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SUMMARY

Monocytes are highly plastic cells and possess the ability to
differentiate into cell types with very different immunological properties.
Depending on the external stimuli and the specific immune context, they
can give rise to cells that promote immune responses or immune tolerance.
These extracellular signals are recognized by specific receptors and
integrated by signaling pathways which lead to the participation of
transcription factors. Transcriptional remodeling promoted by these
transcription factors is generally associated with epigenetic modifications
such as histone modifications and DNA methylation. DNA methylation is
crucial in the acquisition of immune cells' identity and function. In
particular, DNA methylation changes in several human monocytes
differentiation models have been previously described. In this thesis, the
molecular mechanisms and epigenomic remodeling regulating the
development of immunogenic or tolerogenic phenotypes of three clinically

relevant monocyte-derived differentiation processes have been studied.

Firstly, we investigated the transcriptomic and epigenomic remodeling
associated with glucocorticoid-mediated monocyte differentiation to
tolerogenic dendritic cells (tolDCs), a cell type that constitutes a potential
treatment for various autoimmune diseases. We revealed a major role of
MAFB in this process, in synergy with GR. Although both GR and
MAFB interact with TET2 and can drive DNA demethylation, the role of
MAFB is more extensive, binding to thousands of genomic loci in tolDCs.
In this regard, we demonstrated that MAFB knockdown erases the
tolerogenic properties of tolDCs and reverts the specific DNA

demethylation and gene upregulation. Moreover, 27z vivo monocyte-derived



cells from synovium in rheumatoid arthritis patients treated with
glucocorticoids presented an expansion of ‘tolDC-like’ cells with

upregulation of MAFB and MAFB target genes.

Secondly, we analyzed the effects of vitamin C treatment during
monocyte to dendritic cell (DC) differentiation and their subsequent
maturation. DNA demethylation has been previously reported to be
crucial in that process. Vitamin C is a known cofactor of TET enzymes,
which are involved in active demethylation. We outlined extensive vitamin
C-mediated demethylation, together with concordant gene expression
changes during DC maturation. p65 ( NF-xB) interacts with TET?2 and is
associated with gene upregulation and DNA demethylation produced by
vitamin C treatment. Finally, vitamin C increases TNFf production and

T cell stimulation capabilities of DCs.

Thirdly, we integrated the DNA methylation and gene expression
remodeling following iz wvitro exposure of human monocytes to
lipopolysaccharide (LLPS), a process that generates endotoxin tolerance, a
state of hyporesponsiveness to further immune stimuli. In addition, we
described phosphorylation of STAT1, STAT3, and STATS, factors of the
JAK?2 pathway, after LPS treatment of monocytes. We identified TET?2-
mediated demethylation and gene upregulation during the first encounter
with LPS associated with the JAK2-STAT signaling pathway. In addition,
we found that JAK2 inhibition accentuates the tolerant phenotype of
monocytes and reduces the expression of tolerized genes. Finally,
monocytes from gram-negative septic patients showed lower levels of
STATI1 phosphorylation after a second LPS challenge, indicating a
reduced JAK2 activity.

il



RESUMEN

Los monocitos son células plasticas con capacidad de diferenciacion a
tipos celulares con propiedades inmunologicas muy diferentes.
Dependiendo de los estimulos externos y del contexto inmunologico,
pueden dar lugar a células que promuevan una respuesta inmunitaria o
tolerancia. Estas senales extracelulares son reconocidas por receptores
especificos e integradas por vias de senalizacion que conducen a la
participacion de factores de transcripcion. La remodelacion
transcripcional promovida por estos factores de transcripcion se asocia
generalmente con cambios epigenéticos como modificaciones de histonas
o la metilacion del DNA. La metilacion del DNA es crucial en la
adquisicion de la identidad y la funcion de las células inmunitarias. En
particular, se han descrito cambios en la metilacion del DNA en varios
modelos de diferenciacion de monocitos humanos. En esta tesis, hemos
estudiado los mecanismos moleculares y la remodelacion epigenomica que
regulan el desarrollo de fenotipos inmunogénicos o tolerogénicos de tres

procesos de diferenciacion de monocitos clinicamente relevantes.

En primer lugar, hemos investigado la remodelacion transcriptomica y
epigenomica asociada a la diferenciacion de monocitos a células
dendriticas tolerogénicas (tolDC) con glucocorticoides, un tipo celular que
constituye un tratamiento potencial para varias enfermedades
autoinmunes. MAFB tiene un papel fundamental en este proceso, en
sinergia con GR. Aunque tanto GR como MAFB interacttian con TET?2
y pueden promover la desmetilacion del DNA, el papel de MAFB es mas
amplio, ya que se une a miles de loci en el genoma de las tolDC. En este

sentido, hemos demostrado que la eliminacion de MAFB borra las
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propiedades tolerogénicas de las tolDC y revierte la desmetilacion
especifica del DNA y la regulacion de los genes. Ademas, las células
derivadas de monocitos 7 vive, obtenidas de membrana sinovial de
pacientes con artritis reumatoide tratados con glucocorticoides
presentaron una expansion de células similares a las tolDC con una alta

expresion tanto de MAFB como de sus genes diana.

En segundo lugar, hemos analizado los efectos del tratamiento con
vitamina C durante la diferenciacion de monocitos a células dendriticas
(DC) y su posterior maduracion. La desmetilacion del DNA ha sido
previamente descrita como crucial en ese proceso. La vitamina C es un
cofactor conocido de las enzimas TET, que participan en la desmetilacion
activa. En este sentido, hemos descrito una amplia desmetilacion mediada
por la vitamina C, junto con cambios concordantes en la expresion génica
durante la maduracion de las DC. p65 (NF-«kB) interactia con TET2 y se
asocia con la induccion de genes y la desmetilacion del DNA producida
por el tratamiento con vitamina C. Por tltimo, la vitamina C aumenta la
produccion de TNFP y la capacidad de estimulacion de células T de las
DC.

En tercer lugar, hemos integrado la metilacion del DNA y la
remodelacion de la expresion génica tras la exposicion iz vitro de
monocitos humanos a lipopolisacarido (LPS), un proceso que genera un
tipo de memoria immune innata denominado tolerancia a endotoxinas, el
cual constituye un estado hiporesponsivo a nuevos estimulos inmunitarios.
Ademas, hemos descrito la fosforilacion de STATI, STAT3 y STATS,
factores asociados con JAK2, tras el tratamiento de los monocitos con
LPS. Durante la primera exposicion de los monocitos a LPS,

encontramos desmetilacion mediada por TET2 e induccion de genes
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asociados a JAK2-STAT. Adicionalmente, encontramos que la inhibicion
de JAK2 acentta la tolerancia en los monocitos y reduce la expresion de
los genes tolerizados. Por tGltimo, monocitos de pacientes sépticos gram-
negativos mostraron menores niveles de fosforilacion de STATI tras un
segundo tratamiento con LPS, lo cual indica que presentan una menor

actividad de JAK2.






RESUM

Els monocits son cel-lules plastiques amb capacitat de diferenciacio a
tipus cel'lulars amb propietats immunologiques molt diferents. Depenent
dels estimuls externs i del context immunologic, poden donar lloc a
cel-lules que promoguen una resposta immunitaria o tolerancia. Aquests
senyals extracelul'lars son reconeguts per receptors especifics i integrats
per vies de senyalitzacido que condueixen a la participacio de factors de
transcripcio. La remodelacio transcripcional promoguda per aquests
factors de transcripci6 s'associa generalment amb canvis epigenétics com a
modificacions d'histones o la metilaci6 del DNA. La metilacio del DNA
és crucial en ['adquisicio de la identitat i la funcio de les cel-lules
immunitaries. En particular, s'han descrit canvis en la metilaci6 del DNA
en diversos models de diferenciacio de monocits humans. En aquesta tesi,
hem estudiat els mecanismes moleculars i la remodelacié epigenomica que
regulen el desenvolupament de fenotips inmunogenics o tolerogenics de

tres processos de diferenciacié de monocits clinicament rellevants.

En primer lloc, hem investigat la remodelacio transcriptomica i
epigenomica associada a la diferenciaci6 de monocits a cel-lules
dendritiques tolerogéniques (tolDC) amb glucocorticoides, un tipus
cellular que constitueix un tractament potencial per a diverses malalties
autoimmunes. MAFB té un paper fonamental en aquest procés, en
sinergia amb GR. Encara que tant GR com MAFB interactuen amb
TET2 i poden promoure la desmetilacio del DNA, el paper de MAFB és
més ampli, ja que s'uneix a milers de loci en el genoma de les tolDC. En
aquest sentit, hem demostrat que I'eliminacio de MAFB reverteix les

propietats tolerogeniques de les tolDC, la desmetilacio especifica del
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DNA i la regulacio dels gens. A més, les cel-lules derivades de monocits 7
vivo obtingudes de membrana sinovial de pacients amb artritis reumatoide
tractats amb glucocorticoides van presentar una expansi6 de cel-lules
similars a les tolDC amb una alta expressio tant de MAFB com dels seus

gens diana.

En segon lloc, hem analitzat els efectes del tractament amb vitamina C
durant la diferenciacié de monocits a cel-lules dendritiques (DC) i la seua
posterior maduracio. La desmetilaci6 del DNA ha sigut previament
descrita com a crucial en aquest procés. La vitamina C és un cofactor
conegut dels enzims TET, que participen en la desmetilacio activa. En
aquest sentit, hem descrit una amplia desmetilaci6 mediada per la
vitamina C, juntament amb canvis concordants en ['expressié genica
durant la maduracio de les DCs. p65 (NF-kB) interactua amb TET2 i
s'associa amb la inducci6 de gens i la desmetilacio del DNA produida pel
tractament amb vitamina C. Finalment, la vitamina C augmenta la

produccié de TNFp i la capacitat d'estimulacio de cel-lules T de les DC.

En tercer lloc, hem integrat la metilaci6 del DNA i la remodelacio de
I'expressio genica després de l'exposicio iz vitro de monocits humans a
lipopolisacarid (LLPS), un procés que genera un tipus de memoria
immunitaria innata denominat tolerancia a endotoxines, el qual constitueix
un estat hiporesponsiu a nous estimuls immunitaris. A més, hem descrit la
fosforilacio de STATI, STAT3 i STATS5, elements associats amb JAK2,
després del tractament dels monocits amb LPS. Durant la primera
exposicio dels monocits a LPS, hem trobat desmetilaci6 mediada per
TET?2 i induccio de gens associats a JAK2-STAT. Addicionalment, hem
descrit que la inhibicio de JAK2 accentua la tolerancia en els monocits i

redueix ['expressio dels gens toleritzats. Finalment, monocits de pacients
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septics infectats amb bacteris gramnegatius van mostrar menors nivells de
fosforilaci6 de STAT1 després d'un segon tractament amb LPS, indicant

que presenten una menor activitat de JAK2.
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1.INTRODUCTION
1.1. The immune system

1.1.1. Adaptive and innate immunity
’ I \ he immune system is extraordinarily complex and diverse. All its
different cell types act cooperatively in an intricate network of

interactions deeply linked.

In brief, immune cells are produced hierarchically from hematopoietic
stem cells (HSCs), which are the only cell type within the hematopoietic
system with self-renewal and multi-potency capabilities'. Subsequently,
HSCs produce common myeloid and lymphoid progenitors, precursors of
all myeloid (monocytes, neutrophils, eosinophils, basophils, and dendritic
cells, DCs), and lymphoid cells (B, T, and NK cells).

Immune system responses have been classically classified into two
categories: innate and adaptive. On the one hand, innate immune
responses detect general pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs). These patterns are
recognized by pattern-recognition receptors (PRRs), expressed in myeloid
cells, B cells, and NK lymphocytes. On the other hand, adaptive immune
responses are specific to unique molecules’. This type of response is
mediated by B and T lymphocytes. Each B and T cell can recognize a
specific antigen determined by its B cell receptor (BCR) or T cell receptor
(TCR), respectively. Somatic recombination of variable (V), diversity (D),
and joining (J) gene segments provide the variability for the recognition of

any potential antigen®.

Since the molecules triggering innate system responses are persistently

expressed on a large number of pathogens, this system is fast and



constitutes the first defense barrier against infections. In contrast, the
adaptive system is formed by a plethora of cells with specificity for any
individual antigen, therefore the responding cells have to proliferate, and

the reaction is slow.

A cardinal feature of the adaptive immune system, in contrast with the
innate immune system, is the immunological memory, defined as the
capacity to respond quickly and specifically to an antigen to which the
system has already been exposed. Memory B and T lymphocytes,
generated in the first encounter with an antigen, are key in the process of
immunological memory. These cells can persist for life, providing a rapid

response in the case of successive exposures to the antigen®”.

However, in the last few years, this paradigm has been questioned.
Emerging evidence has shown that innate immune cells also possess
mechanisms generating immunological memory, characterized by
epigenetic remodeling, that modulates the response to successive stimuli®.
This type of memory does not involve genetic changes, persists only for
weeks to months, and is not specific for a particular antigen. In addition,
some evidence indicates that innate immune memory could be transmitted
across generations in invertebrates’, and mammals®, although this still is a

controversial issue.

The innate and adaptive branches of the immune system are highly
interconnected. In this regard, the triggering of the adaptive immune
system is tightly regulated by the innate immune system, which can
promote or inhibit that activation, switching between tolerogenic and

immunogenic responses.



11.2. The immune system: a fine-tuned balance between
tolerance and immunogenesis
The immune system’s main function is to protect the host from
diseases, distinguishing and responding against external pathogenic agents

and also potential internal threats such as cancer cells.

Historically, the predominant framework of the immune system was
based on the “self” vs “non-self” discrimination, highlighting the ability of
immune cells to distinguish between own and external molecules’.
However, some inconsistencies of this model, such as the lack of response
against external benign microorganisms, led to the development of a new
framework. Polly Matzinger created a new model (“the danger model”),
postulating that immune responses are triggered by danger signals, adding
an additional layer to the immune system function, not only recognizing
“self” vs “non-self” but also “dangerous” vs “non-dangerous”". Several
DAMPs have been identified, including histones, heat-shock proteins,
DNA, and RNA, among others". These molecules can also be recognized

by PRRs, promoting the immune response.

Since the adaptive immune system can potentially recognize and react
against any antigen, mechanisms of tolerance should exist to avoid the
immune response against internal molecules. In this regard, these

mechanisms can be divided into central and peripheral tolerance.

Central tolerance is the process by which auto-reactive T lymphocyte
clones are removed during their maturation in the thymus. Auto-antigens
are produced by medullary thymic epithelial cells (mTECs) under the
regulation of the transcription factor AIRE, promoting T cell apoptosis

when a strong interaction is produced between its TCR and the auto-



antigen'”. A similar mechanism also occurs during B cell maturation, in

the bone marrow.

However, this process does not eliminate autoreactive clones
completely”. Peripheral tolerance mechanisms help maintain immune
system homeostasis, preventing reactions against autoantigens or ‘non-
dangerous’ antigens. DCs have a critical role in this process, promoting
clonal deletion, clonal anergy, and differentiation of regulatory T cells
(Tregs)".

Despite the stringent central tolerance selection and the peripheral
tolerance, in some cases the immune system can respond against auto-
antigens, producing autoimmune disorders. In recent years, a new type of
cell therapy using tolerogenic dendritic cells (tolDCs) has arisen as
treatment of these diseases'*. These cells are generally produced 77 vitro
from the patient monocytes and have the capacity to promote tolerance,

reducing the immune response against specific antigens.
1.2. Monocytes and monocyte-derived cells

1.2.1. The ontogeny of monocyte subsets

Monocytes are innate immune cells of the myeloid lineage that
constitute around 10% of all peripheral blood mononuclear -cells
(PBMCs)®, with capabilities of antigen presentation, phagocytosis,

cytokine secretion, and differentiation to different cell types.

All peripheral blood monocytes are produced initially in the bone
marrow from two independent pathways: monocyte and dendritic cells

16

progenitors (MDPs), and granulocyte-monocyte progenitors (GMT)

In humans, circulating monocytes can be divided at least into three

different subsets: classical CDI14"CDI16~ monocytes, intermediate



CDI14*CDI16* monocytes, and non-classical CD14~CD16"¢" monocytes.
The more abundant subtype is the classical monocytes, comprising around

85% of total monocytes".

Strong evidence supports a sequential differentiation process from
classical to intermediate and, finally, non-classical monocytes, including 7
vivo labeling experiments with 6,6-*H,-glucose in healthy volunteers'®".
Furthermore, human exposure to endotoxin promotes a reduction of
circulating monocytes, with classical monocytes recovering after 4h and
intermediate and non-classical monocytes recovering after 24h*. In
addition, a single-cell RNA-seq study of classical monocytes found a
subset of cells with an expression profile closer to non-classical monocytes,

suggesting that the subset could be already committed to non-classical

monocyte differentiation®.

The different function and phenotype of monocyte subsets is still an
open issue. First, classical monocytes present higher phagocytosis and
migration capacities, whereas non-classical monocytes are characterized by
their ability to patrol, remove cell debris and repair the endothelium®*.

Intermediate monocytes, as a transient cell type, present a mixed profile.

Moreover, several immune-mediated diseases display increased levels of
intermediate and non-classical monocytes*, although the implications and

role of this expansion have not been unraveled yet.

Human non-classical monocytes, in comparison with classical
monocytes, present a lower capacity of 2z vitro differentiation and are not
able to yield DCs®. In contrast, non-classical monocytes have been
observed to differentiate to macrophages in mice 7 vivo™?, and also in
human # wvizro experiments®. However, mice lacking non-classical

monocytes present normal levels of macrophages, suggesting that most



monocyte-derived cells in peripheral tissues derive from classical

monocytes28.

1.2.2. In vitro differentiation of human monocytes

CDI14* monocytes are highly abundant, in comparison with rare or
difficult to obtain related cell types, such as classical DCs (¢DCs) or
Langerhans cells. Therefore, the possibility to determine the
differentiation conditions of monocytes 7z vitro to obtain different cell

types is very beneficial to generate models for the study of these cells.

There are several established 7z vizro differentiation protocols from
human monocytes (Figure 1). Monocytes can be differentiated into

macrophages”, Langerhans cells®, myeloid-derived suppressor cells®,

osteoclasts®®, microglia*, DCs**’, among others. These different types of
cells are generated using different cocktails of cytokines that target specific

signaling pathways.

In 1994, Sallusto and LLanzavecchia established a differentiation model
to generate monocyte-derived DCs (moDCs) using Granulocyte-
macrophage colony-stimulating factor (GM-CSF) and interleukin(I1.)-4,

which has since been widely studied™.

Despite the similarities of 7 vizro DCs obtained from monocytes to
blood DCs, most DCs in the steady-state are independent of monocytes,
and the biological relevance of such differentiation model was not clear. In
the last few years, the un vivo differentiation of monocytes has been

studied, and putative 7z vivo moDCs have been identified".
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Figure I: Overview of in vitro differentiation models from monocytes. Several
protocols of differentiation are shown, with the different cytokines involved in the processes.
LPhenotype of the resulting cells are classified into immunogenic, tolerogenic or bone
resorptive. Adapted from Garcia-Gomez et al. 2018, Clinical Immunology.

1.2.3. In vivo differentiation of human monocytes

In humans, tracking monocyte recruitment from blood to tissues is
especially challenging. One of the most common methods for phenotyping
monocytes involves the characterization of surface markers by flow
cytometry. However, this technique is imprecise because monocyte marker
expression can potentially change across tissues. In addition to other
broadly used but not totally specific markers such as CD14, CCR2, and
CX3CRI, SIO0A8/A9 has been proposed as a specific marker for

monocytes and monocyte-derived cells”.



Several lines of evidence indicate that, in humans, monocytes can be
recruited to peripheral tissues. In particular, this process has been
specially studied in the context of acute inflammation. CD147 cell number
was increased in the peritoneum of patients with peritonitis®, in the
bronchoalveolar lavage after lipopolysaccharide (LLPS) inhalation®, and in
the heart of myocardial infarction patients*’. Moreover, monocytes have
also been identified in tissues during chronic inflammation. For instance,
injected radioactive CD14™* cells were detected in the intestines of patients
with intestinal inflammation* or in the joints of patients with rheumatoid
arthritis*. In cancer, monocytes were detected in lung and breast tumors

by single-cell RN A-seq***.

Moreover, putative monocyte-derived macrophages (moMACs) and
moDCs can be found in several tissues, suggesting that the corresponding
in vitro differentiation has an equivalent process 7z vivo””. MoMACs can
be distinguished from moDCs through markers. MERTK, CD68, and
CD163 are markers of macrophages, whereas DCs express CDla, CDl1b,
CD226, and FceRI*. Furthermore, the morphology of moDCs also
present distinctive features, displaying dendrites and a smaller size than
moMACs®.

The molecular determinants regulating the differentiation from
monocytes to moMACs or moDCs are not completely understood, but
some insights have been determined by an iz wvizro culture model
resembling the simultaneous differentiation to both cell types occurring 77
vivo. MAFB was found as a critical transcription factor involved in
moMAC differentiation, whereas interferon regulatory factor 4 (IRF4)
controls moDC differentiation. Moreover, activation of aryl hydrocarbon

receptor (AHR) promotes moDC and impairs moMAC differentiation.



In addition, although both moMACs and moDCs can be found in
different tissues at steady-state and inflammatory conditions", the
functional role and cytokine production of both cell types are not
identical. First, both moMACs and moDCs have been reported to
produce Tumor necrosis factor(TNF)a and ILIP in several tissues** .
Secondly, I1.-12 production is specific to moDCs, whereas only moMACs
produce IL-10****'. Furthermore, moDCs but not moMACs can
stimulate CD4* T cell proliferation, induce Th17 or Thl polarization*>**%,
and promote effector CD8* T cell differentiation®. Altogether, these
insights suggest higher immunogenic capabilities of moDCs in comparison

with moMAC:s.

1.2.4. Regulation of monocyte and monocyte-derived cells
immunogenesis

Monocytes and monocyte-derived cells are very sensitive, expressing a
plethora of receptors to respond to external stimuli and orchestrate

immune responses.

Several families of PRRs are expressed in monocytes, including C-type
lectin receptors (CLRs), nucleotide-binding leucine-rich repeat receptors
(NLRs), RIG-I-like receptors (RLRs), AIM2-like receptors (ALRs), and
Toll-like receptors (TL.Rs)*. First, TL.Rs are the best-characterized group.
These receptors contain an extracellular domain with leucine-rich repeat
motifs and a cytoplasmic region composed of a Toll/IL-l receptor
domain®. There are 10 members in humans with different affinities for
distinct PAMPs or DAMPs. For instance, TLLR3 interacts with dsRNA
from viruses, TLR9 binds CpG containing DNA from bacteria and
TLR4 detects LPS, a component from gram-negative bacteria (Figure 2).



TLRs lead to the activation of transcription factors from the NF-«kB, AP-
1, and Interferon Regulatory Factor (IRF) families®**.

TLR4 response to LIPS requires the presence of a multireceptor
complex formed by LPS-binding protein (LBP), CD14, and MD-2".
These proteins act sequentially to extract LPS from bacteria and activate
signaling. This complex is extraordinarily sensitive: LPS from a single

bacterium can activate TLLR4 signaling on 1000 macrophages™.

TLR4 can promote different types of signaling. First, the Myeloid
Differentiation Primary Response Gene 88 (MyD88)-dependent pathway
requires both MyD88 and TIR Domain-Containing Adaptor Protein
(TIRAP). After TLR4 activation, MyD88 oligomerizes, also
incorporating TIRAP and members of the IRAK family*®. TRAK4 is a
kinase that leads to the activation of IRAKI and IRAK2, permitting their
interaction with MyD88 and TNF receptor-associated factor 6
(TRAF6)*?. Then, preassembled kinase complexes containing TAKI,
TABI, TAB2, and TAB3 are recruited. This complex controls the
activation of IkB kinase (IKK) and mitogen-activated protein kinase
(MAPK) signaling to activate NF-xB and AP-1, respectively®. These
transcription factors promote the production of proinflammatory
cytokines. Moreover, the MyD88-independent pathway involves the
recruitment of TIR-domain-containing adaptor inducing interferon-f
(TRIF) and TRIF-related Adaptor Molecule (TRAM). The
TRAM/TRIF complex activates IRF3, which drives the production of

type 1 interferons.

10



Introduction

= 5500000
CS ;...-c.:

TRAF6 J—, l

' IKK
mm comple

TAKA[TAB2 . ¥

MAPKs

Figure 2: Examples of TLR and IFN receptor signaling pathways. The
main steps in the MyD8S-dependent TLR4 and IFN receptors pathway are
depicted. On the one hand, LPS binds to TLR4 receptor, triggering MAPK and
IKK signaling and activating AP-1 and NF-kB transcription factors. On the
other hand, IFNs such as IFNo, IFNp and IFNy bind to their receptors,
promoting  JAK-mediated phosphorylation of STAT transcription factors.
LPhosphorylated STATS are translocated to the nucleus and bind to genomic loci.
Afler binding to chromatin, transcription factors produce geme expression
changes and can recruit epigenetic machinery such as Ten-Eleven Translocation
(TET) and DNA methyltransferase (DNMT) enzymes, promoting changes in
DNA methylation.
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Type I interferons such as interferon(IFN)a or IFN, produced during
TLR signaling, can signal autocrine or paracrinally through interferon
receptors, which, in turn, trigger Janus kinase and signal transducer and
activator of transcription (JAK/STAT) pathways®. In mammals, there are
four members of the JAK family: JAKI, JAK2, JAKS, and TYK2. When
the associated receptors are activated, JAK proteins recruit and
phosphorylate STAT proteins, which are translocated to the nucleus to
bind specific loci in the genome to regulate gene transcription. STAT
transcription factors, including STATI1, STAT2, STAT3, STAT4,
STAT5A, STAT5B, and STAT6, can constitute different homodimers
and heterodimers following different cytokine receptor activation®. More
than 50 cytokines and growth factors, including hormones, interferons,
interleukins, and colony-stimulating factors can signal through

JAK/STAT pathways®.

These signaling pathways are tightly regulated, and several negative
regulators have been identified. In the case of TLRs, some inhibitory
components can diminish signaling. For instance, MyD88S is an
alternative splice variant of MyD88 unable to bind IRAK4”, IRAK-M
binds the MyD88 complex and prevent the formation of IRAK-TRAF6
structures®, TNFo-induced protein 3 (TNFAIP3) deubiquitinates and
deactivates TRAF6® and single immunoglobulin interleukin-1-related
receptor (SIGGIR) sequesters IRAK1 and TRAF6, downstream targets
of MyD88”. Furthermore, members of the suppressors of cytokine
signaling (SOCS) family are involved in the inhibition of the JAK/STAT
and TLR cascades’".

In addition, external stimuli can also modulate the immune response in

monocytes and monocyte-derived cells. II1.-10 signaling through its

12



membrane receptor can inhibit the production of cytokines such as GM-

CSF, 1L-6, TNFa, IL-1B, or I1.-12 and the induction of Thl and Th2
responses’>”.  Moreover, it also promotes the production of anti-
inflammatory molecules such as interleukin-1 receptor antagonist (IL-1RA)
and soluble p55 and p75 TNFR™™. Additionally, hormones such as
vitamin D3 or glucocorticoids can modulate differentiation and

maturation of monocytes to an anti-inflammatory phenotype”™ .

Furthermore, epigenetic modifications caused by stimulation of
monocytes can impact the response to further stimuli, in a process called
innate immune memory, increasing or attenuating the immune response.
Two examples of these innate immune memory in monocytes are

represented by trained immunity and endotoxin tolerance’.

First, trained immunity is defined as an enhanced immune response in
a second insult, after the priming of monocytes or macrophages by an
initial challenge”. Exposure of monocytes to B-glucan, a paradigmatic
example of trained immunity molecule, is associated with changes in
H3K4me3 at the promoters of immune-related genes, such as TNF, 116,
and IL18*. Moreover, in macrophages, B-glucan produces gains in

H3K27ac in promoters and enhancers®.

Conversely, endotoxin tolerance is a type of innate memory in which
initial stimulation with LPS impairs pro-inflammatory response in front of
further TLLR4 stimulation”. Tolerant cells show an altered cytokine
production, characterized by lower production of TNFa and higher
production of I1-10%®. This process is also associated with epigenetic
alterations in H3K4me3, H3K27ac, H3K4mel, and DNA accessibility&.
For instance, LPS-treated human monocytes display lower levels of

H3K27ac and H3K4mel at promoters and enhancers of phagocytic and

13



lipid metabolism-related genes®. This process is relevant for diseases such
as sepsis, in which blood monocytes are in contact with bacterial

compounds®*®.

Innate immune memory can be maintained in myeloid cells for several
years®. However, monocytes and DCs present an average half-life of 5-14
days'¥. Recent works have conciliated both facts, differentiating between
peripheral and central trained immunity®. Peripheral trained immunity
occurs in differentiated cells, such as monocytes and DCs, whereas central

trained immunity takes place in myeloid progenitors®”.

1.3. Immunogenic and tolerogenic dendritic cells

1.3.1. Classification and biology of dendritic cells

DCs are a heterogeneous group of innate immune cells, not only
critical in the response to threats, orchestrating immune responses, but
also in the regulation of inflammatory responses and the induction of
immune tolerance. Blood DCs can be classified into plasmacytoid DCs
(pDCs) and conventional DCs (¢DCs). In humans, DCs comprise around
1% of PBMCs”. Both types derive from common DC progenitors
(CDPs)* (Figure 3).

cDCs are made up of two main subsets (¢cDCI1 and ¢DC2), initially
characterized by the expression of CD141 (BDCA3) and CDlc (BDCAI),
respectively’”. Human ¢DCI cells express TLLR3 and TLRI10, recognize
viral and intracellular antigens, and produce type III IFN**. Human
cDC2s express TLR2, TLR4, TLLR5, TLR6, and TLLR8”. Human
¢DCI and ¢DC2 can cross-present antigens to CD8+ T cells””®. However,
whereas human ¢DCI seems to be specialized in cross-presenting dead

cell antigens and inducing a Th2 response, cDC2 cells more potently
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induce the Thl response”™". On the other hand, pDCs secrete large

amounts of type I IFNs in response to viruses, can cross-present

1

antigens'”" and are morphologically similar to antibody-producing plasma

C6118102’w3.

The expression profiles and surface markers of different DC groups
can differ not only between species but also in distinct tissues from the

same organism'**'?

. Single-cell technologies have recently allowed the
identification of additional DC subsets and redefining of existing ones. In
this regard, a single-cell RNA-seq analysis of human peripheral blood has
enabled the identification of six clusters of DCs: DCI, corresponding to
cDCl; DC2 and DC3, corresponding to a new subdivision of ¢DC2;
DC4, corresponding to CDIllc+CDI41-CDle-CD16+ DCs; DCS5, a
previously uncharacterized group; and DC6, which corresponds to
pDCs”. Another study also provided evidence of the higher heterogeneity
of the ¢cDC2/DC3 population in comparison to ¢cDC1'%. DC3 cells'"'%,
despite sharing surface markers with ¢cDC2 and monocytes, present a

specific precursor (pre-DC3). DC3s stimulate naive T cells with similar

efficiency to cDC2s, but their specific function remains to be unraveled.

An additional group of DCs is represented by moDCs, the
differentiation of which takes place in tissues, from monocytes
extravasated from peripheral blood, both in mice and humans”. In
humans, populations of moDCs have been detected in different tissues, in

the steady-state and, especially, under inflammatory conditions (see section

1.2.1).
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Following differentiation, immature DCs (iDCs) can extravasate to
peripheral tissues in steady-state conditions. iDCs present low antigen
presentation capabilities and co-stimulatory molecules expression, which

confer them tolerogenic features and a key role in peripheral tolerance'”.

Bone Marrow

Figure 3: Ontogeny and differentiation of monocytes and dendritic cells across
tissues. The herarchical steps of differentiation from hematopoietic stem cells (HSCs) in
the bome marrow, to terminal cells in the blood and tissues are depicted. GMDP:
granulocyte, monocyte, and DC progenitors MDP: monocyte and DC progenitors
CDP: Common dendritic cell progenitors, pre-cDC: Common dendritic cell progenitor,
pDC:  plasmacytoid dendritic cell, MO: Monocytes, MO“": Classical MOs, MO™:
Intermediate MOs, MO Non-classical MOs, ¢cDCI: classical DC 1, ¢DC2:
classical DC 2, moDC: inflammatory DCs, moMAC: monocyte-derived macrophages.
Tissue-resident macrophages (tr®MAC) are generated during embryonic hematopoiesis
and self-maintain independently of bone marrow contributions during adulthood.

Adapred from Morante-Palacios et al. 2021, Trends in Immunology.
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However, when iDCs interact with PAMPs or DAMDPs through their
PRRs in tissues, these cells are activated, yielding mature DCs (mDCs)"’.
This process is characterized by an increase in the expression of MHC

class II, co-stimulatory molecules, cytokines, and the chemokine receptor

CCR7".

Although iDCs and mDCs are commonly associated with a
tolerogenic or immunogenic phenotype, respectively, DC maturation is not
always linked to the acquisition of immunogenicity, as the final phenotype
of these cells may be influenced by different stimuli. In this regard, 7 vivo
steady-state maturation of iDCs into mDC with tolerogenic characteristics

has been reported”.

1.3.2. In vivo and in vitro generated tolerogenic dendritic
cells

Generally, DCs with a stable, semi-mature phenotype and tolerogenic
attributes are referred to as tolDCs™. First, a human DC subset with
tolerogenic properties (DC-10) was identified in peripheral blood and
spleen. These cells are characterized by the production of I1.-10 and the

suppression of allogenic CD4* T cells response'™.

