targeted histone modification
Another approach for epigenome editing has explored fusing

dCas9 with histone modifiers enzymes to deposit or erase PTMs in a
specific locus to better understand the exact role of histone marks in
gene regulation or chromatin architecture (Pulecio et al. 2017).
Depending on the PTM deposited or erased, this editing system can be
classified as activating (dCas9-p300) or repressive (dCas9-EZH2)
(Roth).
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Editing H3K27ac (dCas9-p300): Hilton et al. fused dCas9 with
the catalytic histone acetyltransferase (HAT) core domain p300. As
expected, enhancers and promoters targeted with dCas9-p300 were
decorated with H3K27 (Hilton et al. 2015). Interestingly, their associated
genes became activated, highlighting a causal relationship between
histone acetylation and gene expression. Additionally, targeted
acetylation of the Oct4 promoter and enhancer has been described as
sufficient to initiate iPSC reprogramming (Liu et al. 2018a).

Editing H3K27me (dCas9-EZH2): A study showed long-term
gene repression by H3K27me3 deposition using dCas9 fused with a
catalytic subunit of PRC2 Enhancer of Zeste Homolog 2 (EZH2)(O’Geen
et al. 2019)(Figure 9). Interestingly, the silencing obtained was
enhanced with de novo DNA methyltransferase (DNMT3A) and its
ortholog DNMT3L, suggesting that histone and DNAm interaction are

important for epigenetic memory (O’Geen et al. 2019, 2022).

Collectively, histone epigenome editing has been applied in
CRISPR screens, allowing the discovery and validation of coding and
noncoding regulatory elements impacting cellular phenotypes. Thus,
offering a new avenue of applications for different therapies

(Konermann et al. 2015; Klann et al. 2017; Tarjan et al. 2019).

4.2.3.4 DNA methylation editing
For many decades, comparative genomic analysis between

DNAm, TF and chromatin modifications have been used to infer the
functions of DNAm in the context of gene regulation. These studies
relied on non-specific approaches like insertion of TF binding motifs

with different methylation states, pharmacological inhibition with 5-
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azacytidine, or genetic perturbations (Stadler et al. 2011; Maurano et al.
2015). However, these techniques only provide correlative information
and lead to broad transcriptional changes resulting in pleiotropic off-
target effects. Thus, targeted methylation editing tools enable precise
manipulation of local regions and study the direct impact on gene

regulation.

4.2.3.4.1 DNAm editing on gene regulation
To study DNAm in the context of gene expression, several

groups have fused dCas9 with the catalytic domain of DNMT3A or TET1
to trigger DNA methylation or demethylation, respectively (Liu et al.

2016a) (Figure 9).

Editing DNA demethylation (dCas9-TET1): As a proof of
concept, targeted demethylation of the myogenic TD (MyoD) enhancer
region by dCas9-TET1 resulted in gene activation and facilitated muscle
cell differentiation (Liu et al. 2016a). Moreover, dCas9-TET1-mediated
demethylation has been employed to perturb differentially methylated

regions (DMRs) located in imprinting genes (Kojima et al. 2022).

Editing DNA de novo methylation (dCas9-DNMT3A): To study
how methylation affects DNA loops, dCas9-DNMT3A was employed to
methylate CTCF binding sites. Notably, CTCF TF binding was altered
when methylation was deposited. Thus, confirming CTCF methylation-
sensitivity and highlighting the importance of 5mC mark in genome
architecture (Liu et al. 2016a). Nevertheless, genome-wide analysis of
these methylation editing tools has shown potential off-target effects

(Liu et al. 2018a). Of note, when measuring dCas9-DNMT3A
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methylation activity in cells depleted from the endogenous methylation
machinery high global off-target effect occurred. Importantly, the
unspecific editing was independent of sgRNAs (Galonska et al. 2018).
Onthe contrary, other works have achieved specific effects and less off-
target methylation when compared with dCas9-DNMT3A when using a
modular SunTag-DNMT3A system (Pflueger et al. 2018).

To gain mechanistic insights, recent studies have investigated
the interplay between hypermethylated CGIl promoters and H3K27me3
repressive marks during exit from naive pluripotency. Additionally, by
using SunTag-TET1 they have shown that precision erasure of DNAmM at
the imprinted Zdbf2 locus results in increased CTCF binding and failure
to completely activate gene expression during differentiation

(Monteagudo-Sanchez et al. 2024).
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Figure 9. Epigenome editing technologies for gene regulation. a) On the left,
repressive dCas9 epigenome modifications at the transcription (dCas9-KRAB) also
referred as CRISPR inactivation (CRISPRi) which impedes the binding of RNA
polymerase Il. On the right, activating modifications at the transcription (dCas9-VP64)
also referred as CRISPR activation (CRISPRa) which recruits RNA polymerase Il. b) Left:
at the histone level (dCas9-EZH?2) deposit a repressive histone mark. Right: at the
histone level (dCas9-p300) deposit active histone mark. c) Left: at the DNA methylation
(DNAm) level dCas9 fused with DNMT3A (dCas9-D3A) will add methylation to a
particular region on the DNA which is usually associated with gene silencing. Right: at
the DNAm level dCas9 fused with TET1 (dCas9-TET1) will remove cytosine methylation
in a particular region which is usually associated with gene activation. Adapted
from(McCutcheon et al. 2024; Roth et al. 2024).

N

4.2.3.4.2 DNAm editing in the hematopoietic system

Alterations of the DNAm landscape in the hematopoietic
system are present in a wide range of disease phenotypes (Liu et al.
2023). Therefore, many efforts have been made to target therapeutically

relevant cells, such as HSCs, and to overcome immunological barriers.
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Moreover, the introduction of epigenetic editing tools and the
maintenance of editing is challenging due to the large size of Cas9
protein, which results in low lentiviral transduction rates. Also, primary
cells have a limited culture duration which makes difficult to address
long-term effects upon editing (McCutcheon et al. 2024). To address
this issue, Amabile and co-workers co-delivered a CRISPR-based
repressive complex, achieving the first stable epigenetic gene
repression (effective silence was monitored for more than 50 days).
Notably, a transient delivery of the named engineered transcriptional
repressors (ETRs) combination composed of the effector domains
KRAB, DNMT3A, and DNMTS3L led to the silencing of endogenous genes

in primary T lymphocytes (Amabile et al. 2016).

Despite these advances in achieving long-term repression,
additionalresearch is needed to apply epigenome editing for in vivo cell
therapy in the immune system. To this end, Saunderson and co-workers
recently targeted the p15 promoter (usually hypermethylated in AML) in
primary human CD34+ cells with dCas9-DNMT3A-DNMTS3L, leading to
gene downregulation (Saunderson et al. 2023). Moreover, when p15-
edited cells were injected into immunodeficient mice, its DNA
hypermethylation was inherited and maintained through lymphoid and
myeloid lineages. Thus, demonstrating that DNAm editing can be used
to study the biological contribution of epigenetic mechanismsin cancer

(Saunderson et al. 2023).
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4.2.3.4.3 DNAm editing therapies
Methylation editing can be applied to investigate the

causality of disease-associated DNAm events, such as X-linked,

imprinting-related disorders and cancer.

X-linked disorders: DNAm editing has recently been explored as a
potential therapeutic tool to treat X-linked neurodevelopmental
disorders, including fragile X syndrome (FXS) and Rett syndrome

(RTT):

- FXS is caused by the silencing of the FMR1 gene during brain
development (Liu et al. 2018a). In FXS, the FMR1 promoter region,
containing an expansion of trinucleotide (CGG) repeats, is
hypermethylated. Liu and co-workers used the dCas9-TET1 tool to
reverse the methylation of the CGG repeats favouring the
reactivation of the FMR1 gene and remarkably rescuing the normal
cellular electrophysiology. Moreover, the reactivation of the FMR1
gene was also observed in the mouse brain when the editing tool

was delivered by adeno-associated viruses (AAVs) (Liu et al. 2018a).

- RTTis caused by inactivating mutations in the methyl CpG-binding
protein 2 (MECP2), a DNA methylation reader, on the X
chromosome. In a recent study, Qian an co-workers targeted the
MECP2 promoter located at the Xi chromosome with dCas9-TET1
and observed its gene reactivation (Qian et al. 2023a). In addition,
to reach a more stable reactivation, the authors developed another
editing strategy targeting the chromatin boundaries. Precisely,
inactive Cpf1 (a smaller than Cas9 RNA-guided endonuclease) was

fused with CTCF and delivered along with dCas9-Tet1. Importantly,
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using this multiple editing approach, authors obtained a complete
rescue in the neuronal activity by reaching a more efficient

reactivation(Qian et al. 2023a).

Imprinting-related disorders: Other studies have focused on
imprinting disorders in which DNAm status differs between maternal
and paternal alleles at ICRs. For instance, DNA demethylation editing
was used in Prader-Willi Syndrome (PWS) cells to reactivate the
maternal allele-specific gene SNRPN that persists during neuronal

differentiation (Rohm et al. 2024).

Cancer: Epigenome editing has also been used in several
cancer models. For example, SunTag dCas9-TET1 leads to
demethylation and gene activation in cancer cell lines (Morita et al.
2016). In addition, dCas9-TET targeted hydroxymethylation leads to
gene activation in models of in vivo kidney fibrosis, and colorectal
cancer cell lines at the BRCA1 promoter (usually hypermethylated in
breast and ovarian cancers) (Choudhury et al. 2016; Xu et al. 2016;

Tejedor et al. 2023).

- In arecent collaborative study (Lopez-Millan et al. 2024), we have
applied dCas9-DNA methylation editing tools to decipher whether
the neuron-glial antigen-2 (NG2) gene, a direct target of MLL-AF4
fusion protein in B-cell acute lymphoblastic leukemia (B-ALL), is
epigenetically regulated. A differentially methylated region (DMR)
between MLL-AF4 B-ALL patient’s cells and normal B cell
progenitors was previously detected at this gene (including residues
CpG066 and CpG1)(Tejedor et al. 2021). Interestingly, its
methylation status was detected as negatively correlated with the

NG2 expression. To investigate causality in this association, we
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delivered the dCas9-DNMT3A tool (d93A WT) and gRNAs targeting
the relevant CpGs in an MLL-AF4 B-ALL cellular model (SEM cells).
dCas9-DNMT3A-mediated editing led to efficient hypermethylation
of both CpGs analyzed (066 and C1) and to NG2 downregulation
(Figure 10). Therefore, we conclude that NG2 expression is
controlled by the methylation status of this regulatory region
(Lopez-Millan et al. 2024). Given that NG2 levels are associated
with brain invasiveness (Prieto et al. 2018), we might be able to

directly impact cancer by regulating the methylation of this region.
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Figure 10. dCas9-DNMT3A targeting NG2 regulatory region. Left panel. DNA
methylation levels at the indicated CpG residues (C066 and C1) in dCas9-DNMT3A
WT-targeted SEM cells (WT+sg) and non-targeted SEM cells (WT NT) (left panel).
Right panel shows NG2 expression by qPCR in dCas9-DNMT3AWT-targeted and

non-targeted SEM cells. Data from (Lopez-Millan et al. 2024) .

4.2.3.5 Recent advances in clinical applications

For years, delivering methylation editors in vivo has been the primary
challenge in developing epigenome editing-based therapies due to the

vector sizes exceeding the delivery capacity of AAVs. To circumvent this
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limitation, a recent study has shown long-term silencing of Pcsk9 in the
mouse liver by delivering methylation editors via lipid nanoparticles
(LNPs) (Cappelluti et al. 2024a). Precisely, in hypercholesterolemia,
PCSKO9 plays a crucial role in regulating cholesterol levels by controlling
the degradation of low-density lipoprotein (LDL) receptor. Therefore,
strategies to inhibit Pcsk9 are being explored to reduce cardiovascular
risk. To this end, Cappeluttii and co-workers transiently deliver the ZFP-
ETRs complexes (introduced in 4.2.3.4.2 section) targeting Pcsk9 as an

MRNA packed into LNPs (Cappelluti et al. 2024a).

In a similar way, other studies have used CRISPRa and CRISPR-
mediated gene silencing administered with AAVs to treat diseases in
mouse models such as Duchenne muscular dystrophy (DMD) (Liao et
al. 2017), obesity (Matharu et al. 2019), neuropathologies (Moreno et al.
2021) and hypercholesterolemia (Thakore et al. 2018). Alternatively,
generation of transgenic Cre-inducible epigenome editing mouse lines:
dCas9-p300 for gene activation and dCas9-KRAB for gene repression
(Gemberling et al. 2021). Thus, these preliminary works highlight great
potential to use epigenome editing tools for therapeutic applications in

vivo (McCutcheon et al. 2024).

CRISPR-based approaches for cell therapy involving ex vivo
engineering of cells, such as CAR-T cells, and in vivo gene correction are
currently in clinical trials. Importantly, this year, the first FDA-approved
clinical trial using prime editing technology to treat chronic
granulomatous disease (CGD) will start (Kohn et al. 2020). Moreover, at
the end of 2023 the first-in-class ex vivo CRISPR-Cas9 gene therapy
(Casgevy) was approved by the FDA and the MHRA for treating sickle
cell disease (SCD) and transfusion-dependent B-thalassemia (Newby

et al. 2021). Future improvements in safety, specificity, delivery
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technologies, and durability might help incorporate next-generation

CRISPR epigenome editors into clinical use.
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HYPOTHESIS AND OBJECTIVES

DNA methylation (DNAm) is an epigenetic modification that
critically regulates gene expression in mammalian cells and thus has
pivotal roles in determining cellular identity and function (Jones and
Baylin 2002). Although DNAmM has been extensively studied, using small
inhibitor drugs leads to global alterations of the methylome. Also, they
are not specific and, therefore, present a challenge to distinguish
between direct or indirect effects on gene expression (Holtzman and

Gersbach 2018; Greve et al. 2023).

Recent epigenome studies have offered valuable insights into
the relationship between DNAm, transcription and immune identity
(Alvarez-Errico et al. 2015). However, there is an urgent need for a more
comprehensive understanding of the molecular mechanisms that drive
changes in immune identity in response to DNAm alterations. The use
of CRISPR/dCas9 DNA methylation editing tools that allow precise
addition or removal of DNAm marks can help to better understand

DNAm role in immune cell fate (McCutcheon et al. 2024).

In this thesis, we have investigated the potential of targeting
specific DNA methylation events to alter myeloid cell fate and modulate

the immune and inflammatory responses.

This main objective was achieved by the establishment of the following

specific aims:

1. Dissect gene regulatory regions controlled by dynamic DNA
methylation events during the C/EBPa-driven transdifferentiation (TD)

of human leukemic B cells into induced macrophages (iMacs).
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2. Study the causal relationship between DNA methylation and gene
expression and its biological relevance through CRISPR/dCas9 DNA

methylation editing.

3. To explore the consequences of DNAm editing by dCas9-DNMT3A at

particular regions during human myeloid cell fate acquisition.

4. Interrogate the differential inflammatory response of DNA
methylation-edited macrophages and their immune modulation

capacity.
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METHODS

Cell lines and cell culture

BLaER cells are derived from a human B-cell precursor
leukemia cell line (RCH-ACV) that stably expresses the myeloid
transcription factor C/EBPa fused with the estrogen receptor (ER) and
labeled with GFP(Rapino et al. 2013). BlaER cells and subclones were
grown in suspension in RPMI 1640 (GIBCO) supplemented with 10%
heat-inactivated FBS (GIBCO), 1X Penicillin-Streptomycin (GIBCO), 1X
L-glutamine (GIBCO) and 0,1X B-mercaptoethanol (GIBCO). Culture
medium was replaced every 2-3 days upon counting in a
hemocytometer and using trypan blue exclusion dye to discriminate
between live and dead cells. Then, cells were seeded at 2x10°cells per

mlinto an appropriate tissue culture flask.

HEK-293T cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) (+) D-glucose supplemented with 10% heat-
inactivated FBS, 1X L-glutamine, and 1X Penicillin-Streptomycin. They
were passed when confluent cultures were observed under the
microscope (usually every 2-3 days). To pass the cells, medium was
removed, and cells were washed once with 1X PBS to remove residual
FBS that might interfere with the subsequent reaction. Next, pre-
warmed trypsin-EDTA (GIBCO) solution was added to de-attach cells
and after a brief incubation it was inactivated by adding fresh medium.
Finally, cells were seeded at the desired density for lentiviral

production.
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For optimal growth, all cell lines were kept in a 5% CO2
humidified atmosphere at 37 °C. Cells were checked for mycoplasma

infection every month and tested negative.

Thawing and cryopreservation of cells

Frozen vials were rapidly thawed for 1 min at 37 °C and were
washed 2 times with PBS at 300 x g for 5 minutes to remove residual
cryopreservative (DMSO) and were cultured with their expansion
medium. For cryopreservation, cells were counted as previously
described and then were frozen using a FBS 10% DMSO freezing
solution. Vials were frozen in Mr. Frosty container at -80 °C, this

recipient allow the temperature to slow decrease at 1 °C/min rate.