However, given the difficulty of isolating rare human subpopulations of
DCs with tolerogenic phenotypes, many protocols have been designed to
generate tolDCs 7 vitro, generally derived from human monocytes (mo-
tolDCs). These protocols are grounded in the modulation of the monocyte
to DC differentiation with the addition of different molecules such as
cytokines (IL-10, Transforming growth factor (TGF)pB) glucocorticoids,
vitamin D3, rapamycin, minocycline, or ethyl pyruvate, among others"*'?.

The resulting cells are able to produce anti-inflammatory cytokines and

inhibit T cell growth through several mechanisms.
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1.3.3. Mechanisms of tolerogenesis
In contrast with the antigen presentation and immune response
initiation of immunogenic DCs, several mechanisms have been described
from tolDCs to induce tolerance. First, when T cells recognize an antigen
presented by tolDCs, without co-stimulation (binding of CD28 with
CD80/CD86), T cells cannot proliferate"® (Figure 4A).

Secondly, the expression of co-inhibitory molecules in tolDCs also
inhibits T cell proliferation. For instance, programmed death-ligand 1
(PD-L1) is an inhibitory surface receptor, expression of which by DCs is
involved in tolerance induction, for example, during cancer"” and
autoimmunity. Many tolDCs express PD-L1 and PD-1.2, which bind to
18, triggering
the recruitment of phosphatases SHP-1 and SHP-2, which target the TCR
and CD28 signaling pathway, subsequently promoting tolerance via

programmed cell death protein 1 (PD-1), expressed by T cells

induction of clonal anergy and Treg differentiation">* (Figure 4A).

Moreover, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), a
receptor expressed by activated T cells and Tregs, can bind CD80 and
CD86 molecules expressed on DCs and mediate their transendocytosis

and degradation'

. Hence, CTLLA-4 can regulate co-stimulatory molecules
expressed by DCs, impairing the priming of naive T cells'” (Figure 4A).
Furthermore, tolDCs can induce CD4+ and CD8+ T cells with high

CTLA-4 expression and antigen-specific suppressor activity'**'**.

In addition to cell-cell contact-dependent mechanisms, tolDCs can
produce several tolerogenic cytokines and metabolites (Figure 4B).
Various tolDC types produce I1.-10">'*
both effector and memory CD4+ T cells and differentiation of IL-10-,

interferon (IFN)-y-, and TGF-B-secreting Tregs in both mice and

and can induce anergy 7 vitro in
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humans™*'* (Figure 4C). TGF-B and I1.-27 are other pleiotropic cytokines
secreted by several tolDCs, which promote the generation of Tregs and
stimulate I1.-10 secretion”'?®. Moreover, in a mouse model of multiple
sclerosis, I1.-27 was described to induce CD39 in c¢DCs, limiting the
generation of T helper (Th)l and Thl7 effector T cells, as well as PD-L.1

expression in pDCs"***

to limit disease development. Also, in the same
model, retinoic acid, a metabolite of vitamin Al secreted by some DCs,
promoted TGF-B-driven generation of Tregs sz wvitro and inhibited

polarization of Th17 cells, which are highly inflammatory" """,

Furthermore, tolDCs can express indoleamine 2,3-dioxygenase (IDO)
(an enzyme that catabolizes tryptophan to several metabolites) that, in
addition to depleting tryptophan, can block the T lymphocyte cell cycle

132,133

and induce apoptosis both in mice and humans Moreover,

kynurenine, a tryptophan catabolite, is a natural ligand of AHR which, in

this context, promotes differentiation of Tregs in mice™

. A recent study
also noted that human mo-tolDCs delayed graft-versus-host disease and
induced a reduced T cell proliferative capacity via metabolic modulation,

achieved through lactate secretion.
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Figure 4: Mechanisms of tolerogenesis of tolerogenic dendritic cells. (4) Afier binding
of the T cell receptor to MHC molecules expressed by tolDCs, clonal anergy can occur if co-
stimulatory signal is low, or in the presence of co-inhibitory signals. (B) tolDCs can promote
tryptophan-low microenvironments generating kynurenine and supressing effector 1" cell
activity. (C) TolDCs can supress T cell proliferation with the secretion of cyrokines and
metabolites with a tolerogenic activity, such as IL-10, TGFp and retinoic acid (Ra). (D)
Surface proteins interactions between tolDCs and T cells can lead to T cell clonal deletion,
including TRAIL/TRAILR and Fas/FasL interactions.
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Finally, tolDCs can directly eliminate T cells via clonal deletion. For
instance, the interaction between tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) of human DCs and death receptors of
T cells can promote their apoptosis by activating the caspase pathway'.
In the same way, Fas, which is upregulated in T cells during their
activation, can bind to FasL. in tolDCs and promote T cell apoptosis in

mice" (Figure 4D).

In brief, tolDCs present a major effect in suppressing immune
responses through different mechanisms involving cell-cell contact and the

production of metabolites and cytokines.

1.3.4. Clinical use of tolerogenic dendritic cells
Chronic inflammatory diseases are characterized by the disruption of
immune homeostasis and long-term inflammatory responses triggered by
specific endogenous or exogenous antigens. Several drugs exist to treat
some of these diseases, including small molecules and monoclonal

antibodies™*'¥,

While these agents can improve the outcomes of
autoimmune and inflammatory diseases, they are nonspecific drugs that
require life-long administration and are associated with toxicity and

increased risk of secondary infections or cancer development'*’.

In this context, therapies based on autologous mo-tolDCs represent a
promising alternative (Figure 5). Mo-tolDCs can be loaded with specific
antigens and drive the immune system toward homeostasis by abrogating
pathological autoimmune or inflammatory responses, without interfering

with protective immunity'*.

Several preclinical studies have indicated the potential therapeutic

efficacy of tolDCs in mouse models for rheumatoid arthritis', type I

144,145

diabetes'*, multiple sclerosis , organ transplantation'*®, among others.

21



Moreover, phase I and phase I/1I clinical trials have been completed for
these diseases, with promising results'*'¥"*'. However, the existence of
very diverse protocols to generate tolDCs, with different phenotypes and
tolerogenicities, poses a big challenge, requiring robust quality control
indicators to assess the phenotype, potency, and safety of each cell
product. Moreover, evidence of 7 vivo tolDC mechanisms of action is still
lacking. In this regard, the standardization of immunomonitoring
protocols, functional assays, and cellular phenotyping will be key to the

incorporation of mo-tolDCs into clinical practice.

1.3.5. Clinical use of immunogenic dendritic cells
Given the relevance of DCs in the development of immune responses,
many efforts have been focused on the generation of cell therapies to

trigger immunity against diseases, based on these cells.

First, the use of DC vaccines for cancer has been extensively
investigated, with more than 200 completed clinical trials to date'®. This
strategy generally involves the isolation of autologous monocytes or
CD34* progenitors from the patient to be differentiated 7 vitro to DCs,

followed by the manipulation and reinfusion into patients (Figure 5).

Several trials have been developed with autologous moDCs obtained
from blood monocytes or CD34* progenitors. In this regard, phase III
clinical trials with moDCs are ongoing in castration-resistant prostate
cancer (NCTO02111577), uveal melanoma (NCTO01983748), metastatic
colorectal cancer (NCT02503150), and glioblastoma (NCT00045968)"".
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Since blood DCs possess greater antigen-presentation capabilities, with
higher MHC molecule expression, their use has been proposed as the
basis for next-generation DC vaccines for cancer treatment, despite their
limited number compared to monocytes'*. Moreover, the improvement of
moDC differentiation and maturation protocols could also increase

treatment efficacy. In this respect, the study and modulation of the
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Figure 5: Process of immunaogenic DC / tolDC generation. Patient leukoycytes are

collected from blood and monocytes are isolated via magnetic cell separation and cultured
with cyrokines (generally GM-CSF/IL-4) and a tolerogenic agent such as glucocorticoids
(GC) or vitamin D3 (vitD), in the case of 10lDCs. Then, DCs are maturated and a specific
antigen is loaded. Mature DC/tolDCs are analyzed for quality control and administered to
the patients. After administration, 10lDCs may induce tolerance to autoreactive 1" cells in
autoimmune patients and immunogenic DCs may promote specific immune responses

targeted to cancer cells.

23



transcriptional determinants and epigenomic changes that take place

during moDC differentiation could be a valuable step in this direction.

1.4. DNA methylation dynamics in the regulation of the
immune system

1.4.1. Overview
DNA methylation is defined as the addition of methyl groups to DNA
molecules. DNA methylation, particularly cytosine methylation, is the
most-studied epigenetic modification'. In mammals, DNA methylation is
mostly found in carbon 5 (5mC) of CpG (cytosine-followed-by-guanine)

dinucleotides.

Originally, DNA methylation was studied in CpG-rich regions (CpG
islands), which are generally found in gene promoters'®. In that context,
DNA methylation is associated with gene repression, and is also relevant
for the X-chromosome inactivation and long-term gene silencing. However,
more recent works have elucidated a new role of DNA methylation in the
regulation of dynamic biological processes, highlighting the role of DNA
methylation in enhancers, gene bodies, and partially-methylated

domains®*,

DNA methylation kinetics is controlled by specific enzymes. First, the
addition of methyl groups to DNA is mediated by DNA
methyltransferases (DNMTs). On the one hand, DNMT1 is responsible
for maintaining DNA methylation following replication through cell
division. On the other hand, DNMT3A and DNMT3B mainly catalyze
de novo DNA methylation'®.
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DNA demethylation, the removal of methyl groups from DNA
molecules, can be classified as active or passive. Passive DNA
demethylation can occur after consecutive cell divisions when the function
of DNMTI is suboptimal. Active demethylation is mediated by
members of the Ten-Eleven Translocation (TET) family, including TET1,
TET2, and TET3"’. TET1 and TET3 have cysteine-X-X-cysteine
(CXXC) domains which allow them to bind directly to CpGs in the
genome, whereas TET?2 lacks that domain'®"'®. These oxygen-dependent
enzymes catalyze the oxidation of 5mC to 5-hydroxymethyleytosine
(5hmC), 5-formyleytosine (5fC), and 5-carboxyleytosine (5caC). 5fC- and
5caC-modified positions are bound and excised by the thymidine-DNA
glycosylase (TDG) enzyme, yielding an abasic site that is replaced with an

164

unmethylated cytosine by base-excision repair (BER) (Figure 6)

Moreover, demethylation intermediates such as 5hmC have been
proposed as bona fide epigenetic marks, with potential effects in genome

regulation'*>'.

DNA methylation or demethylation in dynamic biological processes
usually co-localize with transcription factor binding sites, posing that
specific transcription factors, triggered by upstream signaling pathways,
can recruit methylation-related enzymes to specific regulatory loci in the
genome, such as enhancers'”. 1In this regard, a subset of transcription
factors (pioneer transcription factors) can bind directly condensed
chromatin and rearrange the epigenome'®. In addition, some of them can
alter the DNA methylation status of their target regions'”. Furthermore,
the binding capabilities of many transcription factors can be affected by
the methylation status of their binding sites"”””". The study of that

bidirectional interplay enables us to describe genome-environment
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interactions at the molecular level in a variety of human biological

contexts.

DNA methylation can be modulated with drugs. First, nucleoside
analogues such as azacitidine, decitabine and zebularine inhibit DNMT
action. After cell replication, these molecules are integrated in the DNA
and lead to DNMT degradation, promoting hypomethylation'”>'”. These
drugs are used for the treatment of hematological cancer, including acute

myeloid leukemia and myelodysplastic syndromes'.

Disruption of DNA methylation patterns through TET mutations is a
hallmark of some hematopoietic malignancies'™. Therefore, drugs that
increase TET function, such as vitamin C, could potentially be useful for

their treatment'’®

. Moreover, a TET inhibitor has also been developed,
which could be a very relevant tool to study processes involving active

demethylation'”’.

1.4.2. Vitamin C as a cofactor of TET enzymes

Vitamin C (L-ascorbic acid) is an essential nutrient with pleiotropic
functions. Its deficiency is associated with a plethora of symptoms,
including the malfunction of the immune system'”®. In this regard, immune
cells present high contents of vitamin C in their cytoplasm. In the case of
monocytes, the concentration is around 3mM, in healthy individuals,
when plasma levels are around 50pM. Several diseases affect the
concentration of vitamin C in immune cells, including cancer and some

conditions of active inflammation'”*8!,
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Figure 6: DNA demethylation cycle. TET enzymes can catalyze the sequential
oxidation of SmC to ShimC, S5fC and 5caC. Active demethylation is achieved through
thymine-DNA glycosylase (TDG )-mediated removal of oxidized forms of cytosines
Jollowed by base excision repair (BER). Morcover, DNA replication with inefficient
maintenance of DNA methylation results in passive demethylation. In contrast,
DNMT enzymes promote cytosine methylation, yielding 5mC.

It is well established that vitamin C is a cofactor for several enzymes,

including dopamine beta-hydroxylase and the collagen prolyl and lysyl

182183 Biochemically, vitamin C act as a reducing agent,

hydroxylases
recycling the Fe?* active site of hydroxylases. In this regard, vitamin C can
enhance TET enzymes activity through its cofactor function, promoting

demethylation'**'®.
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Linus Pauling proposed vitamin C as a potential cancer treatment
more than 40 years ago. A clinical trial published in 1976 showed
promising results for the treatment of cancer with vitamin C, but the lack
of appropriate controls and the negative results of further trials diminished
the enthusiasm'®*'®". Moreover, the mechanism of action by which vitamin

C could act against cancer cells was not defined.

However, during the last few years, increasing interest has arisen
around vitamin C as a treatment or adjuvant for several types of cancer.
For instance, vitamin C intravenous treatment in mice has been shown to
abrogate cancer progression through direct TET2 function restoration in

cancer cells'”®

. Moreover, clinical remission following vitamin C treatment
was found in a case of acute myeloid leukemia with mutations in 7E72'%.
Interestingly, in mice models of different types of cancer, a fully
competent immune system was required to maximize the antiproliferative
effects of vitamin C, suggesting that that molecule not only acts directly in
the cancer cells but also through immune system modulation'®’. Several
clinical trials are trying to translate these results to clinical practice,

especially in synergy with other treatments"’.

1.4.3. Role of DNA methylation in monocyte differentiation

DNA methylation regulation is particularly important during
hematopoiesis and the subsequent regulation of terminal immune cells. In
this regard, several works show how the impairment of methylation
machinery can abrogate hematopoietic stem cell differentiation "'
Transcription factor networks guide the differentiation of these cells and
imprint specific DNA methylation signatures along the way”*. In

particular, monocytes are highly plastic cells, which can undergo

28



differentiation 77 wvitro or in vivo under the exposure of a plethora of

molecules (see sections 1.2.2 and 1.2.3).

TET?2 is strongly expressed in these cells, and many studies have
shown the relevance of this enzyme during sz vizro differentiation of
monocytes to macrophages. Macrophages are customarily divided into
pro-inflammatory M1 and anti-inflammatory M2 phenotypes. Macrophage
colony-stimulating factor (M-CSF) and GM-CSF are the primary
cytokines that stimulate macrophage differentiation. GM-CSF induces
differentiation to M1-like macrophages, whereas M-CSF promotes M2-like

macrophage differentiation'”.

M-CSF stimulation of monocytes is associated with both gains and
losses of DNA methylation, although most studies predominantly observe
losses of DNA methylation®"*""’.

On the other hand, GM-CSF produces fundamentally TET2-
dependent hypomethylation, in intergenic regions and gene bodies™.
Regarding moDCs, generated with GM-CSF and I1.-4, they also show
mostly losses of DNA methylation. In this regard, the activation of the
JAK3-STAT6 pathway downstream of II-4 triggers TET2-dependent
demethylation in a specific group of CpGs. Moreover, other transcription

factors have been linked with demethylation in this context, such as
EGR2"™.

Additionally, DNA methylation changes have also been found during
maturation/activation of monocyte-derived cells, but generally at much

lower levels than differentiation®""’.

Conversely, significant DNA
methylation changes were found after the activation of immature moDCs
through live bacteria exposure®”. In this regard, the rapid transcriptomic

response in contrast with DNA demethylation in this activation process
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indicates that DNA methylation changes are a consequence rather than a

cause of the transcriptional changes.
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2.0OBIJECTIVES
l-\ {I onocytes are highly plastic cells, with the ability to

differentiate into cell types with very different immunological
properties. Depending on the external stimuli and the specific immune
context, they can promote or diminish immune responses. These external
stimuli are recognized by specific receptors and integrated by signaling
pathways which lead to the participation of transcription factors. Several
studies have focused on the delineation of the signaling pathways and
transcription factors involved in differentiation or activation in different
myeloid models. However, the epigenomic determinants associated with
the action of transcription factors that may condition the immune
response of monocytes and monocyte-related differentiation processes are
not completely understood. The study of DNA methylation can help to
infer specific transcription factors involved in different processes and also
shed light on the gene expression regulation, by its role alone or linked
with histone modifications or DNA accessibility. In this thesis, the
molecular mechanisms that regulate the triggering of immunogenic or
tolerogenic responses of three different monocyte-derived differentiation

processes have been studied.

We divided this main objective into three specific points:

1. 1o study the transcription factors involved and the underlying
epigenomic regulation of glucocorticoid-mediated differentiation of

monocytes to tolDCs.

TolDCs obtained from monocytes 7z vitro with GM-CSF, I1.-4 and

glucocorticoids are a clinically relevant model and a potential treatment
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for autoimmune diseases such as rheumatoid arthritis. We hypothesized
that the elucidation of potential glucocorticoid-mediated DNA
methylation changes of tolDCs in comparison with DCs obtained from
monocytes, and their integration with transcriptomic data could allow us
to identify new relevant transcription factors involved in the process,
conceivably providing new targets for the improvement of tolDC

generation.

2. 1o characterize the sequence of epigenomic events occurring during

the acquisition of endotoxin tolerance in human monocytes.

Microbial challenges can induce endotoxin tolerance in monocytes,
both 7z vive, in some pathological conditions such as sepsis, and 7z vizro.
This process is defined as a reduced immune response against successive
stimuli. Remodeling of some epigenomic traits, including histone marks
and DNA accessibility, has been associated with this process, but the
participation of DNA methylation is poorly understood, as well as the
involvement of signaling pathways. We proposed that the examination of
an ¢z vitro model of endotoxin tolerance, with LPS-treated monocytes,

together with samples from septic patients may shed light on this issue.

3. To assess the transcriptomic, epigenomic and phenotypic effects of

vitamin Cin the monocyte to DC differentiation and maturation.

L-ascorbic acid (vitamin C) is a known cofactor of epigenetic enzymes
such as TET proteins and Jumonji histone demethylases, and its presence
can enhance the process of active demethylation. Vitamin C deficiency

produces a disease, namely scurvy, whose symptoms include impaired
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immunity. Nevertheless, the effects of vitamin C on DC differentiation
and maturation have not been studied yet. We planned the analysis of the
epigenomic remodeling mediated by vitamin C in the context of monocyte
to DC differentiation, along with its potential impact on the transcriptome

and phenotype of these cells.
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Abstract

Glucocorticoids (GCs) exert potent anti-inflammatory effects in
immune cells through the glucocorticoid receptor (GR). Dendritic cells
(DCs), central actors for coordinating immune responses, acquire
tolerogenic properties in response to GCs. Tolerogenic DCs (tolDCs) have
emerged as a potential treatment for various inflammatory diseases. To
date, the underlying cell type-specific regulatory mechanisms orchestrating
GC-mediated acquisition of immunosuppressive properties remain poorly
understood. In this study, we investigated the transcriptomic and
epigenomic remodeling associated with differentiation to DCs in the
presence of GCs. Our analysis demonstrates a major role of MAFB in this
process, in synergy with GR. GR and MAFB both interact with
methylcytosine dioxygenase TET2 and bind to genomic loci that undergo
specific demethylation in tolDCs. We also show that the role of MAFB is
more extensive, binding to thousands of genomic loci in tolDCs. Finally,
MAFB knockdown erases the tolerogenic properties of tolDCs and reverts
the specific DNA demethylation and gene upregulation. The preeminent
role of MAFB is also demonstrated 7z vivo for myeloid cells from
synovium in rheumatoid arthritis following GC treatment. Our results
imply that, once directly activated by GR, MAFB plays a critical role in
orchestrating the epigenomic and transcriptomic remodeling that define

the tolerogenic phenotype.

Keywords: glucocorticoid receptor, MAFB, epigenetics, dendritic

cells, tolerogenesis, inflammation
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Introduction

Dendritic cells (DCs) are a heterogeneous group of innate immune
cells with a central role not only in the response to threats, but also in the
regulation of inflammatory responses and the induction of immune
tolerance, which is defined as the reduced responsiveness of the immune
system to molecules with the potential to produce an immune response (1).
Several types of human DCs exist i vivo, including conventional DCs
(cDCs) and plasmacytoid DCs (pDCs). Moreover, monocytes (MOs) can
extravasate to tissues and differentiate to monocyte-derived macrophages
(moMACs) or monocyte-derived dendritic cells (moDCs) (2, 3). MOs
cultured with GM-CSF and I1.-4 are a widely used 7z vizro model of DCs
(4), with gene expression similarities with blood ¢DCs and 7 vivo moDCs
(5).

Epigenetic determinants and transcription factors (TFs) critical to DC
differentiation and function have been extensively studied. In particular,
STATG (6), early growth response 2 (EGR2) (7), and interferon regulatory
factor 4 (IRF4) (5) have been linked to DC fate determination and
specific DNA demethylation events through recruitment of Ten-eleven
translocation methyleytosine dioxygenase 2 (TET2), which is the most
expressed TET enzyme in MOs (8). Moreover, AHR can act as a
molecular switch that enables monocyte differentiation to moDC, via
IRF4, whereas MAFB determines monocyte differentiation to moMAC
(5,9, 10).

DCs can acquire tolerogenic functions 7 vive and iz vitro in response
to several stimuli, including interleukin (IL)-10, vitamin D3, rapamyein,
and glucocorticoids (GCs) (1). In particular, DCs differentiated from
MOs in vitro with GM-CSF, 114, and GCs can suppress T cell
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proliferation 7z vitro, and display a high level of production of IL-10 and
low levels of TNFa and IL.-12p70 (11, 12). Tolerogenic DCs (tolDCs),
generated as indicated above, can be useful as a treatment for
autoimmune diseases. Several clinical trials have yielded satisfactory
results in diseases such as rheumatoid arthritis (13, 14), multiple sclerosis
(15), and Crohn’s disease (16).

GCs are a family of steroid hormones that are ligands of the
Glucocorticoid Receptor (GR), a nuclear receptor expressed in most cell
types that can trigger the expression of anti-inflammatory genes through
direct DNA binding. Moreover, GR also represses the action of
inflammatory-related TFs, such as the NF-xB and AP-1 families, via
protein—protein interactions, in a process called transrepression (17). GR
has been related to chromatin remodelers, including EP300 and BRGI1
(18, 19). The mechanisms underlying cell type-specific programs induced
by GR upon ligand binding, as well as the participation of TFs and
epigenetic enzymes, remain to be fully determined, which is particularly

relevant in the case of the various innate immune cell types.

In this work, we have studied the transcriptional and epigenetic
remodeling associated with tolDC differentiation, and identified a major
role for MAFB in this process, in synergy with GR. We have shown that
GR binds both the promoter and enhancer regions associated with
MAFB, which is quickly upregulated and binds thousands of genomic
sites, correlating with widespread DNA demethylation and gene
upregulation. We demonstrate how MAFB is crucial for the acquisition of
the transcriptomic and epigenomic remodeling that gives rise to the
tolerogenic phenotype. This is achieved through a differentiation switch to

macrophage-like cells with tolerogenic properties. The major role of
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MAPFB in activating a tolerogenic expression profile is also demonstrated
in monocyte-derived cells from rheumatoid arthritis joints treated with
GCs, in which an expansion of cells with a transcriptomic signature

similar to MAFB-dependent tolDCs is shown.
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Materials and methods

CD14* monocyte purification and culture

Buffy coats were obtained from anonymous donors via the Catalan
Blood and Tissue Bank (CBTB). The CBTB follows the principles of the
World Medical Association (WMA) Declaration of Helsinki. Before
providing blood samples, all donors received detailed oral and written

information and signed a consent form at the CBTB.

PBMCs were isolated by density-gradient centrifugation using
lymphocyte-isolation solution (Rafer). Pure MOs were then isolated from
PBMCs by positive selection with magnetic CD14 MicroBeads (Miltenyi
Biotec). Purity was verified by flow cytometry, which yielded more than
90% of CD14™ cells.

MOs were resuspended in Roswell Park Memorial Institute (RPMI)
Medium 1640 + GlutaMAX™ (Gibco, ThermoFisher) and immediately
added to cell culture plates. After 20 minutes, monocytes were attached to
the cell culture plates, and the medium was changed with RPMI
containing 10% fetal bovine serum (Gibco, ThermoFisher), 100 units/mL
penicillin/streptomycin (Gibco, ThermoFisher), 10 ng/ml. human GM-
CSF (PeproTech) and 10 ng/mL. human I1.-4 (PeproTech). In the case of
tolDCs, 100 nM dexamethasone (Sigma-Aldrich) was also added to the

medium.

For cell stimulation, LPS (10 ng/ml) and IFNy (20 ng/mlL.) were
added to cell culture at day 5, 24h before cell collection.
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CD8* proliferation suppression assay

Allogenic CD8* were isolated by negative selection using Dynabeads
Untouched Human CD8 T Cells Kit (Invitrogen) and labeled with
carboxyfluorescein succinimidyl ester (CFSE) CellTrace™ (Invitrogen), in

accordance with the manufacturer’s instructions.

Purified CD8* cells were seeded in 96-well plates (200,000 cells per
well), and monocyte-derived cells (DCs or tolDCs) were added at
different cell ratios (1:2, 1:3, 1:4, and 1:8). To stimulate CD8%* cells, 5
pL/mL of anti-CD3/CD28 Dynabeads (Invitrogen) were added to each

well, except for the negative control.

For this experiment, cells were harvested in RPMI containing 10%
fetal bovine serum (Gibco, ThermoFisher) and 100 units/mL
penicillin/streptomycin (Gibco, ThermoFisher). Cells were cultured for 5

days, and the medium was changed on day 3.

Quantification of cytokine production

Cell culture supernatants were collected after 6 days and diluted
appropriately. Enzyme-linked immunosorbent assays (ELISA) were
performed, following the manufacturer’s instructions: Human IL-10,
Human I1-12p70, and Human TNFa from Biol.egend, and Human IL-
1B from ThermoFisher.

Flow cytometry

To study cell-surface markers, cells were collected using Versene, a
non-enzymatic dissociation buffer (ThermoFisher). Cells were resuspended
in the staining buffer (PBS with 4% fetal bovine serum and 2 mM
ethylenediaminetetraacetic acid (EDTA)). Cells were then incubated in
ice with Fe block reagent (Miltenyi Biotec) for 10 minutes, and stained
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with the viability dye LIVE/DEAD™ Fixable Violet (ThermoFisher),

following the manufacturer’s protocol.

Cells were stained to study the proteins of interest, using the following
antibodies: CD16 (APC) (#130-113-389, Miltenyi Biotec), CD14 (APC)
(#130-110-520, Miltenyi Biotec), CD163 (FITC) (#33618, Biol.egend),
CDla (PE) (#300106, BioLegend), CD80 (PE)(#H12208P, eBioScience),
CD83 (APC) (#130-110-504, Miltenyi Biotec), CD86 (APC) (#130-113-
569, Miltenyi Biotec), HLLA-DR (PE) (#12-9956-42, eBioScience).

After staining, cells were fixed with PBS + 4% paraformaldehyde
(Electron Microscopy Sciences) and analyzed within 2 days using a BD
FACSCanto™ II Cell Analyzer (BD Biosciences). Data were analyzed
with the FlowJo v10 software.

Genomic DNA and total RNA extraction

Genomic DNA and total RNA were extracted using the Maxwell
RSC Cultured Cells DNA kit (Promega) and the Maxwell RSC
simplyRNA  Cells kit (Promega), respectively, following the

manufacturer’s instructions.

Gene expression microarrays
RNA samples were processed in the Genomics Platform of the Vall
d’Hebron Research Institute (Barcelona). After ensuring the RNA quality
using Bioanalyzer, samples were hybridized in Clariom™ S microarrays
(ThermoFisher).

Raw microarray data (CEL files) were analyzed using the oligo and
limma packages of the Bioconductor project (20). First, raw data were
normalized using the Robust Multichip Average algorithm (RMA), which

is included as a function in the oligo package. We then performed an
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independent filtering step, removing probes with fewer than 3 samples
over the 75% percentile of the negative control probes. After collapsing the
remaining probes by gene, using the aggregate and mean functions, we
built a limma linear model using the condition and donor information,
with the formula ‘~0+condition+donor’ The eBayes function in limma was
then used in each pairwise comparison to obtain the FDR and logFC of
each gene. Genes were considered to be differentially expressed when the

FDR was less than 0.05 and the absolute logFC was greater than 0.5.

Bisulfite pyrosequencing

500 ng of genomic DNA was converted using the EZ DNA
Methylation Gold kit (Zymo Research). PCR was performed using the
bisulfite-converted DNA as input and primers designed for each amplicon
(Supplementary Table 5). These primers were designed using the
PyroMark Assay Design 2.0 software (Qiagen). PCR amplicons were
pyrosequenced using the PyroMark Q48 system and analyzed with
PyroMark Q48 Autoprep software.

Real-time quantitative reverse-transcribed polymerase
chain reaction (QRT-PCR)

300ng of total RNA were reverse-transcribed to ¢DNA with
Transcriptor First Strand ¢DNA Synthesis Kit (Roche) following
manufacturer’s instructions. qRT-PCR was performed in technical
triplicates for each biological replicate, using LightCycler® 480 SYBR
Green Mix (Roche), and 7.5ng of ¢cDNA per reaction. The average value
from each technical replicate was obtained. Then, the standard double-
delta Ct method was used to determine the relative quantities of target

genes, and values were normalized against the control genes RP1.38 and
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HPRTI. Custom primers were designed to analyze genes of interest

(Supplementary Table 5)

DNA methylation profiling

500 ng of genomic DNA was converted using the EZ DNA
Methylation Gold kit (Zymo Research). Infinium MethylationEPIC
BeadChip (Illumina) arrays were used to analyze DNA methylation,
following the manufacturer’s instructions. This platform allows around
850,000 methylation sites per sample to be interrogated at single-
nucleotide resolution, covering 99% of the reference sequence (RefSeq)
genes. Raw files (IDAT files) were provided for the Josep Carreras

Research Institute Genomics Platform (Barcelona).

Quality control and analysis of EPIC arrays were performed using
ShinyEPICo (21), a graphical pipeline that uses minfi (22) for
normalization, and limma (20) for differentially methylated positions
analysis. CpH and SNDP loci were removed and the Noob+Quantile
normalization method was used. Donor information was used as a
covariate, and Trend and Robust options were enabled for the eBayes
moderated t-test analysis. CpGs were considered differentially methylated
when the absolute differential of methylation was greater than 20% and

the FDR was less than 0.05.

Immunofluorescence

Cells were fixed with PBS + 4% paraformaldehyde for 20 min and
permeabilized with PBS + Triton X-100 0.5% for 10 min. Coverslips were
washed twice with PBS and blocked with PBS + 4% BSA for 1 h. Anti-
MAFB antibody HPA005653 (Sigma-Aldrich) was diluted 1:100 in PBS
and incubated overnight with the samples in a humidity chamber. Then,

cells were incubated with anti-rabbit Alexa Fluor 647 (ThermoFisher) in
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blocking solution (PBS + BSA 4% + 0.025% Tween 20) for 1 h. After four
washes with PBS, cells were stained with Alexa Fluor™ 488 Phalloidin
(ThermoFisher) 1/200 and DAPI 2 pg/ml. Vectashield (Vector
Laboratories) was used for the final sample preparation in slides. Images

were obtained with a Leica TCS-SL confocal microscope.

Western blotting

Cytoplasmic and nuclear protein fractions were obtained using
hypotonic lysis buffer (Buffer A; 10 mM Tris pH 7.9, 1.5 mM MgCl,, 10
mM KCI supplemented with protease inhibitor cocktail (Complete,
Roche) and phosphatase inhibitor cocktail (PhosSTOP, Roche) to lyse the
plasma membrane. Cells were visualized under the microscope to ensure
correct cell lysis. Nuclear pellets were resuspended in LLaemmli 1X loading
buffer. For whole-cell protein extract, cell pellets were directly

resuspended in Laemmli 1X loading buffer.

Proteins  were  separated by SDS-PAGE  electrophoresis.
Immunoblotting was performed on polyvinylidene difluoride (PVDF)
membranes following standard procedures. Membranes were blocked with
5% Difco™ Skim Milk (BD Biosciences) and blotted with primary
antibodies. After overnight incubation, membranes were washed three
times for 10 min with TBS-T (50 mM Tris, 150 mM NaCl, 0.1% Tween-
20) and incubated for 1 h with HRP-conjugated mouse or rabbit
secondary antibody solutions (Thermo Fisher) diluted in 5% milk (diluted
1/10000). Finally, proteins were detected by chemiluminescence using
WesternBright™ ECL (Advansta). The following antibodies were used:
Anti-MAFB (HPAO005653, Sigma-Aldrich), Anti-GR (C15200010-50,
Diagenode), Anti-GAPDH (2275-PC-100, Trevigen), Anti-Lamin Bl
(ab229025, Abcam), Anti-TET2 (C15200179, Diagenode).
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Co-immunoprecipitation (Co-IP)

Co-IP assays were performed using tolDCs differentiated from CD14+
monocytes for 24 h. Cell extracts were prepared in lysis buffer [50 mM
Tris—HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% Triton-X-100,
protease inhibitor cocktail (cOmplete™, Merck)] with corresponding units
of Benzonase (Sigma) and incubated at 4°C for 4 h. 100 pL of
supernatant was saved as input and diluted with 2x Laemmli sample
buffer (5x SDS, 20% glycerol, IM Tris—HCI (pH 8.1)). Supernatants were
first precleared with PureProteome™ Protein A/G agarose suspension
(Merck Millipore) for 1 h. The lysate was then incubated overnight at 4°C
with respective crosslinked primary antibodies. Cross-linking was
performed in 20 mM dimethyl pimelimidate (DMP) (Pierce,
ThermoFisher Scientific, MA, USA) dissolved in 0.2 M sodium borate
(pH 9.0). Subsequently, the beads were quenched with 0.2M of
ethanolamine (pH 8.0) and resuspended at 4°C in PBS until use. Beads
were then washed three times with lysis buffer at 4°C. Samples were
eluted by acidification using a buffer containing 0.2 M glycine (pH 2.3)
and diluted with 2x Laemmli. Samples and inputs were denatured at 95°C
in the presence of 1% P-mercaptoethanol. Anti-MAFB HPA005653
(Sigma-Aldrich), Anti-GR C15200010-50, and Anti-TET2 antibody
ab124297 (Abcam) were used for Co-ID.

Transfection of primary human monocytes

We used the #si19279 MAFB Silencer Select siRNA (Agilent,
ThermoFisher) to perform knockdown experiments in MOs, using the
Silencer Select Negative Control #1 (Agilent, ThermoFisher) as control.
CDIl14+ MOs were cultured in 12-well plates (1 million cells/well) and
transfected with siRNAs (100 nM) using Lipofectamine 3000 Reagent
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(L5 pL/well), following the manufacturer’s protocol. After 6 h, the
medium was changed and DCs/tolDCs were cultured as described in
“CDI4* monocytes purification and culture”. To test transfection
efficiency, siGLLO Green Transfection Indicator (Horizon) was used, at the
same concentration, and checked by flow cytometry 24 h after

transfection.

RNA-seq

RNA-seq libraries of transfected DC/tolDCs were generated and
sequenced by BGI Genomics (Hong Kong), in 100-bp paired-end, with
the DNBseq platform. More than 30 million reads were obtained for each
sample. Fastq files were aligned to the hg38 transcriptome using
HISAT2(23) with standard options. Reads mapped in proper pair and
primary alignments were selected with SAMtools (24). Reads were

assigned to genes with featureCounts (25).

Differentially expressed genes were detected with DESeq2 (26). The
donor was used as a covariate in the model. The Ashr shrinkage algorithm
was applied and only protein-coding genes with an absolute logFC greater
than 0.5 and an FDR less than 0.05 were selected as differentially
expressed.  For  representation  purposes, Variance  Stabilizing
Transformation (VST) values and normalized counts provided by DESeq2

were used.

Chromatin immunoprecipitation

After 4 or 24 h of cell culture, DCs and tolDCs, in biological
duplicates, were fixed with Pierce™ fresh methanol-free formaldehyde
(ThermoFisher) for 15 min and prepared for sonication with the truChIP
Chromatin  Shearing Kit (Covaris), following the manufacturer’s

instructions. Chromatin was sonicated for 18 min with the Covaris M220
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in ImL milliTubes (Covaris). Size distribution of the sonicated chromatin
was checked by electrophoresis to ensure appropriate sonication, with a

size of around 200 bp.

Magna Beads Protein A+G (Millipore) was blocked with PBS + BSA
(5 mg/mL) for 1 h. Chromatin was precleared with 25 pl of beads for 1.5 h
and 10 pg of chromatin were incubated overnight with each antibody: 10
pl Anti-MAFB antibody HPA005653 (Sigma-Aldrich) and 5 ul Anti-GR
antibody C15200010-50 (Diagenode), in a buffer with 1% Triton X-100
and 150 mM NaClL

Three washes were performed with the Low Salt Wash Buffer (0.1%
SDS, 1%Triton X-100, 2 mM EDTA, pH 8.0, 20 mM Tris-HCI pH 8.0,
150 mM NaCl), the High Salt Wash Buffer (0.1%SDS, 1% Triton X-100, 2
mM EDTA, pH 8.0, 20 mM Tris-HCI pH 8, 500 mM NaCl), and the
LiCl Wash Buffer (0.25 M LiCl, 1% Nonidet P-40, 1% Deoxycholate, 1
mM EDTA pH 8, 10 mM Tris-HCI), followed by a final wash with TE
buffer (pH 8.0, 10 mM Tris-HCI, 1 mM EDTA). Chromatin was eluted
for 45 min at 65°C with 100 pl of elution buffer (10 mM Tris-Cl, 1 mM
EDTA, 1% SDS) and decrosslinked by adding 5 pl 5M NaCl and 5 pl IM
NaHCO; (2 h at 65°C). Next, 1 ul of 10 mg/mL proteinase K (Invitrogen)
was added and the samples were incubated at 37°C for 1 h. For DNA
purification, iPure kit v2 (Diagenode) was used, following the

manufacturer’s instructions.

Chromatin immunoprecipitation sequencing (ChlP-seq)
analysis
ChIP-seq inputs and immunoprecipitated DNA from biological
duplicate samples were used to generate ChIP-seq libraries in the Centre

for Genomic Regulation (Barcelona), using the TruSeq ChIP Library
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Preparation Kit (Illumina). Quality control of the libraries was performed
using 2100 Bioanalyzer (Agilent). Libraries were sequenced with an
Illumina HiSeq 2500, in 50-bp single-end, yielding between 25 and 40

million reads per sample.

Potential adapter contamination was trimmed from the raw reads using
Cutadapt (https://doi.org/10.14806/¢j.17.1.200). Reads were aligned to
the GRCh38 human genome assembly using the Burrows-Wheeler
Alignment (BWA)-MEM algorithm (27). Aligned reads were filtered by
MAPQ, removing alignments with MAPQ < 30, using SAMtools (24).
Aligned reads overlapping with the ENCODE blacklist were also
removed (28).

Quality control of ChIP-seq data was performed using the SPP
package(29). The relative strand cross-correlation coefficient (RSC) was

greater than or equal to 2 in all the immunoprecipitated samples.

Bigwig files were generated for visualization, using the bamCoverage
function in the Deeptools package (30), with the bins per million mapped
reads (BPM) method and ‘-binSize 20 -—-extendReads 150 --
smoothLength 60 --centerReads’ options. Wiggletools was used to
aggregate the bigwig duplicates (31).

MACS?2 software with ‘-nomodel —extsize 200’ options was used for
peak calling (32). Biological duplicates were aggregated using the MSPC
algorithm (33) with the options “r Biological -w 1E-6 -s 1E-12° This
approach allows us to obtain more robust peaks, using the information
from both biological duplicates. The resulting consensus peaks were used

for the downstream analysis and figure panels.
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Data analysis and representation

Statistical analyses were performed in R 4.0. Gene expression and
DNA methylation heatmaps were created with the heatmap.2 function of
the gplots package. The findMotifsGenome.pl function of HOMER
(Hypergeometric Optimization of Motif EnRichment) was used to analyze
known and de novo motif enrichment. For ChIP-seq peaks, the parameter
“-size 50’ was used, whereas the parameters ‘-size 200 -cpg) were used for
methylation data. All EPIC array CpG coordinates were also used as
background for the methylation data. GREAT software was used to
calculate CpG-associated genes and gene ontology (GO) enrichment (34).
Gene set enrichment analysis (GSEA) and GO enrichment of gene
expression data were performed using the clusterProfiler package (35).
ChIP-seq peaks files of histone marks from MO and DCs were
downloaded from the BLUEprint webpage (http://dcc.blueprint-
epigenome.eu). Consensus peaks of the different replicates were obtained
with the MSPC algorithm, using the options “r Biological -w 1E-4 -s 1E-8
-¢ 3.

The chromatin state learning model for CDI4+ monocytes was
downloaded from the Roadmap Epigenomics Project webpage, and

chromatin state enrichments were calculated using Fisher's exact test.

ChIP-seq overlaps and Venn diagrams were generated with the
ChIPpeakAnno package (36). Genomic track plots were created with
pyGenomeTracks (37). Methylated CpG set enrichment analysis
(mCSEA) (38) was used to calculate CpG-set-specific DNA methylation
modifications. Public GR ChIP-seq datasets were extracted from the
Remap2020 database (39), excluding samples without glucocorticoid

treatment. Peak intersects were calculated using bedtools (40). Public
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peak-callings of histone marks were extracted from the Blueprint
database(41) and replicates were aggregated using the MSPC algorithm.
Public DNAse-seq and ATAC-seq bigwigs were aggregated using
wiggletools.

Student’s paired t test
Statistical analyses involved Student’s paired-samples t tests, with
which the means of matched pairs of groups were compared, except where

indicated otherwise. The levels of significance were: ns, p > 0.05; *, p <

0.05; **, p < 0.01; ***, p < 0.001.

Gene expression public data processing

To compare gene expression with public data, expression array
matrices were downloaded from the GEO database (GSE40484,
GSE117946 and GSE99056). Our expression dataset and public
expression data were combined by gene symbol and batch-corrected using
ComBat (42). The 1000 most variable genes were used to plot the data in
a T-distributed Stochastic Neighbor Embedding (t-SNE) representation,
using the Rtsne package
(https://www.jmlr.org/papers/v9/vandermaaten08a.html).

Synovial tissue extraction and processing

Synovial biopsy and tissue analysis was approved by the Kantonal
Ethic Commission Zurich, Switzerland (refs: 2019-00115 and 2016-
02014). All patients signed informed consent forms. Patient’s

characteristics were as follows:

Gender | Site | Diagnosis Rht::(r:t\g:md S);r:;\;::ls Histology Therapy
lympho- Glucocorticoids
28 f MCP RA negative 5 myeloid oral 10mg/d
lympho-
50 f wrist RA negative 8 myeloid none
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One part of the synovial biopsies was embedded in paraffin and
histologically analyzed as previously described (43, 44). For scRNA-seq
synovial biopsies were mechanically minced and enzymatically digested
with 100 ug/ml Liberase TL (Roche) and 100 ug/ml DNAsel (Roche) in
pre-warmed RPMI 1640 containing 2 mM glutamine and 25 mM
HEPESGibco for 30 min at 37°C. The digestion was stopped by adding
20 v/v % fetal calf serum (FCS) and the dissociated tissue was filtered
through a 40 um cell strainer. Red blood cells were lysed with RBC lysis
buffer (Milteny Biotec). Cell viability was analyzed with a LUNA-FL dual

fluorescence cell counter (88% and 90%).

Single-cell RNA-seq processing and analysis
Dissociated cells were processed with the Chromium Single Cell 3'
GEM, Library & Gel Bead Kit v3 or v3.1 according to the manufacturer’s
protocol (10x Genomics). Libraries were sequenced on the NovaSeq 6000
(Illumina). Raw sequencing data was processed with cell ranger (v6.0.0,

10x Genomics) using mkfastq and count with default settings and the
provided human reference (GRCh38-2020-A).

Targeted cell number Estimated number of cells | Reads/cell

28 10000 4389 44396

50 6000 5760 53176
We used Seurat (4.0.3) to analyze scRNA-seq data. We first read and

merge data from patients, and we filtered cells with counts lower than 200

or higher than 30000 and with RNA features lower than 100 or higher

than 5000. We also filtered cells with mitochondrial or 7ibosomal features

higher than 25%. We then integrated samples before clustering, using the
standard Seurat pipeline. First, features were normalized and variable
features were found for each sample, independently. Next, functions

FindIntegrationAnchors and IntegrateData were used to integrate the
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data. The functions ScaleData (using RNA counts and mitochondrial
percentage as variables to regress), RunPCA, FindNeigbors, FindClusters
and RunUMAP were used sequentially to perform the UMAP
representation, with 30 dimensions. After selecting only monocyte-derived
clusters, scaling and representation was performed again, using the same

functions, with resolution 0.15 and 7 dimensions.
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Results

Dexamethasone modulates dendritic cell differentiation to
a tolerogenic phenotype and drives transcriptome
remodeling associated with MAFB

To investigate the mechanisms underlying the glucocorticoid (GC)-
mediated phenotypic remodeling of dendritic cells (DCs), as well as the
involvement of myeloid-specific TFs, monocytes (MOs) isolated from
peripheral blood of healthy donors were differentiated 77 vizro to DCs and
tolerogenic DCs (tolDCs) for 6 days using GM-CSF and I1.-4 in the
absence and presence of a GR ligand (dexamethasone), respectively
(Figure 1A). CD8+ T cell proliferation assays in co-culture with both DCs
and tolDCs revealed the immunosuppressive properties of the latter
(Figure 1B). ELISA assays also showed that LPS+IFNy-stimulated
tolDCs produced higher levels of I1-10 and smaller amounts of TNFa,
I1.-12p70, and IL-1B than DCs (Figure 1C). Moreover, in the steady-state,
higher IL-10 and lower IL-1B levels of production were observed in
tolDCs, whereas TNFa and I1.-12p70 were undetectable (Supplementary
Figure 1A, see at the end of the article, pages 104-111). tolDCs presented
lower levels of expression of the costimulatory molecule CD86 and the
maturation marker CD83 (Figure 1D). Moreover, tolDCs presented higher
levels of CD14 and of the macrophage markers CD163 and CDI6
(Supplementary Figure 1B).

We then profiled the transcriptome of DCs, tolDCs, and MOs. 981
genes were induced and 919 genes were repressed in tolDCs in
comparison with DCs (FDR < 0.05, logFC > 0.5) (Figure 1E and
Supplementary Table 1). The transcriptomes of both tolDCs and DCs
were notably dissimilar to that of MOs (Supplementary Figure 1C).
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The Gene Ontology (GO) overrepresented categories in tolDC-
upregulated genes, including terms such as ‘negative regulation of I1.-12
production’ ‘regulation of complement activation), and ‘regulation of
inflammatory response’ (Figure 1F). In tolDC-downregulated genes, terms
such as ‘antigen processing and presentation of endogenous antigen)
‘adaptive immune response’, ‘positive regulation of leukocyte activation’,

and ‘response to interferon-gamma’ were over-represented (Supplementary
Figure 1D).

tolDCs were enriched in several gene sets, including: ‘mo-MAC
signature’ (genes upregulated in mo-MACs in comparison with mo-DCs)
(5), genes upregulated in M-CSF macrophages relative to GM-CSF
macrophages (45), and genes downregulated in response to GM-CSF and
11.-4(46) (Supplementary Figure 1E). On the other hand, tolDCs were
depleted in inflammation-related gene sets such as Interferon-alpha
response, TNFo Signaling via NF-kB genes upregulated in mo-DCs
relative to mo-MACs)(5), genes downregulated in M-CSF macrophages in
comparison with GM-CSF macrophages, (45) and genes upregulated in
response to GM-CSF and I1.-4 cytokines (46) (Supplementary Figure 1F).
We also confirmed the upregulation of canonical GR targets, such as
PDK4, TSC22D3, ZBTBIl6, and FKBP5 in tolDCs, as expected
(Supplementary Figure 1G).

To predict potential additional TFs involved in tolDC transcriptome
acquisition, we performed a Discriminant Regulon Expression Analysis
(DoRothEA) (47). DoRothEA uses a dataset of TF regulons, a collection
of TF - target genes interactions obtained from different types of evidence
such as literature curated resources and ChIP-seq peaks and it calculates

enrichment of these regulons in the condition of interest. This analysis
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revealed that eight distinct TF regulons were enriched in tolDCs,
although only two of these were associated with concomitant upregulation
of their coding genes: MAFB and MYC (Figure 1G). MYC has been
previously identified as a transcriptional regulator in tolDCs (48). To
assess the possible role of MAFB in tolDC gene expression remodeling,
we obtained a public dataset of genes downregulated after the treatment
with an siRNA that targets MAFB (9) in M2 macrophages. These genes,
positively regulated by MAFB, were more strongly expressed in tolDCs
than in DCs, as can be observed in the GSEA (Supplementary Figure
1H). In addition, tolDCs presented a transcriptome similar to those of %
vitro M2 macrophages and 7z vivo mo-MACs (Figure 1H). MAFB has
previously been identified as a key mediator in the differentiation of both

cell types (5, 9).

Dexamethasone mediates the acquisition of a specific DNA
methylation pattern which inversely correlates with gene
expression during tolDC differentiation

In parallel, we obtained genome-wide DNA methylation profiles of
MOs, DCs, and tolDCs after 6 days of differentiation. Principal
component analysis (PCA) of all differentially methylated CpGs between
groups showed non-overlapping clustering of MOs, DCs, and tolDCs
alongside principal component 1 (Supplementary Figure 2A).
Demethylation occurring during MO-to-DC differentiation was broadly
inhibited in tolDCs (Supplementary Figure 2B). The comparison of DCs
and tolDCs (FDR < 0.05 and absolute Af§ > 0.2) in relation to MOs
revealed two clusters of CpG sites: a group of CpGs that underwent
specific demethylation in DCs and that was blocked in tolDCs (C1, 1353
CpGs), and a second group that was specifically demethylated in tolDCs
(C2, 411 CpGs) (Figure 2A and Supplementary Table 2).
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Figure 1. Phenotypic profiling of dexamethasone-mediated tolerogenic
dendritic cells. (A) Schematic representation of the experimental approach,
comparing dendritic cell (DC) with tolerogenic dendritic cell (tolDC) differentiation.
(B) DC and tolDC were cocultured with CD8+ cells for 5 days. The final CFSE
signal of CD8+ cells is shown (left panel). CD8+ with only CD3/CD28 T-activator
beads (C+) or alone (C-) are also shown. In the right panel, the average proliferation
is shown (mean * standard error of the mean (SEM)) (n=4). (C) IL-10, TNFa, IL-
12p70 and IL1-B production of DC and tolDC, after 5 days of differentiation and 24
h of LPS (10 ng/pL) and IFNg (20 ng/pL) stimuli. P-values of paired t-tests are
shown (n=4) (ns p > 0.05, * p < 0.05). (D) Box-plots of CD80, CD83, CD86 and
HLA-DR surface expression (Median Fluorescence Intensity) in DCs and tolDCs in
steady-state or stimulated with LPS (10 ng/pL) and IFNg (20 ng/pL) (n=6) (ns p >
0.05, ** p < 0.01, ** p = 0.001). (E) Gene expression heatmap of differentially
expressed genes comparing tolDCs with DCs and also displaying the gene expression
values of the precursor cell type (MO) (logFC > 0.5, FDR < 0.05). Scaled
fluorescence values of expression arrays are shown, ranging from -2 (lower gene
expression, green) to +2 (higher gene expression, orange) (n=3). (F) Gene ontology
(GO) over-representation of GO Biological Process categories. Fold change of tolDC
induced genes over background and -loglO(FDR) of Fisher’s exact tests are shown.
(G) Discriminant regulon expression analysis (DoRothEA) of tolDC compared with
DC. Only transcription factors with FDR < 0.05 are shown. NES and logFC of
transcription factor expression are depicted. (H) T-distributed stochastic neighbor
embedding (t-SNE) plot of the aggregated and batch-corrected gene expression data
from our study (MO, DC and tolDC) and two additional public datasets
(GSE40484 (moMAC, moDC, ¢DC2, CM (Classical MOs) and NCM (Non-
Classical MOs) and GSE99056 (M-MAC (M2 Macrophages) and GM-MAC (M1
Macrophages)). The 4 different groups obtained using k-means clustering are

represented with grey ellipses of multivariate t-distributions.
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Both CpG clusters were enriched in introns and depleted in promoters
(Figure 2B). CpGs were generally located far from CpG islands (Open
Sea) (Figure 2C). The two clusters were also enriched in enhancers and
regions close to active transcription start sites (TSSs) (Supplementary
Figure 2C). Looking at the enrichment in active enhancer histone marks
(H3K4mel and H3K27ac) in DCs and MOs, an increase in the signal of
these marks was noted in MO-to-DC differentiation, especially in the CI,
which became specifically demethylated in DCs (Figure 2D).

Employing the average signal of public MO DNAse-seq (Blueprint
database)(41) and DC ATAC-seq triplicates (49), we found that Cl and
C2 CpGs had low accessibility in MOs. We also observed that Cl had
greater accessibility than C2 in DCs, demonstrating an inverse correlation

between chromatin accessibility and DNA demethylation (Figure 2E).

To detect potential TFs involved in the DNA methylation dynamics,
we performed a TF motif enrichment analysis. As expected, C2 CpGs
were enriched in Glucocorticoid Response Elements (GREs) and very
closely related motifs (Androgen Receptor Elements, AREs, and
Progesterone Receptor Elements, PGR). The Maf recognition element
(MARE) was also enriched, including several TFs from the MAF family:
MAFA, MAFB, MAFF and MAFK (Figure 2F). On the other hand, C1
CpGs were enriched in, among other binding motifs, AP-1 family, PU.1,
IRF8, STAT6, and Egrl/Egr2 motifs (Supplementary Figure 2D), which
are known to be associated with DC differentiation (6, 7, 50, 51).

Gene ontology (GO) analysis of C2 CpGs revealed enrichment of
functional categories associated with immune system regulation, including
‘negative regulation of cytokine production involved in inflammatory

response’ and ‘regulation of inflammatory response’ (Figure 2G). In
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contrast, GO analysis of Cl CpGs included categories related to
inflammatory processes, such as ‘positive regulation of MAPK cascade’
‘myeloid  leukocyte  activation) and  ‘inflammatory  response’
(Supplementary Figure 2E). Moreover, C2 CpGs are demethylated in M2
macrophages (M-CSF), whereas Cl CpGs are demethylated in Ml
macrophages (GM-CSF) (Supplementary Figure 2F).

We next associated each CpG with its nearest gene and tested whether
Cl and C2 associated genes were enriched in tolDC-induced or tolDC-
repressed genes. We found a strong enrichment of the induced genes over
the C2 associated genes (FDR = 8.88e-41) and of the repressed genes over
the C1 associated genes (FDR = 4.72e-26) (Figure 2H). In this regard,
there was a significant inverse correlation between DNA methylation and
gene expression (Figure 2I), which is exemplified in some CpGs associated
with genes linked to the biology of tolDCs and DCs (Figure 2J,
Supplementary Figure 2G).

In relation to the potential association between MAFB and our DNA
methylation and expression data, we assessed the potential upregulation of
MAFB-positively regulated genes of M2 macrophages and C2-associated
genes in other tolDC types. In addition to tolDCs, we found that both
gene sets were upregulated in DC10 (DCs differentiated 7 vizro from
MOs with GM-CSF/I1.-4 and I1.10), but not in rapamycin-treated or
vitamin D3-treated tolDCs (Supplementary Figure 2H).
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Figure 2. DNA methylation remodeling of dexamethasone-mediated tolerogenic
dendritic cells. (A) DNA methylation heatmap of differentially methylated CpGs
comparing DCs with tolDCs (AB = 0.2, FDR < 0.05) and showing the DNA methylation
values of the precursor cell type (MO). Scaled B-values are shown (lower and higher
DNA methylation levels in blue and red, respectively) (n=4). On the right side, violin
plots of Cluster 1 (C1) and Cluster 2 (C2) depict scaled DNA methylation data. (B) Bar-
plot of genomic features, percentages of Cl and C2 CpGs in comparison with
background CpGs (Bg). (C) Bar-plot of CpG island contexts, percentages of Cl and C2
CpGs in comparison with background CpGs. (D) Accessibility (ATAC-seq) data of C1
CpGs (red) and C2 CpGs (blue) in MOs and DCs. The average DNAse-seq from an
MO duplicate (BLUEprint) and ATAC-seq triplicate from DCs (GSE100374) were used
in the representation. (E) ChIP-seq data of H3K27ac and H3K4mel of CDI14+
monocytes and DCs were downloaded from the BLUEPRINT database. Odds ratios of
histone marks enrichment were calculated for bins of 10bp, 2000bp upstream and
downstream in relation to Cl and C2 CpGs. CpGs annotated in the EPIC array were
used as background. (F) Bubble scatter-plot of TF-binding motif enrichment for C2
CpGs. The x-axis shows the percentage of windows containing the motif and the y-axis
shows the factor of enrichment of the motif over the EPIC background. Bubbles are
colored according to the TF family. FDR is indicated by bubble size. (G) GO (Gene
Ontology) over-represented categories in C2 CpGs. Fold change in comparison with
background (EPIC array CpGs) and -loglO(FDR) are shown. (H) C1 and C2 CpGs were
associated with the nearest gene and the enrichment of both gene sets (C1 CpGs- and C2
CpGs- associated genes) over the tolDC-induced and tolDC-repressed genes were
calculated using Fisher’s exact tests. Odds ratios = 95% confidence intervals are shown. (I)
DNA methylation of differentially methylated CpGs were correlated with gene
expression of differentially expressed genes in the tolDC vs. DC comparison. LogFC of
expression is represented in the y-axis, where a higher number represents a higher level of
expression in tolDC and a lower number a higher level of expression in DC. DNA
methylation is depicted on the x-axis as AP, where a lower number represents a lower
level of methylation in tolDC, and a higher number a lower level of methylation in DC.
Points are colored according to their genomic context. A significant negative correlation
between methylation and expression is observed (R = -0.55, p < 2.2e-16). (J) The fold-
changes of DC and tolDC expression (with respect to MO) of some examples of C2
CpGs associated genes are shown, calculated from fluorescence values of expression
arrays. Below each gene, the methylation (B-values) of an example of associated CpG is

indicated. Three and four biological replicates are provided, respectively (n=3-4).
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Dynamics of GR and MAFB genomic binding in tolDC
differentiation

Since MAFB was predicted to be a TF of importance in the
dexamethasone-specific gene expression (Figure 1H) and DNA
methylation (Figure 2F) remodeling occurring in tolDCs, we investigated

its role in the tolDC differentiation process and its interplay with GR.

MAFB expression was studied over time, where differences between
DCs and tolDCs could be observed from 1 h of differentiation
(Supplementary Figure 3A). MAFB protein levels could be detected by
western blot in tolDC nueclei, at 12 and 24h, concomitant with GR
translocation  to  the nucleus (Figure 3A). Moreover, by
immunofluorescence at 24h of differentiation, MAFB was found to be
localized in tolDC nuclei, whereas in DCs the level of expression was

much lower (Figure 3B).

We next generated ChIP-seq data of GR and MAFB in DCs and
tolDCs, at both 4h and 24h of differentiation, using biological duplicates
that we consolidated to obtain the consensus peaks of each condition (see
Methods). De novo motif discovery around GR and MAFB peaks in
tolDC yielded very similar motifs to those of their respective canonical
binding sites. (Supplementary Figure 3B). GR peak calling in tolDC
resulted in hundreds of peaks with a strong signal (Figure 3C,
Supplementary Figure 3C). By contrast, GR peak calling in DCs yielded
a negligible number of significant peaks, at both 4h and 24h, with weaker
signals (Figure 3C, Supplementary Figure 3C).

On the other hand, MAFB presented binding in thousands of sites in
both DCs and tolDCs at 4h, with stronger signal and peak number in
tolDCs (Figure 3C, Supplementary Figure 3C). Moreover, MAFB DC
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peaks at 4h were highly enriched in the MAFB canonical binding site
(Supplementary Figure 3D) This is consistent with the preexisting
expression of MAFB in MOs, which is downregulated during the MO to
DC differentiation (5). In this regard, the MAFB peak number and signal
in DCs at 24h is minimal in comparison with tolDCs, concordantly to a
very low MAFB expression, and no motif compatible with the canonical
one was found (Figure 3C, Supplementary Figure 3C, Supplementary
Figure 3D).

To distinguish potential specific features of early and late peaks of GR
and MAFB, we classified the tolDC peaks as ‘4h-specific’ (present at 4h
but not at 24h), 24h-specific’ (present at 24h but not at 4h), or
‘continuous’ (present at both times) (Figure 3D and Supplementary Table
3). In both TFs, the subset with the strongest binding was the ‘continuous’
peaks. The binding typically occurred within open chromatin in MOs,
even though some GR and MAFB peaks occurred in low-accessibility
regions (Supplementary Figure 3E).

Whereas GR ‘4h-specific’ and ‘continuous’ peaks were located mainly
in intergenic and intronic regions and were enriched in MO enhancers
and active transcription start sites (TSS), ‘24h-specific’ peaks were most
frequently found in promoters, and were more enriched in active TSS but
not enriched in enhancers (Figure 3E, Supplementary Figure 3D). On the
other hand, no notable differences were described in the location of
MAFB ‘“4h-specific), 24h-specific’, and ‘continuous’ peaks, all of them
being found mostly in intergenic and intronic regions, where they were
enriched in monocyte active TSS and enhancers (Figure 3E,

Supplementary Figure 3D).
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Overall, there were many more MAFB than GR peaks, at 4h and 24h.
Remarkably, GR binding, which was ubiquitously expressed in most cell
types, significantly overlapped with the peaks observed in a panel of 53
GR ChIP-seqs (Supplementary Figure 3G), suggesting a common role of
GR across these cell types.

We also inspected overlapping GR and MAFB peaks, which involved
around half of all the GR peaks (Figure 3F). These GRNMAFB peaks
can be classified into four groups, depending on their temporal association
between TFs: ‘GR first), where GR peaks at 4h, and MAFB peaks at 24h,
but not at 4h; ‘MAFB first), where MAFB peaks at 4h, and GR peaks at
24h, but not at 4h; ‘constant’, where GR and MAFB peaks at both 4 and
24h; and ‘transient) overlapping peaks not included in any of the former
groups (Figure 3G). In general, ‘GR first] ‘constant’ and ‘transient’ peaks
were enriched in GREs. In contrast, ‘MAFB first’ peaks, in which MAFB
is bound before GR, are enriched in ETS family motifs, including PU.1,
and AP-1 motifs, but not MAREs. (Supplementary Figure 3H). All
groups were enriched in MO enhancers and TSSs, except for ‘MAFB
first’ peaks, which were not enriched in enhancers (Supplementary Figure

31).

To address the mechanism of the GC-induced upregulation of MAFB,
we checked the binding of GR around the MAFB promoter. At both 4h
and 24h, GR was bound in an enhancer in MOs whose closest gene was
MAFB. At 24h, GR was also bound to the MAFB gene promoter.
(Figure 3G). This rapid binding, together with the rapid MAFB RNA
and protein upregulation (Figure 3A, Supplementary Figure 3A), suggests
a direct, GR-mediated, mechanism of MAFB regulation.
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Figure 3. Delineation of GR and MAFB binding during DC and tolDC
differentiation. (A) Western blot of glucocorticoid receptor (GR) and MAFB
proteins in cytoplasm and nuclei of DC and tolDC. GAPDH and LaminB proteins
were used as loading controls for cytoplasm and nuclei, respectively. (B)
Immunofluorescence of MAFB in DC and tolDC after 24 h of differentiation.
Fluorescent signal of MAFB (green), actin filaments (Phalloidin, red), nuclei (DATI,
blue) and a composite image with the sum of the three fluorescences are shown. (C)
Average signal in bins per million mapped reads (BPMs) of GR and MAFB binding
in DCs and tolDCs at 4 and 24 h of differentiation, after peak consolidation
between two biological replicates of each condition. (D) Venn diagrams showing GR
and MAFB peaks at 4h, 24h and at both times (continuous). (E) Bar-plot of
genomic features percentages of ‘4 h-specific} ‘24 h-specific’ and ‘continuous’ peaks
of GR and MAFB. (F) Venn diagrams showing GR and MAFB peaks at 4 and 24
h, and the concatenation of the two (total peaks). (G) Heatmap of total peaks with
GR/MAFB overlap (GR[\MAFB). Peaks were classified in ‘GR first’ (GR bound at
4 h and MAFB at 24 h), ‘MAFB first’ (MAFB bound at 4 h and GR at 24 h),
‘Constant’ (GR and MAFB peaks at 4 and 24 h), and “Transient’ (overlapping peaks
not included in any of the former groups). (H) Representation of the GR ChIP-seq
signal (BPMs) close to the MAFB gene. 15-states ChromHMM of MOs in peaks are

depicted in orange. Significant peaks are shown against a grey background.

GR and MAFB binding are correlated with gene
upregulation and DNA demethylation in tolDCs

We measured the association between each ChIP-seq peak and its
nearest gene in order to examine the link between TF binding and gene
expression remodeling. Overall, both MAFB and GR ‘4h-specific’, 24h-
specific} and ‘continuous’ associated genes were more strongly expressed
in tolDC than in DCs, indicating that both TFs may be involved in
upregulating tolDC -specific genes (Figure 4A, Figure 4B). It is notable
that, in both TFs, the most frequently associated subset was the

‘continuous’ associated genes.
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To determine the relationship between TF binding and DNA
methylation, we first profiled the initial methylation state of CpGs
surrounding GR and MAFB peaks, using public whole-genome bisulfite
sequencing data of CD14+ MOs (41). Both TFs bound methylated
regions, even though they were located mainly in non-methylated regions
(Supplementary Figure 4A). However, GR 24h-specific peaks were found
almost exclusively in non-methylated regions, concordantly with its

enrichment in MO active TSS (Supplementary Figure 3F).