Transdifferentiation of human B cells into macrophages

To induce transdifferentiation of human leukemic B cells (B
cells) into induced macrophages (iMacs), 2x10° BLaER cells were
seeded in a 12-well plate. To activate C/EBPa, 100 nM 17-beta estradiol
(E2) (Sigma Aldrich), human IL-3 (10 ng per ml) (PeproTech) and human
M-CSF (10 ng per ml) (PeproTech) were added to the medium to favor
the conversion. Specifically, E2 induces C/EBPa-ER to shuttle from the
cytoplasm to the cell nucleus where this factor develops its
transcriptional activity. Additionally, human IL-3 and human M-CSF
cytokines favor the conversion by mimicking stromal secreted
cytokines. In overall, the whole process takes 7 days and not further

addition of medium or cytokines is required (Rapino, et al 2013).
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Cells were harvested at the indicated time points and

processed for FACS analysis, RNA, DNA and phagocytosis assays.

Lentiviral production and cellular transduction with the DNA

methylation editing tools

To transduce B cells with the DNA methylation editing tools,
low-passaged HEK293T cells were seeded for transfection. Lentiviruses
were produced in these cells by co-transfecting them with lentiviral
plasmids VSV-G, psPAX2, and a transfer vector (Fuw-dCas9-DNMT3A-
P2A-tagBFP -Addgene #84569-; Fuw-dCas9-TET1-P2A-tagBFP -
Addgene #108245- and pLV GG hUBC-dsRED -Addgene #85034-) using
calcium phosphate. Briefly, calcium phosphate-DNA preciptates were
prepared by mixing the three plasmids in a 2.5M CaCl2 aqueous
solution. While vertexing, one volume of the calcium phosphate-DNA
solution was added dropwise to an equal volume of HBS 2X (HEPES-
buffered saline solution pH=7.05, 280 mM NaCl, 0.05 M HEPES and 1.5
mM Na2HPO4). The mixture was incubated for 15 minutes at room
temperature and added dropwise to HEK-293T cells onto 150 mm
dishes. After 14-16 hours of incubation at 37°C, the transfection
medium was replaced with f16 ml of pre-warmed DMEM. Supernatants
containing lentiviral particles were collected and filtered through 0.45
pm strainers at 48- and 96-hours post-transfection. Lentiviral particles
were then concentrated by centrifugation at 70.000 x g for 2 h at 10 °C
(AVANTI High-Speed Centrifuge - Beckman Coulter). The supernatant
was properly discarded and 100 pl of PBS were added to resuspend the
viral pellet. For that, tubes containing the concentrated lentivirus were

incubated for 1h at 4 °C while shaking.

68



Materials and Methods

BLaER or SEM cells were then spin-infected (1000 x g; 32 °C for
90 min) with the concentrated viruses. Next, cells were cultured as
described above and single-cell sorting of the BFP+ population was
performed to generate stable dCas9-DNMT3A-P2A-BFP (hereafter
dCas9-DNMT3A) or dCas9-TET1-P2A-BFP (hereafter dCas9-TET1)
clones. Single sorted cells were then grown at 37°C in 20% FBS-RPMI
medium for 14-20 days to generate individual clones containing the

dCas9-DNMT3A or the dCas9-TET1 epigenome editing tool.

To modify the methylation status, dCas9-DNMT3A and dCas9-
TET1 clones were selected (based on their dCas9/BFP expression and
protein levels). Next, selected clones were infected with lentiviruses
harboring simultaneously 4 sgRNAs targeting the ILTRN gene promoter
(sgIL1RN) and scramble regions (sgCTRL).

Guide RNA design

The design of the single guide RNAs (sgRNAs) targeting the
ILTRN promoter (chr2:113,127,440-113,127,701) and CTRL regions was
performed using Benchling sgRNAs design tool for CRISPR
(https://www.benchling.com/crispr). sgRNAs close to a protospacer
adjacent motif (PAM) with 5’-NGG-3’ were selected with the best on-
target and off-target scores. Multiplex sgRNA-dsRED (pVL GG hUBC-
dsRED plasmid -Addgene # 84034-) construct was cloned using a two-
step protocol as described by Engler and coworkers(Engler et al. 2008;
Kabadi et al. 2014). Briefly, each protospacer was first annealed and
cloned into the desired expression vector [phH1-gRNA (Addgene #
53186); ph7SK-gRNA (Addgene #53189); pmU6-gRNA (Addgene #

53187), and phU6-gRNA (Addgene #53188)] using a Bbsl restriction
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enzyme site. Next, four promoter-gRNA cassettes were cloned into the
lentiviral destination vector GG hUBC-dsRED using Golden Gate
assembly(Engler and Marillonnet 2014). Plasmids were sequenced
using the M13 Reverse primer. Single gRNA sequences are listed in

Table 2.

CSFE proliferation assay in cancer cells

To assess cell proliferation, dCas9-DNMT3A CTRL and sgIL1RN
iMacs were treated for 24h with IL-1B (1ng per ml). Then, 2 million HCT-
116 or Cal-12t cancer cells were stained with CFSE (Invitrogen Cat
#C34570) following the manufacturer’s instructions. Next, cancer cells
were seeded at 10,000 cells per ml and grown with the supernatant
collected from CTRL or sgIlL1RN iMacs. Cells were analyzed for CFSE
levels using a FACS Canto Il flow cytometer. Data was analyzed with

FlowJo software.

Immunocytochemistry and microscopy for p65

To assess p65 cellular localization, dCas9-DNMT3A CTRL and
sglL1RN iMacs were seeded at 0.8x10° cells per ml on poly-lysine
coated coverslips. After 2 days, iMacs were treated with IL-1B (1ng per
ml) for 3h. Next, cells were fixed with 4% paraformaldehyde (in PBS) for
20 min and permeabilized with PBS + Triton X-100 0.5% for 10 min.
Coverslips were washed twice with PBS, blocked with blocking solution
(PBS + BSA 4% + 0.025% Tween 20) and incubated with an anti-p65
antibody (1:200 Abcam Cat #ab16502) overnight at 4°C. After washing,

cells were incubated with an anti-rabbit Alexa Fluor 647 (1:300
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Invitrogen Cat #A21245) for 1 h at room temperature. After four washes
with PBS, cells were stained with DAPI 2 pg per ml and mounted into
slides using Vectashield (Vector Laboratories Cat # H-5700-60). Images
were obtained with a Leica TCS-SL confocal microscope. Imagel) was
used to quantify the mean intensity of the nucleus/cytoplasm ratio for

p65 signal. 20 cells were counted for each sample.

shRNA-mediated IL1RN silencing

For constitutive shRNA-mediated gene silencing,
oligonucleotide pairs encoding ILTRN shRNAs were annealed and
cloned into pSICOR-PGK-puro (Addgene #12084). pSicoOligomaker 1.5
(https://venturalaboratory.com) was used to select and design oligos.

The following shRNAs were used:

Luciferase shRNA (shLuc): CCTAAGGTTAAGTCGCCCTCG
ILTRN shRNA_1 (sh1): GCGTCATGGTCACCAAATT

IL1RN shRNA_2 (sh2): GTACTATGTTAGCCCCATA

BlaER cells were transduced with shLuc or shIL1RN lentiviruses and

selected with puromycin (1 pg per ml) for 2 days.

Phagocytosis assay

Phagocytosis assays were performed using dCas9-DNMT3A
CTRL and sgIL1RN iMacs. The assays were also performed in iMacs
containing shRNA (shLuc and shIL1RN_1/2). In both cases, cells were

seeded at 0.5x10° cells per ml in DMEM media. Next, Fluoresbrite
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carboxyl bright blue beads (1 um, Polysciences Cat # 17458-10) were
added to the media (300 beads per cell) and incubated for 24h before

FACS analysis. Data was analyzed with FlowJo software.

Surface markers profiling

Stainings for CD14 and CD11b were conducted in dCas9-
DNMT3A CTRL and sgIL1RN iMacs, as well as in iMacs with shRNAs
(shLuc and shIL1RN_1/2). Briefly, cells were collected and incubated
with Human FcR Binding Inhibitor (eBiosciences Cat #16916173) to
avoid unspecific staining. Next, cells were stained against the
macrophage marker CD11b (1:200 of CD11b-APC BD Pharmingen Cat
#550019) and CD14 (1:200 of CD14-APC BD Pharmigen Cat #561383)

and resuspended in PBS containing 7-AAD as a viability marker.
Western Blotting

Cells were harvested and centrifuged at 300 x g during 5 min and
the supernatant was discarded. For protein extraction pellet cells were
resuspended with lysis buffer (50mM Tris-HCl pH=7.4 1% Triton X-100
0.1% SDS Cocktail protease inhibitors) and incubated 1 hour on ice.
Then, samples were centrifuged at 12.000 x g for 15 min and the
supernatant was stored at -20°C. For protein quantification Bradford
Buffer (Bio-Rad) method was used and Bovine serum albumin was used
as a standard. Assays were performed in 96-well plates in triplicated

and measurement at 595 nm wavelength.

Next, 60 pg of sample were mixed with 4X Laemmli sample
buffer (8% SDS, 40% glycine, 20% B-mercaptoethanol, 0,250 M Tris pH
6.8, 0,008% bromophenol blue) and boiled for 5 min at 95°C. Protein
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extracts were separated by electrophoresis and transferred to a
nitrocellulose membrane. Membranes were blocked with 5% non-fat
milk or 5% BSA for 1 hour at RT. Then, membranes were incubated
overnight at 4°C (while shaking) with the following primary antibodies:
goat anti-IL1RN (RD Systems Cat # AF280NA) in 1:1000 in blocking
solution and mouse anti-B actin (MERCK Cat # A1978) and rabbit anti-
vinculin (Cell Signaling Cat #18799) 1:5000 in blocking solution.
Membranes were washed 3 times in TBS-Tween before incubation with
a secondary antibody anti-mouse IgG Alexa Fluor 790 nm (Invitrogen
Cat #A11375), anti-goat IgG Alexa Fluor 800 nm (Invitrogen Cat#
A32930) or anti-rabbit IgG Alexa Fluor 680 nm (Invitrogen Cat # A-21109)
1:5000 in blocking solution for 1 hour at RT. Finally, membranes were
developed in an Odyssey CLx system. Image Studio Lite 5.2 (Li-COR)

was used for visualization and quantification analysis.

Cytokine measurements

The LEGENDplex™ Human M1/M2 Macrophage Panel (10-plex)
(BioLegend Cat# 740508) was used to quantify proinflammatory (IL-
12p70, TNF-a, IL-6, IL-1B, IL-12p40, IL-23 and IP-10) and anti-
inflammatory (IL-10, TARC, and IL-1RA) cytokines in the supernatant of
dCas9-DNMT3A CTRL and sgIL1RN iMacs treated with IL1[ for 24h. The
recommended filter plate method was used, and all steps were
followed per the manufacturer’s protocol. Samples were acquired in a
FACS Canto Il flow cytometer, and LEGENDplex™ Data Analysis
Software (BioLegend) was used for data analysis according to the
manufacturer's recommendations. Samples were run in triplicates and

included technical duplicates.
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Real-time quantitative Polymerase Chain Reaction (RT-qPCR)

For total RNA extraction, 1 million cells were harvested and
lysed in Trizol (eBioscences) reagent. Then, chloroform (Sigma Aldrich)
was added and cells were centrifuged at 12.000 x g for 10 min at 4 °C.
After, the homogenate was separated into a clear upper aqueous phase
(containing RNA) that was precipitated using isopropanol. RNA
concentration and purity of the samples was determined in a Nano-

Drop Spectrophotometer.

For retrotranscription, 500 ng of total RNA were converted into
cDNA using the RNA to cDNA kit (Applied Biosystems) following the
manufacturer’s instructions. Real-time quantitative PCR reactions were
performed using SYBR Green reagent and analyzed using QuantStudio
5 System (Applied Biosystems). HPRT and B2M were used as
housekeeping genes. Unpaired student’s t-test was used to determine
statistical differences in gene expression among the different samples
tested (t-test, ***p<0.001). Normality and homogeneity in variance

were assumed for RT-gPCR experiments with biological triplicates.

To ensure primer specificity and avoid primer dimers, RT-qPCR
primers were tested by standard curve method and checked for melting
curves, standard curve and amplification plot parameters. Primer

sequences are listed in Table 3.

RNA-seq

For the transdifferentiation experiment, approximately 1-
2x10° dCas9-DNMT3A CTRL or sglL1RN cells were collected in
duplicates at 0, 3 and 7 days after C/EBPa induction. For the IL-1B
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treatment experiment, dCas9-DNMT3A CTRL or sgIL1RN iMacs were
collected in duplicates at 0, 3 and 16h after IL-1B (1 ng per ml)
treatment. Total RNA was extracted with the RNeasy Mini Kit (QIAGEN
Cat#74104) according to manufacturer’s instructions and quantified
with NanoDrop spectrophotometer. 0.2-0.5ug of RNA was used for
mMRNA sequencing with poly-A enrichment. Briefly, quality control with
Fragment analyzer (Agilent) was performed before library preparation to
ensure proper RNA integrity (RIN>7). A DNABSEQ Eukaryotic Strand-
specific mRNA library protocol was used for library preparation. Then,
libraries were sequenced in a DNABSEQ-G400 sequencer using a pair-
end 150-bp protocol. More than 35 million reads were obtained for each

sequenced sample.

Bisulfite conversion (BS) and pyrosequencing

Sample DNA methylation status was assessed by bisulfite
pyrosequencing. Briefly, 1 ug of genomic DNA was bisulfite (BS)-
converted using the EZ DNA Methylation Gold Kit (Zymo Research Cat#
D5006) following the manufacturer’s instructions. BS-treated DNA was
PCR-amplified using the IMMOLASE DNA polymerase Kit (Bioline).
Primers used for the PCR were designed with PyroMark Assay Design
2.0 software (QIAGEN) and listed in Table 4. PCR products were
pyrosequenced with the Pyromark Q48 system (QIAGEN) according to
the manufacturer’s protocol and analyzed with PyroMark Q48 Autoprep

(QIAGEN).

75



Materials and Methods

Whole Genome Bisulfite-seq (WGBS-seq)

Genomic DNA was extracted from 1 million cells at 0, 24, 96,
and 168 hours of transdifferentiation using the DNeasy Blood & Tissue
kit (QIAGEN Cat #69504) following the manufacturer’s instructions and
quantified using Qubit dsDNA (Invitrogen Cat #Q32851). Cytosine
conversion, library preparation and sequencing were done by the
provider of the sequencing services. Briefly, genomic DNA was
fragmented to 200-400 bp and bisulfite converted. For library
construction, sequencing adapters were ligated, followed by double-
strand DNA synthesis and PCR amplification. Next, libraries were
sequenced on Illumina HiSeqTM2500 using a pair-end 150-bp protocol
rendering >70Gb/sample. Raw data quality assessment was performed,

and low-quality reads were removed.

DNA methylation arrays

To assess potential off-target DNA methylation events caused
by the dCas9-DNMT3A tool, we utilized the Infinium MethylationEPIC
v2.0 Bead-Chip arrays (Illumina Cat #20087706). This platform allows
the interrogation of around 935,000 CpG sites per sample at single-
nucleotide resolution, covering 99% of the reference sequence
(RefSeq) genes. 1 million CTRL or sgIL1RN cells were collected at 0 and
3 days after C/EBPa induction, with 4 biological replicates for each
group. Genomic DNA was extracted, bisulfite-converted, and used to
hybridize the methylation arrays following the manufacturer’s
instructions. Raw files (IDAT files) were provided by the Genomics Unit

of the Josep Carreras Research Institute.
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Chromatin immunoprecipitation (ChiP)

ChIP  experiments were performed as  previously
described(Sardina et al. 2018). Briefly, 30 million cells were cross-
linked with 1% formaldehyde in RPMI medium while rotating for 10
minutes at room temperature. To stop fixation, glycine was added to a
final concentration of 0.125M and rotated for 5 minutes. Next, collected
cells were washed twice with ice-cold PBS and resuspended in cold IP
buffer (1 volume SDS buffer (100mM NaCl, 50mM pH8.1 Tris-HCL, 5mM
pH8 EDTA, 0.2% NaN3, 0.5% SDS): 0.5 volume Triton dilution buffer
(100mM NaCl, 100mM pH8.6 Tris-HCL, 5mM pHB8 EDTA, 0.2% NaN3, 5%
Triton X-100) supplemented with proteinase inhibitors (Roche Cat
#118733580001). Chromatin was sheared to 100-300bp fragments on a
Bioruptor pico sonicator (Diagenode) at 4°C for 13 cycles with 30 sec on
and 30 sec off in 15 ml Bioruptor Tubes (Diagenode Cat #30010017)
with 650 mg of beads (Diagenode Cat #C03070001). After sonication,
cell lysate was spun down at 20,000xg for 20 min at 4°C to remove
debris and 5% of supernatant was saved as input. Chromatin was
conjugated with 10ug of anti-Cas9 antibody (Active Motif Cat #61757)
while rotating ON at 4°C. The next day, 50 ul of Dynabead A/G mix were
blocked for 2h at 4°C with BSA 5mg per mlwhile rotating and added into
antibody-cell lysate mixture for immunoprecipitation for 3h at 4°C in
rotation. Chromatin-antibody-bead complexes were washed three
times with ice-cold low salt buffer (50mM pH7.5 HEPES, 140mM NaCl,
1% Trito X-100) and once with ice-cold high salt buffer (50mM pH7.5
HEPES, 500mM NacCl, 1% Triton X-100). Bound protein-DNA complexes
were de-crosslinked in elution buffer (1% SDS, 0.1M NaHCO3) by
overnightincubation at 65°C with shaking at 1300 rpm. The next day, the

eluted portion was treated with RNAse for 1h at 37°C and then with
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Protein K for 2h at 65°C. Finallyy, DNA was purified by
phenol:chloroform:isoamyl alcohol (25:24:1) extraction and ethanol

precipitated.