We then performed co-immunoprecipitation of TET?2, a key mediator
of active demethylation in myeloid cells, revealing its interaction with both
GR and MAFB (Figure 4C) in tolDCs. In this regard, GR ChIP-seq
signal in tolDCs at both 4h and 24h was found around some CpGs
specifically demethylated in tolDCs (C2 CpGs), with a strong signal
around a small subset of total C2 CpGs (Figure 4D). Moreover, MAFB
signal in tolDCs at both 4h and 24h was found more generally around C2
CpGs. Interestingly, MAFB signal was also present in DC at 4h, at a
lower level than that of tolDCs, but was not present at 24h (Figure 4E).

Cl CpGs were associated with EGR2, among other TFs
(Supplementary Figure 2D), which prompted us to use a public dataset of
EGR2-FLAG ChIP-seq of DCs (7), which revealed a strong signal in Cl
CpGs but not in C2 CpGs (Supplementary Figure 4B). Strikingly, the
EGR2 gene was downregulated in tolDCs (Supplementary Figure 2G),
which may partially explain the blockage of C1 CpG demethylation. In
addition, the genes closest to the EGR2 peaks were more strongly
expressed in DCs, and downregulated in tolDCs, suggesting an
association between a potential loss-of-function of EGR2 in tolDCs and

the specific downregulation of genes (Supplementary Figure 4C).
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We also studied the temporal relation between DNA methylation and
gene expression changes. We selected CpGs with GR and/or MAFB
binding associated with tolDC-induced or tolDC-repressed genes (Figure
4F, Figure 4G, Supplementary Figure 4D, Supplementary Figure 4E,
Supplementary Figure 4F). In some loci, DNA demethylation was
concomitant with or preceded gene upregulation (Figure 4H). However,
there were also examples where gene upregulation clearly anticipated

DNA demethylation (Supplementary Figure 4G).

MAFB downregulation reverts dexamethasone-induced
expression and DNA methylation remodeling, damping the
tolerogenic phenotype of tolDCs

Given the association between MAFB binding, gene upregulation and
DNA demethylation in tolDCs, we performed MAFB knockdown, using
small-interfering RNAs (siRNAs) targeted against MAFB (siMAFB) or
non-targeting (siCTL). Under our conditions, we achieved around 75%
transfection efficiency (Supplementary Figure 5A), more than 50% RNA
reduction (Supplementary Figure 5B) and a drastic decrease in MAFB
protein (Supplementary Figure 5C).

Gene expression profiling of tolDCs transfected with siMAFB or
siCTL was performed by RNA-seq, obtaining 222 downregulated genes
and 259 upregulated genes (FDR < 0.05, logFC > 0.5) (Figure 5A and
Supplementary Table 4). Among the downregulated genes, relevant
tolDC-induced genes were found, including RNASE/I, CCLIS, LGMN,
MERTK, IL10, IFI73 and SLCOZ2B/. Moreover, the upregulated genes
included tolDC-repressed genes such as GP7, CDIC, TNF, EGRZ,
CSF2RB, CDIB and FLT3.
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Figure 4. Integration of GR and MAFB binding with DNA methylation and
gene expression changes in tolDCs. (A) Gene set enrichment analysis (GSEA) of
tolDC vs. DC, with the genes closest to GR ‘continuous’, ‘4h-specific’ and ‘24h-
specific’ peaks. The running enrichment score is presented with the normalized
enrichment score (NES) is shown above (FDR < 0.01). (B) Gene set enrichment
analysis (GSEA) of tolDC vs. DC, with the genes closest to the top500 MAFB
‘continuous), ‘4h-specific’ and ‘24h-specific’ peaks (500 peaks with the highest joint
p-value). The running enrichment score is represented in the y-axis and the
normalized enrichment score (NES) is shown above (FDR < 0.01). (C) Western blot
of the co-immunoprecipitation of TET2, showing the signal of MAFB, GR and
TET?2 proteins. On the right, the image signal quantifications of 3 independent
western blots are shown for each protein. P-values of paired t-tests are shown (n=3) (*
p < 0.05 ** p < 0.01) (D-E) Heatmaps of the GR and MAFB ChIP-seq signal
(BPMs) around Cl- and C2-CpGs in DCs and tolDCs at 4 h and 24 h of
differentiation. (F-G) Representation of the GR and MAFB ChIP-seq signal
(BPMs) close to the STAH2 and CIQB genes. 15-state ChromHMM of MOs in
peaks are depicted in orange. Significant peaks are shown against a grey background.
(H) SIAH2 and ClQB time-course gene expression obtained from gqRT-PCR
(relative arbitrary units) (n=3) and DNA methylation (B-values) of associated
differentially methylated CpGs obtained from pyrosequencing (n=3). P-values of
paired t-tests are shown (n=3) (* p < 0.05 ** p < 0.01, *** p < 0.001).

GO Biological Process overrepresented categories in siMAFB-
downregulated genes included terms such as ‘monocyte chemotaxis)
‘regulation of tolerance induction’ and ‘negative regulation of interferon-
gamma production’ (Supplementary Figure 5D). Furthermore, among
siMAFB-upregulated genes, terms such as antigen processing and
presentation via MHC class Ib, positive regulation of leukocyte-mediated
immunity and leukocyte  differentiation were over-represented

(Supplementary Figure SE).

In this regard, tolDC-induced genes were, in general, significantly

downregulated with the MAFB siRNA, whereas tolDC-repressed genes
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were upregulated (Figure 5B). Moreover, genes associated with MAFB
‘continuous’ and ‘4h-specific’ ChIP-seq peaks were linked to siMAFB
downregulation, whereas those GR peaks were not related to

downregulation or upregulation (Supplementary Figure SF).

We then tested the effect of MAFB downregulation on the
differentially methylated CpGs. CpGs specifically demethylated in tolDCs
(C2 CpGs) were more methylated in tolDC when MAFB was
downregulated, confirming the role of MAFB in the tolDC demethylation
process (Figure 5C). In contrast, no differences were observed in Cl
CpGs, corresponding to the absence of MAREs in the -cluster
(Supplementary Figure 2B) and the weaker signal of MAFB in the ChIP-
seq (Figure 4D). Based on their overlap with MAFB and GR ChIP-seq
peaks, C2 CpGs were then divided into three groups: MAFB-specific,
GR/MAFB, and GR-specific CpGs. In siMAFB-treated tolDCs,
MAFB-specific and GR/MAFB CpGs were more methylated, whereas
GR-specific CpGs were not affected by MAFB inhibition (Figure 5D).
This suggests that both MAFB and GR can direct demethylation to C2
CpGs, consistent with their interaction with TET2.

Surface markers CDI14, CD16, and CD163 were significantly reduced
in tolDCs with the MAFB inhibition (Figure SE), providing evidence of
the functional role of MAFB in the tolerogenic phenotype.

Moreover, the inhibition of MAFB also reduced IL.-10 production at
steady-state and after stimulation of the cells with LPS. TNFa production
in stimulated cells was significantly higher in siMAFB-treated tolDCs,
showing that MAFB inhibition not only reduced the tolerogenic features
of tolDCs but also boosted an increase in some proinflammatory traits,

concordantly with RNA-seq data (Figure 5F).
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Figure 5. Effects of MAFB knockdown during tolDC differentiation. (A)
Voleano plot comparing tolDCs treated with control siRNA (siCTL) and MAFB
siRNA (siMAFB). Dashed lines indicate significance thresholds (FDR < 0.05,
absolute logFC > 0.5) (n=4). tolDC-induced and tolDC-repressed genes are shown in
blue and orange, respectively. (B) Gene set enrichment analysis (GSEA) of tolDCs
(siCTL) vs. tolDCs (siMAFB), using tolDC-induced and tolDC-repressed gene sets.
The running enrichment score is represented and the normalized enrichment score
(NES) is shown above (FDR < 0.01). (C) DNA methylation heatmap of previously
obtained differentially methylated CpGs (Cl-CpGs and C2-CpGs) in tolDCs
(siCTL) and tolDCs (siMAFB). Scaled B-values are shown (lower DNA methylation
levels in blue and higher methylation levels in red). On the right side, violin plots of
Cluster 1 (C1) and Cluster 2 (C2) depict B-values (n=4) (ns p > 0.05, *** p < 0.001).
(D) Methylated CpG set enrichment analysis (nCSEA) of tolDCs (siCTL) vs.
tolDCs (siMAFB), using MAFB-only CpGs, GR/MAFB CpGs and GR-only CpGs
as CpG-sets (depending on the overlap of CpGs with GR or MAFB peaks). The
running enrichment score is represented and the normalized enrichment score (NES)
and FDR are shown above. (E) Box-plots of median fluorescence intensity (MFI) of
CD14, CD16, CD163 and CDla flow cytometry data from DCs (siCTL), tolDCs
(siCTL) and tolDCs (siMAFB) (n = 7) (ns p > 0.05, * p < 0.05, ** p = 0.01). (F) Box-
plots of supernatant concentration from DCs (siCTL), tolDCs (siCTL) and tolDCs
(siMAFB) (n = 7) of IL-10 in steady-state and stimulated conditions (LLPS 10 ng/pL
and IFNy 20 ng/pL) and IL-12p70 and TNFa under stimulated conditions
(pg/mL). TNFa and I1.-12p70 in steady state were not detected. (ns p > 0.05, * p <
0.05, ** p = 0.01) (G) DC (siCTL), tolDC (siCTL) and tolDC (siMAFB) were
cocultured with CD8+ cells for 5 days (n = 4). The final CFSE signal of CD8+ cells
is shown (left panel). CD8+ with only CD3/CD28 T-activator beads (C+) or alone
(C-) are also shown. On the right panel, the average proliferation of the quadruplicate
is shown (mean = standard error of the mean (SEM)) (** p < 0.01, *** p < 0.001).

Consequently, the suppression of CD8+ T cell proliferation, a main
feature of tolDC, was reduced with the MAFB inhibition (Figure 5G).
Overall, these data indicate that MAFB is a key player in the acquisition
of tolDC tolerogenesis, and in the transcriptomic and epigenomic events

driving that phenotype.
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Glucocorticoids skew an MAFB-associated, monocyte-
derived cell differentiation program in rheumatoid arthritis
joints
In vitro tolDCs and DCs derived from MOs resembled 77 vivo cell
types, moMACs and moDCs, respectively (Figure 1H). We therefore
performed single-cell RNA-seq from unsorted cells of the synovium of
rheumatoid arthritis (RA) joints from one patient treated with GCs and
one treatment-naive patient with a similar histology type and synovitis
score to further explore the 7z vivo effects of GCs in monocyte-derived

cell populations.

From the total single-cell transcriptomes, we exclusively selected
putative MOs and MO-derived cells, based on the expression of CD/4,
S100A9, and MRCI (2), and the absence of 7HYI, CD248, CDZ27,
{GHN, CD3G, CD3E, CD34, KLRDI and NKG/ expression
(Supplementary Figure 6A-C). Clustering of these cells yielded five
distinct subpopulations. We then excluded clusters containing fewer than
50 cells and annotated the three remaining clusters as M1, M2 and M3
(Figure 6A).

Looking at the gene markers with a high level of expression in each
group, we found some monocytic and proinflammatory genes, such as
VCAN, LYZ, SI00A8, S100A9 and ILIB, in the M1 -cluster,
macrophagic markers (C1QB, FCGR3A, CD163, RNASEI and FOLLR2)
in the M2 cluster, and dendritic cell-related markers (FCER1A, TRF4,
CDIC, CCR7 and CCL17) in the M3 cluster (Figure 6B).

In addition, module scores of blood CD14*MO, mo-MAC and mo-
DC signatures displayed an increased signal in M1, M2 and M3 clusters,
respectively (Figure 6C).
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We then analyzed the relative proportions of clusters in the treatment-
naive and the GC-treated patient joints. In the GC-treated patient joints,
M1 and M3 clusters were depleted, whereas the M2 cluster was increased
(Figure 6D). In this regard, when M1, M2 and M3 clusters expression
were analyzed in bulk, GC-upregulated genes were more expressed in 77
vitro tolDCs and downregulated with the MAFB siRNA (Figure 6E).

Moreover, iz vitro tolDC-induced genes presented a higher level of
expression in the M2 cluster, whereas tolDC-repressed genes were more
strongly expressed in M3 (Figure 6F). Furthermore, the module scores of
the genes associated with MAFB ‘continuous’ ChIP-seq peaks and the
siMAFB-downregulated genes for each cluster showed an increased signal
in the M2 cluster for both modules (Figure 6G), and MAFB is more
expressed in the M2 than the M1 and M3 clusters (Supplementary Figure
6D), supporting the involvement of MAFB in the transcriptomic signature
of the M2 cluster.
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Figure 6. /n vivo effects of glucocorticoid treatment in myeloid cells from RA
synovium. (A) UMAP of putative monocyte-derived clusters from synovial tissues
identified in the scRNA-seq analysis. A total of one treatment-naive and one GC-
treated RA patient is shown in the UMAP. (B) Heatmap of the top 20 genes most
differentially expressed from the M1, M2 and M3 clusters. Relevant cluster markers
and the total number of genes identified in each cluster are shown. (C) UMAP
heatmap of module scores of gene sets associated with blood CD14" cells, mo-MACs
and mo-DCs (67). (D) UMAP is divided depending on the treatment of RA patients
(treatment-naive or GC-treated). In the right panel, proportions of each cluster in
each group are shown. (E) Gene set enrichment analysis (GSEA) of tolDCs vs. DCs
and tolDCs (siCTL) vs. tolDCs (siMAFB), using the genes upregulated with
glucocorticoids in M1, M2 and M3 cluster cells from patients as the gene set. The
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running enrichment score is represented and the normalized enrichment score (NES)
is shown above (FDR < 0.01). (F) UMAP heatmap of module scores of tolDC-
induced and tolDC-repressed genes. (G) Violin plots of module scores of genes
associated with MAFB ‘continuous’ peaks and siMAFB-downregulated genes in the
M1, M2 and M3 clusters (**** p = 0.0001).

Discussion

In this study, we demonstrate a fundamental role for MAFB, in
combination with GR, in the acquisition of glucocorticoid-mediated
tolerogenesis by tolDCs. We show a coordinated action of MAFB and
GR in their binding to genomic sites, DNA methylation and gene
expression changes, which lead to the establishment of a tolerogenic
phenotype, in which MAFB plays a predominant role. This major role for
MAFB is confirmed #z vivo, by examining single-cell data from the

synovium of rheumatoid arthritis patients treated with GC.

GR, as a ubiquitously expressed nuclear factor, is distributed
fundamentally in the cytoplasm of cells, untili GCs induce a
conformational change and promote its translocation to the nucleus and
binding to the genome in a matter of minutes(52). This, together with the
previously described pioneer capacity of GR(53), suggested a direct and
major role in the acquisition of the tolDC phenotype and methylome. On
the other hand, MAFB has been previously linked to MO differentiation
(10) and the M2 macrophage phenotype (9). Strikingly, we show that GR
has an important but limited direct role in this context, given that its
binding occurs in a few hundred genomic loci and is associated with a
small fraction of the epigenomic and transcriptomic remodeling produced.
Instead, after the glucocorticoid stimulus, GR binds to an enhancer close

to MAFB, and the upregulation of the gene is observed after as little as 1h
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of differentiation, pointing to a direct, GR-mediated regulation
mechanism. MAFB, in turn, binds thousands of genomic loci in tolDCs,
and is involved not only in DNA demethylation and gene upregulation,
but also in the acquisition of the tolerogenic phenotype, as demonstrated
by its knockdown. In this regard, MAFB acts as a surrogate to induce
tolerogenesis in DCs on behalf of GR.

MAFB is a known downstream target of the I1.-10/STAT3 signaling
pathway(54), and additional evidence of the major role of MAFB in our
model comes from the finding that 7z vizro DC-10 (tolDCs generated with
I1-10) present upregulation of MAFB target genes and C2 CpG-

associated genes, despite the absence of active GR.

A central question about GR biology has been how a TF that is
ubiquitously expressed across most tissues can have different cell-type-
specific functions(55-57). Chromatin accessibility has been described as
pre-determining GR binding and shaping its differential binding across
various cell types (58). Our data also indicate a preference for GR to bind
preexisting open chromatin. However, we found a significant overlap of
tolDC GR peaks across very different cell lines. Our findings support that,
upon GC exposure, MAFB confers the cell type specificity required to
acquire the tolerogenic phenotype of DCs.

DNA methylation (5SmC) is generally considered a repressive
epigenetic mark that is associated with gene downregulation(59). TET2,
the most strongly expressed TET in MOs, has been linked to active
demethylation events in these cells in several terminal myeloid
differentiation models (68, 60). We prove that GR and MAFB both
interact with TET2 in tolDCs, indicating that the demethylation process
is probably triggered by MAFB- or GR-driven TET2 recruitment.

89



However, we cannot rule out the possibility that other TET proteins are

involved.

DNA methylation changes occurring during the MO-to-tolDC
differentiation is potentially both a cause and a consequence of the
reshaping of gene expression. Some examples show that DNA
demethylation can precede gene upregulation, or can occur at the same
time (STAH2, C1QB), whereas other genes, such as CD163 and ETS2,
present a noticeable gene upregulation before DNA demethylation, as
shown in other immune contexts(61). The functional role of the latter is
enigmatic. Increasing evidence suggests that active demethylation
intermediates, such as 5ShmC, may be epigenetic marks with regulatory
functions (62). DNA demethylation could also have a role later on,
stabilizing the phenotype or fine-tuning the immune response after
successive inflammatory stimuli. This is compatible with /Z/0 gene
behavior; whereby dexamethasone-mediated demethylation precedes a

higher level of production of IL.-10 after an inflammatory stimulus.

The transcriptome of GM-CSE/IL-4 DCs is very similar to the i vivo
mo-DCs described in ascitic and synovial fluids (5). Intriguingly, tolDCs
are more similar to 7 vivo moMACs and to #z vitro M2 macrophages.
MAFB upregulation is a hallmark of these three cell types. Several studies
have produced evidence to suggest that there is a macrophagic phenotype
of dexamethasone-treated monocytes, and that an increase of phagocytosis
is a typical feature of tolDCs (63, 64). Here, we show that glucocorticoids
skew MO-to-DC differentiation through MAFB, resembling an iz vivo
cell type. In this regard, we have shown depletion of cells with an
expression pattern similar to moDCs and an increase of cells similar to

moMACs in RA patients treated with GCs. Since 7z vivo moDCs are
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involved in the pathogenesis of several inflammatory diseases (3, 635, 66),
the GC-mediated remodeling of monocyte-derived populations in the
synovium could be a significant process that modifies their proportions
and modulates the inflammation produced by monocyte-derived cells in
tissues. However, given the limited number of RA samples included in this
study, the 272 vivo effects of GC treatment in MO differentiation should be

further explored in follow up studies with a more clinical perspective.

Our results shed light on the regulatory mechanisms of GC-induced
tolDC differentiation, identifying the critical role of MAFB, which takes
over GR to fulfil the main roles of tolerogenesis induction. We have
described a new mechanism of action of GCs in MOs, consisting of
MAFB induction, overriding the MO-to-DC differentiation program,
rendering macrophage-like tolerogenic cells. Moreover, in MO-derived
cells from synovial tissues, we have also shown a concordant GC-mediated
depletion of mo-DCs and an increase of mo-MACs. By improving the
understanding of the molecular mechanisms underlying the tolDC
generation mediated by GCs and the effects of GCs in MOs % vivo, our
results can provide insights to enhance the 7z vitro generation of tolDCs

and to create more specific anti-inflammatory therapies.
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Supplementary Figure 1. (A) IL-10 and ILI-B production of DCs and tolDCs,
after 6 days of differentiation. IL-12p70 and TNFa were not detected. P-values of
paired-samples t-tests are shown (* p = 0.05). (B) Surface markers of DCs and

tolDCs. Histograms of fluorescent signals are shown. Signals of negative controls are

shown in grey. (C) Principal component analysis (PCA) of gene expression. Principal

component 1 and principal component 2 are represented in the x- and y-axis,

respectively. (D) Gene ontology (GO) over-representation of GO Biological Process
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categories. Magnitude of change of tolDC downregulated genes over background
(fold change, FC) and -loglO(FDR) of the Fisher’s exact tests are shown. (E-F) Gene
set enrichment analysis (GSEA) of tolDCs vs. DCs, using gene sets obtained from
previous studies (4,20,21) and MSigDB Hallmarks. The running enrichment score is
represented and the normalized enrichment score (NES) is shown above (FDR <
0.01). (G) Factor of change of DC and tolDC expression (with respect to MO) of
some examples of GR target genes, calculated from fluorescence values of expression
arrays (n=3) (H) Gene set enrichment analysis (GSEA) of tolDCs vs. DCs, using
genes downregulated with an siRNA of MAFB in a public dataset (§).
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Supplementary Figure 2. (A) Principal component analysis (PCA) of
differentially methylated CpGs when comparing MOs, DCs and tolDCs. Principal
components 1 and 2 are represented on the x- and y-axis, respectively. (B) DNA
methylation heatmap of differentially methylated CpGs comparing MOs, DCs and
tolDCs pairwise (AB- = 0.2, FDR < 0.05). Scaled B-values are shown (lower and
higher DNA methylation levels in blue and red, respectively) (n=4). (C) Enrichment
of Cl- and C2-CpGs in ChromHMM 15-state categories of MOs (Roadmap
Epigenomics Project). Odds ratio over background from Fisher’s exact test and
significance is shown for each category. Bubble sizes are determined by the
percentage of CpGs overlapping each ChromMHM category. (D) Bubble scatter-plot
of TF-binding motif enrichment for C1 CpGs. The x-axis shows the percentage of
windows containing the motif and the y-axis shows the fold enrichment of the motif
over the EPIC background. Bubbles are colored according to the TF family. FDR is
indicated by bubble size. (E) GO (Gene Ontology) over-represented categories in C1
CpGs. The fold change in comparison with background (EPIC array CpGs) and -
loglO(FDR) are represented. (F) Violin plots of DNA methylation (B-values) of C1
and C2 CpGs in CDI14* MOs, M1 macrophages (GM-CSF) and M2 macrophages
(M-CSEF). (**** p = 0.0001) (G) The fold change of DC and tolDC expression (with
respect to MO) of some examples of C1 CpG-associated genes are shown, calculated
from fluorescence values of expression arrays (n=3). DNAmethylation (B-values) of
examples of associated CpGs is represented below each gene (n=4) (H) Gene set
enrichment analysis (GSEA) of mature DCs (mDCs) vs. mature tolDCs (mtolDCs)
produced with several drugs (GSE40484, GSE117947), using C2 CpGs associated
genes and MAFB positively regulated genes as gene sets. The normalized
enrichment scores (NES) and significance (FDR < 0.01) are depicted for each gene
set.
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Supplementary Figure 3. (A) MAFB gene expression of DCs and tolDCs from 0
to 144 h of differentiation. AACt values of real-time quantitative polymerase chain
reaction (RT-qPCR) are shown (n=3) (* p < 0.05, ** p <= 0.01, *** p <= 0.001). (B)
Similarity of the most frequently represented motif of tolDC GR and MAFB peaks
with the respective canonical motifs. P-values and Pearson's correlation coefficients
(Score) are shown. (C) Number of peaks obtained in DCs and tolDC GR and
MAFB ChIP-seqs after peak-calling and consolidation of biological duplicates. (D)
Similarity of the most frequently represented motif of DC MAFB peaks with the
respective canonical motif. P-values and Pearson's correlation coefficients (Score) are
shown. DC MAFB 24h motif is not similar to the MAFB canonical motif (p-value
0.98). (E) Heatmap of GR and MAFB ‘continuous), “4h-specific’ and ‘24h-specific’
ChIP-seq peaks at 4h and 24h of differentiation. The DNase-seq signal of CD14*
MOs in these regions is also shown. (F) Enrichment of GR and MAFB ‘continuous),
‘4h-specific’ and ‘24h-specific’ peaks in ChromHMM 15-state categories of MOs
(Roadmap Epigenomics Project). Odds ratio over background from Fisher’s exact
test and significance is shown for each category. Bubble sizes are determined by the
percentage of CpGs overlapping each ChromMHM category. (G) Heatmap of the
overlap of tolDC GR peaks across 54 datasets of public GR ChIP-seqs. Not-
overlapped and overlapped peaks are shown in grey and purple, respectively. The
overall enrichment (odds ratio) and the percentage of overlapped peaks are depicted
in two different heatmaps (green and orange, respectively). (H) Bubble scatterplot of
TF binding motif enrichment in the GRNMAFB peaks, including ‘GR first}
‘MAFB first) ‘Constant’ and “Iransient’ peaks. The x-axis shows the percentage of
windows containing the motif and the y-axis shows the fold enrichment of the motif
over the EPIC background. Bubbles are coloured according to the TF family. FDR
is indicated by bubble size. (I) Enrichment of ‘GR first), ‘MAFB first}, ‘Constant’ and
‘Transient’ peaks in ChromHMM 15-states categories of MOs (Roadmap
Epigenomics Project). Odds ratio over background from Fisher’s exact test and
significance is shown for each category. Bubble sizes are determined by the

percentage of CpGs overlapping each ChromMHM category.
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Supplementary Figure 4. (A) Proportions of DNA methylation state of GR and
MAFB ‘continuous’ ‘“4h-specific’ and ‘24h-specific’ peaks. Only CpGs flanking (+
250 bp) or overlapping ChIP-seq peaks are considered. (B) Heatmap of the EGR2
ChIP-seq signal across Cl and C2 CpGs (6). (C) Gene set enrichment analysis
(GSEA) of tolDC vs. DC, with the genes closest to the top 500 EGR2 peaks (D-F)
Representation of the GR and MAFB ChIP-seq signal (BPMs) close to the CD163,
ETS2 and EGR2 genes. 15-state ChromHMM of MOs in peaks are depicted in
orange. Significant peaks are shown against a grey background. (G) CD163, ETS2
and EGR2 time-course gene expression, obtained from qRT-PCR (relative arbitrary
units) (n=3) and DNA methylation (B-values) of associated differentially methylated
CpGs obtained from bisulfite pyrosequencing (n=3).
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Supplementary Figure 5. (A) Bar-plot of the siRNA transfection efficiency,
measured by flow cytometry with a fluorescent siRNA (n=4). (B) RT-qPCR of
MAFB showing downregulation of the gene with the siRNA (n=3) (** p <= 0.01).
(C) Western blot of MAFB in cells treated with siMAFB or siCTL. On the right,
the image signal quantification ratios (MAFB / LaminBl) are depicted. P-values of
paired t-tests are shown (n=2) (* p < 0.05) (D-E) Gene Ontology (GO) over-
representation of GO Biological Process categories in tolDC (siMAFB)
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downregulated and upregulated genes. Fold change of genes over background and -
loglO(FDR) of the Fisher’s exact tests are shown. (F) Gene set enrichment analysis
(GSEA) of tolDCs (siCTL) wvs. tolDCs (siMAFB), using the MAFB and GR
‘continuous’, ‘4h-specific’ and ‘24h-specific’ top 500 associated genes. The
normalized enrichment scores (NES) and significance (FDR < 0.01) are depicted for

each gene set.
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Supplementary Figure 6. (A) UMAP of all cells from synovial tissues identified
in the scRNA-seq analysis. In the right panel, the proposed annotation for each
cluster is shown. (B) Violin plots of positive gene markers used to select putative
monocyte/monocyte-derived cells. (C) Violin plots of negative gene markers used to
select, by exclusion, monocyte/monocyte-derived cells. (D) Violin plot of MAFB
mRNA expression in the M1, M2 and M3 clusters (**** p < 0.0001).
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Abstract

Microbial challenges, such as widespread bacterial infection in sepsis,
induce endotoxin tolerance, a state of hyporesponsiveness to subsequent
infections. The participation of DNA methylation in this process is poorly
known. In this study, we perform integrated analysis of DNA methylation
and transcriptional changes following 7z vitro exposure to gram-negative
bacterial lipopolysaccharide, together with analysis of ex vivo monocytes
from septic patients. We identify TET2-mediated demethylation and
transcriptional activation of inflammation-related genes that is specific to
toll-like receptor stimulation. Changes also involve phosphorylation of
STATI, STAT3 and STATS5, elements of the JAK2 pathway. JAK2
pathway inhibition impairs the activation of tolerized genes on the first
encounter with lipopolysaccharide. We then confirm the implication of the
JAK2-STAT pathway in the aberrant DNA methylome of patients with
sepsis caused by gram-negative bacteria. Finally, JAK2 inhibition in
monocytes partially recapitulates the expression changes produced in the
immunosuppressive cellular state acquired by monocytes from gram-
negative sepsis, as described by single cell-RNA-sequencing. Our study
evidences both the crucial role the JAK2-STAT pathway in epigenetic
regulation and initial response of the tolerized genes to gram-negative
bacterial endotoxins and provides a pharmacological target to prevent

exacerbated responses.
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Introduction

Organisms are steadily exposed to threats from other species. Innate
immune cells are the first line of host defense against invading pathogens.
They activate the adaptive immune system to restore homeostasis and
remove the infection (1). In innate immune cells, recognition of pathogen-
associated molecular patterns (PAMDPs) activates toll-like receptors
(TLRs), triggering robust inflammatory responses (2). Different
mammalian TLRs recognize distinet microbial ligands. For instance,
Gram-negative bacterial lipopolysaccharide (LPS) specifically activates
TLR4, while Pam3Cys-Ser-Lys4 (P3C), a synthetic analog of the
triacylated N-terminal part of bacterial lipoproteins, binds TLR2.

TLR2/4 signaling, inflammatory-related transcription factors such as
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
activator protein 1 (AP-1) and interferon regulatory factors (IRFs) are
activated (3,4). Moreover, as a consequence of the autocrine or paracrine
activation of cytokine receptors such as interferon receptors, Janus kinases
(JAKS) are, in turn, activated, which leads to the phosphorylation and
recruitment of members of the signal transducer and activator of
transcription (STAT) protein family. Phosphorylated STAT dimers are
then translocated to the nucleus, where they bind to specific DNA
sequences and initiate gene transcription (5). JAK/STAT activation is
tightly regulated by members of the suppressors of cytokine signaling
(SOCS) protein family, protein inhibitors of activated STATs (PIAS) and
protein tyrosine phosphatases (PTDs) (6).

Monocytes and macrophages are highly plastic innate immune cells
involved in phagocytosis and cytokine release. After stimulation,

monocytes, being key mediators of the initial immune response, rapidly
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migrate to tissues (7). Monocytes and macrophages develop endotoxin
tolerance, a state of hyporesponsiveness following a first challenge with
microbial ligands (8). Tolerant cells show an altered immune response,
characterized by lower production of pro-inflammatory cytokines (TNFa,
I1-6, IL-1B, etc) and higher levels of anti-inflammatory cytokines (IL-10,
TGFB, ete.) (9). Downregulation of major histocompatibility complex
(MHC) class II molecules under endotoxin tolerance has also been
observed (10). This immunosuppressive state can be achieved under
pathological conditions, such as the state following a sepsis episode. Sepsis
is characterized by a dysregulated inflammatory response driven by an
infection. It is a potentially lethal disease, and, in particular, a major cause
of death in intensive care units (11). Peripheral blood mononuclear cells
(PBMCs) from patients with sepsis exposed ex vivo to LPS, express lower
levels of TNFa, I1.-6 and IL-1f compared with controls (12) and
upregulated levels of IT.-10 (13).

Exposure to LPS and other bacterial antigens results in epigenetic
remodeling. For instance, LPS-treated murine monocytes display a group
of tolerized genes with reduced gene expression and active histone marks
after a second stimulus in comparison with untreated monocytes (14).
Moreover, LPS-treated human monocytes show reduced levels of histone
H3K27ac and H3K4mel at promoters and enhancers of phagocytic and
lipid metabolism genes(15). In addition, genome-wide analyses in human
macrophages showed specific epigenetic signatures in H3K4me3,
H3K27Ac¢ and H3K4mel histone marks for LPS tolerant cells (16).
Studies in human monocytic THP-1 cells also revealed that H3K9
dimethylation of the promoters of the TNFo and IL-1f genes is

responsible for their silencing during endotoxin tolerance (17). In fact, the
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histone H3K9 methyltransferase G9a, combined with HP1 and DNA

methylation machinery, regulates TNFa gene expression (18).

Understanding the molecular and cellular mechanisms by which TLR
stimulation with bacterial endotoxins results in the acquisition of tolerance
could have clinical applications in new biomarkers or promising therapies.
DNA methylation is potentially relevant following TLR stimulation, given
its importance in monocyte/macrophage biology(19,20) and its relative
stability compared with other epigenetic marks. Recently, specific DNA
methylation changes were found in monocytes from patients with sepsis
associated with several clinical factors and functional features, supporting
their relevance to the monocyte response to bacterial molecules and the

course of the disease (21).

In this study, we integrate DNA methylation and transcriptome
changes following 7z vitro exposure to bacterial LPS, which leads to
endotoxin tolerance. We report a negative correlation between the two
processes and a temporal sequence in relation to accessibility and active
histone marks gains. Moreover, we show that JAK2-mediated pathways
have a critical role in establishing the LPS-driven transcriptome and
methylome remodeling, most probably due to engagement of the IFNyR
upon autocrine/paracrine IFNy release, secondary to LPS activation,
establishing a potential link with the regulation of genes that become
tolerized. Our data on monocytes isolated from patients with sepsis
indicate that JAK2-STAT pathway-associated methylation and expression
alterations are relevant to patients infected with gram-negative bacteria,
and that the pharmacological activation of this pathway could improve the
regulated expression of genes that become tolerized, providing a potential

target to modulate their inflammatory response.
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Materials and methods

Human samples

We selected and diagnosed patients with sepsis based on the criteria of
the Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3) (22). For each patient, we calculated the Sequential
[Sepsis-related] Organ Failure Assessment (SOFA) score. The study
included 5 patients (1 male and 4 females) with bacterial infections with
SOFA scores ranging from 2 to 8 and 6 healthy donors (2 male and 4
females). Both patients and healthy donors were obtained at the Intensive
Care Unit and Immunology Service of Vall d'Hebron University Hospital.
Blood samples from patients were collected within 12 h of sepsis
diagnosis, which was confirmed using clinical and analytical data. The
Committee for Human Subjects of Vall d’Hebron University Hospital (PR
(ATR)122/2019) approved the study, which was conducted in accordance
with the ethical guidelines of the 1975 Declaration of Helsinki. All
samples were collected and processed in compliance with the guidelines
approved by the local ethics committee. All participants (patients with
sepsis and healthy controls) received oral and written information about
the possibility that their blood would be used for research purposes before

they gave their signed informed consent.

CD14+ monocytes purification and culture

For in vitro experiments, we obtained buffy coats from anonymous
donors via the Catalan Blood and Tissue Bank (CBTB). The CBTB
follows the principles of the World Medical Association (WMA)
Declaration of Helsinki. Before providing blood samples, all donors
received detailed oral and written information and signed a consent form

at the CBTB. PBMCs were isolated by density-gradient centrifugation
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using lymphocyte-isolation solution (Rafer, Zaragoza, Spain). Pure
monocytes (MO) were then isolated from PBMCs by positive selection
with magnetic CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). The purity was verified by flow cytometry, obtaining more than
96% of CD14" cells. Purified monocytes were resuspended in Roswell
Park Memorial Institute (RPMI) Medium 1640 + GlutaMAX™ (Gibco,
Thermofisher) containing 10% human pooled serum (One ILambda,
ThermoFisher Scientific Brand, West Hills CA, USA), 100 units/mL
penicillin, and 100 mg/mL. streptomycin. Monocytes were untreated
(control), or treated with lipopolysaccharide (LPS) (10 ng/ml from Z. coli
O111:B4, Sigma-Aldrich, Darmstadt, Germany), and 10 pg/ml Pam3Cys
(P3C) (InvivoGen San Diego, CA, USA). After 24 hours, monocytes were
washed and left to rest for 3 days in medium supplemented with human
pooled serum. Cells were then re-stimulated with L.PS (10 ng/ml) and
after 1 day, pelleted cells and supernatants were collected and stored until

use.

For JAK2 inhibition of LPS monocytes (LPS+{JAK2 monocytes),
cells were grown under the same conditions as mentioned above, and in
the presence of fedratinib 500 nM (formerly known as TG101348, Santa

Cruz Biotechnology), unless a different concentration is indicated.

Transfection of primary human monocytes
We used ON-TARGETplus siRNAs (GE Healthcare Dharmacon)
against TET?2 to perform knockdown experiments in monocytes. We also
used ON-TARGETplus Non-targeting Control Pool as a negative control.
CDl14+ monocytes were transfected with siRNAs (100nM) using
Lipofectamine 3000 Reagent. siRNAs were added 24h before the first

stimulus and then, we performed stimulation experiments as mentioned
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above. Finally, the levels of the target genes were examined by qRT-PCR
at day 4.

Cytokine measurements

The cytokines levels were measured from the cell culture supernatants
using an enzyme-linked immunosorbent assay (ELISA), according to the
manufacturer’s instructions (BioLegend, San Diego, CA, USA). In
addition, the Pre-defined Human Inflammatory Panel LegendPlex™
(BioLegend) was used for the simultaneous analysis of 13 cytokines
(CCL2, IFN-a2, IFN-y, IL-1B, IL-6, IL-8, I1-10, I1.-12p70, IL-17A, IL-
18, 11.-23, I1.-33, and TNFa) related to inflammation in the same samples,

in accordance with the manufacturer’s instructions.

DNA methylation profiling and pyrosequencing

Infinium MethylationEPIC BeadChip (Illumina, Inc., San Diego, CA,
USA) arrays were used to analyze DNA methylation. This platform allows
over 850,000 methylation sites per sample to be interrogated at single-
nucleotide resolution, and covers 99% of reference sequence (RefSeq)
genes. The samples were bisulfite-converted using EZ DNA Methylation-
Gold™ Kit (Zymo Research, CA, USA) and were hybridized in the array

following the manufacturer’s instructions.

Each methylation data point was obtained from a combination of the
Cy3 and Cy5 fluorescent intensities from the M (methylated) and U
(unmethylated) alleles. For representation and further analysis, we used
beta (B) and M values. The B value is the ratio of the methylated probe
intensity to the overall intensity (the sum of the methylated and
unmethylated probe intensities). The M value is calculated as the log, ratio
of the intensities of the methylated versus unmethylated probe. B values

were used to derive heatmaps and to compare DNA methylation
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percentages from bisulfite-pyrosequencing experiments. For statistical
purposes, the use of M values is more appropriate, because their degree of

homoscedasticity fits better with linear model assumptions.

Bisulfite pyrosequencing was used to validate CpG methylation
changes. DNA was isolated using a Maxwell® RSC Cultured Cells DNA
Kit (Promega). Bisulfite modification of genomic DNA isolated from
monocytes was performed using an EZ DNA Methylation-Gold™ Kit
(Zymo Research), following the manufacturer’s protocol. Primers for PCR
amplification and sequencing were designed with PyroMark® Assay
Design 2.0 software (QIAGEN, Hilden, Germany). PCRs were
performed with the IMMOLASE™ DNA polymerase PCR kit (Bioline),
and the success of amplification was assessed by agarose gel
electrophoresis. PCR products were pyrosequenced with the Pyromark
Q24 system (QIAGEN).

Quality control, data normalization, and detection of
differentially methylated CpGs
Methylation array data were processed with the statistical language R
using methods from the Bioconductor packages minfi, and limma. Data
quality was assessed using the standard pipeline from shinyepico (23) and
minfi packages (24). The data were Illumina-normalized, and beta and M
values were then calculated. We excluded CpGs with overlapping SNDPs.
M values were used to build a linear model using the limma package in R,

including the donor as a covariable.

In this study, we considered a CpG to be differentially methylated
when the FDR is lower than 0.05. For representation purposes, beta-

values are batch-corrected with the removeBatchEffect function of the
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limma package, using the same covariables of the linear model, when it is

indicated in the figure legend.

RNA purification and RNA-seq analysis
Total RNA of uncultured monocytes, LPS monocytes, LPS+i{JAK2

monocytes, and untreated monocytes were isolated using a Maxwell®
RSC simplyRNA kit (Promega, Wisconsin, USA).

RNA-seq libraries were generated, selecting only mRNA with oligo-
dT capture beads, and sequenced in the Genomics Unit of the Centre for
Genomic Regulation (CRG) (Barcelona, Spain), with an Illumina HiSeq
2500 sequencer, in 50-bp paired-end in 50-bp paired-end. Around 100

million reads were obtained for each sample.

Fastq files were aligned to the hg38 transcriptome using HISAT?2 (25)
with standard options. Reads mapped in proper pair, being primary
alignments were selected with samtools (26). Reads were assigned to genes

with FeatureCounts (27).

Differentially expressed genes were detected with DESeq2 (28). The
donor was used as a covariable in the model. The Ashr shrinkage
algorithm was applied and only protein-coding genes with abs(logFC) > 1
and FDR < 0.05 were selected as differentially expressed.

For representation purposes, Variance Stabilizing Transformation

(VST) values and normalized counts provided by DESeq2 were used.
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Gene ontology over-representation analysis, Gene Set

Enrichment Analysis and transcription factor enrichment

analysis

Gene ontology (GO) over-representation of differentially methylated

CpGs was analyzed using the Genomic Regions Enrichment of
Annotations Tool (GREAT, version 4.04)
(http://great.stanford.edu/public/html/), adopting the standard options
(29) and using EPIC array CpGs as background. Enrichment is measured

as the —log, , binomial FDR.

Gene Set Enrichment Analysis (GSEA) was performed from the LPS
versus untreated, and LLPS versus LPS-iJAK2 comparisons. Genes were

ranked using this formula: -log, (FDR) * sign(log(FC)). As genesets

collection, hallmarks (H) from the Molecular Signatures Database
(MSigDB) were selected, adding the specified custom genesets. GSEA
analysis and graphs were created with the ClusterProfiler (30) and
enrichplot Bioconductor packages. Gene Ontology over-representation of
upregulated and downregulated protein-coding genes was performed with

ClusterProfiler, using all detected protein-coding genes as background.

We used the findMotifsGenome.pl command in the Hypergeometric
Optimization of Motif EnRichment (HOMER) suite to look for motifs
that are enriched in the target set relative to the background set (software
v4.11) (31). It was used to identify enrichment of TF binding motifs in the
250bp-window upstream and downstream of the differentially methylated
CpG sites. Annotated CpGs in the EPIC array were used as background.
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Accessibility and histone-mark profiling of differentially
methylated CpGCs

Using public data sets of ATAC-seq and H3K4mel and H3K27ac
ChIP-seqgs of untreated and LLPS-treated monocytes at 1, 4 and 24 hours
(15), the accessibility and histone mark occupancy in the differentially
methylated CpG genomic positions were calculated. Moreover, data of
whole-genome bisulfite sequencing (WGBS) of the same reference were

also utilized.

Graphs of the ATAC-seq and WGBS data were created with the
deeptools toolkit (32).

For ChIP-seq data of H3K27ac and H3K4mel, bed files were
downloaded from the BLUEPRINT portal (http://dcc.blueprint-
epigenome.eu/). A file for each histone mark, cell type, and time point
was used. Enrichment of these histone marks around the CpG positions (-
3kb, 3kb) was studied applying a Fisher’s Exact Test to compare them
with the background (EPIC array CpGs), dividing the studied region in
tiles of 10 bp. The calculated odds ratio of each tile is represented.

Methylation and expression association

Hypomethylated CpGs were associated with the nearest TSS using the
annotatePeaks.pl command in the HOMER suite (31). After removing
duplicate genes, expression of that gene set was studied using a public

dataset of an RNA-seq time course (15) and our RNA-seq data.
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Quantitative reverse-transcription polymerase chain
reaction (QRT-PCR)

Total RNA was isolated with a Maxwell® RSC simplyRNA kit
(Promega, Wisconsin, USA) and reverse-transcribed using a Transcriptor
First Strand ¢DNA Synthesis Kit (Roche, Basel, Switzerland), in
accordance with the manufacturer’s instructions. qRT-PCR was
performed in triplicate using LightCycler® 480 SYBR Green Mix
(Roche). The standard double delta Ct method was used to determine the
relative quantification of target genes, and values were normalized against

the expression of endogenous control genes such as RPL3S.

Western blotting

Cytoplasmic and nuclear protein fractions were obtained using
hypotonic lysis buffer (Buffer A; 10 mM Tris pH 7.9, 1.5 mM MgCl2,
10mM KCI supplemented with protease inhibitor cocktail (Complete,
Roche) and phosphatase inhibitor cocktail (PhosSTOP, Roche) to lyse the
plasma membrane. Protein pellets were resuspended in Laemmli 1X

loading buffer.

Proteins  were  separated by SDS-PAGE  electrophoresis.
Immunoblotting was performed on polyvinylidene difluoride (PVDF)
membranes following standard procedures. Membranes were blocked with
5% bovine serum albumin (BSA) and blotted with primary antibodies.
After overnight incubation, membranes were washed three times for 10
minutes with TBS-T' (50 mM Tris, 150 mM NaCl, 0.1% Tween-20) and
incubated for 1 hour with HPR-conjugated mouse or rabbit secondary
antibody solutions (Thermo Fisher) diluted in 5% milk (diluted 1/10000).
Finally, proteins were detected by chemiluminescence using
WesternBright™ ECL (Advansta). The following antibodies were used:
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Phospho-STAT3 (Tyr705) (D3A7), rabbit mAb (Cell Signaling
Technology, ref: #9145; Phospho-STATS5b (Tyr694) (C11C5), rabbit mAb)
(Cell Signaling Technology, ref: #9339), Phospho-STAT1 (Tyr701)
(58D6), rabbit mAb (Cell Signaling Technology, ref: #9167); Phospho-
STAT6 (Tyr64l) Antibody (Cell Signaling Technology, ref: #9361);
STAT3 (79D7), rabbit mAb (Cell Signaling Technology, ref: #4904);
STATSB (Millipore, ref: #06-969), STATI1(42H3), rabbit mAb (Cell
Signaling Technology, ref: #9175; LaminB1 (Abcam, ref: #ab65986).

PSTATT flow cytometry

Peripheral blood mononuclear cells (PBMCs) were purified from
blood samples of septic patients and healthy donors by density gradient
centrifugation using lymphocytes isolation solution (Rafer, Zaragoza,
Spain). PBMCs were counted and 5 million per condition were cultured
in T25 flasks in Roswell Park Memorial Institute (RPMI) Medium 1640 +
GlutaMAX™ (Gibco, Life Technologies, CA, USA) containing 2% Fetal
Bovine Serum (FBS), 100 units/mL penicillin, and 100 mg/mL
streptomycin, for 4 hours, with or without LLPS (10 ng/ml from Z. coli
O111:B4, Sigma-Aldrich, Darmstadt, Germany). Cells were collected and
stained with CD14 (APC) (Miltenyi Biotee, ref: #130-091-243), CDI15
(FITC), and pSTAT1 (mouse Anti-pStatl BV421 (pY701), BD
Biosciences; ref: #562985), using mouse IgG2a, k Isotype BV421 (BD
Biosciences; ref: #563464) as a control according to the BD
Fixation/Permeabilization Solution Kit (#554714) and the antibodies

manual.
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Mann-Whitney U test and Student’s paired t test

Data were analyzed with Prism version 6.0 (GraphPad). Statistical
analyses consisted of non-parametric Mann—Whitney U tests, to
determine differences between pairs of separate groups, and Student’s
paired t test, to compare the means of matched pairs of groups, except
where indicated otherwise. The levels of significance were: *, p < 0.05; **,
p < 0.01; #* » < 0.001.

RNA-seq public data reanalysis
Counts matrix from a RNA-seq experiment (GSE133822) was
downloaded from the Gene Expression Omnibus database. Only septic

patients and healthy donors were used.

Differentially expressed genes were detected with DESeq2. The donor
was used as a covariable in the model. The Ashr shrinkage algorithm was
applied and only protein-coding genes with abs(logFC) > 1 and FDR <

0.05 were selected as differentially expressed.
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Results

TLR2/4 stimulation of monocytes yields specific DNA
demethylation

To investigate the mechanisms underlying DNA methylation changes
associated with the exposure to bacterial endotoxins that lead to tolerance,
human CDI4+ monocytes isolated from healthy donor blood were pre-
incubated for 24 hours with lipopolysaccharide (LPS) or Pam3Cys (P3C),
which signal through TLLR4 and TLRZ2, respectively, and lead to a
tolerized state. After the first stimulation, cells were washed and left to rest
for 3 days in the presence of human pooled serum. Cells were then
stimulated again with LPS for another 24 hours (Figure 1A). Monocytes
maintained with only RPMI medium and serum for 1 + 3 days (@}
‘untreated’) were used as negative controls. Under these conditions, we
confirmed that cells pre-exposed to LLPS or P3C produced much lower
levels of TNFa after a second exposure to LPS (Figure 1B).

We then obtained the DNA methylation profiles using Infinium
MethylationEPIC bead arrays of bisulfite-treated biological triplicates of
monocytes, exposed for 24 hours to LPS or P3C, and after the 3-day
resting period, with the matching untreated controls (4-days cultured

monocytes; & ‘untreated’) and ‘uncultured” monocytes at day 0 (MO).

Statistical analysis of the data revealed specific DNA methylation
changes between LPS-/P3C-treated, untreated monocytes and uncultured
monocytes (Figure S1A, see at the end of the article, pages 160-166).
Methylation changes produced with LPS and P3C are comparable
(Figure S1B), suggesting that downstream events following engagement of
TLR4 and TLR2 respectively (Figure S1C) converge in the acquisition of
similar DNA methylome changes.
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Since LPS has a more intense effect than P3C (Figure S1D), as
reflected in the greater number of differentially methylated sites, but a
very similar pattern (Figure S1E), we focused on the analysis of changes
between LDPS-treated and untreated monocytes. We found 331
hypomethylated and 29 hypermethylated CpGs, with an FDR < 0.05 and
a AB > 0.2. (Figure 1C and Supplementary Table 1). L.LPS-hypomethylated
CpGs were located mostly in intergenic and intronic regions and were
outside CpG islands (Figure 1D).

We then compared our DNA methylation data in relation to a time
series (1, 4, 24 hours) of chromatin accessibility and DNA methylation
datasets obtained under similar conditions (15). Interestingly, chromatin
accessibility of the genomic positions bearing LPS-specific
hypomethylated CpGs in LPS-treated monocytes started to increase very
quickly (1 hour) and increased progressively over time (Figure 1E). In
contrast, demethylation at such sites was only observed after 24 hours,
indicating that accessibility precedes DNA methylation loss (Figure 1F).
Similar to the changes in chromatin accessibility, histone marks
characteristic of active enhancers (H3K4mel and H3K27ac) also
increased faster than DNA methylation changes (Figure 1G). No
significant enrichment in other histone marks was found (Figure S1F). In
summary, the genomic composition and dynamics of LPS-demethylated
sites indicate that a high proportion of methylation changes occur in
regulatory regions, potentially controlling gene expression of phenotype-
relevant genes. Moreover, these results suggest that LPS/P3C-driven
demethylation requires a pioneer factor that can access closed chromatin
following TLLR4/TL.R2 stimulation to enable, directly or indirectly, such
specific demethylation.

129



Articles

2

r

Wash out+resting time

LPS

TG S

[TNFa] (pg/mL)

Figure 1

LPS/F Wash out+resting time LPS
l i l LPS
MO — _ » >
0 24 96 120 (h)
Time (h) 24 120
LPS restim
Hypo- 331 CpGs 100% 100%
1
0 75% 75% | [56.4%
- - ’ Intergenic —
g § l;.rngnF?ter-TSS . 91.2%| gﬁ:{" Sea
S T MO @ LPS 50% inron 50% Sheft
a & 3UTR 71% tefare]
[ © Hyper- 29 CpGs TS
]
% ﬁ @ 25% 26 | [1EEH
1
0 ¢ 18.6%
4 0% 0% 5%
‘ Bg  Hypo- Bg Hypo-
MO @ LPs CpGs CpGs
ATAC-seq signal DNA Histone
0 5 10 15 20 25 Methylation Marks
t
—1h —4h —d1
25
%0 -8 i Non-treated(@)| | LPS-ireated
1h 15 1h 40 | 15 FC
10 : -
5 30 1 o a2 8
20 1 3 |
25 1 £ s
20 . \MM‘[*W o 10 : g o % 2
2 2 s
4h 15 4h § ol [ - o [ |2
10 150 5 128 |8 |8
5 vy 1 k4 e |2 |2 (o |8
! = 5|8 (8 [8 |8 |2
25 100 : Z EEEERE R
20 : 2 g |2 |8 |& |§
: g[8 |8 |8 |E
ol I a1 = ] it 3|3 |3 |3 |8
10 ‘\ 3 ol 18 18 [8 |8 |2
5 | SN
3 b Hypo- 3Kb -3Kb Hypo- 3Kb -3Kb Hypo- 3Kb
CpGs CpGs CpGs
—-LPS —-@ -LPS —-¢@
Hypo CpGs motif enrichment
.NFKBvﬁ&R-I
5 FDR IRAK2 (cg14433987) ETS1(cg00320216) | g i
~ .<= 1= 80 % " . o SiTET2
S = . ==
£ ey g 60 5 . .
5 1= >
£ 154 £
gy ° 50 £ 40 %
ﬁ NFKB-p50,p52 %
H S \ TF family 8 20
o Bach2 s - =
2 STATI NFIB hes YA o RHD 0
P92 BT Aot o Stat o — — 0 — i—
2 - ozt ¥ B s ¥ @ Ips
s
)
0 25 50 75 100

%

130

of windows containing motif




Figure 1. DNA methylation profile of LPS-treated human CDI14+ monocytes.
(A) Schematic diagram depicting 7z vitro experiments for endotoxin tolerance
models. (B) Release of TNFa from CDI14+ monocytes isolated from healthy donor
blood samples treated with LPS (10 ng/ml, 24 hours) or P3C (10 pg/ml, 24 hours),
then washed and rested (3 days) and treated again for 24 hours with LPS (10 ng/ml).
These are all compared with untreated monocytes. Graphs show the mean = SEM of
five healthy donors. (C) DNA methylation heatmap of differentially methylated
CpGs comparing untreated monocytes () with LPS monocytes (Ap- = 0.2, adjusted
¢ (FDR) < 0.05). Scaled B-values are shown, ranging from -2 (lower DNA
methylation levels, blue) to +2 (higher methylation levels, red). On the right, violin
plots of hypomethylated and hypermethylated clusters depicting normalized DNA
methylation data. (D) Barplot presenting the percentages of different genomic
features of hypomethylated CpGs in comparison with background (Bg) CpGs (left
panel), and barplot of CpG island contexts (right panel). FDRs of the Fisher’s exact
tests to estimate the enrichment or depletion in categories of hypomethylated CpGs
in comparison with Bg are also shown (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p
< 0.0001) (E) Accessibility (ATAC-seq) data of hypomethylated CpGs after 1, 4 and
24 hours of monocyte culture with LPS (in red) or without treatment (&) (in blue).
Public ATAC-seq data were used (15) (F) Methylation of hypomethylated CpGs after
1, 4 and 24 hours of monocyte culture with LPS (in red) or without treatment (&) (in
blue). Public WGBS data were used (15). (G) ChIP-seq data of H3K27ac and
H3K4mel of LPS-treated and untreated monocytes were downloaded from the
Blueprint database. Odds ratios were calculated for bins of 10 bp up to 3000 bp
around hypomethylated CpGs. CpGs annotated in the EPIC array were used as
background. (H) GO (Gene Ontology) overrepresented categories in the
hypomethylated CpGs. The fold change relative to the background (EPIC array
CpGs) and -loglO(FDR) is shown. (I) Bubble scatterplot of TF binding motif
enrichment for hypomethylated CpGs. The x-axis shows the percentage of windows
containing the motif; the y-axis shows the magnitude of enrichment of the motif.
Bubbles are colored according to TF family. FDR is indicated by bubble size
(selected TF with FDR = 1e®). (J) DNA methylation measured by bisulfite
pyrosequencing after TET?2 silencing with siRNA (siTET2) in comparison with a
control siRNA (siScramble). One-tailed t-test p values are depicted ( *, z < 0.05).
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Gene ontology (GO) over-representation analysis of hypomethylated
CpGs in LPS-treated monocytes revealed the enrichment of functional
categories associated with monocyte/macrophage cell biology and
inflammation including cell response to cytokine stimulus, cell response to
IL-1, cell response to bacterial molecules and inflammatory response
(Figure 1H). In contrast, GO analysis of demethylated sites specific to
untreated monocytes included regulatory categories such as regulation of
IL-1 production, negative regulation of LIPS signaling, and negative
regulation of I1.-12 production (Figure S1G).

To detect potential transcription factors involved in the demethylation
process, we performed motif enrichment analysis. Hypomethylated CpGs
of LPS-treated monocytes were enriched in transcription factor binding
motifs relevant to inflammation such as NF-«xB, the AP-1 family, and some
members of the STAT family (STAT1, STATS and STAT3) (Figure 1I).
In contrast, demethylated sites specific to ‘untreated” monocytes (4-days
culture without exposure to LLPS) also contained motifs for NF-kB and
AP-1, but not STAT family members (Figure S1H), suggesting a specific
role for this transcription factor family in the LPS-driven demethylation
process most probably due to a second wave of chromatin changes
triggered by IFN release a consequence of LPS-mediated monocyte
response and the subsequent activation of the IFNR/JAK2-STAT axis
that can in turn activate TET?2 (33).

To validate the methylation array results, we performed bisulfite
pyrosequencing on a selection immune relevant genes, such as CCLZ20,

ETSI, HDACY, 1124, IL2RA, [L.36G and IRAK?2, from our
methylation screening (Figure S1I).
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Under these conditions, MOs do not proliferate. Therefore, any loss of
DNA methylation is replication-independent or, in other words, resulting
from an active demethylation mechanism. Ten-eleven translocation
methyleytosine dioxygenases (TET) mediate active demethylation. TET2
has been implicated in catalyzing active demethylation in other monocyte-
related differentiation processes (19,34). We then downregulated TET2 to
determine whether this enzyme was involved in the demethylation
processes observed under our conditions. Using specific siRNAs, we
achieved around 50% TET2 downregulation, in both mRNA and protein
levels after 3 days of treatment (Figure S1J, Figure S1K). Under these
conditions, demethylation of LPS-specific hypomethylated CpG sites was
partially impaired (Figure 1J), demonstrating the involvement of TET?2 in

this process.

LPS-driven gene expression changes are correlated with
DNA methylation and are concomitant with STAT1, STAT3
and STATS activation

We performed RNA-seq with LPS-stimulated monocytes under the
same conditions as before (3-day cultured monocytes following 24h
stimulation), including ‘untreated’ and ‘uncultured’ monocytes. LIPS
exposure induced upregulation of 1142 genes and downregulation of 1025
genes (logFC > 1, FDR < 0.05) in relation to’ untreated” monocytes
(Figure 2A and Supplementary Table 2). Principal component analysis
(PCA) showed that LIPS-treated and ‘untreated” monocytes were
separated along the axis of PC2, and these two along the PCI axis with

respect to ‘uncultured’ monocytes (Figure S2A).

In the Gene Set Enrichment Analysis (GSEA), LDPS-treated

monocytes were enriched in significant inflammatory pathways such as
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TNFa signaling via NF-«xB, inflammatory response, interferon
gamma/alpha response, and IL6/JAK/STAT3 signaling (Figure 2B),
indicating that the downstream targets of these signaling pathways had
been transcriptionally activated. On the other hand, pathways depleted in
LPS-treated monocytes included oxidative phosphorylation, MYC targets
and fatty acid metabolism, as has also been described by others (Figure
S2B) (35,36).

Similarly, GO over-represented categories in LLPS-upregulated genes
included terms such as cytokine secretion, response to interferon-gamma,
response to LPS, and the JAK-STAT cascade (Figure 2C), with
coincident categories with hypomethylated CpG GO categories (Figure
1H), whereas LPS-downregulated GO categories were related to
metabolism (Figure S2C).

To identify possible transcription factors leading to gene upregulation,
we performed Discriminant Regulon Expression Analysis (DoRothEA)
(37), with which we identified several candidates coincident with those
identified in our previous HOMER analysis of the LPS-specific DNA
demethylation set: STAT (STAT1, STAT2, STAT3, STAT5B), NF-xB
(RELA, NFKBI1) and AP-1 (FOS) (Figure 2D). Additionally, in the set of
downregulated genes, we found enrichment of transcription factors such as

FOXP1, MYC and SREBF2 (Figure S2D).

The similarities of methylation and expression GO categories and
transcription factors potentially involved in the demethylation and
upregulation reinforce the notion of their mutual relationship. In fact,
LPS-upregulated genes are enriched in hypo-CpG-associated genes, as
revealed by the GSEA analysis (Figure 2E). We also found a significant

inverse correlation between DNA methylation and expression (Figure 2F).
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Figure 2. Gene expression, association with methylation and activation of JAK2-dependent
STATs (A) Gene expression heatmap of differentially expressed genes, comparing LPS monocytes
with untreated (&) monocytes (LogFC > 1, FDR < 0.05). Scaled variance stabilizing
transformation (VST) values are shown, ranging from -2 (lower gene expression level, green) to +2
(higher gene expression level, orange). (B) Gene set enrichment analysis (GSEA) of LPS versus
untreated (&) monocytes, using MSigDB hallmarks (H) as gene sets. The running enrichment
score and the normalized enrichment score (NES) are shown above the graph (FDR < 0.001). (C)
Gene ontology (GO) over-representation of GO Biological Process categories. Fold change of LPS-
upregulated genes relative to background and -loglO(FDR) of the Fisher’s exact tests are shown.
(D) Discriminant regulon expression analysis (DoRothEA) of LPS versus untreated (&) monocytes.
NES and -loglO(FDR) of transcription factors (TFs) enriched on the LPS side are shown (20 TF
with the highest NES and FDR < 0.001). (E) Hypomethylated CpGs were associated with the
nearest gene. The resulting gene set (Hypo-CpG-associated genes) was used in the GSEA of LPS
versus untreated (&) monocytes. The running enrichment score and the normalized enrichment
score (NES) are shown above the graph (FDR < 0.001). (F) DNA methylation of differentially
methylated CpGs was correlated with gene expression of differentially expressed genes in the LPS
versus untreated (&) monocyte comparison. Expression is represented on the y-axis as the LogFC,
where higher values indicate higher levels of expression in LPS monocytes, and lower values
indicate higher levels of expression in untreated monocytes. DNA methylation is depicted on the x-
axis as AP, where lower numbers indicate lower levels of methylation in LPS monocytes, and
higher numbers indicate lower levels of methylation in untreated monocytes. Points are colored
according to their genomic context. A significant negative Pearson’s correlation between
methylation and expression was observed (R =-0.38, p < 6.2¢™). (G) Hypo-CpG-associated gene
expression was analyzed in time-course RNA-seq data from LPS-treated and untreated monocytes
(15). Principal components 1 and 2 from a principal component analysis (PCA) of the expression
data are shown. (H) Heatmap of Hypo-CpG-associated gene expression in a time-course RNA-seq,
from LPS monocytes (left panel). The dendrogram can be considered to separate the sample into
three clusters (C1l, C2 and C3), depicting three distinct behaviors. Boxplot of normalized gene
expression of genes in Cl, C2 and C3 clusters, in LPS-treated (pink) and untreated (blue)
monocytes. (I) Significant transcription factors of hypomethylated CpGs (Figure 1) were analyzed
separately in the three clusters. Transcription factors are clustered by their position weight matrix
differences. Scaled fold-change (FC) is represented as a color scale (a redder color indicates a
greater change in relative to the background). The border of significant transcription factors (FDR
< le®) are colored black; non-significant borders are shown in grey. (J) Western blot of protein
phosphorylated STATI, total STATI, phosphorylated STATS3, total STAT3, phosphorylated
STATS5 and total STATS5 (left panel) and phosphorylated-STAT6 (right panel) in LPS-treated
relative to untreated (&) monocytes. LaminB was used as loading control. Signal of western blot
bands was quantified for each replicate and pSTAT/LaminB signal ratio is shown (n = 3-6). One-
tailed t-test p values are depicted (¥, p < 0.05; **, p < 0.01).
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Furthermore, using the expression data from the previously mentioned
time-course study (1, 4 and 24 hours) in a similar model to ours (15), we
monitored the expression of the LPS-hypomethylated CpGs-associated
genes. Principal component analysis (PCA) revealed a divergent trajectory
of LPS-treated and untreated monocytes (Figure 2G). The exposure of
monocytes to LPS was sufficient to promote gene expression changes
antagonistic to those in untreated monocytes, cultured without cytokines
during the same period. Time-course expression analysis of LIPS hypo-
CpG-associated genes also revealed three main temporal clusters based on
their dynamics (Figure 2H and Supplementary Table 3). The largest
cluster (Cl), showed an increase of gene expression at 24 hours,
concomitant with DNA demethylation (Figure 2H and Figure 1F). In
contrast, cluster 2 (C2) presented an increase of gene expression prior to
DNA demethylation, but coincident with the accessibility and enhancer-
associated histone mark gains. Finally, cluster 3 (C3) showed a reduction
in gene expression over time, in untreated and LI’S monocytes, although
the effect was less pronounced in the latter. These data imply that DNA
methylation has different relationships with gene expression changes,
possibly depending on the genomic context, and that most DNA
methylation changes require previous chromatin remodeling, consistent
with the timing observed for those changes to appear. Whereas gene
upregulation is concomitant with DNA demethylation in Cl, DNA

demethylation occurs after gene upregulation in C2 and C3.

Cl-, C2-, and C3-associated CpGs also had distinctive genomic
features (Figure S2E-2G). HOMER analysis of Cl-associated CpGs (with
concomitant increase of expression and demethylation) revealed specific
enrichment of STATI1, STAT3 and STATS5 binding motifs, which were
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not present in genes in C2 and C3 (Figure 2I), which points at the
necessity of the activation of a second pathway such as IFNyR/JAK2-
STAT in response to LPS triggered events in order to promote DNA

methylation changes.

Since individual and combined DNA methylation and gene expression
analysis suggested a specific role for the STAT transcription factor family,
we studied the protein levels and phosphorylation of STAT1, STAT3 and
STATS (JAK2 targets) in LPS-treated and untreated monocytes. We
observed an increase in the phosphorylation of these three transcription
factors (Figure 2J) in LPS-treated samples. Moreover, P3C treatment also
induces phosphorylation of JAK2 targets (Figure S2H). In contrast,
phosphorylated-STAT6 (JAK3 target), which did not appear in our
HOMER analysis, was not detected in LPS monocytes, providing further
evidence of the potential specific involvement of JAK2-related pathways.

Inhibition of JAK2 partially prevents the activation of LPS-
upregulated genes and tolerance-related genes

To investigate the potential role of JAK2 pathway in modulating
tolerance-specific  DNA methylation changes, we treated CDIl4+
monocytes with LPS (10 ng/ml) for 24 hours in the presence or absence of
TG101348, a selective JAK2 inhibitor (iJAK2) (500 nM). Monocytes
were washed and left to rest for 3 days (with or without iJAK2) and after
that, cells were stimulated again with LPS (24 hours). Control
experiments without LPS were performed in parallel. We confirmed by
western blot and observed that JAK2-associated STAT phosphorylation
was blocked by JAK2 inhibition, at 4 hours (left) and 96 hours (right)
(Figure S3A).
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To examine the effects of JAK2 inhibition on monocyte response, we
measured the production of TNFa and II-10 (Figure S3B). JAK2
inhibition resulted in decreased production of TNFoaand increased I1.-10
production after a second LPS stimulus (Figure S3B). This further
reduction in TNFa production is consistent with the role of JAK2 in
LPS-mediated inflammatory response (38).