For ChIP-gPCR analysis, DNA was diluted 1:10, and relative
enrichment was calculated as a percentage of input with the following
formula (100*2”*(Adjusted input - Ct (IP)). Oligonucleotide sequences

are indicated in Table 5.

For ChIP-seq, samples were quantified with Agilent 2100 before
library preparation. Library preparation and sequencing were performed
by the sequencing service provider using a DNABSEQ-G400 sequencer
and a SE50 protocol.

Bioinformatic analyses

All sequencing data obtained were mapped onto the human
genome assembly hg38 (Ensembl GRCh38) and analyzed with R (4.2.1)
using packages from the Bioconductor suite (v3.0)(Huber et al. 2015).
For peak calling, regions overlapping the ‘Encode blacklist’ regions were
removed(The ENCODE Project Consortium 2012), as well as
mitochondrial reads. Peaks were annotated to genomic features in R
with the package ChlPseeker (v1.32.1)(Yu et al. 2015), using Benjamini-
Hochberg (BH) FDR corrections. All Gene Ontology (GO) enrichment
analyses were performed using the clusterProfiler package (v4.4.4)(Yu
et al. 2012). Pathway enrichment analysis was performed with the
Reactome Pathway Database Analysis Tool(Milacic et al. 2024). Gene
Set Enrichment Analysis (GSEA) was done using MSigDB gene

sets(Subramanian et al. 2005), and analyses were performed in R with
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the fgsea (v1.30.0)(Korotkevich et al. 2016) and clusterProfiler packages
(v4.4.4). Bigwig tracks were generated using DeeplTools BamCoverage
(3.3.1)(Ramirez et al. 2014). Motif enrichment analyses were performed
using the function findMotifsGenome.pl from the package HOMER
(v0.2)(Heinz et al. 2010). The integration of DNA methylation and ATAC-
seq data was carried out using the bedtools (v2.31.1)(Quinlan and Hall
2010) package. Heatmaps and clustering analyses were performed
using the ComplexHeatmap (v2.10.0) package(Complex heatmap
visualization - Gu - 2022 - iMeta - Wiley Online Library). The
Multidimensional Scaling (MDS) and Principal Component Analysis
(PCA) were performed using the limma (v3.52.2)(Ritchie et al. 2015),
and factoextra packages (v1.0.7), respectively. Upset plots were
generated using the upsetR package (v1.4.0)(Conway et al. 2017). The
correlation analyses were performed and plotted with the R package
corrplot (v0.92). The RNA-seq MA plots were generated using the R
package DESeqg2 (v1.36.0)(Love et al. 2014). The remaining plots were
generated using the R package ggplot2 (v3.4.2). Genome-wide
statistical analyses were performed using a two-tailed student t-test to

compare two groups using the R package stats (v4.2.1).

WGBS-seq analysis

Raw sequence reads from WBGS libraries were trimmed to
remove poor-quality reads and adapter contamination using the
package Trimmomatic (v0.36)(Bolger et al. 2014). The remaining
sequences were mapped using Bismark (v0.16.3)(Krueger and Andrews
2011), to the human reference genome GRCh38 in paired-end mode.

Reads were then deduplicated, and CpG methylation calls were
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extracted from the deduplicated mapping output using the Bismark
methylation extractor in paired-end mode. The estimation of DNA
methylation levels was calculated by dividing the count of reads
identifying a cytosine (C) by the sum of reads identifying either a
cytosine (C) orathymine (T). Only CpGs with coverage equal to or higher
than 5X in all tested samples were used for downstream analyses. N =
24,298,869 CpGs analyzed. The genome was split into 1Kb bins using
the function makewindows from the bedtools(Quinlan and Hall 2010)
package. DNA methylation signal was quantified by calculating the
mean methylation on these 1Kb bin regions. Only bins with at least 3
CpGs covered at least 5X in all tested samples were used for

downstream analyses. N=2,807,124 bins analyzed.

Dynamic DNAm bins containing Gene Regulatory Elements
(GREs) were identified by overlapping those bins with ATAC-seq peaks,
either located at a TSS (promoter) or at an H3K4me1 peak, as previously

described(Stik et al. 2020).

Analysis of DNA methylation arrays

IDAT raw data from the MethylationEPIC BeadChip 850k v2.0
microarrays was loaded using R to perform all the analyses, QC, and
preprocessing steps using the package minfi (v1.42.0)(Aryee et al.
2014). Probes with low detection p-value (<0.1), probes with a known
SNP at the CpG site, and known cross-reactive probes were removed.
For the resulting CpGs, beta values were calculated using minfi
functions. DMPs were calculated using the limma package
(v3.52.2)(Ritchie et al. 2015) in R, adjusting by the Benjamini-Hochberg

method. Only DMPs with adjusted p-values (FDR)< 0.05 and a
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differential of DNA methylation equal to or greater than 30% (AB = 0.3)

were selected for further analyses.

RNA-seq analysis

Reads were mapped using STAR (v2.7.6)(Dobin et al. 2013).
Gene expression was quantified using the function featureCounts from
the package Subread (v2.0.3)(Liao et al. 2014). Differentially expressed
genes were detected using the R package DESeq2 (v1.36.0)(Love et al.
2014), applying FDR<0.05. Transcription factors’ activities were inferred

from expression values using DoRothEA(Garcia-Alonso et al. 2019).

scRNA-seq analysis

The processed scRNA-seq dataset of monocytes and
macrophages (MoMac-VERSE) is publicly available at the FG Lab

Resources website (https://gustaveroussy.github.io/FG-Lab/).

Information about cross-tissue integration and data processing was
described by Mulder and co-workers(Mulder et al. 2021). Data analysis
was done in R with the Seurat package (v5.1.0)(Hao et al. 2021). Pre-
established clustering counts normalization/scaling, and metadata for
paired healthy versus cancer conditions was used for the downstream
analysis. For gene signature enrichment (up-regulated vs down-
regulated) analysis, only the most significantly differentially expressed
genes (log2FC>0.5, FDR<0.05) at each time point were considered. For
statistical analysis, healthy versus cancer comparisons were evaluated
for cell populations that presented at least 15 cells for each condition.
Significant differences in gene expression were calculated using two-
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sided Wilcoxon rank-sum tests with the compare_means() functionin R

ggpubr package (v0.6.0).

ChlIP-seq analysis

For the ChlP-seq analysis, reads were trimmed using the
TrimGalore package (v0.6.6) to remove adaptors and mapped using
Bowtie2 (v2.4.4.1)(Langmead and Salzberg 2012). Duplicated reads
were removed with the tool MarkDuplicates from the package Picard
(v3.1.0)(Picard Tools - By Broad Institute. htmtl:
(https://broadinstitute.github.io/picard/)). Peaks were called using
MACS2 (v2.2.5)(Zhang et al. 2008), parameter (-q 0.05). Differential
enrichment analysis was performed using the edgeR(Chen et al. 2024),
function from the diffBind package (v3.6.5) and filtering by FDR<0.05
and log2FC>2.
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RESULTS

CHAPTER 1: Genome-wide correlation studies between DNA
methylation and transcription during human myeloid
commitment

As mentioned in the Introduction, previous studies have shown the
relevance of DNA methylation (DNAm) in immune cell differentiation
and determination of their identity. Still, the impact of DNA methylation
dynamics at gene regulatory regions (GREs) and their role in gene

expression during immune cell fate are not completely understood.

Accordingly, we investigated how changes in DNAm at gene regulatory
regions (GREs) impact gene expression during the reprogramming of
human leukemic B cells into non-tumorigenic macrophages (Rapino et

al. 2013).

1. Whole-genome Bisulfite Sequencing reveals DNA
methylation reshaping during human B-cell to macrophage TD

To gain insight into the dynamics of DNAm during myeloid cell
fate acquisition, we chose to utilize the highly efficient and
homogenous C/EBPa-driven conversion of human B leukemic cells,
containing a B-estradiol inducible form of C/EBPa (BlaER cells), into
non-tumorigenic induced macrophages (iMacs)(Rapino et al. 2013).
The iMacs generated using this protocol closely resemble their natural
counterparts as they are fully phagocytic and have inflammasome

competency(Rapino et al. 2013; Gaidt et al. 2016; Stik et al. 2020).
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Cultured B cells were treated with B-estradiol (E2) and collected
at different time points of the cell fate conversion process (0Oh -B cells-;
24h; 96h and 168h -iMacs-) (Fig. R1.1a). We then generated genome-
wide, nucleotide-resolution maps for DNAm by Whole-Genome
Bisulfite Sequencing (WGBS-seq) by computing the values of

approximately 24 million CpG residues that were covered 25X in all the

samples.
a
+E2 (C/EBPa)
] RNA-seq
. [ ] 3 ‘* WGBS-seq
B cell 24h 96h iMac ATAC-seq
Tumarigenic potential MRNA

b CpG resolution c
1.00 4
- 10004 96h
k=
£ 0751 =
_E‘ EM B cell
[ =
£ AR
24h
o
< 0501 <
a s}
B
c
8 0.251 10004
E ‘ iMac
0.00 ] ‘.
) @ @ * -1000 -500 0O 500 1000
Beell 24h  96h  iMac Dim1 (34.9%)
d e
. . Stable bi D icb
DNA Methylation bins 5 100 = S1ape bins = Jynamic bins
ynamic £ 5
c
k]
£ 50
=
@
Stable g )
=T
TOTAL: 2,807,124 P 13.7%

o

NDRH B A B ORGSR
Chromosomes

85



Results

Fig. R1.1. WGBS-seq genome-wide DNA methylation profiling during TD. (a) Left:
Schematic representation of the C/EBPa-mediated TD of human B cell line (B cell) into
induced macrophages (iMac). Right: overview of methodology used in the epigenome
profiling. (b) Genome-wide DNAm levels at CpG resolution during TD. N (number of
CpGs analyzed) = 24,298,869. (c) Multidimensional Scaling (MDS) showing DNAm
dynamics at 1kb bins genome-wide during TD (d) Pie chart showing the genome-wide
percentage of DNAm stable and dynamic 1kb-bins observed during TD. N (number of
bins analyzed) = 2,807,124. (e) Percentage of DNAm stable and dynamic 1kb-bins
observed during TD across chromosomes. The dashed line represents the percentage
of dynamic bins (13.7%); Right: Pie chart showing the genome-wide percentage of
DNAm stable and dynamic 1kb-bins observed during TD. N (number of bins analyzed) =
2,807,124.

We first analyzed the genome-wide DNAm levels at CpG

resolution, observing subtle changes from 96h upon TD (Fig R1.1b

To better analyse these changes in conjunction with other
epigenomic layers, we splitthe genome into 1kb bins and calculated the
mean methylation of these regions, resulting in the analysis of 2 million
bins. As shown in Fig R1.1c, PCA analysis showed a genome-wide

reshaping of DNAm from 96 hours after C/EBPainduction.

Next, to explore the role of DNAmM changes during TD we
classified bins as stable or dynamic. Bins that were not changing >10%
methylation between any time point of TD, and therefore were
maintained, were defined as stable. On the contrary, bins that were
changing >10% and get redistributed during TD were defined as
dynamic. Although most of the bins were stable, 14% of the DNAm
signal, which accounts for 384,127 1kb bins, was redistributed during
this process (Fig. R1.1d). Interestingly, the redistribution of the DNAmM
signal did not occur randomly in the genome; instead, it occurred
preferentially on specific chromosomes, such as Chromosome X.
Approximately 32% of the DNAme signal on ChrX is rewired during the

process (2.2-fold over the genomic average) (Fig. R1.1e). Therefore, a
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more detailed characterization of those dynamic DNAm changes might

be relevant during cellular differentiation.

2. Interplay between DNA demethylation and chromatin
accessibility at GREs during transdifferentiation.

To further understand the genomic context where the
redistribution of DNAmM occurs, we intersected the DNAmM dynamic
regions detected (Fig. R1.1d) with previously published ChlP-seq data
collected during the transdifferentiation (TD) process (Stik et al. 2020;
Choi et al. 2021). In particular, we analyzed GREs at promoters and
enhancers, both defined by chromatin opening (by ATAC-seq).
Specifically, to distinguish promoters and enhancers regions,
promoters were termed when associated with TSS and enhancers the
genomic positions enriched with H3K4me1 mark. As a result, only 8%
of all dynamic bins, which accounts for ~ 32,000 1kb bins, were

identified as containing Gene Regulatory Elements (GREs).

Since previous studies had shown the relevance of GREs for cell
fate decisions (Hon et al. 2014b), we focused all our further DNAmM
analyses exclusively on them. We next classify dynamic DNAmM bins
containing GREs into 4 major clusters (C-I to C-IV) based on the timing
of their DNAm changes. Interestingly, the clusters exhibited
predominantly sequential and mostly transient changes in DNAm (C-I
to C-lll), except for cluster IV (Fig. R1.2a). Cluster |V, containing
approximately one-third of the total number of regions (n= 11,601),

showed continuous loss of DNAm from 96 hours onward (Fig. R1.2a).

In line with this observation, only regions included in clusters

showing demethylation from 96 hours onwards (C-lll and C-1V)
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experienced an increase in chromatin accessibility (by ATAC-seq)
during the reprogramming process (Fig. R1.2b). Conversely, no
chromatin closure was observed in association with the gain of DNAm
(cluster | regions) (Fig.R1.2b). Thus, suggesting DNAm gain might not
regulate chromatin accessibility in this cellular model of myeloid cell

fate acquisition.
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Fig. R1.2. GREs at defined clusters show continuous and transient DNAm and
accessibility states during TD and primary human MoMacs. (a) Clustering of
genome-wide DNAm dynamics at 1kb bins showing at least 10% DNAm changes. Bins
are defined by containing ATAC+ regions associated with promoters or enhancers during
TD. (b) Quantification of DNAm levels (DNAm fraction-) and chromatin accessibility
(RPKMs) at the clusters in (a). ATAC-seq data from GSE131620(Stik et al. 2020; Choi et
al. 2021). (c) DNAm levels (by WGBS-seq) in primary human B cells (4 B-ALLs, 4 CD38-
negative ndive B cells, 3 naive B-cells, 1 precursor B cell) and primary human
monocytes n=6 and macrophages n=6 at the clusters in (a). Two-sided Wilcoxon rank-
sum test (**p<0.01, **p<0.0001; n=12). Data collected from the Blueprint Consortium.
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We next sought to determine if the detected changes could also
be observed in a human physiological setting. To do this, we compared
methylation changes in the 4 cluster regions between primary human B
cells and primary human monocytes and macrophages (data from
Blueprint consortium). The primary B cells exhibited higher global levels
of DNA methylation compared to myeloid cells, consistent with the
findings in the cellular model. However, the differences were only
statistically significant for the regions associated with C-lll and C-IV,
indicating that these regions may contain relevant GREs for primary

myeloid cells (Fig. R1.2c).

3. Macrophage gene regulatory regions lose methylation
during transdifferentiation

To investigate if particular GREs were important for myeloid
acquisition, we specifically analyze changes in DNAm at chromatin-
accessible regions (ATAC-positive) between B cells and iMacs. IniMacs,
we observed that most ATAC-positive regions were losing DNAmM
(7,603), including regulatory regions of well-known myeloid genes such
asITGAM, MAFB and TET2. These DNAm loss regions were preferentially
associated with clusters C-lll and C-IV (Fig. R1.3a, b) from the
dynamical clustering in Fig. R1.3b. On the other hand, a small
proportion of ATAC+ regions were gaining methylation, accounting for
1,858 regions, including regulatory regions of MECOM, BRD4 or PAX5
genes, among others. These DNAm gain regions were preferentially
associated with clusters C-1 and Il (Fig. R1.3a, b) from the dynamical

clustering in Fig. R1.3b.