We then performed RNA-seq of biological triplicates under the
previously  described cell conditions (LPS-treated monocytes,
LPS+iJAK2-treated monocytes, untreated monocytes, and uncultured
monocytes). JAK2 inhibition resulted in downregulation of 124 genes
(iJAK2-downregulated genes), whereas only 6 genes were upregulated
(LogFC > 1, FDR < 0.05) (iJAK2-upregulated genes) (Figure 3A and
Supplementary Table 4).

The over-represented GO categories among the genes downregulated
upon JAK2 inhibition (Figure 3B) were very similar to those found in
LPS-upregulated genes (Figure 2C), including categories related to
response to interferon-alpha, interferon-gamma, defense response to other
organisms, etc. However, we found a generally higher magnitude change
and a lower FDR in the iJAK2-downregulated genes than in the LIS-
upregulated genes, suggesting specific and stronger enrichment in
interferon-related genes. In this respect, the GSEA analysis revealed four
hallmarks downregulated in LPS+{JAK2 cells: inflammatory response,
IL6/JAK/STAT3 signaling, interferon gamma response and interferon
alpha response (Figure 3C). These categories were previously associated

with LLPS-treated monocytes (Figure 2B).

DoRothEA analysis showed several putatively related transcription
factors depleted in LPS+iJAK2 monocytes, including STATI1, STAT?2,
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STAT3, STAT5A and STATS5B (Figure 3D). NF-kB was not identified by
either the DoRothEA or the GSEA analysis, in contrast to the LPS-
associated hallmarks and transcription factors (Figure 2B, Figure 2D).

A relationship, as suggested by previous data, was found between
iJAK2-downregulated genes and LIPS-upregulated genes. In a GSEA,
iJAK2-downregulated genes were strongly enriched in LPS-upregulated

genes side in comparison with Untreated(®) monocytes (Figure 3E).

We also found a link between iJAK2-downregulated genes and
tolerized genes. Using a public dataset (15) of gene expression
(logaRPKM) of LPS-treated and untreated monocytes before and after a
second LPS stimulus, we defined a ‘score’ of tolerization as
(Untreatedreexposure — Unireated) — (LPSreexposure — LPS), where a
positive score means that the gene is tolerized and a negative score that is
non-tolerized. We then compiled a toplOO-tolerized gene-set comprising
the 100 genes with the highest scores and a topl0O-non-tolerized gene-set
comprising the 100 genes with the lowest scores. We performed a GSEA
analysis of both gene-sets with the comparison LPS/LPS+iJAK2 and
found specific significant enrichment of the tolerized genes but not of the
non-tolerized genes among the i{JAK2-downregulated genes (Figure 3F
and Supplementary Table 5). Some examples of tolerized-gene expression
are shown in Figure 3G, where the direct inhibition of their transcriptional
activation by JAK2 inhibition is depicted. Notably, these genes are also
involved in the IFNa or IFNYy response.
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Figure 3. Role of JAK2-STAT in LPS monocytes gene expression and
phenotype. (A) Gene expression heatmap of differentially expressed genes,
comparing LPS with LPS+{JAK2 monocytes (LogFC > 1, FDR < 0.05). Scaled
variance stabilizing transformation (VST) values are shown, ranging from -2 (lower
gene expression level, green) to +2 (higher gene expression level, orange). (B) Gene
ontology (GO) over-representation of GO Biological Process categories. Fold change
of iJAK2-downregulated and LPS-upregulated genes relative to background and -
loglO(FDR) of the Fisher’s exact tests are shown. (C) Gene set enrichment analysis
(GSEA) of LPS-treated versus LPS+{JAK2-treated monocytes, using MSigDB
hallmarks as gene sets. The running enrichment score and the normalized
enrichment score (NES) are shown above the graph (FDR < 0.001). (D)
Discriminant regulon expression analysis (DoRothEA) of LPS-treated versus
LPS+iJAK2-treated monocytes. NES and -loglO(FDR) of transcription factors (TF)
enriched on the LPS side are shown (20 TF with the highest NES and FDR <
0.001). (E) GSEA of LPS-treated versus untreated (&) monocytes using the {JAK2-
downregulated genes as the gene set. The running enrichment score and the
normalized enrichment score (NES) are shown above the graph (FDR < 0.001). (F)
Gene Set Enrichment Analysis (GSEA) of LPS vs LPS+{JAK2 monocytes using the
topl00 tolerized genes (blue) or the toplO0 non-tolerized genes (pink) as gene sets.
Running enrichment score is represented and the normalized enrichment score
(NES) and FDR are shown above. (G) Selected examples of iJAK2-downregulated
genes (FDR < 0.05, logFC of LPS vs LPS+iJAK2 > 1). Bar plots show the mean *
SEM (standard error of the mean) of normalized counts. (H) GSEA of LPS-treated
versus LPS+iJAK2-treated monocytes using the Hypo-CpG-associated genes as the
gene set. The running enrichment score and the normalized enrichment score (NES)
are shown above the graph (FDR < 0.05). (I) DNA methylation percentage obtained
from pyrosequencing of three selected CpGs from the hypo-CpG group in LPS
monocytes, before and after a second LPS stimulus, and with or without {JAK2

treatment.

Given the correlation between our DNA methylation and expression
datasets (Figure 2F), the enrichment of STAT1/3/5 in the individual and
combined data, and the effects of JAK2-STAT inhibition in the regulation
of some LPS-upregulated genes (Figure 3F), we studied the effects of the
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inhibition of the JAK2-STAT pathway on hypomethylated CpG-
associated genes. The GSEA of LPS versus LPS+iJAK2 monocytes
revealed a small but significant enrichment in the LPS side, suggesting
that genes related to CpGs hypomethylated with LPS are, at least
partially, under the transcriptional control of the JAK2-STAT pathway
(Figure 3H).

To determine whether the JAK2-STAT pathway is related to the LPS-
specific DNA demethylation process we carried out pyrosequencing of
three selected CpGs, with and without a second LPS stimulus (Figure
31). A general trend of demethylation blockage was found, although only
one CpG (¢g09909990) had a p value < 0.05. The fact that iJAK2 did not
fully inhibit the phosphorylation of STATs, and the possible redundancy
of other JAK/STAT pathways could explain the heterogeneity in the

triplicate.

Relevance of the JAK2-STAT pathway in monocytes from
septic patients infected with gram-negative bacteria
Given the relevance of JAK2-STAT pathways secondary to LIPS
response in monocytes, and to the transcriptional regulation of tolerized
genes, we compared the effect in DNA methylation of patients with sepsis
caused by gram-negative bacteria in comparison with other patients with
sepsis and patients with systemic inflammatory response syndrome (SIRS)
following cardiac surgery, from our previous study (13). The comparison of
healthy donors with gram-negative sepsis yielded 339 differentially
methylated positions (DMPs) (FDR < 0.05), whereas only 1 DMDP
between healthy donors and other sepsis was found, and 0 DMPs
between healthy donors and SIRS patients (Figure S4A). However, the
heatmap and PCA of DMPs showed also a demethylation trend in other
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sepsis, suggesting that similar upstream pathways are involved in both
sepsis groups, with the highest effect in DNA methylation in patients with
sepsis caused by gram-negative bacteria (Figure S4B, Figure S4C).
Moreover, the gram-negative hypomethylated CpGs were enriched in
STAT motifs (Figure S4D) and Gene Ontology categories related to
inflammatory response and LPS stimulus (Figure S4E), showing high
similarities with the motifs and Gene Ontology categories enriched in the

LPS hypomethylated CpGs (Figure 1H, Figure 1I).

Interestingly, when we tested the set of hypomethylated CpGs in LPS-
treated monocytes (Hypo-CpGs) with STAT1/3/5 binding motifs with the
DNA methylation data of the sepsis and healthy donor’s cohort, we found
lower methylation levels in gram-negative sepsis patients in comparison
with any of the other groups (Figure 4A), reinforcing the notion of the
participation of the JAK2-STAT pathway in the first encounter with gram-

negative bacteria under 7z vivo conditions.

To test whether the STAT activation was altered in patients infected
with gram negative bacteria, we incubated PBMCs from patients with
gram negative bacterial sepsis and healthy donors in RPMI (2% FBS) for
4 hours, in the presence of LPS (10 ng/mL) and in its absence. Since
activated neutrophils can contaminate the PBMC section of Ficoll and
can express CDI4, we adopted a gating strategy to analyze only the
intracellular pSTAT1 signal of CD14+ CDI15- cells (Ql) (Figure 4B). No
differences were found between healthy donors and septic patients in the
basal (unstimulated) signal of pSTAT1. However, after the LPS stimulus,
pSTATI was increased in healthy donors, as expected, but decreased in
septic patients (Figure 4CAD).
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To provide more insight into the JAK2-STATI pathway relevance in
sepsis, we used expression data from CDIl4+ monocytes isolated from
patients with sepsis and healthy age-matched (39). Interestingly, genes
upregulated in septic patients are those inhibited by iJAK2 in our model,
suggesting that the JAK2-STAT pathway is also involved in the
transcriptomic changes after the first encounter with bacterial molecules in
septic patients (Figure 4E).

Moreover, we utilized data from a single-cell study of PBMCs from
septic patients (40), in which a specific monocyte subset associated with
sepsis (MS]1) is defined. After isolating that population from patients with
sepsis caused by gram-negative bacteria and stimulating it with LPS &
vitro, some genes (MS1 LPS-downregulated genes) were downregulated,
revealing a tolerized phenotype. We performed a GSEA comparing the
MSI1 dataset with our LPS versus LPS+{JAK2 monocytes expression
dataset revealing a downregulation of these genes, in our model, with
iJAK2 treatment (Figure 4F).

This result is consistent with the decrease of STATI activation in
monocytes from septic patients after an LLPS stimulus (Figure 4B) and
shows that the inhibition of JAK2 in monocytes can partially recapitulate
the expression changes produced in septic monocytes after a second

immune challenge.

Overall, the data suggest that the JAK2-STATI pathway is profoundly
disturbed in patients with sepsis caused by gram-negative bacteria,
producing reduced levels of pSTATI after a second immune challenge
with LPS and potentially leading to abnormal STAT dependent gene
expression patterns that could drive the dysfunctional monocyte response

in septic monocytes. Our results may explain the previously reported

145



Articles

partial restoration of leukocytic function observed in septic patients after

therapy with recombinant interferon-y (41).
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Figure 4. STAT1 phosphorylation in monocytes from healthy donors and
septic patients with or without an LPS stimulus. (A) Violin plot of normalized
Bvalues of the LPS Hypomethylated CpGs associated with STAT1/STAT3/STATS
motifs in CD14+ monocytes from peripheral blood of healthy donors, gram-negative
sepsis, other sepsis and SIRS patients (91 CpGs). (B) Example of the strategy
adopted to gate only monocytes. CD14+CD15- (Ql) are mostly monocytes, whereas
some CDI5+ cells (neutrophils) can also express CD14 (Q2). (C) Median
fluorescence intensity (pSTATI) of monocytes (Ql) from septic patients (pink) and
healthy donors (blue), with and without an LPS stimulus. Two-tailed Wilcoxon test
p values are depicted (ns p > 0.05, * p < 0.05). (D) Example of a pSTATI signal
histogram from a healthy donor (blue) and a septic patient (pink), with and without
an LPS stimulus. (E) GSEA of LPS-treated versus LPS+{JAK2-treated monocytes
using Sepsis upregulated genes (logFC >1, FDR < 0.05). The running enrichment
score and the normalized enrichment score (NES) are shown above the graph. (F)
GSEA of LPS-treated versus LPS+iJAK2-treated monocytes using MS1 LPS-
downregulated genes (40) as gene set. The running enrichment score and the

normalized enrichment score (NES) are shown above the graph.

Discussion

Our results indicate that TLLR4/TLR2 stimulation induces specific
TET2-dependent demethylation in monocytes, accompanying the
acquisition of endotoxin tolerance. LPS (TL.R4)-specific changes in DNA
methylation are concomitant with upregulation of inflammatory-related
genes, and these involve the JAK2-STAT pathway. Inhibition of the JAK2
pathway in this 2z vizro model of endotoxin tolerance impairs the
upregulation of genes that become tolerized following a first encounter
with bacterial LPS. The implication of this pathway is proven for patients

with sepsis caused by gram-negative bacteria.

Many of the CpG sites that become demethylated after TLR4/TL.R2
stimulation are associated with inflammatory genes. Examples include the
chemokine CCZLZ20, which has antimicrobial activity (42), /L36G,
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member of the IL-1 cytokine family, and the inflammatory cytokine 72-24
(43). Other demethylated CpGs are associated with genes encoding the
transcription factor £7'S/ and the molecule /RAK?Z, an essential regulator
for IL-1R and TLR signaling (44). CpGs undergoing LIPS-driven
demethylation, are preceded by increases in chromatin accessibility and
H3K4mel/H3K27ac gains and correlate with transcriptional activation of
the associated genes. This temporal uncoupling between chromatin
accessibility, transcription and DNA methylation in terminally
differentiated myeloid cells, has also been recently demonstrated by
simultaneously assessing chromatin conformational changes and DNA
methylation in a genome-wide manner on the same population of DNA
molecules (ATAC-Me technique), supporting the idea of DNA
methylation as a required event in during enhancer activation that
underlies cell state transitions (45). Moreover, transcription factors can
directly recruit DNMTs or TET enzymes and influence gene expression
(46). Our analysis revealed that binding motifs of STAT1, STAT3 and
STATS5, which are phosphorylated by JAK?2, specifically associate with the
observed LPS-specific hypomethylated CpGs and expression changes.

JAK/STAT signaling is not directly downstream of TLR4/TLR2
receptors, and its activation requires the production of other molecules,
such as IFNy or IL-6, in order to activate the pathways autocrinally or
paracrinally through their receptors (6,47). This could explain why STAT
factors are specifically associated with Cl-associated CpGs, whose
associated genes are ‘late responsive’ in comparison with others,
upregulated prior to demethylation (C2- and C3-associated CpGs). These
CpGs are enriched in NF-xB and AP-1, directly downstream of
TLR4/TLR2 signaling.
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In our analysis, JAK2-STAT inhibition appeared to accentuate the
tolerant phenotype of monocytes. JAK2 inhibition also reduces the
expression of tolerized genes (15) following the first encounter with LPS,
suggesting that these genes are under the transcriptional control of JAK2-
STAT. In fact, several of these genes are also involved in the IFNa or
IFNYy response. In contrast, JAK2 inhibition only partially interferes with
LPS-driven DNA demethylation, supporting the existence of a complex
genomic regulatory network in which JAK2-STAT plays a role in LPS-
driven demethylation, but also involves the participation of additional

pathways.

We can speculate whether the observed effects of this JAK2 inhibition
could be countered by direct activation with, for instance, IFNYy, which
could reduce the acquired endotoxin tolerance and restore the expression
of some tolerized genes. In this respect, demethylation has been previously
associated with the IFNy pathway, through STATI stimulation, binding to
TET?2 and recruitment to specific sites in the genome (33). This suggests
that the direct modulation of this pathway may have more widespread
effects on DNA methylation and expression. In fact, a fundamental role of
type 1 and type 2 interferon signaling in modulating response to endotoxin
and endotoxin tolerance has been reported, including a clinical trial using
IFNg to mitigate immune paralysis in sepsis (41,48-51).

The link between tolerized genes and downregulated genes upon
JAK?2 inhibition indicates that JAK2-dependent signaling pathway

dysfunction may contribute to the acquisition of endotoxin tolerance.

Moreover, LPS-driven demethylation of the 7 vizro model also occur

in monocytes from gram-negative septic patients, and vice-versa, providing
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a clinical significance of the 7z vizro model, and reinforcing the role of the

JAK2-STAT pathway in septic monocytes.

Since monocytes from septic patients have been exposed to bacteria
before they are extracted, they have a reduced immune response in a
second immune challenge with LPS due to the endotoxin tolerance. We
have shown that monocytes from septic patients exhibit a lower level of
STATI phosphorylation after an immune challenge with LPS, compared
with monocytes from healthy donors. This lower level of pSTATI due to a
reduced activity of JAK2, could explain such a phenotype. In fact, IFNY,
whose receptor signals through JAK2, is believed to partially rescue the
endotoxin tolerance phenotype in human monocytes (41), and IFNy is
sometimes used in sepsis treatment to improve immune host defense (52),

perhaps activating JAK2 more intensively.

Taken together, our results demonstrate an important role of the JAK2-
STAT pathway in the monocyte LLPS response, both % vitro and in vivo,
which contributes not only to the DNA methylation, but also to gene
expression remodeling. We also show that dysfunction in this pathway can
be related to the phenomenon of endotoxin tolerance, in an 2z vizro model

and in ex vivo monocytes from septic patients.
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Figure S1. DNA methylation profile of P3C-treated human CD14+ monocytes.
(A) DNA methylation heatmap of differentially methylated CpGs obtained with all
the possible contrasts between the represented groups (Ap- = 0.2, adjusted p (FDR)
< 0.05). Scaled B-values are shown, ranging from -2 (lower DNA methylation levels,
blue) to +2 (higher methylation levels, red). (B) Principal component analysis (PCA)
of the CpGs shown in Supplementary Figure 1A. Principal components 1 and 2 are
shown. (C) Simplified scheme of TLLR4 and TLR2 signaling pathways. (D) Venn
diagram of differentially methylated CpGs of LPS-treated versus untreated
monocytes (LPS) and P3C-treated versus untreated monocytes (P3C). (E) Scatter
plots of LPS hypomethylated and P3C hypomethylated CpGs showing differential
of DNA methylation of LPS-treated versus untreated monocytes (x-axis) and P3C-
treated versus untreated monocytes (y-axis). Contours in blue represent a 2D kernel
density estimation. The R value and p values were obtained with Person’s
correlation. (F) ChIP-seq data of depicted histone marks were downloaded from the
Blueprint database. Over-representation of CpGs in histone marks were calculated
using the Fisher’s test. Data points with FDR < 0.05 and Odds Ratio > 5 were
considered significant. (G) GO (gene ontology) over-represented categories in M2
cluster CpGs. Fold change relative to background (EPIC array CpGs) and -
loglO(FDR) are shown. (H) Bubble scatterplot of TF binding motif enrichment for
M2 cluster CpGs. The x-axis shows the percentage of windows containing the motif
and the y-axis shows the magnitude of enrichment of the motif. Bubbles are colored
according to the TF family. The FDR is indicated by the bubble size (selected TF
with FDR = 1le-05). (I) Percentage methylation level of some selected LPS-
hypomethylated CpGs as obtained by bisulfite pyrosequencing in the LPS and P3C
samples. (J) qRT-PCR analysis to validate the downregulation of TET2 by siRNA
(siScramble used as control). Data are normalized relative to the RPL38 gene. (** p
< 0.01). (K) Western blot depicting TET2 protein levels in LPS-treated (LPS) and
untreated (&) monocytes. Quantification of TET2/LaminB ratio is also shown (* p <
0.05).
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Figure S2. Additional features of differentially expressed genes and associated
CpGs. (A) Principal component analysis (PCA) of the 500 most variable genes.
Principal components 1 and 2 are shown. (B) Gene set enrichment analysis (GSEA)
of LPS-treated versus untreated (&) monocytes, using MSigDB hallmarks (H) as
gene sets. Gene sets enriched in untreated (&) monocytes are shown. The running
enrichment score and the normalized enrichment score (NES) are shown above the
graph (FDR < 0.001). (C) Gene ontology (GO) over-representation of GO biological
process categories. Fold change of LPS-downregulated genes relative to background
and -loglO(FDR) of the Fisher’s exact tests are shown. (D) Discriminant regulon
expression analysis (DoRothEA) of LPS-treated versus untreated (&) monocytes.
NES and -loglO(FDR) of transcription factors (TF) enriched on the @ side are
shown (FDR < 0.03). (E) Barplot of genomic features as percentages of Cl-, C2- and
C3-associated CpGs (Figure 2H) compared with total hypo-methylated CpGs. (F)
Accessibility (ATAC-seq) data of CpGs associated with C1 (in red), C2 (in blue) and
C3 (in green) after 1, 4 and 24 hours of monocyte culture with LPS. Public ATAC-
seq data were used [15] (G) ChIP-seq data of H3K27ac and H3K4mel of LPS-
treated monocytes were downloaded from the Blueprint database. Odds ratios were
calculated with Cl-, C2- and C3-associated CpGs, using EPIC array CpGs as
background. Odds ratio and -loglO(FDR) obtained from Fisher’s exact tests are
shown. (H) Western blot of protein phosphorylated (p)-STATI, p-STAT3 and p-
STATS in P3C-treated relative to untreated (&) monocytes. LaminB was used as
loading control. Signal of western blot bands was quantified and the
pSTAT/LaminB ratios are shown above each protein.
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Figure S3. Additional characterization of JAK2 inhibition in LPS-treated
monocytes. (A) Western blot of JAK2-dependent STAT proteins in LPS-treated
and untreated (&) monocytes, with and without JAK2 inhibitor (iJAK2) after 4
hours (left) or 96 hours (right) of treatment. LaminB was used as the loading control.
(B) TNFa and I1-10 levels measured in cell supernatants to assess the tolerance state
after JAK2 inhibition.

164



o
o
S 300
v
x
Q 200 [ Hypomethylated
i W Hypermethylated
S 100
Q
8
o
z o ,
. S
@w‘“\ @\‘\9“\%6\?
£ WO
$© NS
WO O
05 ’<
e
:\; L X o & \\
S ' Y X o HD
« 00 ay o © SEP (Gram)
~ by s X o SEP (Other)
o /o By | | esIRs
05 { - 4
/
025 00 025

PC1 (68.07%)

GO over-representation
g e %O
20 3
E
- 4 |8
= g 2 |3
g & |8
& H g |2 FC
L 10 o k] i
S ® s 9 35
o e » ko] 2 3.0
ot o £ s 5
g R E
05 5|85 g |2
s |65 |§8 |8
s§18 |58 |8 |®
5 g | 8 8 E
s |23 |t |E
|13 |8 |3 |2
0 o o ['4 o £

z-score(B-values)
Abownas

T

Articles

Figure S4

neiy n=T =T ned
Healthy Gram- Other SIRS

[

Fold enrichment of motif

Donors  Sepsis Sepsis 277 CpGs
T T 2
2 - 1
2 0
s1| <
?
3
E] (N S
= [
= & Gram- Hyper-
== o= 65 CpGs
s
b
N1
= - e 0
= 4 ¢
' = “‘i&‘a«(\@«\e‘\(’«\%
— = 0 f
motif enrichment
@ NFxB-p65-Rel FDR
35
15to
. 1-10
@ nari @ 005t
3.0 P
CEBP TF family
25 ‘ @ bzIP
STAT1_. @ RHD
i @ stat
STATS STAT3
2.0
0 25 50 75 100

% of windows containing motif

z-score(B-values)
& o X N

0

Figure S4. DNA methylation alterations in CDI14* monocytes from Gram-

negative sepsis. (A) Differentially methylated positions (DMPs) found in the

comparisons of Gram~ sepsis (SEP), other sepsis and SIRS patients with healthy
donors (HD) (FDR < 0.05). (B) DNA methylation heatmap of differentially
methylated CpGs comparing all groups shown pairwise (FDR < 0.05). Scaled and
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batch-corrected B-values are shown, ranging from -4 (lower DNA methylation levels,
blue) to +4 (higher methylation levels, red). On the right, violin plots of
hypomethylated and hypermethylated clusters depicting normalized DNA
methylation data. (C) Principal components 1 and 2 from a principal component
analysis (PCA) of the DMPs from Supplementary Figure 4B are shown. (D) Bubble
scatterplot of TF binding motif enrichment for Gram-negative hypomethylated
CpGs. The x-axis shows the percentage of windows containing the motif; the y-axis
shows the magnitude of enrichment of the motif. Bubbles are colored according to
TF family. FDR is indicated by bubble size (selected TF with FDR = 0.05). (E) GO
(Gene Ontology) over-represented categories in the Gram-negative hypomethylated
CpGs. The fold change relative to the background (EPIC array CpGs) and -
loglO(FDR) is shown. (F) Violin plot of normalized Pvalues of the Gram-negative
Hypomethylated CpGs in untreated monocytes (), LPS-treated monocytes and
P3C-treated monocytes (277 CpGs).
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Abstract

Dendritic cells (DCs) are central in immune responses, bridging the
adaptive and innate systems. The study of the 77 vizro differentiation of
DCs from monocytes is relevant not only to better understand the
analogous 77 vivo process but also as a potential source for cancer cell
therapy. DNA demethylation has been previously reported to be crucial in
that process. Vitamin C, an essential nutrient, is a known cofactor of ten-
eleven translocation (TET) enzymes, that drive active demethylation.
Currently, the effects of vitamin C treatment on human immune cells are
poorly understood. In this study, we have analyzed the epigenomic and
transcriptomic remodeling orchestrated by vitamin C in monocyte-derived
DC differentiation and maturation. We have detected extensive
demethylation produced by vitamin C treatment, together with
concordant gene expression changes during DC maturation. pb65, a
component of NF-kB, interacts with TET2 and is associated with both
vitamin C-mediated gene upregulation and DNA demethylation. Finally,
vitamin C increases TNFf production and T cell stimulation capabilities
of DCs. This work provides a potential strategy for the improvement of
cell therapies based on monocyte-derived DCs, as well as a feasible
mechanism of action of intravenous high-dose vitamin C treatment in

patients.

Keywords: Vitamin C, TET2, DNA demethylation, NF-xB, dendritic

cells, antigen presentation
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Introduction

Dendritic cells (DCs) play a central role in the immune system,
bridging innate and adaptive immune responses. As innate immune cells,
they are able to recognize a plethora of pathogen-associated molecular
patterns (PAMDPs) and damage-associated molecular patterns (DAMDPs)
through pattern recognition receptors (PRRs)(1). Moreover, they are very
efficient at antigen processing and presentation to T cells and are,

therefore, responsible for initiating antigen-specific immune responses.

DCs are very heterogeneous, comprising plasmacytoid DCs (pDCs)
and conventional DCs (¢DCs). Furthermore, monocyte-derived DCs
(moDCs) can be obtained 7z vizro from monocytes, with GM-CSF and
11.-4(2). moDCs have been classically used as a convenient model that
mimics blood DCs, especially the ¢cDC2 subtype(3). However, increasing
evidence indicates that monocytes can extravasate to peripheral tissues

and give rise 7z vivo to bona fide moDCs(4).

DNA methylation is crucial for immune cell differentiation, identity,
and function(5). In particular, DNA methylation changes, mostly active
demethylation, have been described in several differentiation processes
from monocytes, including macrophages, osteoclasts, and DCs(6-8). In
general, DNA demethylation has been observed to be more extensive
during monocyte differentiation than the subsequent
maturation/activation of the cells(9). Additionally, maturation of moDCs
with live bacteria produces DNA demethylation that follows gene
activation, limiting the potential direct regulatory effects of DNA
methylation in that context(10). TET2, a member of the ten-eleven
translocation (TET) methyleytosine dioxygenases, and involved in multi-

step active demethylation processes, is critical for terminal monocyte-
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related differentiation(6, 11). Recently, TET2 has also been implicated in
glucocorticoid- and vitamin D-mediated modulation of the immunogenic
properties of DCs(12, 13).

Vitamin C (L-ascorbic acid) is an essential nutrient with pleiotropic
functions. Its deficiency is associated with a disease, namely scurvy,
characterized by a plethora of symptoms, including the malfunction of the
immune system. For instance, the normal intracellular level of vitamin C
in monocyte cytoplasm is ~3mM, 60 times higher than the plasma level,
reflecting a specific function of the molecule in the immune cell biology.
Vitamin C can act as a cofactor of Fe-containing hydroxylases such as
TET enzymes and Jumonji C domain-containing histone demethylases
(JHMDs), increasing their enzymatic function(14). Some studies in mice
suggest that vitamin C can stimulate DC capacity to produce
proinflammatory cytokines and promote differentiation of T cells(15).
Moreover, vitamin C intravenous treatment in mice has been shown to
abrogate cancer progression through direct TET2 function restoration in

cancer cells and immune system modulation(16, 17).

The #n vivo modulation of DC migration and function, as well as the
administration of DC-based vaccines, are promising strategies to treat
different types of cancer(18). In particular, the use of autologous moDCs
obtained ex vivo from patient-derived blood monocytes have been used in
several clinical trials with mixed results(19, 20). In this regard, the
improvement of moDC generation 7z vitro, as well as the use of molecules
to modulate monocyte differentiation 7z vivo may boost the clinical

outcome of cancer patients.

In this work, we have investigated the effects of vitamin C treatment

during monocyte to DC n wvizro differentiation and maturation,
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identifying extensive DNA demethylation associated with the
upregulation of migration, chemotaxis, antigen presentation, and immune
response-related genes. Moreover, DNA demethylation and gene
upregulation during DC maturation was associated with p65, a component
of the NF-kB complex which interacts with TET2 in this context. We
have shown how the modulation of DNA methylation during DC
differentiation and maturation can yield functional and phenotypic

changes in these cells, improving their immunogenicity.
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Materials and Methods

CD14* monocyte purification and culture

Buffy coats were obtained from anonymous donors via the Catalan
Blood and Tissue Bank (CBTB). The CBTB follows the principles of the
World Medical Association (WMA) Declaration of Helsinki. Before
providing blood samples, all donors received detailed oral and written

information and signed a consent form at the CBTB.

PBMCs were isolated by density-gradient centrifugation using
lymphocyte-isolation solution (Rafer). Pure MOs were then isolated from
PBMCs by positive selection with magnetic CD14 MicroBeads (Miltenyi
Biotec). Purity was verified by flow cytometry, which yielded more than
95% of CD14™ cells.

MOs were resuspended in Roswell Park Memorial Institute (RPMI)
Medium 1640 + GlutaMAX™ (Gibco, ThermoFisher) and immediately
added to cell culture plates. After 20 minutes, monocytes were attached to
the cell culture plates, and the medium was changed with RPMI
containing 10% fetal bovine serum (Gibco, ThermoFisher), 100 units/mL
penicillin/streptomycin (Gibco, ThermoFisher), 10 ng/ml. human GM-
CSF (PeproTech) and 10 ng/mL. human I1.-4 (PeproTech). In the case of
the cells treated with vitamin C, 500 pM (+)-Sodium L-ascorbate (Sigma-
Aldrich) was also added to the medium. For dendritic cell maturation,
LPS (10 ng/m1.) were added to cell culture at day 5.

Cells were collected at day 2 (9 / O.c) and at day 7, including
immature dendritic cells (iDC / iDC,;c) and mature dendritic cells, with
LPS stimulus (mDC / mDC,;c).
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Genomic DNA and total RNA extraction

Genomic DNA and total RNA were extracted using the Maxwell
RSC Cultured Cells DNA kit (Promega) and the Maxwell RSC
simplyRNA  Cells kit (Promega), respectively, following the

manufacturer’s instructions.

DNA methylation profiling

500 ng of genomic DNA was converted using the EZ DNA
Methylation Gold kit (Zymo Research), using 4 biological replicates for
each group. Infinium MethylationEPIC BeadChip (Illumina) arrays were
used to analyze DNA methylation, following the manufacturer’s
instructions. This platform allows around 850,000 methylation sites per
sample to be interrogated at single-nucleotide resolution, covering 99% of
the reference sequence (RefSeq) genes. Raw files (IDAT files) were
provided for the Josep Carreras Research Institute Genomics Platform

(Barcelona).

Quality control and analysis of EPIC arrays were performed using
ShinyEPICo, a graphical pipeline that uses minfi for normalization, and
limma for differentially methylated positions analysis(34-36). CpH and
SNP loci were removed and the Noob+Quantile normalization method
was used. Donor information was used as a covariate, and Trend and
Robust options were enabled for the eBayes moderated t-test analysis.
CpGs were considered differentially methylated when the absolute
differential of methylation was greater than 20% and the FDR was less
than 0.05.

RNA-seq
RNA-seq libraries of MOs, & / Oy, iDC / iDCyic, and mDC /

mDC,;c were generated and sequenced by Novogene (Cambridge), in
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150-bp paired-end, with the Illumina NovaSeq 6000 platform, using 3
biological replicates for each group. More than 40 million reads were
obtained for each sample. Fastq files were aligned to the hg38
transcriptome using HISAT?2 with standard options(37). Reads mapped in
proper pair and primary alignments were selected with SAMtools(38).

Reads were assigned to genes with featureCounts(39).

Differentially expressed genes were detected with DESeq2 (40). The
donor was used as a covariate in the model. The Ashr shrinkage algorithm
was applied and only protein-coding genes with an absolute logFC greater
than 0.5 and an FDR less than 0.05 were selected as differentially
expressed. ~ For  representation  purposes, Variance  Stabilizing
Transformation (VST) values and normalized counts provided by DESeq?2

were used.

Quantification of cytokine production
Cell culture supernatants were collected after 6 days and diluted
appropriately. Enzyme-linked immunosorbent assays (ELISA) were

performed to detect TNEFP, following the manufacturer’s instructions
(TNF beta Human ELISA Kit, ThermoFisher).