We next examined the genomic distribution of DNAmM gain and

loss regions to study a possible correlation between DNAm and open
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chromatin (Fig. R1.3c). The gain regions mainly overlapped with introns
and promoters at similar percentages (35.9% and 29.1%, respectively).
Conversely, in the loss regions, there was a preferential enrichment in

intronic regions, possibly intragenic enhancers, at the expense of

promoters (Fig.R1.3c).
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Fig. R1.3. Macrophage GREs (ATAC+) are losing DNA methylation are associated
with cluster Ill and 1V (a) Scatter plot comparing DNAm levels at iMac’s (ATAC+ peaks)
in iMacs versus in B cells. Dark red dots indicate ATAC+ regions gaining at least 10%
(n=1858) of DNAm in iMacs; light red dots indicate ATAC+ regions losing at least 10%
(n=7603) of DNAm in iMacs. Blue dots highlight ATAC+ regions of interest. (b) Piecharts
depicting the proportion of ATAC+ DNAm loss and gain regions in Fig. R1.2c belonging to
the methylation clusters in Fig. R1.2a.(c) Distribution of ATAC+ DNAm loss and gain
regions in iMacs along the different genomic features analyzed (promoters, introns,
exons, distal intergenic, 5’ UTR and 3’UTR regions). All ATAC+ regions analyzed (All) are
shown as a distribution control.

To uncover biological processes potentially regulated by the
DNAm changes described, we performed Gene Ontology (GO) analysis
of the genes located at the ATAC-positive DNAm loss and gain regions
(Fig.R1.4a). This showed enrichment of terms related to myeloid cells
for genes associated with loss regions, including "Myeloid leukocyte

migration,” "Phagocytosis," and "Positive regulation of cytokine
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production," among others. On the other hand, the gain regions were
unspecifically associated with terms related to organ development,
such as "Axon guidance,” "Kidney development,” and "Heart
morphogenesis," among others (Fig.R1.4a). In line with these findings,
Transcription Factor (TF) motif analysis showed significant enrichment
of TFs relevant for myeloid cell biology, such as AP1 complex subunits
(including Fos, JunB, BATF, Fra1-2, among others) and CEBP factors, in
the ATAC-positive DNAm loss regions (Fig.R1.4b). In contrast, the
DNAm gain regions displayed a modest enrichment in the motifs of
genome architecture TFs, including CTCF and its relative BORIS (also
known as CTCFL), along with development related transcription factors

such as Hox, Slug, or Snail, among others (Fig.R1.4b).
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Fig R1.4. DNAm loss regions are associated with inflammatory-related genes and
enrichment of AP-1 and C/EBP-myeloid TF (a) Balloon plot depicting the Gene
Ontology (GO) enrichment analysis for the genes associated with the ATAC+ DNAm loss
and gain regions in iMacs (related to Fig. R1.3a). 10 significant biological processes (BP)
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terms for each category are plotted. GeneRatio and -log10(qvalue) are shown.
Significant terms (qvalue < 0.05) are highlighted with a black stroke (b) Bubble plot
showing the output of TF enrichment analyses (by HOMER2) at ATAC+ DNAm loss (up)
or gain (bottom) regions in iMacs. X-axis reports the —log10(P-value); Y-axis depicts the
log2FC; the circle size is related to the percentage of target sequences containing the
motif.

Altogether, this suggests that specific GREs related to myeloid
cells are undergoing DNA demethylation and potential chromatin
activation during the B-to-macrophage reprogramming. At the same
time, GREs unrelated to the cell fate conversion process are gaining

DNAm without apparent changes in chromatin activity.

4. Integrative analyses reveal the ILTRN promoter as a top
event showing a DNA methylation-expression correlation

To gain mechanistic insight into the transcriptional
consequences of the DNAm changes observed at GREs, we
investigated the interplay between DNAmM and gene expression using
publicly available RNA-seq data in our cellular model (Stik et al. 2020;
Choi et al. 2021). We observed no correlation between the gain of
DNAm at ATAC-positive regions and changes in gene expression of their
associated genes (R=-0.018; pval=0.64) (Fig.R1.5a). Meanwhile, a
significant negative correlation was detected between DNAm loss and
gene expression, both at ATAC-positive regions non-associated with
promoters (R= -0.132; pval=7.2x10"°) (Fig.R1.5b) and even stronger
correlation when they were overlapping promoters (R= -0.241;

pval=2.2x10"%) (Fig.R1.5c).

92



Results

a b
All regions Non promoter regions
. R=-0.0188; p=0.64 ~_ R=-0.132; pval=7.2 10"
5 ~ 0.00-
o 04 g
e 0
s ¢ ' -0.25
= 8
=0.2 =
g ~-0.50 1
< £
b 2 %
2 0. - & -0.75-
5 £
=}
‘ ‘ i . i -1.00+
-5 0 5 10 15 -5 0 5 10
Expression log=FC (iMac vs B cell) Expression log=FC (iMac vs B cell)
c d
Promoter regions > IL1RN R
R=-0.241; pval=2.2 x10% O =
= 0.0 E iMacs (0-15) i I
8 <<
om B cells [
g <
S 02 | 2
o
= g6h | | 21
E ILTRN IMacs L J___
= Skb
g -04
X (0-1) 90
E B cells | | | I
o 2 [T
46
Bl S S| ol g ||
-5 0 5 10 " m
R T I

Expression log=FC (iMac vs B cell)

Fig. R1.5. IL1RN promoter undergoes DNA demethylation and gene activation
during TD. (a) Correlation plot between DNAm and gene expression at iMac’s ATAC+
peaks. Grey dots: ATAC+ regions not gaining at least 10% in DNAm. Dark red dots: ATAC+
regions gaining at least 10% in DNAm in iMacs. RNA-seq data from GSE140528(Stik et
al. 2020; Choi et al. 2021). (b-c) Correlation plot between DNAm and gene expression
at iMac’s ATAC+ peaks (b) non-overlapping annotated promoters (c) and overlapping
annotated promoters (c) Grey dots: ATAC+ promoter regions not losing at least 10% in
DNAm. Light red dots: ATAC+ promoter regions losing at least 10% of DNAm in iMacs.
RNA-seq data from GSE140528(Stik et al. 2020; Choi et al. 2021). (d) Genome browser
snapshot showing signal for ATAC-seq in iMacs, and RNA-seq during TD at the IL1RN
locus. The blue-shaded region represents the promoter of the IL1RN short isoform

(ENST00000409930.4).
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The promoter of the Interleukin-1 receptor antagonist (/L7RN)
gene, which shows a DNAm loss over 40% and an expression increase
of more than 1000-fold between iMacs and B cells, emerged as a top
correlated event in the analysis (Fig.R1.5¢c). The ILTRN gene, which
plays an essential role in inflammatory responses in mature myeloid
cells(Gabay et al. 2010), is not expressed and its promoter is fully
methylated at the B cell stage (Fig.R1.5d). However, the methylation of
the ILTRN promoter decreases between 24 and 96 hours, which
coincides with the reactivation of the gene (Fig.R1.5d). These changes
occur specifically in the promoter of the ILTRN short isoform, IL1RN-
205 (ENST00000409930.4), which corresponds to the secretory protein

variant preferentially expressed in myeloid cells (Gabay et al. 2010).

These analyses suggest that only gene regulatory regions losing
DNAm, such as the promoter of the ILTRN gene, but not regions gaining
it, are correlated with changes in gene expression during
transdifferentiation. Notably, as shown in Fig.R1.2c these regions are
hypomethylated in primary human monocytes and macrophages,
indicating that DNAmM losses in this context may influence human

myeloid cell commitment and inflammatory properties.

CHAPTER 2: Employing dCas9-methylation editing tools to
modify the DNA methylation status of the ILTRN promoter

1. dCas9-TET1-mediated demethylation of the ILTRN promoter
is sufficient for its gene reactivation

While the phenotypes associated with the loss of function of
major DNAm regulators have been extensively studied(Dawlaty et al.

2014; Charlton et al. 2020), the impact of individual methylation events
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on immune phenotypes remains largely unexplored, mainly due to
technical limitations(Holtzman and Gersbach 2018). This has been
recently challenged with the advent of DNAm editing tools, especially
those associated with CRISPR technology as mentioned in the
Introduction section(Stricker et al. 2017).

Since the ILTRN promoter is hypermethylated and its
associated gene is not expressed in B cells (Fig.R1.5d), we speculated
about the possibility of inducing DNA demethylation specifically at this
region to force ILTRN expression at the B cell stage. To address this
challenge, we stably integrated a previously developed DNA
demethylation editing tool (Liu et al. 2016a, 2018b) into our human B
leukemic cells (Fig.R2.1a). The editing tool is based on a catalytically
dead Cas9 protein tethered with the catalytic domain of the DNA
methylcytosine dioxygenase TET1 (dCas9-TET1). B cell clones
expressing high levels of the dCas9-TET1 transgene were selected and
expanded. Afterward, we transduced dCas9-TET1 clones with
lentiviruses simultaneously encoding 4 different sgRNAs that targeted
either no sequence within the genome (CTRL cells) or the ILTRN

promoter (sglL1RN cells) (Fig.R2.1a).
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Fig. R2.1. dCas9-TET1 led to IL1RN promoter demethylation and gene reactivation
(a) Top: schematic diagram illustrating the integration strategy of dCas9-TET1 tool and
sgRNAs targeting IL1RN promoter in B cells. Bottom: representation of the sgRNAs
targeting regions upstream the TSS of the ILTRN promoter. The sgRNAs are shown in
yellow, green, orange, and blue, with the CpG sites as red lollipops. #1 to #4 indicate
the CpG residues analyzed in the experiment. (b) Genome browser snapshot showing
the dCas9-TET1 binding at the IL1RN promoter region. The location of the 4 sgRNAs
targeting the IL1RN promoter are depicted. (c) DNAm levels (by pyrosequencing) at 4
CpG residues located upstream of the ILTRN TSS (as shown in R2.1a) in dCas9-TET1
sgIL1RN and CTRL B cells. One-way ANOVA with Dunnett’s post-hoc correction, n=3,
mean t s.e.m., (*p<0.05; **p<0.01, ***p<0.001,****p<0.0001). (d) ILT1RN Expression (RT-
gPCR) in dCas9-TET1 sgIL1RN and CTRL B cells. Values were normalized against HPRT
expression. Unpaired two-tailed Student’s t-test, n=3, mean s.e.m., (***p< 0.001). (e)
Western blot image of IL1RN protein in dCas9-TET1 sgIL1RN and CTRL B cells. ILTRN
levels were normalized to f-Actin levels and expressed as a fold change over shLuc

iMacs.
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We first tested by ChlP-seq against the Cas9 protein that the dCas9-
TET1 complex was bound to the ILTRN promoter. We observed a strong
binding in the sgIL1RN B cells compared to CTRL B cells. (Fig.R2.1b).
Next, to analyze DNAmM changes after targeting with dCas9-TET1 we
performed a pyrosequencing analysis at the ILTRN promoter region.
Notably, dCas9-TET1 recruitment led to the demethylation of CpG
residues located upstream of the gene’s TSS (Fig.R2.1c). Among them,
the largest demethylation (approximately 50% decrease) was observed
atthe CpGresidue located just upstream of the TSS (-9bp) (Fig.R2.1ca).
Thus, we could validate dCas9-TET1 editing tool in B cells. Next, we
analyzed if ILTRN was differentially expressed upon demethylating the
region with the dCas9-TET1 tool. Importantly, we detected ILTRN gene
activation (>15-fold increase in mRNA levels) and protein accumulation
(>60-fold increase) in sgIL1RN B cells (Fig.R2.2d-e). Additionally, a
preliminary analysis of a recently generated RNA-seq dataset has
revealed a distinct transcriptional profile between CTRL and sgILRN
cells upon reactivating the ILTRN gene with dCas9-TET1. Precisely, we
identified roughly 7,000 differentially expressed genes, including 4,039
up-regulated and 2,975 down-regulated genes. Of note, the up-
regulated genes were enriched in Gene Ontology terms related to

myeloid cells (data not shown).

Thus, dCas9-TET1 editing successfully activated the expression
of a myeloid gene in an inappropriate immune cell type (B-lymphoid
cells), leading to a modified cell fate change. This allowed us to unveil
a causalrelationship between the DNAm status of the ILTRN promoter,

the expression of its gene, and an altered cellular fate.
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2. dCas9-DNMT3A binding specificity during TD

As previously shown, the ILTRN promoter is demethylated
between 24 and 96 hours of the cell fate conversion process, coinciding
with the reactivation of its gene (Fig. R1.5d). Therefore, based on the
observed causality between DNAmM and /L71RN expression (Fig.R2.1c-
d), we hypothesized that blocking the DNAm loss associated with the
transdifferentiation process would alter ILTRN gene expression
patterns. To tackle this task, we used a previously developed DNAmM
editing tool (Liu et al. 2016b, 2018b) based on a catalytically dead Cas9
protein tethered with the catalytic domain of the DNA de novo
methyltransferase DNMT3A (dCas9-DNMT3A). Both, the DNAm editing
tool and the sgRNAs were integrated into our human B leukemic cells

as previously outlined for the dCas9-TET1 experiment (Fig.R2.2a).

We initially examined the genome-wide binding sites for dCas9-
DNMT3A, comparing sgRNA and CTRL cell lines. By ChlIP-seq, we
observed dCas9-DNMT3A strongly and specifically bound to the ILTRN
promoter in sgIL1RN B cells, coinciding with the location of the sgRNAs
(Fig. R2.2b). However, as expected from previous research using these
DNAm editing tools (Galonska et al. 2018; Liu et al. 2018a; Pflueger et
al. 2018), we also observed the off-target binding of the dCas9-DNMT3A
protein to 852 genomic regions (Fig. R2.2c). Of note, some of the
strongest off-target sites (Log,FC>3.5) were identified as overlapping
promoters. Therefore, the recruitment of the dCas9-DNMT3A protein
may result in the hypermethylation of these promoters and the
deregulation of their genes. To explore this possibility, we analyzed the
expression and methylation in B cells of all the off-target sites

annotated as promoters. Among all the regions analyzed, no
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differences in methylation and expression were detected, suggesting

minimal off-target effects of dCas9-DNMT3A during TD (Fig. S1).
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Fig. R2.2. Efficient recruitment of dCas9-DNMT3A at IL1RN promoter by ChIP-seq.
(a) Top: schematic diagram illustrating the integration strategy of dCas9-DNMT3A tool
and sgRNAs targeting IL1RN promoter in B cells. Bottom: as explained in (R2.1a). 2
Infinium MethylationEPIC v2.0 probes are shown in -9 (cg03342003) and +104
(cg03989987) positions. (b) Genome browser snapshot showing the dCas9-DNMT3A
binding at the IL1RN promoter region. The location of the 4 sgRNAs targeting the IL1RN
promoter and the 2 array probes are depicted. (c) Scatter plot showing differential
dCas9-DNMT3A enrichment in sgIL1RN B cells over CTRL B cells. Blue dots indicate
regions more enriched in sgILTRN B cells than CTRL B cells (Log2FC>2, p<0.05, n=853).
Large blue dots and the yellow dot (IL1RN prom) (Log2FC>3.5, p<0.05).

99



Results

3. dCas9-DNMT3A specifically hypermethylates the ILTRN
promoter, leading to its downregulation.

We then examined the potential impact of dCas9-DNMT3A on
methylation and expression 3 days after C/EBPa activation, when the
ILTRN promoter has started losing methylation (Fig. R1.5d). For this
purpose, we did RNA-seq and DNA methylation arrays at 3 days after
C/EBPa induction. Differential methylation analysis revealed only 13
CpG residues hypermethylated at sgRNAs cells, with two of them
exhibiting the most significant changes in the ILTRN promoter itself
(Fig. R2.3.a). Additionally, we observed only 3 differentially expressed
genes (DEGs), with ILTRN showing more than a 4-fold downregulation
in sgIL1RN at day 3 of TD (Fig. R2.3.b).

We analyzed in more detail the methylation editing effects
caused by dCas9-DNMT3A during TD in the two probes located at the
ILTRN promoter, cg03342003 and cg03989987. Interestingly, although
dCas9-DNMT3A did not prevent the demethylation kinetics of the
region, the final levels obtained were significantly higher in sglL1RN
cells than in CTRL cells (~ 70% vs ~ 40%, respectively) (Fig. R2.3c).
Moreover, we detected dCas9-DNMT3A hindering the ILTRN gene
reactivation during TD (Fig. R2.3d).