T cell clonal expansion and proliferation assay

PBMCs from healthy donors were purified from blood by density
gradient centrifugation. The PBMCs (Iml; 3-10° cells per well) were
cultured in the presence of SARS-CoV-2- S (9pmol) (PepTivator) as an
antigen in 24-well plate and maintained in IMDM medium (Gibco)
supplemented with penicillin (100 units/mL), streptomycin (100 mg/mL.)
and human serum (10%) (Millipore) in the absence of IL-2 for 3 days.
After 3 days, Iml of medium with 80 U/mL of recombinant human I1.-2
(PeproTech) was added to the wells, with a final concentration of 1.5:10°
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cell/ml and 40U/ml of IL-2. After 7-10 days of culture, T cells were
expanded in the presence of 30-Gy irradiated autologous PBMCs (3-10°
cells/well) previously pulsed with 9pmol of SARS-CoV-2- S (PepTivator).
Antigen-specific T cells (mix of CD4+ and CD8+ T cells) were selected

by performing the same protocols two times to have a positive selection.

After 7 days of differentiation and activation, DCs were washed to
remove VitC and were co-cultured with antigen-specific autologous CFSE-
stained T cells at a DC: T cell ratio of 1:2 and 1:3 in 200ul of RPMI 1640
medium containing 10% FBS, penicillin (100 units/mL), streptomycin
(100 mg/mL) in round bottom 96-well plates (ThermoFisher). Co-culture
was performed in the presence of SARS-CoV-2- § antigen or SARS-CoV-
2-N control antigen (PepTivator). T cell proliferation was analyzed by
FACS and determined by considering the proliferating those where CFSE
staining had decreased compared to not co-cultured T cells. T cells
stimulated with anti-CD3/DC28 Dynabeads 5ug/mL (eBioscience) were

used as a positive control.

Co-immunoprecipitation (Co-IP)

Co-IP assays were performed using DCs and TolDCs differentiated
from CDI14+ monocytes for 24h. Cell extracts were prepared in lysis buffer
[50 mM Tris—-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% Triton-X-
100, protease inhibitor cocktail (cOmplete™, Merck)] with corresponding
units of Benzonase (Sigma) and incubated at 4°C for 4 h. 100 pl of
supernatant was saved as input and diluted with 2x Laemmli sample
buffer (5x SDS, 20% glycerol, IM Tris—HCI (pH 8.1)). Supernatants were
first precleared with PureProteome™ Protein A/G agarose suspension
(Merck Millipore) for 1 h. The lysate was then incubated overnight at 4°C

with respective crosslinked primary antibodies. The cross-linking was
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performed in 20mM dimethyl pimelimidate (DMP) (Pierce, Thermo
Fisher Scientific, MA, USA) dissolved in 0.2 M sodium borate (pH 9.0).
Subsequently, the beads were quenched with 0.2M of ethanolamine (pH
8.0) and resuspended at 4°C in PBS until use. Beads were then washed
three times with lysis buffer at 4°C. Sample elution was done by
acidification using a buffer containing 0.2 M glycine (pH 2.3) and diluted
with 2x Laemmli. Samples and inputs were denatured at 95°C in the
presence of 1% B-mercaptoethanol. Anti-p65 C15310256 (DIagenode) and
control IgG C15410206 (Diagenode) were used for Co-IP.

Western Blotting

Cytoplasmic and nuclear protein fractions were obtained using
hypotonic lysis buffer (Buffer A; 10 mM Tris pH 7.9, 1.5 mM MgCl,, 10
mM KCI supplemented with protease inhibitor cocktail (Complete,
Roche) and phosphatase inhibitor cocktail (PhosSTOP, Roche) to lyse the
plasma membrane. Cells were visualized in the microscope to assure
correct cell lysis. The nuclear pellets were resuspended in Laemmli 1X
loading buffer. For whole-cell protein extract, cell pellets were directly

resuspended in Laemmli 1X loading buffer.

Proteins  were  separated by SDS-PAGE  electrophoresis.
Immunoblotting was performed on polyvinylidene difluoride (PVDEF)
membranes following standard procedures. Membranes were blocked with
5% Difco™ Skim Milk (BD Biosciences) and blotted with primary
antibodies. After overnight incubation, membranes were washed three
times for 10 minutes with TBS-T (50 mM Tris, 150 mM NaCl, 0.1%
Tween-20) and incubated for 1 hour with HRP-conjugated mouse or
rabbit secondary antibody solutions (Thermo Fisher) diluted in 5% milk
(diluted 1/10000). Finally, proteins were detected by chemiluminescence
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using WesternBright™ ECL (Advansta). The following antibodies were
used: Anti-p65 C15310256 (DIagenode), Anti-phosphorylated p65
(Ser536) 93H1 (Cell Signaling), Anti-GAPDH 2275-PC-100 (Trevigen),
Anti-TET2 C15200179 (Diagenode), Anti-histone H1 ab4269 (Abcam),
Anti-beta Actin ab8227 (Abcam).

Data analysis and representation
Statistical analyses were performed in R 4.0.3. Gene expression and
DNA methylation heatmaps were created with the heatmap.2 function of
the gplots package. The findMotifsGenome.pl function of HOMER
(Hypergeometric Optimization of Motif EnRichment) was used to analyze
known motif enrichment, using the parameters “-size 200 -cpg. All EPIC
array CpG coordinates were also used as background for the methylation
data. GREAT software was used to calculate CpG-associated genes and
gene ontology (GO) enrichment(41). GO enrichment of gene expression
data was performed using the clusterProfiler package(42). ChIP-seq peaks
files of histone marks from MO, iDCs, and mDCs were downloaded from
the BLUEprint webpage (http://dce.blueprint-epigenome.eu). Consensus
peaks of the different replicates were obtained with the MSPC algorithm,
using the options ‘-r Biological -w 1E-4 -s 1E-8 -¢ 3’(43).
The chromatin state learning model for CDI4+ monocytes was
downloaded from the Roadmap Epigenomics Project webpage, and

chromatin state enrichments were calculated using Fisher's exact test.

Proportional Venn diagrams were generated with the Meta-Chart
webpage (https://www.meta-chart.com/). Methylated CpG set enrichment
analysis (mMCSEA) (59) was used to calculate CpG-set-specific DNA

methylation modifications.
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Results

Vitamin C drastically enhances DNA demethylation during
monocyte to dendritic cell differentiation and maturation

Monocytes (MOs) isolated from peripheral blood of healthy donors
were differentiated 7z vizro to dendritic cells (DCs) for 7 days using GM-
CSF and I1-4, in the presence or absence of vitamin C (vitC). Samples
were collected at day 2, in the middle of the differentiation (& / @;¢), and
at day 7, including immature DCs (iDCs) (iDC / iDC,;c), without further
treatment, and mature DCs, exposed the last 48h to lipopolysaccharide
(LPS) (mDC / mDCi;c) (Figure 1A).

DNA methylation was profiled using Illumina Infinium MethylEPIC
arrays, which cover around 850,000 positions in the human genome (n =
4). First, overall changes in DNA methylation were calculated between
groups pairwise (Supplementary Figure 1A, see at the end of the article,
page 204). In the differentiation process, we found mostly DNA
demethylation, as previously described(7). We then compared the
demethylated positions in the MO to iDC differentiation, in comparison
with the MO to iDC,yc differentiation, as well as the iDC to mDC
maturation in comparison with the iDCyyc to mDCy;c maturation. As it
can be observed, the positions demethylated in the differentiation and
maturation processes in the presence of vitamin C include the majority of
CpGs demethylated in the regular differentiation and maturation of DCs,
as well as a vast number of additional CpGs (Figure 1B).

PCA analysis revealed that at day 2 most DNA methylation variance
of the MO to iDC differentiation has already occurred (Figure 1C),
whereas no differences with the vitamin C stimulus were found on that

day. In contrast, at day 7, vast differences were observed for both iDC;c
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and mDC,;c, in comparison with their corresponding controls without
vitamin C suggesting that the vitamin C-mediated boost in demethylation
is occurring at later days, when perhaps the TET 5-mC hydroxylase
activity starts to be exhausted. The variable that explains most of the
variance in DNA methylation resides in the presence/absence of vitamin

C during differentiation.

All differentially methylated positions (DMPs) associated with vitamin
C (iDC vs iDCyic and mDC vs mDC,;c) were represented together,
revealing two clusters of CpG sites (M1 and M2) (Figure 1D). M1
corresponds with CpGs demethylated during differentiation in the
presence of vitamin C whereas M2 are CpGs demethylated during LLPS-
mediated maturation in the presence of vitamin C. Both clusters were
enriched in monocytic enhancers and regions flanking active transeription
start sites (Figure 1E). That corresponds with predominant localization in
intergenic regions, far from CpG islands (Supplementary Figure 1B,
Supplementary Figure 1C). To note, M1 and M2 CpGs are located in
regions with slightly increasing H3K27ac and H3K4mel histone marks
from MOs to iDCs and mDCs, respectively, suggesting priming for
activation in these regions, even in the absence of vitamin C

(Supplementary Figure 1D).

Gene Ontology enrichment analysis of M1 CpGs closest genes revealed
categories related to positive regulation of myeloid differentiation,
regulation of JAK activation, regulation of defense response to virus, and

vitamin transport, among others.

181



Articles

Figure 1

(£LPS) vs. iDC to mDC vs.
iDC,jtc to mDCic

GM-CSF + IL-4 i 4 N
| b e moe RCAMDC ko

@ T %) iDC mDC
e 5\’« v//'

—

GM-CSF + IL-4 /\

MO iDC mDC iDC,yc mDC,;
- We ke 3061 CpGs
[TTTTT T e 2
1
o1 T17T
< 0.21 o
8 &/ T ! *
g =M 2
= & lo
o 5 T M2 875 CpGs
J s
o g isﬂ 1 4>
0 ?
mDC ——=. ? 3
-0.21 @t E A
it | E 4
' 0 02 [LLa
PC1(72.86%) )
~ ‘D \00 Lo Q{é‘oos‘«"
E F G ¢
TssA A Percentage GO over-representation
reentag regulation of activation of JAK activity
TssAFInk 4 of CpGs 9) motif enrichment
o 0% positive regulation of myeloid cell differentiation
TXFink { 0 o o ———@ FDR
O 10% positive regulation of monocyte differentiation 35 Egr2
Tx 4 O 209 @ 'el0to
20% regulation of defense response to virus 3 . 1ei20
TXWK FC o i 1e :g to
Odds Ratio regulation of Fc receptor-mediated I 74 5 2.5 1 putirrs . =
EnhG{ O O c stimulatory signaling hway 1 !g '3 2 oy puq W1 <= 1e-50
3 | ‘S IRFg Fosl2
Enh O O - vitamin transﬁon g E - i “8 STATS
ZNF Rpts 4 0 7 4 6 E 15 2o 25 30 TF Family
Het 4 M2 CpGs GO over-representation g M2 CpGs motif enrichment © bzIP
immune response O w 10 @ETS
TssBiv 4 0 cellular response to molecule % NFKB-p65-Rel @® ETSIRF
of bacterial origin w75 :
BivFInk - NFKB-p50,052 @ IRF
leukocyte activation @ IRF:bZIP
EnhBiv 4 gg?:RZ‘t?ffrz o oot O 5 ‘SRE 'RFz o NFkBopss | @ NR
response to bacterium FC s BF8 pzip: ,R;
ReprPC 4 [e) FDR < 0‘95 & regulation of C 4 ¥ BATFw :IRF8 IHF4 Frat ‘ O RHD
Odds Ratio > 2 \FNy production 35 25 = O stat
ReprPCWk 4 = ) 3' Nuv77 panm —BATF @ zt
. | positive regulation of NFkB activity 25 10 20 30 40
ues % of windows containing motif
p H 0 5 10 15
M2 “log10(FDR)

Figure 1. Vitamin C-mediated dendritic cell DNA methylome remodeling. (A)
Scheme depicting the experimental setup. Monocytes (MO) were differentiated to
dendritic cells (DCs) using GM-CSF and I1.-4, in the presence or absence of vitamin
C (vitC). Samples were collected at day 2, in the middle of the differentiation, and at
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day 7, including immature DCs (iDCs) and mature DCs (mDCs), exposed the last 2
days to lipopolysaccharide (LPS). (B) Area-proportional Venn diagrams comparing
the demethylated CpG sets of MO to iDC vs. MO to iDCc, and iDC to mDC vs.
iDCic to mDC,ic. (C) Principal Component Analysis (PCA) of differentially
methylated CpGs comparing all groups pairwise. Principal component 1 and
principal component 2 are represented in the x- and y-axis, respectively. (D) DNA
methylation heatmap of differentially methylated CpGs comparing iDC to iDCic,
and mDC to mDC,;¢ (AB- = 0.3, FDR < 0.05). Scaled B-values are shown (lower
DNA methylation levels in blue and higher methylation levels in red). On the right
side, violin plots of clusters M1 and M2 depict scaled B-values. (E) Enrichment of M1
and M2 CpGs in ChromHMM 15-states categories of MOs (Roadmap Epigenomics
Project). Significantly enriched categories (FDR < 0.05 and odds ratio > 2) are
depicted with a black stroke, including TxFlnk (Flanking Active TSS), TxWk
(Weak Transcription), EnhG (Genic Enhancers), and Enh (Enhancers). (F) GO
(Gene Ontology) over-represented categories in M1 and M2 CpGs. Fold Change in
comparison with background (EPIC array CpGs) and -loglO(FDR) is represented.
(G) Bubble scatterplot of TF binding motif enrichment for M1 and M2 CpGs. The
x-axis shows the percentage of windows containing the motif and the y-axis shows the
fold enrichment of the motif over the EPIC background. Bubbles are coloured
according to the TF family. FDR is indicated by bubble size.

In contrast, M2 CpGs were enriched in terms related to LLPS response
and immune activation such as cellular response to molecules of bacterial
origin, leukocyte activation, response to bacterium, regulation of IFNYy
production, and positive regulation of NF-kB activity (Figure 1F). These
functions are consistent with the respective implication of M1 and M2

clusters with the DC differentiation and maturation steps.

Active demethylation in myeloid cells is often mediated by TFs that
recruit specific enzymes. In this regard, M1 CpGs were enriched in the
consensus binding motifs of TFs previously related to DC differentiation,
such as Egr2(21), STAT6(7), and PU.1(21), whereas M2 CpGs were
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enriched in the consensus binding motifs of NF-xB, AP-1, and IRF
(Figure 1G).
Vitamin C skews gene expression of dendritic cells with

upregulation of migration and antigen presentation-
related genes

Given the extensive differences in DNA methylation mediated by
vitamin C, we then performed RNA-seq of MOs , @ , Oyic, iDC, iDCyic,
mDC and mDC;c and checked for differences in their transcriptomes. In
contrast with DNA methylation, transcriptome variance of principal
component (PC)1 and PC2 are mainly explained by the maturation of
DCs and the differentiation of MO to DC, respectively. However,
differences between iDC and mDC,;c and mDC and mDC,;c can also be
observed in the PCA (Figure 2A).

Since samples were obtained at day 2 (& / QO.ic), and at day 7, with
(mDC / mDC,ic) or without (iDC / iDC,;c) activation, three potential
comparisons of vitamin C-treated cells can be performed, in relation to
their respective controls. On day 2, very few differences were found
between @ and ;¢ (63 downregulated and 75 upregulated genes). On
day 7, we found 163 downregulated and 159 upregulated genes between
iDC and iDC,;¢, whereas most differences were found between mDC and
mDCic (185 downregulated and 772 upregulated genes) (Figure 2B).
Furthermore, most differentially expressed genes (DEGs) are not common

between comparisons (Figure 2C).

We then joined the differentially expressed genes of the three

comparisons and divided them into six clusters (expression clusters E1-E6)
with different behaviors (Figure 2D). El, E2, and E3 clusters showed a

diminished downregulation trend in the iDC,;c to mDC,;c transition, in

184



Articles

comparison with the iDC to mDC transition, whereas E5 genes are more

upregulated in the iDCyc to mDC;c transition in comparison with the

iDC to mDC transition (Figure 2E).

Gene Ontology Enriched terms were calculated for each expression

cluster, obtaining distinctive categories (Figure 2F). For instance, E1 was

enriched in dendritic cell migration and chemotaxis, E2 in macrophage

activation and cytokine secretion, E3 in antigen processing and

presentation and response to calcium ion, and E5 in type I interferon

signaling pathway and defense response to virus.
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Figure 2. Shifting in gene expression of dendritic cells triggered by vitamin C.
(A) Principal Component Analysis (PCA) of gene expression. Principal component 1
and principal component 2 are represented in the x- and y-axis, respectively. (B)
Volcano plots of gene expression in the iDC vs. iDC,;c and the mDC vs. mDC;c
comparisons. The binary logarithm of the fold change is represented in the x-axis,
whereas the negative decimal logarithm of the FDR is represented in the y-axis.
Downregulated genes are shown in blue (FDR < 0.05, Fold Change < -2) and
upregulated genes are shown in orange (FDR < 0.05, Fold Change > 2). (C) Area-
proportional Venn diagrams comparing the upregulated and downregulated gene sets
of the @ vs. O, iDC vs. iDC,ic and mDC vs. mDC,c comparisons. (D) Gene
expression heatmap of differentially expressed genes comparing @ to Qic, iDC to
iDC.ic, and mDC to mDC,;¢ (absolute logFC > 1, FDR < 0.05). Scaled expression
VST values are shown (lower expression levels in green and higher expression values
in orange). The division of the heatmap yielded 6 different expression clusters (El-
E6). (E) Temporal progression of gene expression of the expression clusters (E1-E6)
during the differentiation process with (orange) or without (blue) vitamin C. The y-
axis shows VST values, where a higher value means a higher gene expression, and the
line ribbons represent the 95% confidence interval. (F) Gene Ontology (GO) over-
representation of GO Biological Process categories in the EI1-E6 clusters. Fold
Change of genes over background and -loglO(FDR) of the Fisher’s exact tests are
shown. Significant categories (FDR < 0.01) are depicted with a black stroke.

Vitamin C-mediated demethylation is linked to increased
gene expression during dendritic cell maturation

With the purpose of finding potential functional effects of the vitamin
C-mediated demethylation, we linked each DMP with its closest gene.
When the global profile of M1 and M2 associated genes intersected with
differentially expressed genes of Figure 2D is represented, we found that
M1 associated genes are less downregulated in mDCs with vitamin C
treatment, whereas M2 associated genes are upregulated in mDCs with

vitamin C treatment (Figure 3A). In this regard, El and E2 clusters are
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enriched in Ml-associated genes, and the E5 cluster is enriched in M2-

associated genes (Figure 3B).

This DNA methylation/gene expression relationship can be
exemplified with some DMPs and their respective associated DEGs. In
the case of Ml-associated genes, C1QB (complement) and CDIC (antigen
presentation) show demethylation with vitamin C treatment in iDCs,
conjoined with a decreased reduction in expression after activation (Figure
3C). Furthermore, M2-associated genes such as CCL1 (chemoattraction),
IKBKE (NF-kB pathway), and IRF8 (interferon regulatory transcription
factor) depict a decreased methylation in mDC with vitamin C,

concomitant with increased gene expression (Figure 3D).

Finally, a database of transcription factor regulation was used to infer
potential transcription factors involved in the regulation of each expression
cluster associated with DNA methylation changes (Figure 3E)(22). It is
interesting to note that PU.1 and RELA (p65) were associated with
M1/E2 and M2/E5 clusters, respectively.

To further explore the role of p65 in the transcriptomic and
epigenomic changes in mDC,;c, we studied the protein expression and
phosphorylation by Western blot. First, we found that p65 presents similar
protein levels in iDCs, mDCs, iDC,c and mDCc. However,
phosphorylated p65 (Ser536) (p-p65) is increased in both mDCs and
mDC,;c (Figure 3F). Moreover, we also detected p-p65 in the nuclear
fraction (NF) of mDCs and mDC,;c, making possible its function as a
transcription factor and the recruitment of TET enzymes in that context
(Figure G).

We subsequently checked the potential interaction between p65 and
TET?2, a key mediator of active demethylation in myeloid cells. The co-
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immunoprecipitation of p65 revealed its interaction with TET2 in both
mDCs and mDC;c (Figure 3H).
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Figure 3. Integration of DNA methylation and gene expression vitamin C-
mediated remodeling. (A) M1 and M2 CpGs were associated with the nearest gene.

Temporal progression of gene expression of the M1- and M2-associated genes during

the differentiation process with (orange) or without (blue) vitamin C. Only

differentially expressed genes (Figure 2D) are used for the calculation. The y-axis

shows VST values, where a higher value means a higher gene expression, and the line
ribbons represent the 95% confidence interval. (B) Enrichments of M1- and M2-
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associated genes over the E1-E6 expression clusters were calculated using Fisher’s
exact tests. Odds ratios = 95% confidence intervals are shown. Significant
enrichments (FDR < 0.01) are shown in black. (C) Selected examples of M1 CpGs
and associated genes. Temporal progression of DNA methylation (B-value) (below)
and gene expression (VST) (above) during the differentiation process with (orange) or
without (blue) vitamin C is depicted. (D) Selected examples of M2 CpGs and
associated genes. Temporal progression of DNA methylation (B-value) (below) and
gene expression (VST) (above) during the differentiation process with (orange) or
without (blue) vitamin C is depicted. (E) Enrichment of clusters with gene
expression / DNA methylation correlation with genesets from CheA 2016 database,
containing genes putatively regulated by transcription factors. Odds ratio over
background and -loglO(FDR) of the Fisher’s exact tests are shown. (F) Western blot
of phosphorylated p65 (p-p65) and total p65 in whole-cell lysates. B-actin was used as
a loading control. (G) Western blot of p-p65 in the nuclear (NF) and cytoplasmic
fraction (CF). GAPDH and histone H1 proteins were used as loading control for
cytoplasms and nuclei, respectively. (H) Western blot of the co-immunoprecipitation
of p65, showing the signal of p65 and TET?2 proteins.

Vitamin C produces dendritic cells with higher T cell
stimulation capabilities

We then characterized the mDC,;c phenotype in comparison with
mDCs. First, TNFp production after LLPS stimulation was studied. mDCs
produced negligible amounts of TNFB whereas mDC,;c supernatant
contained considerably higher concentrations (Figure 4A). This increase
in TNFp production is concomitant to the upregulation of its encoding

gene, LTA, and demethylation of adjacent CpGs (Figure 2B).

In addition, we studied the T cell stimulation capabilities of mDC.;c
in contrast to mDCs. After clonal expansion of T cells with a Sars-Cov2
mix of antigens, autologous monocytes were differentiated 2z wvizro to
iDC,;c/iDCs. After maturation with LPS and the loading of the same mix
of antigens, mDC,;c/mDCs were cocultured with CFSE-stained T cells.
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In Figure 4B, a selected example of T cell proliferation assay is shown.
The histogram of the CFSE signal of T cells alone (C~) or cocultured
with mDC/mDC,;¢ loaded with a control antigen or with the specific set
of antigens (An).

Overall, we observed a significant increase in proliferation of T cells,
together with a decrease in the median intensity of fluorescence of CFSE
when cocultured with mDC;¢ loaded with a specific set of antigens, in
comparison with mDCs loaded with the same antigens (Figure 4C, Figure
4D). However, when T cells are cocultured with mDCs/mDC,;¢ loaded
with a control antigen, the differences in proliferation and MFI are not
significant, indicating that specific antigen presentation is needed to the

mDC;c increased T cell activation capabilities (Figure 4C, Figure 4D).
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Figure 4. Functional and phenotypic alterations of vitamin C-treated dendritic
cells. (A) TNFB production of mDCs and mDC,;c, after 5 days of differentiation
and 48h of maturation with LPS. The P-value o a Wilcoxon rank-sum test is shown.
(B) Histogram of CFSE signal from T cells, alone without stimulation (C~) or
cocultured with mDC/mDC,;c treated with a control antigen or a specific set of
antigens of SARS-CoV-2 (An). When T cells proliferate, the CFSE signal is
diminished. (C) Proliferation of T cells cocultured with mDC/mDC¢ (2:1
proportion), with or without the loading with a specific set of antigens of SARS-
CoV-2. Negative control from each donor was used to calculate the proliferation
percentage. P-values from two-tailed paired t-tests are shown above. (D) Median
Fluorescence Intensity (MFI) of T cells alone (C™), cocultured with mDC/mDC ;.
(2:1 proportion), with or without the loading with a specific set of antigens of SARS-
CoV-2, or stimulated with CD3/CD28 activation beads (C*). P-values from two-
tailed paired t-tests are shown above.

Discussion

In this work, we have demonstrated a substantial effect of vitamin C
supplementation during monocyte (MO) to dendritic cell (DC) #n vitro
differentiation. First, we show vast demethylation in DCs treated with
vitamin C, consistent with its role as a TET enzyme cofactor, being the
number of additional demethylated CpGs higher than the demethylation
from MO to DC without vitamin C. Our analysis suggests that NF-«xB is
directly implicated in the specific demethylation observed during the
maturation of DCs in the presence of vitamin C. Finally, vitamin C-
mediated demethylation is concomitant with an increase in the DC
immunogenicity, elevated TNFB production, higher expression of
proinflammatory cytokines and antigen presentation genes, and an
enhanced capacity to induce the proliferation of autologous T cells with a

specific antigen.
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Vitamin C is a well-established cofactor of TET proteins, with the
ability to catalyze the oxidation of 5-methyleytosine (5mC) into 5-
hydroxymethyleytosine (ShmC) and further oxidized methyleytosine
derivatives(23, 24). DNA methylation (5mC) is generally considered a
repressive epigenetic mark, associated with gene downregulation(9, 25, 26).
Given the absence of proliferation in the MO to DC differentiation
process(12), the observed demethylation should be active, TET-mediated
demethylation, which is enhanced by vitamin C. TET2, the most
expressed TET enzyme in MOs, is probably driving the active

demethylation process, as shown in similar contexts(7, 11, 27).

To note, the effects of vitamin C on DNA methylation occur in the last
days of the differentiation process, since no DNA methylation differences
were found with vitamin C treatment at day 2 of differentiation.
Additionally, most variance in methylation occurring in the MO to iDC
transition occurs before day 2 suggesting that, without vitamin C, the
function of TET enzymes in this model is progressively diminished.
Alternative reducing agents present in the culture medium such as
glutathione are less efficient as TET cofactors(23, 28). Thus, the
progressive oxidation of these reducing agents may explain the impairment

of TET function in the absence of vitamin C.

Vitamin C-mediated demethylation occurs during the differentiation
(M1 cluster) or the maturation processes of DCs (M2 cluster).
Interestingly, the sets of transcription factor motifs enriched in the M1 and
M2 clusters are equivalent to the transcription factors involved in the
differentiation and LLPS signaling, respectively. This suggests that, overall,
vitamin C does not promote the recruitment of TET enzymes through

new pathways but boosts the demethylation triggered by preexisting active
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signaling pathways. This conception is reinforced with the fact that Ml
and M2 CpGs are enriched in regions with increasing active chromatin

marks (H3K27ac and H3K4mel) in the MO to iDC and the iDC to
mDC transitions, respectively (Supplementary Figure 1D).

The functional relationship between DNA demethylation and gene
expression has been extensively studied in several contexts(7, 9, 10, 12, 13).
Genes more expressed in mDC;c than mDC, from El and E2 clusters are
enriched in M1 CpGs closest genes. This establishes a clear temporal
relation, suggesting that prior demethylation could be protecting some
genes from downregulation during DC maturation. On the other hand,
genes from the E5 cluster are enriched in M2 CpGs closest genes. In this
case, demethylation is occurring at the same step as upregulation. Then,
we cannot know if demethylation or upregulation comes first. However,
since the primary mechanism of action of vitamin C through DNA and
histones demethylation is well known, we hypothesize that epigenetic
modifications could be mediating gene upregulation in mDC,;c. This
assumption starts from a different point than other works that established
DNA demethylation during DC maturation as a consequence of gene
upregulation because in that case, the differential stimulus is live bacteria,

that can activate a plethora of signaling pathways not necessarily linked
directly to DNA demethylation(10).

Moreover, transcriptome modifications caused by vitamin C are
relevant but very modest, in comparison with the great amount of
demethylation. This indicates that the majority of demethylation, and
other potential epigenomic modifications not studied in this work, are not
impacting gene expression. First, the absence of information regarding 3D

chromatin structure and histone modifications simplifies the association
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between gene expression and DNA methylation to the study of closest
genes. This model is convenient but incomplete. Secondly, the
extraordinary impact on DNA methylation of vitamin C, with more
differences than the differentiation process itself, would be difficult to
translate to gene expression modifications. Fundamentally, a DC treated
with vitamin C is still a DC, with changes in relevant genes that can grant

phenotypic alterations.

Linus Pauling proposed vitamin C as a potential cancer treatment
more than 40 years ago, but the negative results of further clinical trials
diminished the enthusiasm(29, 30). However, during the last few years,
increasing interest has arisen around vitamin C as a treatment or adjuvant
for several types of cancer. For instance, vitamin C intravenous treatment
in mice has been shown to abrogate cancer progression through direct
TET?2 function restoration in cancer cells(16). Moreover, clinical remission
following vitamin C treatment was found in a case of acute myeloid
leukemia with mutations in 7Z£72(31). Furthermore, in mice models of
different types of cancer, a fully competent immune system was required
to maximize the antiproliferative effects of vitamin C, suggesting an effect

of that molecule in the modulation of the immune system(17).

On the other hand, immunotherapy with autologous DCs (DC
vaccines) has been extensively investigated, with more than 200
completed clinical trials to date(18). Most efforts have been focused on
cancer, but some clinical trials have also been initiated to treat infectious
diseases such as COVIDI19 (NCT04685603, NCT05007496)(32). The
use of moDCs differentiated ex vivo from monocytes of the same donor is
a common and straightforward approach to generating DC vaccines, given

the relatively high abundance of these cells in the human blood. However,
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the lower antigen presentation capabilities of moDCs in comparison with

blood DCs is a bottleneck for the efficacy of these treatments(33).

Here, we show that mDC,c can stimulate the proliferation of
autologous T cells more efficiently than mDCs, in a mechanism dependent
on loading with a specific set of antigens, in this case associated with the
virus  SARS-CoV-2. The improvement in the immune function is
associated with epigenomic and transcriptomic remodeling mediated by
vitamin C. These results can lead to the generation of new iz vitro
protocols for the generation of DC vaccines from monocytes with higher
performance. Moreover, it also exposes a potential mechanistic
explanation for the vitamin C antineoplastic effects, through n vivo
modulation of DC differentiation. Further works using animal models and
in vivo moDCs should shed light on the specific clinical implications of

these insights.
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Supplementary Figure 1. (A) DNA methylation heatmap of differentially
methylated CpGs between all groups, compared pairwise (Ap- = 0.3, FDR < 0.05).
Scaled P-values are shown (lower DNA methylation levels in blue and higher
methylation levels in red). (B) Barplot of genomic features percentages of M1 and
M2 CpGs in comparison with background CpGs (Bg). (C) Barplot of CpG island
contexts percentages of M1 and M2 CpGs in comparison with background CpGs.
(D) ChIP-seq data of H3K27ac and H3K4mel of CD14+ MOs, iDCs and mDCs
were downloaded from the BLUEPRINT database. Odds ratios were calculated for
bins of 10 bp up to 2000 bp around M1 and M2 CpGs. CpGs annotated in the
EPIC array were used as background.
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4 .GLOBAL RESULTS AND DISCUSSION
4. Global results

4.1.1. Coordinated glucocorticoid receptor and MAFB action
induces tolerogenesis and epigenome remodeling in
dendritic cells (Article 1)

To investigate the mechanisms underlying the glucocorticoid-
mediated phenotypic remodeling of DCs, monocytes isolated
from peripheral blood of healthy donors were differentiated 7z vitro to
DCs and tolDCs for 6 days using GM-CSF and I1.-4, in the absence and

presence of a GR ligand (dexamethasone), respectively.

The tolerogenic phenotype of tolDCs was confirmed with several
experiments, including CD8* T cell proliferation assays in co-culture with
DCs and tolDCs, Enzyme-Linked ImmunoSorbent Assays (ELLISAs) that
revealed a higher production of IL-10 and smaller amounts of TNFa, IL-
12p70 and IL-1B in tolDCs in comparison with DCs, and flow cytometry,
with high CD14, CD16, and CD163 expression and low CD86 and CD83
in tolDCs.

Transcriptomes of DCs, tolDCs, and monocytes were profiled. 981
genes were induced and 919 genes were repressed in tolDCs in
comparison with DCs (FDR < 0.05, logFC > 0.5). Discriminant Regulon
Expression Analysis (DoRothEA) indicated that the transcription factor
MAFB was associated with the tolDC transcriptome, with concomitant
upregulation of its encoding genes. Moreover, tolDCs presented a

transcriptome similar to 2z vizro M2 macrophages and 77 vivo moMACs.

In parallel, we obtained genome-wide DNA methylation profiles of
monocytes, DCs, and tolDCs. The comparison of DCs and tolDCs (FDR
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< 0.05 and absolute AR > 0.2) in relation to monocytes revealed two
clusters of CpG sites: a group of CpGs that underwent specific
demethylation in DCs and that was blocked in tolDCs (Cl1, 1353 CpGs),
and a second group that was specifically demethylated in tolDCs (C2, 411
CpGs). Transcription factor motif analysis revealed that C2 CpGs were
enriched in Glucocorticoid Response Elements (GREs) and Maf
Recognition elements (MAREs). On the other hand, C1 CpGs were
enriched in the AP-1 family, PU.I, IRF8, STAT6, and EGRI/EGR2

motifs.