Overall, the only region differentially occupied by dCas9-
DNMT3A, differentially methylated and differentially expressed when
comparing sgIlL1RN cells and CTRL cells is the ILTRN gene (Fig. R2.3e).
Moreover, our results highlight the previously described causality
between methylation and expression at this gene. Thus, the specificity
and accuracy of the dCas9-DNMT3A-mediated DNAm editing were

validated.
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Fig R2.3. Validation of dCas9-DNMT3A editing specificity at IL1IRN promoter.
(a) Scatter plot showing differentially hypermethylated CpGs in sgIL1RN day3 cells
compared to CTRL day3 cells. Grey dots indicate hypermethylated CpG positions (FDR
< 0.05). Blue and yellow dots indicate hypermethylated CpG positions gaining = 30% of
DNAm (AB=0.3, FDR < 0.05, n=13). The yellow dots highlight two differentially
hypermethylated CpG positions in the IL1RN prom (probes cg03342003 and
cg03989987 from the MethylationEPIC BeadChip 850k v2.0 microarrays) (b) MA plot
showing DEGs in sgIL1RN day3 cells compared to CTRL day3 cells. Orange dots indicate
upregulated genes (FDR<0.05, n=1). Blue dots and the yellow dot (IL1RN) indicate
downregulated genes (FDR<0.05, n=2). (c) Upset plot depicting the intersection of the
significantly dCas9-DNMT3A bound regions (in a), the significantly hypermethylated 272
0.3 CpG positions (in b), and the significant associated DEGs (in c). (d) DNAm dynamics
(array data) of two differentially hypermethylated CpG positions (probes cg03342003
and cg03989987) at the IL1RN prom in sgIL1RN and CTRL cells. Unpaired two-tailed
Student’s t-test, n=4, mean s.e.m., (****p< 0.0001). (e) IL1RN expression dynamics (by
RNA-seq) in sgIL1RN and CTRL cells. Unpaired two-tailed Student’s t-test, n=2, mean
s.e.m., (***p<0.001). c) Upset plot depicting the intersection of the significantly dCas9-
DNMT3A bound regions (in a), the significantly hypermethylated ABZ 0.3 CpG positions
(in b), and the significant associated DEGs (in b).
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CHAPTER 3: dCas9-DNMT3A-mediated hypermethylation of
the ILTRN promoter leads to impaired human myeloid cell fate
acquisition

1. IL1RN epigenome editing alters transcriptional dynamics
and phagocytic capacity during transdifferentiation

Previous studies have shown the relevance of the IL-1 pathway
in maintaining balanced hematopoiesis between the lymphoid and
myeloid lineages in mice. Additionally, both chronic exposure to IL-
1B(Higa et al. 2021) and genetic deficiency of /l1rn(Villatoro et al. 2023)
have been described as leading to hyperactivation of the IL-1 pathway,
which causes a bias towards the myeloid lineage. Nevertheless, the
exact role of ILTRN and the IL-1 pathway in the acquisition of human
myeloid cell fate, as well as the molecular mechanisms underlying the
myeloid bias following hyperactivation of the IL-1 pathway, are not yet

fully understood.

Based on this knowledge, we took advantage of our highly
efficient human B-to-macrophage reprogramming system, where
ILTRN gets upregulated, to study the potential involvement of the IL1

pathway in the acquisition of the human myeloid cell fate.

To that end, we analyzed the transcriptomic profiles (by RNA-
seq) of dCas9-DNMT3A CTRL and sgIL1RN cells throughout the
transdifferentiation process (B cell, 3 days and 7 days -iMac-).
Consistent with our previous observations (Fig. R2.3 c¢-d), minor
changes in gene expression were detected at short time points (Fig.

R3.2a). This is expected since ILTRN expression is detected from day 3
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onwards (Fig. R2.3b and R2-5b). Interestingly, at the iMac stage, a
distinct transcriptional profile emerged between CTRL and sgILRN cells,
with 3,795 differentially expressed genes (DEGs) (FDR<0.05) (Fig.
R3.1a). Among these, 1,752 genes were up-regulated, and 2,043 were
down-regulated (Fig. R3.1a). In particular, one of the down-regulated
genes was ILTRN itself, which showed a strong reduction of about 16-
fold in its mMRNA levels and was largely decreased at the protein level in

dCas9-DNMT3A sgIL1RN iMacs (Fig. R3.1b).
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Fig. R3.1. dCas9-DNMT3A (d9-3A) abrogates normal IL1RN activation during B to
macrophage TD. (a) MA plot showing differentially expressed genes (DEGs) in dCas9-
DNMT3A sgIL1RN iMacs compared to CTRL iMacs. Orange dots indicate upregulated
genes (FDR<0.05). Blue dots and the yellow dot (IL1RN) indicate downregulated genes
(FDR<0.05). Left: Representative western blotimage of IL1RN protein in dCas9-DNMT3A
sgILTRN and CTRL iMacs. IL1RN levels were normalized to B-Actin levels and expressed
as a fold change over CTRL iMacs.

We next examined the impact of ILTRN DNAm editing on the
transcriptomic kinetics. For this, DEG between CTRL and sgRNAs cells
were clustered into 4 major groups (Transdifferentiation Clusters -TC- 1
to 4) (Fig. R3.2a). This confirmed that differences in gene expression
within the clusters between CTRL and sgIlL1RN cells were only

detectable at the iMac stage (Fig. R3.2a).
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In TC1, the ILTRN DNAm editing led to an incomplete silencing
of genes related to chromosome segregation, such as the well-known
BRCA1 or CDK1 genes (Fig. R3.2b-c). In TC2, ILTRN DNAm editing
further enhanced the downregulation of genes involved in the B cell
transcriptional program, including the genes coding for the B cell TF
LEF1 and the B cell marker CD79A. In TC3, the DNAm editing prevented
the decrease in gene expression for a group of transiently upregulated
genes related to metabolic processes, including Hexokinase 2 (HK2)
and Phosphoglycerate kinase 1 (PGK17). Finally, in TC4, the DNAmM
editing hindered the upregulation of genes related to myeloid cell fate
and phagocytosis processes, including ITGAM and CD174 (Fig. R3.2b-c).
Altogether, these transcriptional analyses suggest that modifying the
methylation status of the ILTRN promoter could modify the cell fate
acquired during the transdifferentiation process, leading to cells with an
altered cellular division, metabolism, and myeloid differentiation

status.
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Fig. R3.2. IL1RN-editing altered transcriptional kinetics for genes linked to cell
division, B cells and myeloid cells. (a) Clustering of the transcriptional dynamics (by
RNA-seq) during TD in sgIL1RN and CTRL cells. Average scaled normalized counts (Z-
score) of DEG (FDR<0.05) are represented at each timepoint (n=2 biologically
independent replicates). (b) Cluster expression tendencies with examples for each
cluster in sgIL1RN and CTRL cells. (c) Gene Ontology (GO) enrichment analysis for the
genes associated with clusters in R3.1c. The top 5 most significantly BP terms for each
cluster are plotted. GeneRatio and qvalue are shown. Significant terms (qvalue < 0.05)
are highlighted with a black stroke.

Given the large transcriptomic changes observed in edited

cells, we aimed to investigate if they were associated with altered
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cellular phenotypes. To explore this idea, we monitored by FACS
through immunostaining of the myeloid surface marker CD11b and
CD14. We observed that I[LTRN DNAm edited iMacs showed reduced
levels of CD11b (encoded by ITGAM) and CD14 compared to CTRL
iMacs (Fig. R3.3a). To further examine the functional properties of
edited macrophages, we evaluated their phagocytic capacity. For this
purpose, CTRL and sgIL1RN iMacs were incubated with carboxylated
beads and examined by FACS 24 hours later. As shown in Fig. R3.3b,
both iMacs ingested the beads however, sgIL1RN iMacs displayed an
enhanced phagocytic capacity (>1,5-fold) compared to CTRL.
Uninduced B cells were used as a negative control of the phagocytic
essay.

Altogether, these results show that IL1RN is required for myeloid

cell fate identity during B cell to iMac TD process.
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Fig. R3.3. dCas9-DNMT3A epigenome editing leads to decrease expression of
myeloid of myeloid markers and altered phagocytic capacity. (a) Flow cytometric
analysis showing the Mean Fluorescence Intensity (MFI) for CD11b and CD14 in
sgILT1RN and CTRL iMacs. Unpaired two-tailed Student’s t-test, n=3, mean s.e.m., (**p<
0.01; ***p< 0.001). (b) Left: flow cytometry histogram showing the uptake of blue
fluorescent beads. Right: Plot showing MFI for the blue beads in sgIL1RN and CTRL
iMacs. Unpaired two-tailed Student’s t-test, n=3, mean s.e.m., (***p< 0.001)
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2. shRNAs-mediated validation of ILTRN involvement in
myeloid cell fate acquisition and phagocytic activity.

In another approach to validate IL1RN involvement in myeloid
commitment, we employed an orthogonal method based on shRNA-
mediated ILTRN knockdown. For this purpose, we infected our human
B leukemic cells with lentiviruses harboring 2 different shRNAs (1/2)
targeting ILTRN mRNA and against the firefly luciferase (Luc) as a
control. Next, we induced the TD process by treating cells with -
estradiol (E2) (Fig.R3.4a). Notably, both shRNAs efficiently depleted
ILTRN at the mRNA and protein levels in iMacs (Fig. R3.4b-c). We next
examined some examples of DEGs previously identified in dCas9-
DNMT3A edited iMacs to compare if shRNAs were displaying similar
expression kinetics. Of note, ILTRN-depleted (shIL1RN) iMacs
displayed similar changes in gene expression as observed in ILTRN
DNAm edited iMacs, including increased levels of genes related to cell
division (BRCA1 and CDK1) and metabolism (HK2 and PGK1), as well as
reduced levels of B- (LEF71 and CD79A) and myeloid- (ITGAM and CD14)
related genes (Fig.R3.4d). Therefore, similar gene expression kinetics
were obtained when IL1RN was downregulated, whether by promoter

hypermethylation or mRNA degradation.
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Fig. R3.4. IL1RN-shRNAs generates macrophages with reduced levels of myeloid
markers and enhanced phagocytic capacity. (a) Schematic of the IL1RN shRNAs
experiments during TD. B cells were transduced with lentiviruses encoding shRNAs
targeting the luciferase gene (shLuc, control) or the IL1RN gene (shiL1RN). (b) gRT-PCR
analysis of IL1RN expression in iMacs harboring shRNAs. Values were normalized
against B2M expression. Two-way ANOVA with Dunnett’s post-hoc test, n=6, mean *
s.e.m., (***p < 0.0001). (c) Western blot image of IL1RN protein in shIL1RN and shLuc
iMacs. ILT1RN levels were normalized to vinculin protein levels and expressed as a fold
change over shLuc iMacs. (d) gRT-PCR analysis of selected genes from the TD clusters
shown in Fig. R3.2b. Values were normalized against B2M expression. Two-way ANOVA
with Dunnett’s post-hoc test, n=3, mean * s.e.m., (*p < 0.05; **p < 0.01; **p < 0.007;
****p < 0.0001).

Furthermore, the shIL1RN iMacs exhibited as well reduced
levels of the myeloid surface markers CD11b and CD14 and enhanced
phagocytosis capacity >2-fold compared with control iMacs (Fig. R3.5
a-b). Altogether, we have shown the involvement of ILTRN in the
establishment of the C/EBPa-driven myeloid cell fate and acquisition of
enhanced phagocytic capacity. Thus, our data reveal that the IL1
pathway may be necessary for the proper acquisition of myeloid cell

fate during human hematopoiesis.
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Fig. R3.5. ILTIRN-shRNAs generates macrophages with reduced levels of myeloid
markers and enhanced phagocytic capacity. (a) Flow cytometric analysis showing
the MFI for CD11b and CD14 in shIL1RN and shLuc iMacs. Two-way ANOVA with
Dunnett’s post-hoc test, n=3, mean * s.e.m., (***p < 0.0001). (b) Left: flow cytometry
histogram showing beads’ fluorescence (Pacific Blue 450 nm) in shIL1RN and shLuc
iMacs. B cells are included as a non-phagocytic negative control. Right: Plot showing
the normalized MFI for the blue beads in shIL1RN and shLuc iMacs. Two-way ANOVA
with Dunnett’s post-hoc test, n=3, mean *s.e.m., (****p < 0.0001).

3. C/EBPa binds to GREs of IL1 pathway genes during the
acquisition of the myeloid cell fate.

Based on our observation of IL1RN's dependency on the correct
acquisition of the myeloid cell fate in our cellular model, we analyzed
its epigenomic regulation during the process to gain insight into its
transcriptional control. For this purpose, we combined various datasets
of ChlIP-seq, ATAC-seq and RNA-seq previously generated(Stik et al.
2020). We observed that C/EBPa, which drives the transdifferentiation
process, binds to the ILTRN promoter as early as 24 hours. This binding
occurs before the DNA demethylation of the region and the
transcriptional activation (Fig. R1.5d), but it temporally coincides with
a significant epigenome rewiring, as indicated by increased chromatin
accessibility and activation (detected by ATAC-seq and H3K27ac

decoration, respectively) at the C/EBPa-bound region (Fig. R3.6a).
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Additionally, the /L7B locus (agonist of IL-1 pathway) was also
found to undergo demethylation during the transdifferentiation process
(Fig. R1.3a). Precisely, this GRE is a proximal enhancer (PE) of the gene
(PE2 at -5.5kb from the TSS) that is bound by C/EBPa along with its
promoter, and yet another proximal enhancer (PE1 at -3kb from the TSS)
as early as 24h of transdifferentiation (Fig. R3.6b). In B cells, both the
promoter and the PE1 of the IL1B gene are already accessible and
devoid of DNAm (data not shown). However, the binding of C/EBPa to
the PE2 occurs in a closed chromatin region that only becomes
accessible after its binding, coinciding with the loss of DNAm in the

region (Fig. R3.6d).
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Fig. R3.6.C/EBPa binds IL-1 related genes during physiological myeloid cell fate. (a-
b) : Genome browser snapshot atthe human IL1RN (a) and IL1B (b) locus showing signal
for C/EBPo. ChlP-seq at 24h and chromatin accessibility (by ATAC-seq), H3K27ac and
H3K4me3 ChlIP-seq signal. The blue-shaded region indicates the DNA demethylated
region at the IL1RN promoter. (b) At 24h C/EBPa binds 3 GREs within the IL1B locus: the
promoter (P) and 2 proximal enhancers (PE1-2). The blue-shaded highlight indicates a
DNA demethylation event at PE2 (as identified in Fig. R3.4b (c-d): Genome browser
snapshot at the mouse Il1rn (c) and il1b (d) locus showing signal for C/EBPa and
H3K27ac ChIP-seq in HSPCs and GMPs. Data were taken from: H3K27ac and H3K4me3
ChlP-seq during TD (ArrayExpress: E-MTAB-9010); C/EBPa ChIP-seq in murine HSPCs
and GMPs (GEO: GSE43007)(Hasseman, et al. C/EBPa is required for long-term self-
renewal and lineage priming of Hematopoietic Stem Cells and for the maintenance of
Epigenetic Configurations in Multipotens Progenitors. PLOS Genetics (2014).) H3K27ac
ChlP-seq signalin murine HSPCs and GMPs (GEO: GSE59636)(Lara-Astiaso etal. 2014).
(d) DNA demethylation kinetics at PE2 GREs during TD.

The observed DNA demethylation and chromatin activation
events atthe ILTRN and IL1B genes upon C/EBPa binding to their GREs
strongly suggest that this transcription factor plays an important role in
controlling the IL1 pathway activity during the establishment of the
myeloid cell fate. To gain mechanistic insight into the physiological
process, we studied the transition from mouse hematopoietic stem
progenitor cells (HSPCs) to granulocyte-macrophage progenitors
(GMPs) driven by C/EBPa(Zhang et al. 1997). Specifically, we only
observed chromatin activation at the Ilrn and Il1b loci at the GMP stage,
specifically at the C/EBPa-bound regions, coinciding with the GREs

described in the human cellular cell fate model (Fig. R3.6c-d).

Altogether, these analyses reveal a previously unidentified
mechanistic role for C/EBPa as a potentially crucial transcriptional
regulator of the IL1 pathway during both human and murine myeloid cell

fate determination.
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CHAPTER 4. IL1RN DNAm editing affects NFKB and IFN early
transcription upon IL-1 treatment.

1. dCas9-DNMT3A IL1RN DNAm editing sensitizes iMacs to IL-
1B treatment

The observed regulatory mechanism by which C/EBPa binding
to GREs of the IL-1 pathway-related genes (/IL7B and ILTRN) coincides
with losing DNAmM during TD raised the possibility that it reflects an
interplay between IL-1B and IL1RN pathways in iMacs that might be
relevant during inflammation. As described in the introduction, IL1RN
is a negative regulator of the IL1-signaling pathway(Arend et al. 1990).
Therefore, we hypothesize that edited (sgIL1RN) iMacs should exhibit an
enhanced response to an inflammatory stimulus mediated by IL-18, the

pathway agonist.

To explore this idea, we cultured C/EBPa-induced CTRL and
sgIL1RN macrophages with IL-1B for 3 and 16 hours. Then, we extracted
RNA for RNA-seq analysis. These two timepoints of IL-1p treatment
were selected to compare the early and late inflammatory response
(Fig. R4.1a). We observed large transcriptomic changes between CTRL
and sgIL1RN iMacs at the early phase (Oh and 3h) of IL-1 treatment,
which diminished following prolonged exposure (16h) (Fig.R4.1b). In
particular, at 3h, 2229 DEGs (FDR<0.05) were detected after IL-13
treatment, suggesting a different inflammatory response in sgIL1RN

iMacs (Fig.R4.1c).
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Fig. R4.1. dCas9-DNMT3A IL1RN editing impairs the transcriptional response
mediates by IL-1B treatment. (a) Schematic of the IL1J treatment experiment. (b) PCA
displaying the transcriptomic dynamics of sgIL1RN and CTRL iMacs treated with IL1p.
(c) MA plot showing DEGs in sgIL1RN and CTRL iMacs treated with IL18 for 3h. Orange
dots indicate upregulated genes (FDR<0.05). Blue dots and the yellow dot (ILTRN)
indicate downregulated genes (FDR<0.05).

2. IL1RN DNAm editing leads to enhanced p65/NF-kB and
diminished interferon pathway activation upon IL1p treatment

To further characterize the potential impact of the
transcriptional differences observed at Oh and 3h between sgIL1RN and
CTRL iMacs, we used DoRothEA (Discriminant Regulon Expression
Analysis). DoRothEA is a manually curated human regulon database
utilized to estimate the activities of TFs in individual samples based on
the expression of their target genes(Garcia-Alonso et al. 2019). The
analysis showed higher activity in regulons related to important myeloid
TFs such as SPI1 (PU.1) or RUNX1, and the inflammation-related TF
RELA/(p65), as well as lower activity in regulons associated with the
interferon pathway (STAT2 or IRF9) in sgIL1RN compared to CTRL iMacs,
at 3h after IL-1B treatment (Fig. R4.2a).

To validate DoRothEA  predictions, we performed
immunofluorescence for the NF-kB subunit p65. We observed
enhanced p65 nuclear localization in sgIL1RN iMacs at 3h of the IL-1B
treatment (Fig. R4.2b). Thus, IL1RN editing lead to an enhanced NFKB
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nuclear activity in iMacs, raising the possibility that activates a

proinflammatory program in sgIL1RN iMacs.
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Fig. R4.2. dCas9-DNMT3A IL1RN editing leads to increased NFKB activity and
deficient activation of IFN pathway. (a) Lollipop plot depicting the TF activity
predicted from mRNA expression of target genes with DoRothEA v2.0(Garcia-Alonso et
al. 2019) in sgIL1RN and CTRL iMacs treated with IL1B for 3h. Lollipop size indicates the
totalnumber of genes regulated by each transcriptional regulon. (b) Left: Representative
IF showing p65 (red) and DAPI (blue) signals in sgIL1RN and CTRL iMacs treated with
IL1B for 3h. Right: quantification of p65 nuclear versus cytoplasmic localization signal
in sgIL1RN and CTRL iMacs treated with IL1pB for 3h. Unpaired two-tailed Student’s t-
test, n=20 cells per group, mean s.e.m., (***p< 0.0001). (c) Bubble plot displaying
enrichment for BP of the most significantly less enriched genes (log2FC>0.5, FDR<0.05)
at 3h of IL1 treatment. Dotted line represents p-adjusted<0.05 threshold. P-adjusted
values were calculated by applying the Benjamini-Hochberg correction. (d) Gene Set
Enrichment Analysis (GSEA) of the interferon signature at DEG between sgIL1RN and
CTRL iMacs treated with IL1B for 3h. P-adjusted values were calculated by applying the
Benjamini-Hochberg correction

In addition, Gene Ontology (GO) and Gene Set Enrichment
Analyses (GSEA) for the DEG at 3h showed clear enrichments for

biological processes and signaling pathways related to the interferon
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response in IL1RN-edited macrophages. Specifically, type | IFN
signaling was the process more enriched in the downregulated genes at

3h of IL-1B treatment (Fig. R4.2¢c-d).

Therefore, these analyses suggest that methylation editing at
the ILTRN promoter alters the activation balance between two key

inflammatory pathways: the NF-kB pathway and the Interferon pathway.

3. IL1RN-editing leads to altered transcriptional kinetics in
response to IL-1B treatment

To further characterize the transcriptional response of ILTRN DNAm
iMacs upon IL-1B treatment we identified genes that were differentially
expressed between sgILRN and CTRL iMacs during IL1B-treatment and
categorized them into 4 major clusters (IL1BI-Clusters -IC- 1 to 4).
Interestingly, regardless of the initial transcriptional status or the early
response to IL1B treatment, genes in all clusters exhibited no

differences after 16 hours of IL1p treatment (Fig. R4.3a).

An unsupervised gene ontology analysis of these clusters
showed terms related to lipopolysaccharide response or phagocytosis,
as exemplified by CD74 showing impaired downregulation in IC1 (Fig.
R4.3b-c). In IC2, DNAm editing induced a strong and transient gene
upregulation at 3h of IL1B -treatment of genes related to metabolic
biological processes, such as the mitochondrially encoded ATP
synthase 6, MT-ATP6. IC3 contains genes that exhibit reduced
expression at Oh and impaired upregulation at 3h. These genes are
enriched in viral response biological processes, exemplified by the
interferon-induced gene 2'-5'-oligoadenylate synthetase 3 (OAS3).

Finally, IC4 contains genes involved in DNA recombination, such as
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IL7R, which show reduced expression in IL1RN DNAm-edited cells at Oh
and reach CTRL levels at 3h of IL1(3 treatment (Fig. R4.3b-c).

Taken together, we have shown that altering the methylation
status of the IL1RN promoter affects how cells react to IL-1B-driven
inflammatory stimuli. This alteration disrupts the balance between the
activation of the NF-kB and Interferon signaling pathways over time
following exposure to IL-1B, potentially resulting in modified cellular

responses.
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Fig. R4.3. Characterization of the gene expression kinetics of CTRL and sgRNAs
iMacs during IL-1B treatment. (a) Clustering of the transcriptional dynamics (by RNA-
seq) observed during the IL1B -treatment in sgIL1RN and CTRL iMacs. Average scaled
normalized counts of differentially expressed genes (FDR<0.05) are represented at each
timepoint (n=2 biologically independent replicates). Black lines show splitting by k-
means clustering. IL1B-treatment Clusters (IC1-4). (b) Left: quantification of RNA signal
at the IL1B-treatment clusters (IC1-4) in h. Right: expression dynamics in sgIL1RN and
CTRL iMacs of representative genes from the clusters. (c) Balloon plot depicting the
Gene Ontology (GO) enrichment analysis for the genes associated with clusters in h.
The top 5 most significantly over-represented biological processes (BP) terms for each
cluster are plotted. Ratio of genes of interest over all unique genes (GeneRatio) and
gvalue are shown. Significant terms (qvalue < 0.05) are highlighted with a black stroke.
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4. Single-cell RNA-seq analyses identified an ISG-monocyte
signature in the IL1RN-downregulated genes

To understand the physiological relevance of the observed
differential transcriptional response to the IL-1B treatment between
sgIL1RN and CTRL iMacs, we examined a publicly available dataset that
displays the transcriptional profiles of 17 different monocyte and
macrophage identities at single-cell resolution and integrating 41
studies from healthy and pathologic tissues (MoMac-VERSE) (Mulder et
al. 2021) (Fig. S2).

We combined our bulk RNA-seq with the MoMac-VERSE scRNA-
seq data to identify specific monocyte/macrophage subpopulations
that might be affected by the IL1RN editing. The first step was to study
which clusters across all the populations displayed high levels of ILTRN
to determine which cellular identities might depend on its function. Our
analysis revealed that ILTRN was preferentially expressed in the CD16-
negative monocyte (CD16- Mon., 12), IL1B monocyte (IL1B Mon., 15),
and Interferon Stimulating Gene monocyte (ISG Mon., 4) identities (Fig.

R4.4).
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Fig. R4.4. High dimensional maps of IL1RN expression across scRNA-seq MoMac-
Verse. UMAP and balloon plots showing ILT1RN expression across the MoMac-Verse.
The cellular identities showing the highest IL1RN levels are highlighted in bold and
depicted in the UMAP.

Then, we assessed the expression of the 3h-DEGs (FDR<0.05)
detected between sgIlL1RN and CTRL iMacs (Fig. R4.1¢) across the 17
identities contained in the MoMac-VERSE scRNA-seq dataset. Notably,
the upregulated genes, which are more expressed in the sglL1RN
macrophages, are mainly expressed in CD16-negative monocytes
(CD16- Mon., 8) and HEIS1 macrophages (HEIS1 Mac., 2) (Fig. R4.5). On
the other hand, the downregulated genes, which are more expressed in

CTRL macrophages, are preferentially expressed in ISG-Mon (4) (Fig.

R4.5).
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Fig. R4.5. scRNA-seq identifies ISG Monocyte subpopulation in the downregulated
genes after 3h IL-1B treatment. Up: Balloon plot showing scaled expression of the 3h-
up and 3h-down gene signatures (in R4.1c). Down: UMAP plots showing the average
expression of the gene signatures. Highest expression levels of the signatures are

highlighted in bold and depicted in the UMAPs.
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In conclusion, we have identified ISG monocytes as the primary
monocyte-macrophage population that may be more significantly
affected by the disruption of /ILTRN levels. Moreover, our analysis
indicates the differential transcriptional response to IL-1B in ILTRN-
depleted cells may have physiological relevance and provides evidence
supporting the idea that ILTRN methylation editing alters myeloid cell

fate activation.

CHAPTER 5. ILTRN promoter DNAm alters the macrophage
capacity to support cancer growth.

Given the observed transcriptomic alteration at the early phase
of IL-1B treatment, we wondered whether iMacs cytokine production
might be affected. To explore this idea, CTRL and sgIL1RN iMacs were
treated for 24-hours with IL-1B. Next, we collected the supernatant of
CTRL and sgIL1RN iMacs to quantify cytokine secretion (Fig. R5.1a). As
shown in Fig. R5.1b, sglL1RN iMacs displayed a distinct cytokine
secretory profile after 24-hour IL1B-treatment, showing minor changes
in the untreated state (not shown). From a panel of 10 inflammatory and
anti-inflammatory cytokines, we observed significantly increased levels
of well-known proinflammatory cytokines, including IL-1B, IL-6, and the
interferon gamma-induced protein 10 (IP10) in sglL1RN iMacs (Fig.
R5.1b). All of them showed an average increase of at least 2-fold in their
levels, with the highest differential accumulation observed for IL-6
(>3.5-fold). Strikingly, the impact of the DNAm editing on ILTRN was
also detectable at the cytokine level, with edited cells displaying a >2-

fold decrease in secreted IL1RN levels (Fig. R5.1b).
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Fig. R5.1. (a) Schematics of the experimentation performed to quantify cytokine
secretion from the cultured SPN upon 24h of IL1B treatment (b) Normalized levels of
secreted cytokines in dCas9-DNMT3A sgIL1RN iMacs treated for 24h with IL-1B3. One-
way ANOVA with Dunnett’s post-hoc correction, n=6, mean, not significant (p>0.05)

(***p < 0.001; ****p < 0.0007).

Since macrophages in the tumor microenvironment impact
cancer development by producing different sets of cytokines(Ma et al.
2022), the distinct cytokine profile secreted by the /L7TRN-edited
macrophages might modulate cancer cell growth. To address this
hypothesis, we investigated the expression of ILTRN in both healthy and
cancer cells from 12 different tissues across the 17 cellular identities in
the MoMac-Verse dataset (Fig S2). Then, we narrowed down our
analysis to the colon, liver, and lung because they had enough healthy
and cancer cells, particularly for the ISG Mon (4) cellular identity, to
carry out statistical analyses. By doing so, we identified ILTRN as
differentially expressed between healthy and cancer cells in the lung
and colon, but not in the liver (Fig. R5.2). Likewise, genes encoding for
the other cytokines differentially secreted by the sgIL1RN macrophages
(IL1B, IL6, and CXCL10 -IP10-) were also significantly upregulated in
cancer compared to healthy ISG Mon (4) in the lung and colon (Fig.

R5.2). Therefore, suggesting ISG Mon (4) displaying elevated levels of
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these pro-inflammatory genes might be involved in modulating colon

and lung cancer growth in the tumor microenvironment.
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Fig.R5.2. Balloon plots showing IL1B, IL6, CXCL10 (IP10) and IL1RN normalized
expression levels in healthy and cancer ISG-monocytes from tissues with available data
from the MoMac-Verse scRNA-seq dataset. Average expression values for each group
are shown as a circle with a black stroke. P-values were calculated using a two-sided

Wilcoxon rank-sum test.

To assess the possibility that elevated levels of IL-1j3, IL-6 and
IP10 might modulate cancer growth, we collected the supernatant of
CTRL and sgIL1RN iMac after 24-hour IL1B-treatment (Fig. R5.3). Then,
we labeled cells from different cancer origins (HCT116: colon cancer
and Cal-12t: non-small cell lung carcinoma) with the proliferation dye
Carboxyfluorescein Succinimidyl Ester (CFSE) and cultured them using
the supernatant previously collected from the CTRL and sgIL1RN iMacs.
We observed that cells from both cancer origins, when grown in the IL-
1B, IL-6, IP10-rich supernatant of the sgIL1RN iMacs, retain an average
of 30% less of the CFSE signal 4 days after staining (Fig. R5.3). This
means that the differential cytokine profile secreted by the ILTRN
DNAm edited cells favors the proliferation of these cancer cells. In

summary, these analyses identified increased expression of pro-
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inflammatory cytokine genes (IL1B, IL6, and CXCL10) by the ISG
monocytes in the colon and lung tumor microenvironments.
Interestingly, cell growth in cancer cells from these origins can be
modulated when cultured in the pro-inflammatory environment

produced by ILTRN methylation-edited cells treated with IL-1.
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Fig. R5.3. (a) Proliferation assay (by CFSE retention) assessing the impact of the
differential cytokines produced by the sgIL1RN iMacs in the proliferation of HCT116 and
Cal12-tcancercelllines. Up: Schematic of the experimental setup. (b) Plot showing the
normalized Mean Fluorescence Intensity (MFI) for the CFSE signal (4 days after staining)
in cancer cells exposed to the supernatant of sgIL1RN orthe supernatant of CTRL iMacs.
Unpaired two-tailed Student’s t-test, n=20 cells per group, mean s.e.m., (***p < 0.001;
***n<0.0001).
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DISCUSSION

In this study, we have combined the highly efficient and
homogenous reprogramming of B cells into macrophages and
CRISPR/dCas9 DNAm editing tools to address whether DNAm and
expression have a causal relationship. In addition, by using this
approach, we have demonstrated that altering the methylation status
of the ILTRN promoter region is sufficient to trigger significant changes
in gene expression, leading to distinct myeloid cell fate outcomes and
responses to inflammatory signals, which impact the behavior of these

cells in functional and pathological contexts.

CHAPTER 1: Genome-wide correlation studies between
DNAm and transcription during human myeloid commitment

1. WGBS-seq reveals a DNAm reshaping during
transdifferentiation

In the first part of the study, we characterized the genome-wide
DNA methylome during the highly efficient conversion of leukemic B
cells into non-tumorigenic macrophages by WGBS-seq (Fig. R1.1a). We
observed a genome-wide progressive loss of DNAm as early as 96h
during transdifferentiation (Fig. R1.1c). Previous studies have found
early redistribution of 5mC during the conversion of B cells into induced
pluripotent stem cells (Sardina et al. 2018), suggesting that rapid
changes in DNAmM might be a common mechanism in efficient cellular
reprogramming. By analysing the dynamics of DNAm, we observed that
the changing regions were unequally distributed along the different
chromosomes, with the largest changes occurring on ChrX (Fig. R1.1e).
Notably, about 32% of the DNAm signal on ChrX is rewired during this
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process, representing a 2.3-fold increase compared to the genomic
average changes (13,7%). Specifically, in this chromosome, 2 out of 3
regions change their DNAm by losing signalin the induced macrophage
state. As our B cells are derived from the RCH-ACV female B-ALL cell
line (Jack et al. 1986), the significant changes observed in ChrX may
indicate either a partial reactivation of the inactive ChrX during the cell
fate conversion or abnormal hypermethylation of the active ChrXin B
cells. On the one hand, it has been described that immune cells may
not maintain the inactivation of ChrX as efficiently as other somatic
cells (Wang et al. 2016; Syrett et al. 2017, 2019). This could lead to the
overactivation of immune-related genes abundantly located on this
chromosome, ultimately contributing to the development of
autoimmune diseases that have a higher incidence in female

individuals(Forsyth et al. 2024).