We next associated each CpG with its nearest gene and tested whether
Cl and C2 associated genes were enriched in tolDC-induced or tolDC-
repressed genes. We found a strong enrichment of the induced genes over
the C2 associated genes (FDR = 8.88e-41) and of the repressed genes
over the Cl associated genes (FDR = 4.72e-26). In this regard, there was
a significant inverse correlation between DNA methylation and gene

expression (p < 2.2e-16).

We found increased mRNA and protein levels of MAFB in tolDCs.
Then, we generated ChIP-seq data of GR and MAFB in DCs and
tolDCs, at both 4 and 24h of differentiation. To distinguish potential
specific features of early and late peaks of GR and MAFB, we classified
the tolDC peaks as ‘4h-specific’ (present at 4h but not at 24 h), ‘24h-
specific’ (present at 24h but not at 4h), or ‘continuous’ (present at both
times). In both transcription factors, the subset with the strongest binding

was the ‘continuous’ peaks.

We measured the association between each ChIP-seq peak and its
nearest gene in order to examine the link between transcription factor

binding and gene expression remodeling. Overall, both MAFB and GR
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‘4h-specific’, 24 h-specific) and ‘continuous’ associated genes were more
strongly expressed in tolDCs than in DCs, indicating that both
transcription factors may be involved in upregulating tolDC-specific genes.
To note, for both transcription factors, the most robustly associated subset

was the ‘continuous’ associated genes.

Co-immunoprecipitation of TET2, a key mediator of active
demethylation in myeloid cells, revealed its interaction with both GR and
MAFB. Moreover, GR ChIP-seq signal in tolDCs at both 4 and 24h was
found around a small subset of CpGs specifically demethylated in tolDCs
(C2 CpGs), whereas MAFB signal at both 4 and 24h was found more

extensively around C2 CpGs.

Given the association between MAFB binding, gene upregulation, and
DNA demethylation in tolDCs, we performed MAFB knockdown, using
small-interfering RNAs (siRNAs) targeted against MAFB (siMAFB) or
non-targeting (siCTL).

TolDC-induced genes were, in general, significantly downregulated
with the MAFB siRNA, whereas tolDC-repressed genes were
upregulated. Moreover, genes associated with MAFB ‘continuous’ and
‘4h-specific’ ChIP-seq peaks were linked to siMAFB downregulation,
whereas GR peaks were neither related to downregulation nor
upregulation.

We then tested the effect of MAFB downregulation on the
differentially methylated CpGs. CpGs specifically demethylated in tolDCs
(C2 CpGs) were more methylated in tolDC when MAFB was
downregulated, confirming the role of MAFB in the tolDC demethylation

process. In contrast, no differences were observed in Cl CpGs,
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corresponding to the absence of MAREs in the cluster and the weaker
signal of MAFB in the ChIP-seq.

The tolDC phenotype was also reverted with MAFB downregulation,
including the reduction of the surface markers CD14, CDI16, and CD163,
the inhibition of IL-10 production, and the increase in TNFa production,
as well as the impairment of the CD8* T cell proliferation suppression,

the main feature of tolDCs.

Finally, we analyzed by single-cell RNA-seq the synovium of
rheumatoid arthritis joints from one patient treated with glucocorticoids
and one treatment-naive patient. We identified three clusters of putative
monocytes or monocyte-derived cells (M1, M2, and M3). The
glucocorticoid-treated patient showed an expansion of the M2 cluster,
which presented a moMAC signature, with high expression of MAFB and
MAFB target genes, supporting the involvement of MAFB in the

transcriptomic signature.

Overall, these data indicate that MAFB is a key player in the
transcriptomic and epigenomic changes leading to the acquisition of the
glucorticoid-mediated  tolerogenic phenotype, with also potential

implications for the treatment of patients.

4.1.2. JAK2-STAT Epigenetically Regulates Tolerized Genes in
Monocytes in the First Encounter With Gram-Negative
Bacterial Endotoxins in Sepsis (Article 2)

To investigate the mechanisms underlying DNA methylation changes
associated with the exposure to bacterial endotoxins that lead to tolerance,

human CDI14+ monocytes isolated from healthy donor blood samples were
pre-incubated for 24 hours with LPS or Pam3Cys (P3C), which signal
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through TLLR4 and TLR2, respectively, and lead to a tolerized state.
After the first stimulation, cells were washed and left to rest for 3 days in
the presence of human pooled serum. Cells were then stimulated again
with LPS for another 24h. Monocytes maintained with only RPMI
medium and serum for 1 + 3 days (@ ‘untreated’) were used as negative
controls. We confirmed that cells pre-exposed to LS or P3C produced

much lower levels of TNFa after a second exposure to LS.

We then obtained global DNA methylation profiles of uncultured
monocytes and monocytes exposed for 24h to LLPS, P3C or untreated
(D), after the 3-day resting period. Methylation profiles of P3C- and LPS-
treated monocytes were similar, showing mostly demethylation, but the
effect of LPS was more intense. We found 331 hypomethylated and 29
hypermethylated CpGs, with an FDR < 0.05 and an absolute Ap > 0.2
between LPS-treated and @ monocytes. LPS-hypomethylated CpGs were
located mostly in intergenic and intronic regions and were outside CpG

island.

Analysis of H3K4mel and H3K27ac ChIP-seqs, and ATAC-seq time
series revealed that gains in DNA accessibility and histone marks

characteristic of active enhancers precede DNA methylation changes.

To detect potential transcription factors involved in the demethylation
process, we performed motif enrichment analysis. Hypomethylated CpGs
of LPS-treated monocytes (Hypo-CpGs) were enriched in transcription
factor binding motifs relevant to inflammation such as NF-kB, the AP-1
family, and some members of the STAT family (STATIL, STATS, and
STAT3)

Next, we performed RNA-seq including LPS-stimulated, untreated

and uncultured monocytes. LPS exposure induced upregulation of 1142
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genes and downregulation of 1025 genes in relation to untreated

monocytes (logFC > 1, FDR < 0.05) .
We then carried out a DoRothEA with which we identified potentially

involved transcription factors coincident with those identified in our
previous HOMER analysis of the LPS-specific DNA demethylation set:
STAT, NF-kB, and AP-1 families. Moreover, LPS-upregulated genes were
significantly enriched in Hypo-CpG associated genes, reinforcing the
notion of the mutual relationship between DNA methylation and gene

expression.

Analysis of a gene expression time series of monocyte treatment with
LPS (1h, 4h, and 24h) revealed a cluster of Hypo-CpG associated genes
with a ‘late’ profile of gene upregulation, increasing its expression at 24h,
concomitantly with DNA demethylation. By motif enrichment analysis,
we determined that cluster as specifically enriched in STAT motifs. We
then studied the protein levels of STATI1, STAT3, and STAT5 (JAK2
targets) in LPS-treated and untreated monocytes, observing an increase in
the phosphorylation of these three transcription factors in LPS-treated

samples.

To investigate the potential role of the JAK2 pathway in modulating
tolerance-specific DNA methylation changes, we treated monocytes with
LPS for 24h in the presence or absence of a selective JAK2 inhibitor
(iJAK2).

First, JAK2 inhibition resulted in decreased production of TNFa and
increased IL-10 production after a second LPS stimulus, indicating an
accentuation of tolerance. Secondly, we performed an RNA-seq of
biological triplicates under the previously described cell conditions (LLPS-

treated monocytes, LPS+i{JAK2-treated monocytes, untreated monocytes,
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and uncultured monocytes). JAK2 inhibition resulted in downregulation
of 124 genes (iJAK2-downregulated genes), whereas only 6 genes were
upregulated (LogFC > 1, FDR < 0.05) (iJAK2-upregulated genes).

As suggested by previous data, iJAK2-downregulated genes were
associated with LPS-upregulated genes. Moreover, a link was also found
between iJAK2-downregulated genes and Hypo-CpG associated genes,
suggesting that some genes related to CpGs hypomethylated with LLPS are
under the transcriptional control of the JAK2-STAT pathway.

We then associated iJAK2-downregulated genes with tolerized genes.
Using a public dataset of tolerized genes in monocytes after LIPS
treatment, we found that toplOO-tolerized genes but not non-tolerized

genes were significantly enriched in iJAK2-downregulated genes.

When we tested the set of hypomethylated CpGs in LPS-treated
monocytes (Hypo-CpGs) with STAT1/3/5 binding motifs with the DNA
methylation data of sepsis and healthy donor’s cohort (11 healthy donors, 7
Gram~ sepsis, 7 Other Sepsis, and 4 Systemic Inflammatory Response
Syndrome), we found lower methylation levels in gram-negative sepsis
patients in comparison with any of the other groups, reinforcing the notion
of the participation of the JAK2-STAT pathway in the first encounter with

gram-negative bacteria under ¢z vivo conditions.

In this regard, we tested STAT activation in septic patients infected
with Gram~ bacteria, incubating PBMCs from patients and healthy
donors for 4h in the presence or absence of LPS. No differences were
found between healthy donors and septic patients in the basal
(unstimulated) signal of pSTAT1. However, after the LPS stimulus, the
pSTATI signal was increased in healthy donors but decreased in septic

patients.
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Overall, the data indicate that the JAK2-STAT1] pathway is profoundly
disturbed in patients with sepsis caused by Gram™ bacteria, producing
reduced levels of pSTATT after a second immune challenge with LPS and
potentially leading to abnormal STAT dependent gene expression patterns

that could drive the dysfunctional monocyte response in septic monocytes.

4.1.3. Vitamin C enhances NF-kB-driven DNA demethylation
and immunogenic properties of dendritic cells (Article 3)
Monocytes isolated from peripheral blood of healthy donors were
differentiated 77 vizro to DCs for 7 days using GM-CSF and I1.-4, in the
presence or absence of vitamin C (vitC). Samples were collected at day 2,
in the middle of the differentiation (& / QD.ic), and at day 7, including
immature DCs (iDCs) (iDC / iDC,;c), without further treatment, and
mature DCs (mDCs), exposed the last 48h to LPS (mDC / mDCic).

All differentially methylated positions (DMDPs) associated with vitamin
C (iDC vs iDCyic and mDC vs mDC,;c) were represented together,
revealing two clusters of CpG sites (M1 and M2). M1 is composed by
3061 CpGs, whereas M2 contains 875 CpGs (FDR < 0.05 and absolute
AR > 0.3). M1 corresponds with CpGs demethylated during differentiation
in the presence of vitamin C whereas M2 are CpGs demethylated during
LPS-mediated maturation in the presence of vitamin C. Both clusters
were enriched in monocytic enhancers and regions flanking active

transcription start sites.

M1 CpGs were enriched in the consensus binding motifs of
transcription factors previously related to DC differentiation, such as
EGR2, STAT6, and PU.l, whereas M2 CpGs were enriched in the
consensus binding motifs of NF-kB, AP-1, and IRFs.
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We then performed RNA-seq of monocytes, &, D, iDC, iDCyic,
mDC, and mDCi;c, and checked for differences in their transcriptomes.
Since samples were obtained at day 2 (@ / @vitC), and at day 7, with
(mDC / mDC,ic) or without (iDC / iDC,;c) maturation, three potential
comparisons of vitamin C-treated cells can be performed, in relation to
their respective controls. On day 2, very few differences were found
between @ and D, (63 downregulated and 75 upregulated genes). On
day 7, we found 163 downregulated and 159 upregulated genes between
iDC and iDC,;¢, whereas most differences were found between mDC and

mDC,;c (185 downregulated and 772 upregulated genes).

Next, we joined the differentially expressed genes of the three
comparisons and divided them into six clusters (expression clusters E1-E6)
with different behaviors. E1, E2, and E3 clusters showed a diminished
downregulation trend in the iDC,;c to mDC;c transition, in comparison
with the iDC to mDC transition, whereas E5 genes are more upregulated
in the iDCy;c to mDCi;c transition in comparison with the iDC to mDC

transition.

Gene Ontology Enriched terms were calculated for each cluster. For
instance, El was enriched in dendritic cell migration and chemotaxis, E2
in macrophage activation and cytokine secretion, E3 in antigen processing
and presentation and response to calcium ion, and ES5 in type I interferon

signaling pathway and defense response to virus.

To find potential functional effects of the vitamin C-mediated
demethylation, we linked each DMDP with its closest gene. When the
global profiles of Ml and M2 associated genes intersected with
differentially expressed genes are represented, we found that Ml

associated genes are less downregulated in mDCs with vitamin C
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treatment, whereas M2 associated genes are upregulated in mDCy;c. In
this regard, E1 and E2 clusters were enriched in Ml-associated genes, and

the E5 cluster was enriched in M2-associated genes.

Since M2 CpGs and E5 genes were associated with NF-xB, we
decided to further investigate the expression dynamics of this factor. We
found that the levels of p65 (a component of NF-kB) do not change with
vitamin C or LPS treatment. However, mDCs and mDC,;c presented
higher levels of phosphorylated p65 than iDC and iDC,;c. Furthermore,
we detected interaction between p65 and TET2 by co-
immunoprecipitation, suggesting that p65 might be recruiting TET2 to

specific sites in the genome, promoting demethylation.

We then characterized the mDC,;c phenotype in comparison with
mDCs. First, we found considerably higher concentrations of TNFP in
mDC,;c supernatants, concomitantly to the upregulation of its encoding

gene (LTA).

In addition, we assessed T cell stimulation capabilities of both cell
types. To this end, we compared the ability to stimulate T cell
proliferation of mDCs/mDC;c loaded with a Sars-Cov2 mix of antigens.
Overall, we observed a significant increase in the proliferation of T cells
when cocultured with mDC,;¢ loaded with a specific set of antigens, in
comparison with mDCs loaded with the same antigens. However, when T
cells are cocultured with mDCs/mDC,;c loaded with a control antigen,

the differences in proliferation are not significant.

Altogether, these results show a critical role of vitamin C modulating
the epigenome of DCs during differentiation and maturation, with a

relevant impact on their gene expression and immunogenic properties.
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4.2. Global discussion

In the present thesis, we have studied how different stimuli can
modulate the immunogenic properties and the epigenomic landscape of
monocytes and moDCs. Specifically, we have used three different 2z vitro
models based on monocytes to discern (a) the sequence of molecular
events, transcription factors, and DNA methylation changes involved in
the acquisition of glucocorticoid-mediated tolerogenicity in DCs, (b) the
signaling pathways participating in the acquirement of endotoxin tolerance
in monocytes, and (c) the effect in the DNA methylome, transcriptome
and phenotype of a cofactor of TET enzymes, vitamin C, in the context of

DC differentiation and maturation.

Firstly, the study of DNA methylation, gene expression, and
GR/MAFB binding during tolDC differentiation with glucocorticoids
revealed a fast GR-mediated MAFB upregulation followed by extensive
MAFB-dependent DNA binding, DNA demethylation, and gene
upregulation (Article 1) (Figure 7). Since GR is the nuclear receptor
involved in recognizing and responding to glucocorticoids in a matter of
minutes and possesses the ability to drive chromatin remodeling as a

pioneer factor®”"*"

, we initially expected a main role of this transcription
factor. In this regard, GR presented a MAFB-independent function,
recruiting TET?2 and directing the demethylation of some CpG. However,
the direct role of GR in this biological context was limited, and its binding
was associated only with a small fraction of the epigenomic and

transcriptomic changes, in contrast with the high number of genomic sites
directly controlled by MAFB.
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Global results and discussion

MAFB is a known downstream target of the IL-10/STAT3 signaling
pathway’”®, which has been previously associated with monocytic
differentiation and myeloid cells with anti-inflammatory phenotypes, such

as in vitro M2 macrophages and 7 vivo moMACs*****® To note, the

MO DC Immunogenic phenotype
* 1CD1a 1CD1c
SM-CSF +iL= > - 1EGR2 1IRF4 |MAFB
+ 1 TNFa 1IL-12
tolDC Tolerogenic phenotype
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GM-CSF + IL-4 + .
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Figure 7: Representation of the molecular events occurring during the
differentiation of monocytes to 10lDCs with glucocorticoids. Monocytes (MO) can be
differentiated to tolDCs in the presence of GM-CSF, IL-4 and glucocorticoids, developing
a tolerogenic phenotype. GR binds close to the MAFB gene and promotes its upregulation.
MAFB is a key transcription factor in the differentiation of t0olDCs, which binds to
thousends of genomic loci and promotes demethylation and upregulation of genes. An
expansion of t0lDC-like cells was also described in a rheumaroid arthritis (RA) parient
treated with glucocorticoids.
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tolDC transcriptome was very similar to those from M2 macrophages and
moMACs, reinforcing the idea that the three cell types have
commonalities in their transcriptional regulation. Moreover, we have also
observed upregulation of MAFB target genes in anti-inflammatory DC-10
(tolDCs generated with I1.-10)". Since GR is a ubiquitously expressed
transcription factor, with very different cell-type-specific functions**’, GR-
mediated upregulation of a transcription factor such as MAFB could be a
way to exert these anti-inflammatory glucocorticoid-specific functions in
monocyte-to-DC  differentiation. Discerning the specific molecular
mechanisms by which glucocorticoids exert their functions in different
cells of the immune system could be a way to generate more specific drugs
targeted to activate downstream processes of GR, such as other

transcription factors.

Moreover, monocyte-derived cells from synovial tissue of a rheumatoid
arthritis patient treated with glucocorticoids presented a depletion of a
population with an expression pattern similar to moDCs, and an increase
of cells similar to moMACs, in comparison with a non-treated rheumatoid
arthritis patient, as studied by single-cell RNA-seq. Due to difficulties in
obtaining biopsies from patients treated with glucocorticoids alone or
without treatment, only one patient of each type was studied. Therefore,
although this result is fully concordant with our sz wvizro model,
conclusions should be drawn with caution. Hypothetically, the
glucocorticoid-mediated remodeling of monocyte-derived populations in
the synovium could be a significant process modulating the inflammation,
given the involvement of moDCs in autoimmune pathologies, and their

higher immunogenicity compared to moMACs****"7.
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In our second study, we found TET2-dependent demethylation upon
TLR4 or TLR2 stimulation of human monocytes, together with the
upregulation of inflammatory-related genes (Article 2). The JAK2
pathway was associated with both upregulation of genes and
demethylation of CpGs during the first encounter with bacterial LPS
(Figure 8). JAK2 activity has previously been associated with
demethylation through STATI stimulation and TET2 recruitment®.
Remarkably, JAK/STAT signaling is not directly downstream of TLRs.
In this context, we can hypothesize that other molecules, such as IFNy or
IL-6 could activate this pathway in an autocrine or paracrine manner. In
this regard, STAT factors were specifically associated with ‘late
responsive’ genes, which upregulation started at 24h, in comparison with
genes upregulated from lh or 4h, which were more associated with AP-1

and NF-«B transcription factors, directly downstream of TLR signaling.

Furthermore, JAK2-STAT inhibition accentuated the tolerant
phenotype of monocytes and reduced the expression of tolerized genes
following the first encounter with LPS, suggesting that these genes are
under the transcriptional control of JAK2-STAT. In this regard,
monocytes from septic patients, which were exposed to bacteria before
their extraction, showed lower levels of STATI phosphorylation (pSTAT1)
after a second immune challenge with LPS, in comparison with
monocytes from healthy donors. These results suggest that the endotoxin
tolerance occurring in septic monocytes may be caused in part by reduced
JAK2 activity, which leads to lower pSTATIL. We can speculate whether
direct stimulation of JAK2 in monocytes from septic patients might
mitigate the effects of endotoxin tolerance by recovering the activity of
STATs. In this regard, IFNYy, which signals through JAK2, is used to treat

sepsis-induced immunosuppression*”.
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Figure 8: Scheme depicting the relevance of JAK2-STAT in the regulation of
tolerized genes in the first encounter of monocytes with LPS. Monocyres (MO)
stimulated in vitro with LPS or P3C develop endotoxin tolerance, a reduced immune

response in a second challenge with LPS. DNA demethylation and gene upregulation
during the first encounter with LPS is associated with JAK2-STAT. Monocytes from
septic patients, which were previously exposed to gram negative bacteria in vivo,

present reduced levels of phosphorylated STATI, indicating a reduced JAK2 activity.

In the third study, vitamin C supplementation during monocyte to DC
differentiation produced widespread demethylation (Figure 9). This
demethylation includes the majority of demethylated CpGs in DC
differentiation without vitamin C, along with a large number of additional
sites. Furthermore, during subsequent maturation with LPS, a new set of
CpGs specifically demethylated with vitamin C was also produced.
Considering that vitamin C is a cofactor of TET enzymes, it is not
surprising that this molecule enhances active demethylation, but it is
striking that the changes produced are so extensive. To note, effects of
vitamin C are only noticeable in the last days of differentiation, since no
changes were observed on day 2. Oxidation of the reducing agents in the
culture medium could explain the progressive loss of function of TET
enzymes in the absence of vitamin C. In addition, vitamin C also
produced changes in the DC transcriptome, especially after maturation,

including the upregulation of genes related to DC migration, cytokine
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Global results and discussion

secretion, and antigen presentation. Moreover, DCs treated with vitamin
C showed an improved stimulation of autologous T cells with a specific
antigen and a higher production of TNF.

TNFB, also known as lymphotoxin a (LTa), is involved in NF-«xB

activation and it is related to T cell activation®**"

. Thus, this cytokine
could act both in an autocrine and paracrine fashion to promote the

activation of DCs or T cells.

d5
(£LPS)

GM-CSF+IL4 (7 | ¢ demetiat
3 (A £ ncrease . eme y.a|on
a8 + Upregulation of antigen
\ presentation and DC

migration related genes

MO * Higher TNF production
* Enhanced T cell
activation capabilities

GM-CSF + IL-4
mDC r"Dcvitc

@ methylated CpG
@ unmethylated CpG

‘@ Vitamin C enhances
TET2 function

Figure 9: Representation of the monocyte to DC differentiation model in the
presence of vitamin C. moDCs exposed to vitamin C during differentiation and
maturation shows widespread demethylation, and enhanced immunogenic traits. NF-xB is
associated with both vitamin C-mediated gene upregulation and DNA demethylation
during DC maturation. That transcription factor interact with TETZ2 in mDCs and
mDCvitC, but the vitamin C boost of TET function leads to demethylation of genes
relevant to DC immunogenicity.
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Increasing interest has arisen around the use of vitamin C as a
treatment or adjuvant for several types of cancer. Many clinical trials have
been carried out to determine the effectiveness of intravenous vitamin C as
a potential treatment for cancer, independently or in combination with
standard chemotherapies™”. Moreover, vitamin C treatment in mice has
been shown to abrogate cancer progression through direct TET2 function
restoration in cancer cells'®. Additionally, another work in mice indicates
that the anticancer role of vitamin C depends on the immune system'®.
Therefore, the phenotype produced by vitamin C in our model suggests
that the effects of vitamin C on cancer could be partially due to the

enhancement of moDC immunogenicity through epigenetic mechanisms.

One of the common links between the three papers presented is the
study of DNA methylation changes in dynamic processes, stimulating
monocytes in different ways. DNA methylation remodeling during
immune cell differentiation and maturation has been previously
investigated'. For instance, a recent work established the specific DNA

Y4 Moreover,

methylation signatures of different populations of PBMCs
specific methylome changes during 77 vizro moDC differentiation and
maturation have been established®. In this regard, it seems clear that the
action of transcription factors can recruit methylation machinery and
direct the process to specific sites in the genome. We have observed such
association in Article 1, Article 2, and Article 3. Moreover, we have
demonstrated the connection between transcription factors and DNA
demethylation in Article 1, via MAFB silencing, and in Article 2, with
the inhibition of JAK2. Additionally, previous studies have also shown
that transcription factors drive de novo DNA methylation or active

demethylation, by recruiting DNMT/TET enzymes""”**?*,
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However, the functional role of DNA methylation remodeling, in
conjunction with other epigenetic changes, remains elusive. First, in
Article 1, we have shown that glucocorticoid-mediated DNA
demethylation is associated with gene upregulation. However, a detailed
time-course has allowed us to determine that gene upregulation can occur
before or simultaneous to DNA demethylation in several genes.
Additionally, in Article 2, we have traced the sequence of events
occurring after stimulation of monocytes with LPS, with the gain of
accessibility and activation histone marks (H3K27ac and H3K4mel)
preceding the loss of DNA methylation. Similarly, some genes were
upregulated before DNA demethylation. These results are similar to a
previous work showing LLPS-mediated demethylation as a consequence of
gene activation, rather than a cause?”. Conversely, in Article 3, we have
shown how vitamin C-mediated DNA demethylation during DC
differentiation is associated with gene upregulation during maturation.
This phenomenon is concordant with previous work in which DNA
demethylation during monocyte to DC differentiation was linked to gene

upregulation following L.PS stimulation®.

Although DNA demethylation is a relatively rapid process, which can
occur in a matter of hours (Article 1)*°, gene expression changes triggered
by nuclear receptors such as GR and signaling pathways of TLRs and
cytokine receptors are generally faster and can occur in less than an

hour?”

. These results suggest that DNA methylation may stabilize the
phenotype and have relevance in preparing the cell for response to further
stimuli, but its role in the regulation of early response genes during fast
signaling processes, such as those mediated upon activation of TLRs
during DC maturation, appears to be more limited. However, we cannot

rule out the possibility that demethylation may play a role during DC
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maturation in the regulation of genes with a later response profile.
Moreover, we may hypothesize that demethylation could provide a
differential response to successive stimuli, as proposed by Pacis ez al. **’.
New experiments should be performed to test whether vitamin C-
mediated demethylation during LLPS maturation is able to influence in any

way the action of moDCs upon further stimuli.

In contrast, DNA methylation changes occurring during the first
stimulus of monocytes with LLPS are not clearly related to the subsequent
acquisition of endotoxin tolerance upon further stimulation (Article 2).
We described mostly demethylation of enhancers, which generally is

associated with gene upregulation™®

. Therefore, the potential relationship
between LPS-mediated demethylation with a reduced response of the
associated genes to new stimuli seems unlikely. Notably, genes associated
with demethylated CpGs in monocytes treated with LPS showed a higher
(L9-fold) enrichment in non-tolerized genes than in tolerized genes,
opening the possibility of a potential opposite effect, with demethylation
providing some protection to gene tolerization (data not shown in the
paper).

Nevertheless, our correlations between gene expression and DNA
methylation have some limitations that are worth discussing. Firstly, we
have associated each DMDP with its closest gene. Although this approach is
very convenient, because of its simplicity, it does not consider potential
confounding factors such as histone mark modifications and DNA
accessibility remodeling, and other relevant variables, such as the 3D
structure of chromatin and the genomic context of the CpG. Furthermore,
we have only studied 5mC and, therefore, we cannot discard that faster

increases in 5hmC, or other demethylation intermediates, directly
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influences gene expression. In this sense, ShmC has been proposed as a
bona fide epigenetic mark, and correlations between the presence of this
mark and gene upregulation have been found in several contexts'®>*”**.
Finally, the sample sizes used in our DNA methylation analysis perhaps do
not allow us to detect subtle changes in methylation, potentially occurring

before changes in gene expression.

Another relevant aspect of the epigenomic remodelling and underlying
factors and signaling pathways in the 2z vizro models studied herein is
their potential clinical relevance. On the one hand, tolDCs, produced by
treating monocytes with GM-CSF, I1.-4, and additional molecules, such
as glucocorticoids or vitamin D, have been tested in several clinical trials
to treat various diseases, including rheumatoid arthritis, multiple sclerosis,
and type 1 diabetes, among others'. On the other hand, the generation of
immunogenic DCs (DC vaccines) for cancer treatment is an approach
with several ongoing clinical trials and one Food and Drug
Administration (FDA) approved treatment'®. Although tolDCs and DC
vaccines are promising, their use in the treatment of patients with
autoimmune diseases or cancer, respectively, is still very limited. Different
aspects can be considered for the development of these therapies,
including the source of the cells as well as the differentiation protocol,
maturation, and antigen loading. In particular, natural populations of
DCs, including ¢cDCs and pDCs, possess greater antigenic presentation

capabilities than 7z vizro moDCs™

. However, monocytes are much more
abundant in blood than ¢cDCs and pDCs, making them much easier to use
for this type of treatment. Improving the characteristics of moDCs
through modification of the 7z vizro differentiation and maturation could
be key to obtaining an abundant and effective source of DCs for cell

therapy.
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In addition, we have observed that the extensive demethylation
produced by vitamin C in the differentiation and maturation of moDCs
(Article 3) is associated with the same set of transcription factors as the
equivalent processes without vitamin C. Thus, vitamin C could be a mere
booster of active demethylation, favoring the function of pre-existing
signaling pathways, but without an immunogenic or tolerogenic effect per
se. Modulation of the differentiation processes of tolerogenic or
immunogenic moDCs can be useful to improve the properties of these
cells. In this regard, vitamin C has been shown to boost several
immunogenic properties in our immunogenic model, including increased
production of proinflammatory cytokines and enhanced stimulation of T
cells. Further experiments should be performed to better characterize
these cells and to test whether DCs treated with vitamin C improve
patient outcomes. Moreover, we hypothesized that vitamin C might have
an effect on DNA methylation and perhaps phenotype in other
differentiation or maturation processes. For instance, the tolerogenic
phenotype of tolDCs produced with glucocorticoids, I1.-4, and GM-CSF
(Article 1) could be enhanced with the addition of vitamin C, paving the

way for the production of better tolDCs for clinical practice.

In the three studies in this thesis, we have utilized human monocytes or
moDCs. This leads to some technical limitations in the experimental
procedures. For example, the difficulty in transfecting monocytes and their
immune response to nucleic acids makes it difficult to use vectors or
siRNAs to induce or silence genes™. In addition, given that these are
terminally differentiated, non-proliferative cells, it is not possible to create
stable lines with genetic modifications. The optimization of n vitro
mRNA transcription and transfection in monocytes and monocyte-derived

cells could partially solve this problem.
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On the other hand, the user of human monocytes presents some
advantages over primary murine cells because the differences in the human
and mouse immune systems are very extensive’” . In addition, the
analysis of monocytes from donors with a different genetic background
and very different parameters provides greater variance but results that are
more comparable to the general population. Furthermore, there is
considerable evidence for the existence of an 7z vivo counterpart to iz
vitro moDCs”. moDC involvement in several diseases makes them very
relevant, not only because of their usefulness for the development of cell
therapies but also as a model for the study of the 77 vivo differentiation

process and its potential modulation.

In summary, our study has shown the relevance of epigenomic
dynamics in monocytes and moDCs exposed to different molecules, in
relation to the signaling cascades and transcription factors that drive
different immune responses to different stimuli, leading to a particular
phenotype. Our results highlight how chemical modulators can skew,
through epigenomic remodeling and transcription factor recruitment, the
immune function of dendritic cells towards a tolerogenic or immunogenic
phenotype. This knowledge is not only valuable from a basic point of view,
but also could be relevant for the improvement of dendritic cell-based

therapies.
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5. CONCLUSIONS
’ I \he conclusions obtained during this doctoral thesis can be

summarized as follows:

1. Glucocorticoids drive DNA methylation remodeling during

monocyte to tolDC differentiation characterized by both extensive
blockage in GM-CSF/IL-4-mediated demethylation and specific
demethylation of a new cluster of CpGs.

2. DNA methylation changes of tolDCs in comparison with DCs are
inversely correlated with gene expression. Gene induction can both

precede or follow DNA methylation.

3. GR binds to the MAFB promoter and a close enhancer following
glucocorticoid treatment, with concomitant mRNA and protein

upregulation of MAFB.

4. MAFB binds to thousands of genomic loci in tolDCs associated
with gene upregulation and DNA demethylation. GR binding is
linked to a small subset of the transcriptome and methylome

remodeling.

5. Both GR and MAFB interact with TET2 and bind to genomic
regions that become demethylated in tolDCs.
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10.

11.

MAFB knockdown erases the tolerogenic properties of tolDCs
and reverts glucorticoid-specific DNA demethylation and gene

upregulation.

Synovial tissue from a rheumatoid arthritis patient treated with
glucocorticoids displays an increase in a myeloid population
characterized by a gene expression pattern similar to that from
tolDCs and high expression of MAFB target genes, in comparison

with a non-treated patient.

In monocytes exposed to bacterial LPS or P3C, the acquisition of
endotoxin tolerance is accompanied by DNA demethylation close

to genes that become upregulated.

A subset of LPS-mediated demethylation and ‘late response’

upregulated genes are associated with STAT transcription factors.

JAK2 is activated during LLPS stimulation and STATI, STATS,
and STATS5 become phosphorylated.

JAK2 controls the expression of genes that become tolerized in

monocytes after a second challenge with LPS.



12.

13.

14.

15.

16.

17.

JAK2 inhibition during the treatment of monocytes with LPS
accentuates endotoxin tolerance in a second challenge, with a

decreased TNFa production and increased I1.-10.

Monocytes from septic patients display a decrease in STATI
phosphorylation in comparison with healthy donors, together with

the acquisition of endotoxin tolerance.

In monocyte to DC differentiation and maturation, in the presence
of vitamin C, there is extensive DNA demethylation.
Demethylation in the maturation process is mainly linked to

genomic sites enriched in NF-kB motifs.

TET2 co-immunoprecipitates with p65 (NF-kB) in DCs, with or

without vitamin C treatment.

Demethylation produced by vitamin C includes CpGs of the
conventional differentiation process. Additional demethylation

only occurs after day 2 of differentiation.

p65 interacts with TET2 in mDCs with or without vitamin C and

binds to genomic regions that become demethylated.
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18. Vitamin C-mediated demethylation during differentiation and
maturation is associated with increased expression of migration

and antigen presentation-related genes in mDC;c.

19. Vitamin C enhances TNFf production and T cell activation
capabilities of DCs.
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