On the other hand, hypermethylation of ChrX and reduced
levels of the master regulator of ChrX dynamics, Xist, have been
described as mechanisms that promote progression in breast and
blood cancers(Yildirim et al. 2013; Richart et al. 2022). Therefore, the
loss of DNAmM at ChrX may contribute to the loss of tumorigenicity

associated with the B-to-macrophage transdifferentiation process.

Our data of DNA methylation and chromatin accessible regions
(ATAC+) showed DNA demethylation at GREs during B-cell to iMac TD
and primary human MoMacs (Fig R1.2a,c). Interestingly, only regions
that experience continuous DNAm loss (7,603) showed increased
chromatin accessibility (Fig R1.2b). Of note, based on gene ontology
analysis we could determine that those GREs were relevant for myeloid
processes (Fig R1.3a-b and R1.4a). They included key transcription

factors such as KLF4 or MAFB and, DNA methylation-related enzymes
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including TET2 (Fig. R1.3a). Previous findings have shown the
involvement of KLF4 (Di Stefano et al. 2016), MAFB (Morante-Palacios
et al. 2022a) and TET2 (Sardina et al. 2018; Lazarenkov and Sardina
2022; Kallin et al. 2012) inimmune-related cell fate decisions, therefore
validating the relevance of the methylation changes observed at these

loci.

One of the mechanisms that could be driving these changes is
the interplay between C/EBPa and Tet2. During C/EBPa-driven B-to-
iPSC reprogramming, C/EBPa binding leads to the upregulation of Tet2,
which subsequently binds to regulatory regions of pluripotency and
myeloid genes, inducing their active demethylation and chromatin
activation (Di Stefano et al. 2016; Sardina et al. 2018). Thus, showing
that C/EBPa acts in concert with TET2 to reactivate pluripotency and
myeloid genes. Therefore, we speculate that these proteins might be
equally important for the DNA demethylation observed during C/EBPa-
induced human B-cell to Macrophage conversion. To test this
hypothesis, we should perform loss-of-function of TET2 and interrogate
which GREs become hypermethylated and experience a loss of 5hmC
mark upon TET2 depletion. Moreover, we would need to identify if those
regions are direct chromatin targets of TET2 by chromatin
immunoprecipitation (ChIP) during TD. However, this last approach is
challenging due to low-quality TET2 available commercial antibodies
and the fact that this enzyme does not bind to the DNA. Therefore, it

needs to be recruited always to the chromatin through partner proteins.

On the contrary, a small proportion of regions (1,858) that
underwent methylation gains were no associated with the state of
chromatin either closure or opening (Fig R1.2b). Moreover, those

regions seem to be irrelevant for TD process with TF associated to
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genome architecture (CTCF) and development (Hox, Snail). Infact, if we
had applied a more stringent threshold for methylation changes (20% in
contrast to 10%), we would have end with a smaller subset of gain

regions.

Additionally, we also found demethylation occurring at GREs
associated with inflammation-related genes such as the cytokine-
coding genes IL1B, IL1RN and /L6 (Fig. R1.3a). Importantly, the IL6
pathway was found crucial for establishing proper pluripotency during
the conversion of mouse embryonic fibroblasts (Takahashi and
Yamanaka 2006; Mosteiro et al. 2016), or murine pre-B cells (Di Stefano
et al. 2014; Plana-Carmona et al. 2022), into induced pluripotent stem
cells (iPSCs). However, it was found to be dispensable for myeloid
acquisition during the conversion of murine pre-B cells into induced
macrophages (Plana-Carmona et al. 2022; Xie et al.). However, our
current cellular model, starting from human B leukemic cells differs
from the mouse transdifferentiation system and therefore IL-6
inflammatory pathway might be related to species requirements. Based
on this, a previous work found differential IL-1p secretion between
mouse and human monocytes after LPS treatment pointing out a

different role in inflammasome activation (Gaidt et al. 2016).

Conversely to the IL6 pathway, the IL1 pathway has not been
studied in the context of experimentally induced cell fate conversions.
Therefore, we would need to interrogate IL-1 pathway and determine if
its relevant for the acquired myeloid cell fate and explore its role in

inflammation.
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2. Interleukin 1 Receptor Antagonist (IL1RN) promoter as the
top event showing DNA methylation-expression correlation

The link between DNAmM and gene expression has been widely
studied, with many reports showing a negative correlation between
DNAm levels and gene expression, especially at promoter sites(Jones
and Baylin 2002). However, reports describing causal relationships
between DNAm, expression, and cellular phenotypes are
scarce(Stricker et al. 2017). Here, we have utilized the highly efficient
and homogenous reprogramming of B cells into macrophages to
conduct an integrative analysis of DNAm and transcriptional dynamics

by using RNA-seq.

Our findings revealed correlative changes, specifically in gene
regulatory regions (ATAC+) experiencing a loss of DNAm. Specifically, a
strong correlation was found between promoter regions losing
methylation and gene reactivation compared to non-promoter regions
(Fig. R1.5 b-c). These changes were associated with genes related to
myeloid cell fate and inflammation, such as the promoter of the
Interleukin-1 receptor antagonist (/L7RN) gene (Fig. R1.3¢c). However,
when exploring the interplay between gain of DNAm (at ATAC+ regions)
and gene expression changes, no significant correlation was observed
(Fig. R1.3a). These lastresults are conflicted with the stablished dogma
for the interplay between DNAm and gene repression. Of note, we
analyzed all open chromatin regions, not exclusively promoters, which
may have impacted the obtained results. Nonetheless, recent evidence
has shown that DNAm can cause transcriptional activation by
counteracting the polycomb-mediated deposition of H3K27me3 during

early embryogenesis (Monteagudo-Sanchez et al. 2024).
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This is in line with previous genome-wide studies that have
revealed context-specific transcriptional responses associated with
DNAm gain at promoter regions, including increased gene expression
(De Mendoza et al. 2022). The diverse responses may be influenced by
the varying sensitivity of different transcription factor families to the

presence of DNAm at their specific recognition sites in the genome.

Further analysis of the correlation between gene expression and
DNAm loss reveals complex relationships. For instance, we detected
some regions that were losing methylation during TD while its gene was
getting inactivated (Fig. R1.3c). One possible explanation is that the
expression of those genes might not be controlled by DNA methylation
of its promoter region. It has been shown that distant gene regulatory
regions, such enhancers, can control expression of those genes (Hon et
al. 2014c). Additionally, other epigenetic mechanisms like chromatin
modifications might play a role, suggesting that we need to integrate
more layers to understand their cooperativity and mechanism of gene

regulation (Villasefor and Baubec 2021).

Nevertheless, the aforementioned correlations have some
limitations. Firstly, we have associated the differential methylation
position to its closest gene. Although this approach is the gold standard

it does not consider that some CpGs might have effects on distal genes.

To address this, an interesting experiment would be to assess
the 3D structure of the chromatin to better define gene regulatory
contacts. Of note, we can take advantage of public available Hi-C data
(Stik et al. 2020) in our cellular model to interrogate possible
interactions of the detected GREs and analyse the impact of DNAm in

those contacts. However, although it will provide crucial information,

130



Discussion

we would be limited by the heterogeneity of the data since our methods
of WGBS-seq and RNA-seq are examining the bulk-population.
Therefore, other approaches like scNMT-seq (single-cells nucleosome,
methylation and transcription sequencing) would allow simultaneous
profiling of the distinct epigenetic layers to better understand gene
regulation (Argelaguet et al. 2019; Achinger-Kawecka et al. 2024).
Moreover, a more precise technology based on single-molecule
footprinting has been used to investigate the function of DNAm,
accessibility and TF binding at cis-regulatory elements (Kreibich et al.

2023).

Despite there is more work to be done, our findings provide a
better understanding of DNAmM changes at GREs. We have validated the
correlation between DNAm loss, such as the promoter of the ILTRN
gene, with gene activation during TD. In addition, our data reveal that

DNAm gain is not associated with changes at gene expression.

CHAPTER 2: Employing dCas9-methylation editing tools to
modify the DNA methylation status of the IL1RN promoter

1. dCas9-TET1-mediated demethylation of the ILTRN promoter
is sufficient for altering B cell fate

Since we aimed to uncover the causality between DNA
methylation and gene expression, we targeted ILTRN promoter region

with CRISPR/dCas9 DNAm editing tools.

The combination of four gRNAs with dCas9-TET1 fusion protein
demonstrated specific binding and efficient demethylation of ILTRN
gene promoter in B cells (Fig. R2.1a-c). The strongest decrease in DNA

methylation was observed in CpG #4 located upstream the TSS.
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However, a small region, containing 4 CpGs, was analyzed in the ILTRN
promoter (Fig. R2.1¢c). Therefore, other techniques such as WGBS-seq
or amplicon bisulfite sequencing are needed to better characterize the
demethylation effect that dCas9-TET1 is inducing. Additionally, since
TET1-mediated demethylation occurs through 5hmC, it would be
interesting to measure methylation intermediates and investigate their
effect on gene regulation. Importantly, 5hmC has been described as an
essential mechanism for the correct cell fate decisions during normal

and malignant development (Klug et al. 2013).

When investigating changes at gene expression upon dCas9-
TET1 editing, we observed ILTRN gene activation and protein
accumulation (Fig. R2.1d-e). These findings suggest that /LTRN
expression is directly regulated by its promoter methylation status.
However, a methylation loss is insufficient to trigger transcription since
this process requires the active engagement of chromatin factors.
Therefore, to fully uncover the mechanism underlying the dCas9-TET1
mediated transcriptional activation, detailed profiling of changes in

transcription factor occupancy and histone mark deposition is needed.

Comparing the transcriptomic profile of dCas9-TET1 sgIL1RN B
cells with a public dataset generated during normal TD, we observed
that our edited B cells cluster together with intermediate timepoints of
the transdifferentiation and apart from the non-edited cells. Thus,
suggesting we can initiate the B-to-macrophage conversion by just
demethylating the ILTRN promoter. However, more experiments are
needed to better elucidate the acquired phenotype of the edited B cells.
For instance, we would need to check a panel of B-cell and myeloid
surface markers by FACS to better defined the new acquired identity.

Additionally, we still need to characterize further the dCas9-TET1 ChlP-
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seq data to rule out the possibility that part of the transcriptomic

changes observed are due to the reactivation of off-target genes.

A key question that remains open is the maintenance of the
dCas9-TET1 mediated DNAm throughout cell division. On the one hand,
we could expect a long-term effects since the lentiviral delivery ensures
genome insertion and, therefore, constitutive expression of the dCas9-
TET1, in contrast to transient expression methods. Nevertheless, based
on previous research, it remains a challenge to maintain the gene
reactivation effect during cell division as it requires permanent
recruitment of dCas9 to the target region. In addition, endogenous
cellular machinery such as de novo methyltransferase activity can
interfere with dCas9-TET1 mediated effect (Sapozhnikov and Szyf 2021).
To reach more potent and stable gene activation, recent studies have
combined different strategies by fusing TET1 enzyme with transcription

activators (CRISPRon) (Nufez et al. 2021).

Taken together, our data suggest that IL1RN activation is
dependent of DNA demethylation and is sufficient to modify the cellular

transcriptome of B cells.

2. Validation of dCas9-DNMT3A editing specificity at IL1RN
promoter

Previous studies have used CRISPRi and CRISPRa screens to
discover genes or epigenetic regulators that regulate cellular
processes, such as survival (Sanson et al. 2018) and differentiation(Liu
et al. 2018a). However, these strategies are challenging when studying
low-dividing cells like macrophages. Additionally, few studies have
addressed the function of DNA modifications such as DNAm role during

cell fate transitions (Liu et al. 2016a; Holtzman and Gersbach 2018).
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In the present study, we have employed dCas9-DNMS3A tool to
specifically deposit 5-methylcytosine residues in the ILTRN promoter
during the conversion of leukemic B cells into non-tumorigenic
macrophages (Fig. R2.2a). Firstly, we checked Cas9 binding to the
target region to address potential off-targets by ChIP-seq. Genome-
wide differential binding analysis revealed 853 off-target sites with
IL1RN as one of the top candidates (Fig. R2.2b-c¢). It is worth mentioning
that this unspecificity was previously reported using these DNAmM
editingtools (Galonska et al. 2018; Liu et al. 2018a; Pflueger et al. 2018).
In Liu’s work they observed higher levels of the epigenetic construct
were correlated with of non-specific binding of dCas9, pointing out the
importance of modulating dCas9 levels to diminish the off-target effect
(Liu et al. 2018a). In addition, they detected a positive correlation
between gene expression and more levels of dCas9 vector. Based on
this, we selected clones with the highest levels of dCas9 to achieve

efficient ILTRN silencing.

Although we could detect dCas9-DNMT3A off-target binding
sites no changes in DNA methylation or expression levels were found
(Fig. R2.3a-b). Moreover, when intersecting ChlP-seq, RNA-seq and
methylation array data we detected ILTRN as the only gene bound by
dCas9-DNMT3A, hypermethylated and downregulated (Fig. R2.1e).
Thus, we could validate the dCas9-DNMTS3A editing specificity at the
ILTRN promoter.

Finally, to rule out that the binding of the complexes might
influence gene expression regardless of their catalytic activity, we
should perform similar experiments with the catalytically dead

epigenetic effectors (dTET and dDNMT3A) to assess the specific impact
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of the chromatin modifiers in comparison with the wild-type form

(Sapozhnikov and Szyf 2021).

CHAPTER 3: dCas9-DNMT3A-mediated hypermethylation of
the ILTRN promoter leads to impaired human myeloid cell fate
acquisition

1. IL1RN epigenome editing alters transcriptional dynamics
and phagocytic capacity during transdifferentiation

As reviewed in the Introduction, previous studies have shown
the relevance of the IL-1 pathway in myeloid malignancies (Higa et al.
2021; Villatoro et al. 2023; Park et al. 2024). However, the molecular
mechanism involved in the observed myeloid bias upon loss of ILTRN

are still unclear.

Here, dCas9-DNMT3A achieved targeted DNA
hypermethylation to /ILTRN promoter which was sufficient to abrogate
ILTRN reactivation during TD. However, we did not achieve a complete
blockage of DNA demethylation during TD (Fig R2.3c). One possible
explanation would be that TET2 mediated DNA demethylation is
competing with dCas9-DNMT3A effects. Of note, public available data
of C/EBPa ChlIP-seq confirmed its binding to the region as early as 24h
upon TD induction (data not shown), just prior of the observed DNA
demethylation (Fig R1.5¢c). Moreover, another work identified NF-KB TF
binding to ILTRN promoter (Vento-Tormo et al. 2017). Interestingly,
C/EBPa and NFKB TF have been described to interact with TET2 and
demethylate myeloid genes (Sardina et al. 2018; Morante-Palacios et al.
2022b; De La Calle-Fabregat et al. 2024). Therefore, the data suggest
that the balance between TET2 and the dCas9-DNMT3A effects might

be involved in the incomplete blocked of the DNA demethylation in the
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ILTRN promoter during TD in sgIL1RN edited cells. Another possible
explanation would be that the steric interference of other proteins might

affect dCas9-DNMT3A targeting the ILTRN region.

Our RNA expression analysis revealed large transcriptomic
changes in sgIL1RN at day 7, while minor alterations were observed at
short time points (Fig. R3.1a). These results are in line with the
progressive accumulation of ILTRN during TD (Fig. R1.5d). In addition,
we observed a shift in the myeloid cell fate based on the reduced levels
of CD14 and CD11b markers. Notably, HSCs exposed to IL-18 show
differential expression of myeloid markers such as CD11b, M-CSFR,
and CD18, therefore suggesting that we might be somehow mimicking
these results by downregulating the pathway antagonist. Moreover, we
also observed the sgIL1RN iMacs displayed an enhanced phagocytic

capacity (Fig. R3.3), again indicating an altered myeloid status.

Despite the general link between macrophages and
phagocytosis, further analyses are needed to better determine the
polarized phenotypes (M1 or M2) of sgl1LRN iMacs. For instance, the
analysis of cell surface protein expressions such as CD86, CD80,
CD206, and CD163 would help us to better determine the cellular
phenotype. In addition, metabolic assays to determine the use of
glycolysis, mitochondrial oxidative phosphorylation or fatty acid
oxidation would be fundamental (Wculek et al. 2023). In this regard, a
recent study provides insights into the mechanism by which M2 AML-
associated macrophages with altered phagocytic capacity enhanced
fatty acid oxidation contribute to leukemia invasiveness (Weinhauser et

al. 2023).
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Altogether, the observed altered myeloid phenotype is
consistent with the imbalanced production of blood cells observed in
mice chronically exposed to IL-1B(Higa et al. 2021) or those with an /{71rn
deficiency(Villatoro et al. 2023). In both studies, HSCs exposed show
differential expression of myeloid markers such as CD11b, M-CSFR and

CD18.

Therefore, by affecting ILTRN expression by methylating its
promoter could impact the acquisition of human myeloid cell fate

during TD.

2. C/EBPa binds IL-1-pathway GREs during physiological
myeloid cell fate

As discussed earlier, we identified GREs associated with the IL1
pathway-related genes (IL71B and IL1RN) that were losing DNAmM during
human B-to-macrophage TD (Fig. R1.3a). Interestingly, these IL1
pathway-related GREs losing DNAmM coincide with C/EBPa TF binding
sites (Fig. R3.6a-b). We also found that during the homeostatic
differentiation of murine HSPCs to GMPs C/EBPa binds to the IL-1-
related GREs (Fig R3.6c-d).

Therefore, we hypothesize that C/EBPa binding to the IL71B and
ILTRN promoter potentially triggers their DNA demethylation and
chromatin activation, finally leading to their increased transcriptional
activity (Fig R3.6a-b). This is in line with the previously described role of
C/EBPa as a pioneer transcription factor engaging a broad range of
chromatin modifiers(Di Stefano et al. 2016) (Grebien et al. 2015),
including TET2(Sardina et al. 2018). To test this, we would need to target
IL1B and ILTRN with dCas9-DNMT3A and check if we can alter C/EBPa

binding upon methylating its regulatory regions. Another approach to
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confirm if C/EBPa transcriptionally regulates these regions would be to

specifically mutate the binding domain of C/EBPa.

Overall, our results indicate that C/EBPa could be a critical
transcriptional regulator of the IL-1 pathway during physiological

myeloid establishment.

CHAPTER 4. IL1RN DNAm editing increases the
responsiveness of iMacs to IL-1 treatment.

In mature myeloid cells, the IL1 pathway is crucialin responding
to inflammatory stimuli(Gabay et al. 2010). Overactivity in this pathway
leads to various immune disorders that can be managed by treating
patients with a recombinant form of IL1RN known as anakinra(Cavalli
and Dinarello 2018; Huet et al. 2020). One such immune disorder is the
Deficiency of the Interleukin-1-Receptor Antagonist (DIRA), a rare but
severe autoinflammatory disease characterized by mutations in the
ILTRN gene(Aksentijevich et al. 2009). However, in most IL-1-related
autoinflammatory conditions, such as cryopyrin-associated periodic
syndromes (CAPS), no mutations exist in the ILTRN or IL1B genes.
Rather, hyperactivation of the pathway in CAPS may be caused by
abnormal methylation at these gene’s promoters. Notably, this
molecular condition is correctable by anti-IL-1b treatment(Vento-
Tormo et al. 2017). Thus, it suggests that inflammatory responses
involved in certain pathological conditions might be fine-tuned through

the methylation status of the ILTRN gene.

We have proven this possibility using a DNAm editing tool to
induce hypermethylation of the ILTRN promoter in a physiologically

relevant macrophage cellular model. We observed hyperactivation of
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the p65/NF-kB pathway in both untreated and 3-hour treated IL-13
iMacs, along with a deficient interferon pathway activation by
immunofluorescence and gene expression data (Fig R4.1 a-d). In line
with these observations, DNAm profiling at the IL1RN or IL1p loci could

be an early biomarker of IL1-related autoinflammatory conditions.

The IL-1 pathway and the interferon pathway counter-regulate
each other, playing a crucial role in maintaining innate inflammatory
balance in both homeostasis and infection(Mayer-Barber and Yan
2017). The impact of the Type | IFN pathway on the IL-1 pathway has
been extensively researched (Gjerstorff 2023). However, little is known
about the reciprocal cross-regulation molecular mechanisms(Mayer-
Barber and Yan 2017)(Mayer-Barber et al. 2014). In fact, recent work in
the context of Mycobacterium tuberculosis infections in the lungs
indicated that type | IFN responses antagonizes IL-1 pathway by
inducing IL-10 and IL-1RN anti-inflammatory cytokines secretion -

(Mayer-Barber et al. 2014).

Therefore, our ILTRN-depleted macrophages displaying an
altered IFN activation in response to IL-1B might be instrumental in
providing insight into the interplay of both key inflammatory pathways.
Of note, we would need to interrogate the targets of p65 (NF-KB
pathway) or STAT1/2 and IRF9 (IFN pathway) by chromatin
immunoprecipitation assays upon IL1RN DNAm. This, will help us to
understand the mechanistic insight of the genes that might be regulated
by IL1RN DNAm status. Additionally, we could check protein post-
translational modifications (including phosphorylation) to better

determine pathway activity upon IL1RN DNAm editing.
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Our results suggest that ILTRN promoter methylation affects
myeloid differentiation that sensitizes the cells to respond differently to
IL1B stimulation (Fig.R4.3a-c). However, we cannot rule out how fast
DNAm can epigenetically regulate cellular response. For instance, Tet2
can be recruited to chromatin in fast response to oxidative stress to
protect against abnormal DNAmM (Zhang et al. 2017; Lazarenkov and
Sardina 2022). To address this open question, we would need to alter
DNAm at the terminal differentiation state of iMacs and then perform
the treatment with IL-1B. This would need optimization as these cells
are non-proliferative and difficult to transfect or infect (Moradian et al.

2020).

CHAPTER 5. IL1RN promoter DNAm alters the macrophage
capacity to support cancer growth.

Our single-cell RNA-seq analysis identified CTRL iMacs that
transcriptionally resemble the Interferon Stimulated Gene-Monocytes
(ISG-Mon, 4) population in comparison with sgIL1RN cells that were
more associated with the HEIS1 phenotype (Fig. R4.5). Therefore, IL1RN
DNAm editing can modulate the acquisition of the ISG signature. Of
note, the ISG-monocyte signature has been associated with lung
pathological conditions. For instance, a positive correlation was
detected between the percentage of ISG-monocytes in the lungs and

the severity of the COVID-19 disease (Mulder et al. 2021).

Taken together, profiling DNA methylation and gene expression
of ILTRN in COVID-19 patients might be relevant in the future. Hence,
correlation studies between patients' prognosis and IL1RN levels can

shed light on the disease’s epigenetic mechanisms.
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There are growing evidences suggesting that macrophages can
both sense the signals to regulate immune responses by secreting
cytokines and direct cell-cell interaction. For this, we applied a
immunoassay approach to explore changes in the secretome upon IL1f3
treatment for 24h. We showed that sgIL1RN iMacs secrete higher levels
of pro-inflammatory cytokines such as IL-1 and IL-6 while IL1RN anti-
inflammatory cytokine was less secreted (Fig. R5.1). Notably, CXCL10
(IP-10), a cytokine secreted in response to IFN-y, was more secreted
when compared to CTRL iMacs. Thus, this suggests that IL1RN DNAmM
edited iMacs produce different cytokines that might modulate cellular

responses in the tumor microenvironment.

In the context of cancer, our study identified lung and colon
cancer-associated ISG monocytes displaying higher levels of pro-
inflammatory genes than their healthy counterparts (Fig. R5.2). This
suggests that ISG monocytes may play a role in regulating cancer
growth within the tumor microenvironment. Interestingly, lung and
colon cancer cells exhibited altered growth when cultured in the
proinflammatory environment generated by the sgIL1RN macrophages
(Fig. R5.3). This aligns with the inflammation's known role in modulating
cancer development (Grivennikov et al. 2010). However, these assays
did not consider the crosstalk with other immune cells in the tumor
microenvironment. To circumvent this limitation and to gain more
physiological insight, we want to explore the role of the
proinflammatory milieu in modulating CD8+ T-cell suppressive
capacity in the context of solid tumors. Remarkably, CD8+ T cells are
crucialin cold tumors where the absence of effector T cells difficult the
tumor elimination (Bonaventura et al. 2019). Therefore, we want to

check cytotoxic CD8+ T-cells proliferation and investigate if pro-
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inflammatory sgIL1RN iMacs can affect the suppressive ability of CD8+
T-cells. Of note, in the tumor niche pro-inflammatory tumor associated
macrophages can induce immune activation (Ma et al. 2022). Taken
together, we hypothesize that our sgIL1RN cells would be more effective

in suppressing T cells when coculture.

How can we utilize IL1RN DNAm editing for in vivo
therapeutic purposes?

While major drug agencies have already approved a
CRISPR/Cas9-based DNA editing treatment (FDA Approves First Gene
Therapies to Treat Patients with Sickle Cell Disease), therapies for
editing the epigenome are being delayed due to initial off-target effects
and challenges in accurate delivery into the targeted cells (Villiger et al.
2024b). Despite these limitations, preclinical studies show promise in
using DNAm editors, for instance, in reversing disease-associated
abnormal DNAm events in neurological conditions (Liu et al. 2018a;
Qianetal.2023b). Notably, a recent breakthrough in epigenome therapy
achieved permanent silencing of a gene involved in cholesterol
homeostasis directly in the mouse liver (Cappelluti et al. 2024b).
Therefore, based onrecent technological developments, an epigenome
editing therapy to modulate the DNAm levels of the ILTRN promoter in
human myeloid cells might be a reality in the mid-term. For this, we first
need to deliver dCas9-TET1 or dCas9-DNMT3A plasmids into primary
cells. Since primary cells are challenging to transduce and have limited
growth potential in vitro, we might use patient-derived xenografts

(PDXs) for the initial mouse in vivo experiments.

Based on our findings, such therapy might be instrumental in

fine-tuning the activity of the IL1 pathway in a broad range of human
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conditions, from controlling autoinflammatory processes to

modulating the growth of leukemia or solid cancers.
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CONCLUSIONS

The conclusions obtained from this doctoral thesis can be summarized as

follows:

1.

WGBS-seq reveals an early genome-wide DNA methylation reshaping
and loci-specific demethylation at ATAC-positive regions during human

B cell to macrophage transdifferentiation (TD).

Gene regulatory elements (GREs) that experience DNA demethylation
and gain accessibility during TD are related to myeloid genes, while the

regions that gain DNA methylation are unrelated to cell fate conversion.

Interleukin-1 Receptor Antagonist (IL1RN) promoter has been identified

as the best DNA methylation-expression correlated event during TD.

CRISPR dCas9-TET1-mediated methylation editing allows for
establishing direct causality between the loss of DNA methylation at
the IL1RN promoter and the upregulation of both IL1RN mRNA and

proteinin B cells.

Targeted DNA demethylation of the ILTRN promoter by dCas9-TET1
upregulates myeloid genes and influences the transcriptomic profile of

B cells, poising them to a macrophage-like state.

An efficient DNA hypermethylation of the ILTRN promoter is achieved

by using dCas9-DNMT3A editing tool, leading to impaired

transcriptional kinetics at late stages of the TD process.
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7.

10.

11.

12.

dCas9-DNMT3A-mediated hypermethylation of the ILTRN promoter
leads to an altered myeloid cell fate characterized by reduced levels of

CD11b and CD14 and enhanced phagocytic capacity.

C/EBPa TF binds to GREs of the IL-1 pathway prior to DNA
demethylation during acquisition both human and murine myeloid cell

fate the determination.

ILTRN DNAm editing modifies the early transcriptional response to IL-
1B, leading to enhanced p65/NF-kB and diminished interferon pathway
activation affecting genes related to phagocytosis, metabolism, and

viral response

The ISG-monocyte transcriptional signature is largely perturbed upon

ILTRN disruption.

The [ISG-monocyte subpopulation is associated with distinct
transcriptomic profile in colon and lung cancer when compared to

healthy patients’ datasets

dCas9-DNMT3A /ILTRN DNAm editing enhances the realese of pro-

inflammatory cytokines, leading to the establishment of secretome

with a distinctive capacity to support cancer growth.
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Fig S1. Plots showing the DNAm (upper panels) and transcriptional (bottom panels) dynamics of
top dCas9-DNMT3A bound regions (FC>3.5, p<0.05) identified in Fig R2.2. Unpaired two-tailed
Student’s t-test, n=4 (DNAm) n=2 (RNA-seq) per group, mean + s.e.m, not significant (p>0.05).
Infinium MethylationEPIC BeadChip 850k v2.0 probes used to calculate DNAm levels for each
plot are depicted in Supplementary Table 1.
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Fig S2. Uniform Manifold Approximation and Projection (UMAP) plot depicting the cellular
identities contained in the MoMac-Verse scRNA-seq dataset.Related to Fig R4.4.
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Supplementary Table 1: EPIC array probes used in Fig S1.

Gene name | EPIC array probes
AIFL cg1431702, cg14351708, cg26572165
CD244 cg17283691, cg13143320
CREB5 cg07660664
SCNN1A cgl17727262
TMBIM6 €g20081348
VWAS8 cg07584516
TNFRSF1A | cg00574580, cg23039316
ARRB1 €g20581146
FA2H cg11572506
LINC01851 | cg01136754
LINC02292 | cg2077388
RPH3AL cg08770870, cg10440639,cg11940040,cg23246911
UICLM cg101434416, cg12525096
VAC14 €g02529145, cg02643387, cg14813551
LINC02981 | ¢g23096130

Supplementary Table 2: Oligonucleotides used to construct sgRNAs
targeting with dCas9 methylation editing tool.

Forward (5' to 3')

Reverse (5'to 3')

ILsgRNA_H | TCCCACTCCATTGCGACA | CACTAAGTGTCGCAATGG
1 CTTAGTG AG

ILsgRNA_m | TTGTTTGCTTCTCGCAGTG | CCCTGCCCCACTGCGAG
ue GGGCAGGG AAG

ILsgRNA_ | CACCGAGCTTGGGTGAGT | AATAGTCACTCACCCAAG
hU6 GACTATT cT

ILsgRNA_7S | CCTCGCCACAACTCTGG | TTGCGGGCCCAGAGTTGT
K GCCCGCAA GG
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CTRLsgRNA | TCCCACCTAAGGTTAAGT | AAACGATTCCAATTCAGC
H1 CGCCCTC GGGAGT

CTRLsgRNA | TTGTTTGGCCCCCGGGG | AAACCCGGGGGCCCCCT
_mue GAAAAATTT TTTTAAACAA
CTRLsgRNA | CACCGTAGTACTTTCAAGA | AAACTATCATGAAAGTTCT
_hue GTCCA CAGGTC

CTRLsgRNA | CCTCGCACTACCAGAGCT | AAACCGTGATGGTCTCGAT
_7SK AACTCA TGAGT

Supplementary Table 3: Primers used for RT-gPCR to determine the
expression levels in sgIL1RN and sgCTRL cells.

Forward (5' to 3') Reverse (5'to 3')
IL1RN IDT Cat #228354241 CTGCATTGTTTTGCCAGTGT
HPRT GACCAGTCAACAGGGGACA | CTGCATTGTTTTGCCAGTGT
T
B2M AGGCTATCCAGCGTACTCCA | TCAATGTCGGATGGATGAAA
BRCA1 | CTGCTCTGGGTAAAGTTCATT | TAAAGGACACTGTGAAGGC
GG CcC

CDK1 CACTTGGCTTCAAAGCTGGC | TGGGTATGGTAGATCCCGG
C

LEF1 ATTCTTGGCAGAAGGTGGCA | GCAGCTGTCATTCTTGGAC
C

CD79A | CCTTAGTCATATTCCCCCAG | TTTAGAGGGAAGAAGAGTG
G
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HK2 GCTCAACCATGACCAAGTGC | AACTCTCCGTGTTCTGTCCC

PGK1 CTGGGCAAGGATGTTCTGTT | CACATGAAAGCGGAGGTTC

ITGAM GGGGTCTCCACTAAATATCT | CTGACCTGATATTGATGCTG
C

CD14 | GATTACATAAACTGTCAGAGG | TCCATGGTCGATAAGTCTTC
C

Supplementary Table 4. List of genomic regions of the CpGs located at
ILTRN promoter analyzed by pyrosequencing. CpG code corresponds

at Fig R2.1c.

CpG code Genomic position hg38

#1 chr2:113,127,510-113,127,511
#2 chr2:113,127,517-113,127,518
#3 chr2:113,127,539-113,127,540
#4 chr2:113,127,589-113,127,590

Primers used in this study for the PCR amplification of ILTRN promoter
after bisulfite conversion for pyrosequencing analysis.

Forward (5'to 3') Reverse-bio (5'to 3') Region (5'
to 3') hg38
IL1RN | AGTGGGGTTGAAA | CAGAATGGAAATCTGC | chr2:113,12
prom | GTGACAAC AGAGGCCTC 7,448-
oter 113,127,64
5
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Primers used in this study for sequencing by pyrosequencing and
assess the methylation levels of target CpG sites.

Forward (5'to 3')

S1IL1RN

GAAATGCGAGGAGGGTATTTCCGCTTCTCG

S2 IL1RN

CGCTTCTCGCAGTGGGGCAGGGTGGCAGA

CGC
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